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Cytokine Response to Ustekinumab in Psoriatic Arthritis
Many immune cells release interleukin-17A 
(IL-17A) and IL-17F in response to IL-23. 
Researchers, therefore, anticipated that inhi-
bition of IL-12/IL-23 with ustekinumab 

would result in the rapid 
reduction of IL-17A and 
IL-17F. In this issue, 

Siebert et al (p. 1660) evaluate the associa-
tions of C-reactive protein (CRP) and circu-
lating Th17-associated cytokine levels with 
psoriatic arthritis (PsA) disease activity and 
therapeutic response to ustekinumab. 

The investigators measured IL-17A, 
IL-17F, IL-23, and CRP concentrations in 
serum samples collected as part of the 2 
PSUMMIT phase III studies of ustekinumab 

in PsA. They used generalized linear models 
and Pearson’s product-moment correlation 
tests to perform post hoc analyses of the 
relationships of IL-17A, IL-17F, and CRP at 
baseline, week 4, and week 24 with baseline 
skin and joint disease activity and response to 
therapy. Baseline serum IL-23/IL-17 levels 
correlated with skin but not joint disease 
activity in patients with PsA. In addition, the 
authors found rapid reductions in IL-23/IL-17 
following ustekinumab therapy. 

While IL-17 and CRP levels reduced 
significantly following treatment with 
ustekinumab, neither baseline Th17-asso-
ciated cytokine levels nor CRP level were 
predictive of therapeutic response to 

ustekinumab in the skin or joints. At 24 
weeks, ustekinumab-treated patients who 
had a 75% improvement in the Psoriasis 
Area and Severity Index score or 20% 
improvement according to the Amer-
ican College of Rheumatology criteria 
had greater reductions in CRP level, but 
not IL-17A or IL-17F levels, than nonre-
sponders. The authors state that the stronger 
correlation of IL-23/IL-17 levels with the 
severity of skin disease is consistent with 
the emerging evidence base suggesting 
tissue-specifi c variations in the pathologic 
drivers within PsA. They also note the 
implications of their data for clinical and 
drug development. 

Only certain patients with systemic sclerosis (SSc) respond to 
any given immunosuppressive therapy. This selective response has 
created the need for a tool that classifi es individual SSc patients into 
molecular subsets, which would improve both diagnostic accuracy 

and selective enrollment in clinical trials. 
The use of high-throughput gene expression 
profi ling of tissue samples from patients with 

SSc has allowed the identifi cation of 4 “intrinsic” gene expression 
subsets: infl ammatory, fi broproliferative, normal-like, and limited. 
Unfortunately, this gene expression profi ling requires agglomerative 
clustering of many samples, and therefore the need still exists for a 
method to assign individual patients to a molecular subset.

In this issue, Franks et al (p. 1701) introduce a novel machine 
learning classifi er as a robust and accurate intrinsic subset predictor. 
In order to generate their classifi er, the researchers used repeated 
cross-fold validation with multinomial elastic net to identify consistent 
and discriminative markers. These markers performed with an average 
classifi cation accuracy of 87.1% and had a high sensitivity and specifi city. 

When the investigators performed external validation, they found 
that the classifi er achieved an average accuracy of 85.4%. Using the 
classifi er to reanalyze data from a previous study, the authors identifi ed 
a subset of patients that represented the canonical infl ammatory, 

fi broproliferative, and normal-like subsets. This method can be used to 
identify intrinsic subsets of SSc patients for clinical trials, as well as help 
with clinical decision making and the interpretation of heterogeneous 
molecular information in SSc patients.

Machine Learning Classifi er for Assigning Individual 
SSc Patients to Intrinsic Molecular Subsets 
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Figure 1. Relative proportion and numbers of intrinsic subsets present in the 
full merged training data set are shown.



IgG anti–citrullinated protein antibodies (ACPAs) are the most 
relevant prognostic and diagnostic biomarker in rheumatoid 
arthritis (RA). More than 90% of IgG ACPAs have N-linked glycans 
in the antibody variable (V) domain, and the corresponding 

N-glycosylation sites in ACPA V-region 
sequences result from somatic hypermutation. 
The fact that this hypermutation is a T cell–

dependent process is one of several pieces of evidence that 
suggest that T cells drive the maturation of the ACPA response 
prior to arthritis onset. 

In this issue, Hafkenscheid et al (p. 1626) investigate whether 
the presence of glycans in IgG ACPA V domains predicts the 
transition from predisease autoimmunity to overt RA. They 
found that a subset of predisposed fi rst-degree relatives (FDRs) 
of RA patients, originating from an Indigenous North American 
population, have extensive glycosylation of the IgG ACPA V 
domain. Moreover, the FDRs who later developed RA exhibited 
extensive V-domain glycosylation prior to the onset of arthritis.

Specifi cally, the researchers found that FDR-derived IgG ACPA 
displayed less than half of the V-domain glycans as compared to 
IgG ACPA from RA patients. IgG ACPA V-domain glycosylation 
was strongly associated with future development of RA (hazard 
ratio 6.07 [95% confi dence interval 1.46–25.2]; P = 0.013). 
Glycosylation of the IgG ACPA V domain represents a predictive 
marker for RA development in ACPA-positive individuals and may 

serve to better target prevention measures. The authors note that 
their data help to refi ne the understanding of the ACPA immune 
response and its predisease evolution.

Predictors of Development 
of Rheumatoid Arthritis 
Can Be Found in ACPA
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Reducing Versus Maintaining the Dose of Subcutaneous 
Tocilizumab in Patients With RA in Clinical Remission 
In this issue, Sanmarti et al (p. 1616) eval-
uate the effi cacy of increasing the dose 
interval of subcutaneous tocilizumab (TCZ-
SC). Their study is the fi rst randomized 

trial to compare TCZ 
dose reduction with a 
standard regimen. The 

randomized, open-label trial compared an 
increase in the dose interval of TCZ-SC to 
162 mg every 2 weeks in patients who had 
achieved sustained clinical remission with 
a dose interval of 162 mg once weekly. The 
participants were rheumatoid arthritis (RA) 
patients with active disease and an inade-
quate response to conventional synthetic 
disease-modifying antirheumatic drugs 

(csDMARDs) or to a biologic agent. These 
patients were entered into a single-arm treat-
ment phase with 162 mg of TCZ-SC admin-
istered once weekly (TCZ-SC 162 mg qw) 
as monotherapy or in combination with a 
csDMARD for 24 weeks. 

Patients were determined to be in clinical 
remission if they had a Disease Activity Score 
in 28 joints (DAS28) of <2.6. Approximately 
half (45%) of 401 patients in the single-arm 
phase achieved clinical remission and were 
randomized to receive TCZ-SC 162 mg qw 
or to switch to TCZ-SC 162 mg q2w for 24 
weeks. At week 48, 90% of patients who 
received TCZ-SC 162 mg qw remained in 
clinical remission compared to 73% who 

received TCZ-SC mg q2w (p=0.004). From 
other effi cacy measures, the only one that 
was signifi cantly different between the two 
groups was the mean change from baseline 
in the DAS28 score at week 48.

The investigators therefore found that 
increasing the dose interval of TCZ-SC 
in patients with RA was associated with a 
lower likelihood of maintaining remission 
after 24 weeks. Moreover, the increased 
dose interval was not associated with better 
tolerability. Nevertheless, the researchers 
note that most patients were able to sustain 
remission with a half-dose of TCZ-SC, 
suggesting that the strategy does deserve 
further investigation.
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Figure 1. Development of RA in ACPA-positive FDRs, based on degree 
of IgG ACPA V-domain glycosylation at the fi rst instance of sampling. IgG 
ACPA V-domain glycosylation levels below and above the 58.5% median are 
shown. HR = hazard ratio; 95% CI = 95% confi dence interval.



Clinical Connections

SUMMARY  
Semaphorin 4A (Sema4A) is a transmembrane protein belonging to the semaphorin family. In their study, 
Carvalheiro et al analyzed the potential role of Sema4A in inflammatory and fibrotic processes involved in the 
pathology of systemic sclerosis (SSc). Sema4A is elevated in plasma, and in the monocytes and CD4+ T cells of SSc 
patients, and has an apparent dual role in the pathology of the disease. Sema4A induces the expression of Th17 
cytokines (interleukin-17 [IL-17], IL-21, and IL-22) in activated CD4+ T cells, promoting the inflammatory activation 
of dermal fibroblasts. Additionally, Sema4A directly induces in dermal fibroblasts the expression of extracellular 
matrix components, such as collagen (Col) family members, fibronectin and vimentin, as well as the myofibroblast 
marker ɑ-smooth muscle actin (ɑ-SMA). Importantly, these effects are abroggated by the neutralization or silencing 
of the Sema4A receptors plexin D1, plexin B2, and neuropilin-1 (NRP-1). Sema4A thus appears to play a unifying 
role in the immunopathology of SSc and may be a potentially attractive therapeutic target.

Induction of Inflammation and Fibrosis by 
Semaphorin 4A in Systemic Sclerosis
Carvalheiro et al, Arthritis Rheumatol 2019;71:1711–1722

CORRESPONDENCE 
Samuel García, PhD:  S.GarciaPerez@umcutrecht.nl

KEY POINTS  

•  Inflammation and fibrosis 
are main features of the 
immunopathology of SSc. 

•  IL-17 is elevated in SSc 
patients, but its precise role 
in the disease is unclear.

•  Dermal fibroblasts are 
key players in the fibrotic 
processes observed in SSc. 

•  Sema4A induces IL-17–
mediated inflammation and a 
fibrotic phenotype in dermal 
fibroblasts, pointing to its 
potentially central role in SSc 
pathogenesis.

15



Clinical Connections

SUMMARY  
T helper lymphocytes are abundant in the inflamed synovia of patients with rheumatic joint disease despite low 
levels of ambient oxygen and nutrients such as glucose. T helper lymphocytes expressing the surface marker 
programmed death 1 (PD-1) have been implicated as a major driver of chronic rheumatic inflammation. In 
their study, Hradilkova et al identified the E-box–binding transcription factor Twist 1 to be up-regulated in the 
activated T helper lymphocytes that persist in chronically inflamed tissue. PD-1–positive but not PD-1–negative 
T helper lymphocytes isolated from the synovial fluid of patients with juvenile idiopathic ar thritis express TWIST1 
and die ex vivo when energy metabolism via fatty acid oxidation is inhibited pharmacologically. Murine T helper 
lymphocytes, repeatedly activated in vitro to mimic activation in chronically inflamed tissue, switch their metabolism 
from glycolysis to fatty acid oxidation. Murine T helper lymphocytes in which Twist1 has been deleted genetically 
maintain dependency on glycolysis for their energy supply and die when glucose is lacking. These data establish 
Twist1 to be a major regulator of the metabolic adaptation of  T helper lymphocytes, and offer a mechanism for 
how chronic inflammation is maintained in rheumatic synovia.

Regulation of Fatty Acid Oxidation by Twist1  
in the Metabolic Adaptation of T Helper 
Lymphocytes to Chronic Inflammation
Hradilkova et al, Arthritis Rheumatol 2019;71:1756–1765

CORRESPONDENCE 
Andreas Radbruch, PhD:  radbruch@drfz.de

KEY POINTS  

•  Chronically inflamed tissue is 
characterized by hypoxia and 
low glucose levels.

•  Despite limiting glucose 
levels, T helper lymphocytes 
persist in the inflamed 
tissue and presumably drive 
inflammation.

•  The transcription factor 
Twist 1 regulates the switch 
from glucose dependency to 
fatty acid oxidation, thereby 
allowing T helper cells to 
persist in glucose-poor 
environments.

1



Editor
Richard J.  Bucala, MD, PhD
Yale University School of Medicine, New Haven

Deputy Editor
Daniel H. Solomon, MD, MPH, Boston

Co-Editors
Joseph E. Craft, MD, New Haven
David T. Felson, MD, MPH, Boston
Richard F. Loeser Jr., MD, Chapel Hill
Peter A. Nigrovic, MD, Boston
Janet E. Pope, MD, MPH, FRCPC, London, Ontario
Christopher T. Ritchlin, MD, MPH, Rochester
Betty P. Tsao, PhD, Charleston
John Varga, MD, Chicago

Co-Editor and Review Article Editor
Robert Terkeltaub, MD, San Diego

Clinical Trials Advisor
Michael E. Weinblatt, MD, Boston

Social Media Editor
Paul H. Sufka, MD, St. Paul

Journal Publications Committee
Shervin Assassi, MD, MS, Chair, Houston
Vivian Bykerk, MD, FRCPC, New York
Cecilia P. Chung, MD, MPH, Nashville
Meenakshi Jolly, MD, MS, Chicago
Kim D. Jones, RN, PhD, FNP, Portland
Maximilian Konig, MD, Baltimore
Linda C. Li, PT, MSc, PhD, Vancouver
Uyen-Sa Nguyen, MPH, DSc, Fort Worth

Editorial Staff 
Jane S. Diamond, MPH, Managing Editor, Atlanta
Maggie Parry, Assistant Managing Editor, Atlanta
Lesley W. Allen, Senior Manuscript Editor, Atlanta
Kelly Barraza, Manuscript Editor, Atlanta
Jessica Hamilton, Manuscript Editor, Atlanta
Ilani S. Lorber, MA, Manuscript Editor, Atlanta
Emily W.  Wehby, MA, Manuscript Editor, Atlanta
Sara Omer, Editorial Coordinator, Atlanta
Brittany Swett, Assistant Editor, New Haven
Carolyn Roth, Senior Production Editor, Boston

Associate Editors
Daniel Aletaha, MD, MS, Vienna
Heather G. Allore, PhD, New Haven
Daniel J. Clauw, MD, Ann Arbor
Robert A. Colbert, MD, PhD, Bethesda
Karen H. Costenbader, MD, MPH, Boston
Nicola Dalbeth, MD, FRACP, Auckland
Kevin D. Deane, MD, Denver
Mark C. Genovese, MD, Palo Alto

Insoo Kang, MD, New Haven
Wan-Uk Kim, MD, PhD, Seoul
Carol Langford, MD, MHS, Cleveland
Katherine Liao, MD, MPH, Boston
S. Sam Lim, MD, MPH, Atlanta
Anne-Marie Malfait, MD, PhD, Chicago
Paul A.  Monach, MD, PhD, Boston
Chester V. Oddis, MD, Pittsburgh

Andras Perl, MD, PhD, Syracuse
Jack Porrino, MD, New Haven
Timothy R. D. J. Radstake, MD, PhD, Utrecht
William Robinson, MD, PhD, Palo Alto
Georg Schett, MD, Erlangen
Nan Shen, MD, Shanghai
Ronald van Vollenhoven, MD, PhD, Amsterdam
Fredrick M. Wigley, MD, Baltimore

Advisory Editors
Abhishek Abhishek, MD, PhD, Nottingham
Tom Appleton, MD, PhD, London, 

Ontario 
Bonnie Bermas, MD, Dallas
Liana Fraenkel, MD, MPH, New Haven
Monica Guma, MD, PhD, La Jolla 
Nigil Haroon, MD, PhD, Toronto 

Erica Herzog, MD, PhD, New Haven
Hui-Chen Hsu, PhD, Birmingham
J. Michelle Kahlenberg, MD, PhD, Ann Arbor
Mariana J. Kaplan, MD, Bethesda
Jonathan Kay, MD, Worcester
Francis Lee, MD, PhD, New Haven
Sang-Il Lee, MD, PhD, Jinju

Rik Lories, MD, PhD, Leuven 
Bing Lu, PhD, Boston
Suresh Mahalingam, PhD, Southport, 

Queensland 
Aridaman Pandit, PhD, Utrecht 
Kevin Winthrop, MD, MPH, Portland
Kazuki Yoshida, MD, MPH, MS, Boston

AMERICAN COLLEGE OF RHEUMATOLOGY

Paula Marchetta, MD, MBA, New York, President
Ellen M. Gravallese, MD, Worcester, President-Elect
David R. Karp, MD, PhD, Dallas, Treasurer

Kenneth G. Saag, MD, MSc, Birmingham, Secretary
Steven Echard, IOM, CAE, Atlanta, Executive Vice-President

© 2019 American College of Rheumatology. All rights reserved. No part of this publication may be reproduced, stored or transmitted in any form or by any means without the prior 
permission in writing from the copyright holder. Authorization to copy items for internal and personal use is granted by the copyright holder for libraries and other users registered 
with their local Reproduction Rights Organization (RRO), e.g. Copyright Clearance Center (CCC), 222 Rosewood Drive, Danvers, MA 01923, USA (www.copyright.com), provided the ap-
propriate fee is paid directly to the RRO. This consent does not extend to other kinds of copying such as copying for general distribution, for advertising or promotional purposes, for 
creating new collective works or for resale. Special requests should be addressed to: permissions@wiley.com

Access Policy: Subject to restrictions on certain backfi les, access to the online version of this issue is available to all registered Wiley Online Library users
12 months after publication. Subscribers and eligible users at subscribing institutions have immediate access in accordance with the relevant subscription
type. Please go to onlinelibrary.wiley.com for details.

The views and recommendations expressed in articles, letters, and other communications published in Arthritis & Rheumatology are those of the authors and do not necessar-
ily refl ect the opinions of the editors, publisher, or American College of Rheumatology. The publisher and the American College of Rheumatology do not investigate the informa-
tion contained in the classifi ed advertisements in this journal and assume no responsibility concerning them. Further, the publisher and the American College of Rheumatology 
do not guarantee, warrant, or endorse any product or service advertised in this journal.

Cover design: Todd Machen

   This journal is printed on acid-free paper.∞

Arthritis & Rheumatology
An Offi  cial Journal of the American College of Rheumatology

www.arthritisrheum.org and wileyonlinelibrary.com

ART_v71_i10_Ed-board.indd   1ART_v71_i10_Ed-board.indd   1 9/12/2019   2:13:07 PM9/12/2019   2:13:07 PM



Arthritis & Rheumatology
An Offi  cial Journal of the American College of Rheumatology

www.arthritisrheum.org and wileyonlinelibrary.com

  In This Issue  ....................................................................................................................................................................  A13 

 Clinical Connections  .....................................................................................................................................................  A15 

 Special Articles 
 Editorial: Trust in Publication: Now More Than Ever 

 Richard J. Bucala and Daniel H. Solomon  .............................................................................................................................................  1593 
 Editorial: Using Machine Learning to Molecularly Classify Systemic Sclerosis Patients 

 Weiyang Tao, Timothy R. D. J. Radstake, and Aridaman Pandit  .........................................................................................................  1595 
 2019 Update of the American College of Rheumatology/Spondylitis Association of America/Spondyloarthritis 
Research and Treatment Network Recommendations for the Treatment of Ankylosing Spondylitis and 
Nonradiographic Axial Spondyloarthritis 

 Michael M. Ward, Atul Deodhar, Lianne S. Gensler, Maureen Dubreuil, David Yu, Muhammad Asim Khan, 
Nigil Haroon, David Borenstein, Runsheng Wang, Ann Biehl, Meika A. Fang, Grant Louie, Vikas Majithia, Bernard Ng, 
Rosemary Bigham, Michael Pianin, Amit Aakash Shah, Nancy Sullivan, Marat Turgunbaev, Jeff  Oristaglio, 
Amy Turner, Walter P. Maksymowych, and Liron Caplan  ...................................................................................................................  1599 

 In Memoriam: Gerald Weissmann,  MD , 1930–2019 
 Steven B. Abramson, Bruce Cronstein, and Jill P. Buyon  .....................................................................................................................  1614 

 Rheumatoid Arthritis 
Reducing or Maintaining the Dose of Subcutaneous Tocilizumab in Patients With Rheumatoid Arthritis in Clinical 
Remission: A Randomized, Open-Label Trial 

Raimon  Sanmarti, Douglas J. Veale, Emilio Martin-Mola, Alejandro Escudero-Contreras, Carlos González, 
Liliana Ercole, Rocío Alonso, João E.  Fonseca, and the ToSpace Study Group ................................................................................. 1616

  N -Linked Glycans in the Variable Domain of IgG Anti–Citrullinated Protein Antibodies Predict the Development of 
Rheumatoid Arthritis 

 Lise Hafkenscheid, Emma de Moel, Irene Smolik, Stacey Tanner, Xiaobo Meng, Bas C. Jansen, Albert Bondt, 
Manfred Wuhrer, Tom W. J. Huizinga, Rene E. M. Toes, Hani El-Gabalawy, and Hans U. Scherer  .................................................  1626 

 Clinical Image 
 Hypertrophic Osteoarthropathy in Cystic Fibrosis 

 Elizabeth Clarke and Rowland Bright-Thomas  .....................................................................................................................................  1633 

 Osteoarthritis 
 Causal Factors for Knee, Hip, and Hand Osteoarthritis: A Mendelian Randomization Study in   the  UK  Biobank 

 Thomas Funck-Brentano, Maria Nethander, Sofi a Movérare-Skrtic, Pascal Richette, and Claes Ohlsson  ....................................  1634 

Spondyloarthritis
  HLA  Alleles Associated With Risk of Ankylosing Spondylitis and Rheumatoid Arthritis Infl uence the Gut 
Microbiome 

 Mark Asquith, Peter R. Sternes, Mary-Ellen Costello, Lisa Karstens, Sarah Diamond, Tammy M. Martin, Zhixiu Li, 
Mhairi S. Marshall, Timothy D. Spector, Kim-Anh le Cao, James T. Rosenbaum, and Matthew A. Brown  .....................................  1642 

Psoriatic Arthritis
 Value   of Carotid Ultrasound in Cardiovascular Risk Stratifi cation in Patients With Psoriatic Disease 

 Curtis Sobchak, Shadi Akhtari, Paula Harvey, Dafna Gladman, Vinod Chandran, Richard Cook, and Lihi Eder  .........................  1651 
 Responsiveness of Serum C-Reactive Protein, Interleukin-17A, and Interleukin-17F Levels to Ustekinumab in 
Psoriatic Arthritis: Lessons From Two Phase III, Multicenter, Double-Blind, Placebo-Controlled Trials 

 Stefan Siebert  , Kristen Sweet  , Bidisha Dasgupta  , Kim Campbell  , Iain B. McInnes  , and Matthew J. Loza    ......................................  1660 

Systemic Lupus Erythematosus
 Rituximab as Maintenance Treatment for Systemic Lupus Erythematosus: A Multicenter Observational Study of 
147 Patients 

 Matthias A. Cassia, Federico Alberici, Rachel B. Jones, Rona M. Smith, Giovanni Casazza, Maria L. Urban, 
Giacomo Emmi, Gabriella Moroni, Renato A. Sinico, Piergiorgio Messa, Frances Hall, Augusto Vaglio, 
Maurizio Gallieni, and David R. Jayne  ...................................................................................................................................................  1670 

 Inhibition of EZH2 Ameliorates Lupus-Like Disease in MRL/ lpr    Mice 
 Dallas M. Rohraff , Ye He, Evan A. Farkash, Mark Schonfeld, Pei-Suen Tsou, and Amr H. Sawalha  ...............................................  1681 

Systemic Sclerosis
 Validation of the  REVEAL  Prognostic Equation and Risk Score Calculator in Incident Systemic 
Sclerosis–Associated Pulmonary Arterial Hypertension 

 Christopher J. Mullin, Rubina M. Khair, Rachel L. Damico, Todd M. Kolb, Laura K. Hummers, Paul M. Hassoun, 
Virginia D. Steen, and Stephen C. Mathai, on behalf of the PHAROS Investigators ..........................................................................  1691 

VOLUME 71 •  October 2019 •  NO. 10

ART_v71_i10_Toc.indd   1ART_v71_i10_Toc.indd   1 08-Oct-19   4:42:01 PM08-Oct-19   4:42:01 PM



 A Machine Learning Classifi er for Assigning Individual Patients With Systemic Sclerosis to Intrinsic Molecular Subsets   
 Jennifer M. Franks, Viktor Martyanov, Guoshuai Cai, Yue Wang, Zhenghui Li, Tammara A. Wood, and Michael L. Whitfi eld  .............  1701 

 Induction of Infl ammation and Fibrosis by Semaphorin 4A in Systemic Sclerosis   
 Tiago Carvalheiro, Alsya J. Aff andi, Beatriz Malvar-Fernández, Ilse Dullemond, Marta Cossu, Andrea Ottria, 
Jorre S. Mertens, Barbara Giovannone, Femke Bonte-Mineur, Marc R. Kok, Wioleta Marut, Kris A. Reedquist, 
Timothy R. Radstake, and Samuel García  .............................................................................................................................................  1711 

 Myositis 
 Brief Report: Use of Proprotein   Convertase Subtilisin/Kexin Type 9 Inhibitors in Statin-Associated Immune-Mediated 
Necrotizing Myopathy: A Case Series 

 Eleni Tiniakou, Erika Rivera, Andrew L. Mammen, and Lisa Christopher-Stine  ................................................................................  1723 

 Clinical Images 
 Takotsubo and Takayasu—A Reason to Rhyme? 

 Shir Lynn Lim, Ching Ching Ong, D. P. S. Dissanayake, Lynette Li San Teo, and Sen Hee Tay  .........................................................  1726 

 Behçet’s Disease 
 Long-Term Outcome of Ustekinumab Therapy for Behçet's Disease 

 Adrien Mirouse, Stéphane Barete, Anne-Claire Desbois, Cloé Comarmond, Damien Sène, Fanny Domont, 
Bahram Bodaghi, Yasmina Ferfar, Patrice Cacoub, and David Saadoun, for the French Behçet’ s Network  ...............................  1727 

 Gout 
 Brief Report: Associations of Gout and Baseline Serum Urate Level With Cardiovascular Outcomes: Analysis of 
the Coronary Disease Cohort Study 

 Lisa K. Stamp, Christopher Frampton, Jill Drake, Robert N. Doughty, Richard W. Troughton, and A. Mark Richards  .................  1733 
 Eff ects of Allopurinol Dose Escalation on Bone Erosion and Urate Volume in Gout: A Dual-Energy Computed 
Tomography Imaging Study Within a Randomized, Controlled Trial   

 Nicola Dalbeth, Karen Billington, Anthony Doyle, Christopher Frampton, Paul Tan, Opetaia Aati, Jordyn Allan, 
Jill Drake, Anne Horne, and Lisa K. Stamp  ............................................................................................................................................  1739 

Pediatric Rheumatology
 Identifi cation of Novel Adenosine Deaminase 2 Gene Variants and Varied Clinical Phenotype in 
  Pediatric Vasculitis 

 Kristen M. Gibson, Kimberly A. Morishita, Paul Dancey, Paul Moorehead, Britt Drögemöller, Xiaohua Han, 
Jinko Graham, Robert E. W. Hancock, Dirk Foell, Susanne Benseler, Rashid Luqmani, Rae S. M. Yeung, Susan Shenoi, 
Marek Bohm, Alan M. Rosenberg, Colin J. Ross, David A. Cabral, and Kelly L. Brown, on behalf of the PedVas 
Investigators Network  ..............................................................................................................................................................................  1747 

 Regulation of Fatty Acid Oxidation by Twist 1 in the Metabolic Adaptation of T Helper Lymphocytes to Chronic 
Infl ammation   

 Kristyna Hradilkova, Patrick Maschmeyer, Kerstin Westendorf, Heidi Schliemann, Olena Husak, 
Anne Sae Lim von Stuckrad, Tilmann Kallinich, Kirsten Minden, Pawel Durek, Joachim R. Grün, Hyun-Dong Chang, 
and Andreas Radbruch  ...........................................................................................................................................................................  1756 

 Concise Communication 
 Senescence Signature in Skin Biopsies From Systemic Sclerosis Patients Treated With Senolytic Therapy: Potential 
Predictor of Clinical Response? 

 Viktor Martyanov, Michael L. Whitfi eld, and John Varga  .....................................................................................................................  1766 

 Letters 
 Overrepresentation of Elderly Subjects in a Population-Based Study of Antiphospholipid Syndrome: Comment on 
the Article by Duarte-García et al 

 Jose A. Gómez-Puerta, Ricard Cervera, and Graciela S. Alarcón  ........................................................................................................  1768 
 Reply 

 Ali Duarte-García, Cynthia S. Crowson, Kenneth J. Warrington, and Eric. L. Matteson  ....................................................................  1769 
 Where Does Denosumab Stand in the Treatment of Glucocorticoid-Induced Osteoporosis? Comment on the Article 
by Saag et al 

 Arghya Chattopadhyay, Shefali K. Sharma, Aman Sharma, Sanjay Jain, and Varun Dhir,  .............................................................  1770 
 Bisphosphonates as a First-Line Treatment for Glucocorticoid-Induced Osteoporosis: Comment on the Article by 
Saag et al 

 Elena Gonzalez-Rodriguez, Bérengère Aubry-Rozier, Delphine Stoll, and Olivier Lamy  ..................................................................  1770 
 Reply 

 Kenneth G. Saag, Piet Geusens, and Willem F. Lems  ...........................................................................................................................  1771 

ACR Announcements ............................................................................................................................................................. A17

Cover image: The fi gure on the cover shows a longitudinal ultrasound view of the carotid artery at the 
level of the common carotid bifurcation. The oblong density within the lumen of the carotid artery is 
an atherosclerotic plaque. This issue of Arthritis & Rheumatology features a report on the use of carotid 
ultrasound to detect carotid atherosclerosis in patients with psoriatic disease and the utility of this 
technique in predicting risk of cardiovascular events in these patients (Sobchak et al, pages 1651–1659). 
Image courtesy of Lihi Eder, MD, PhD.

ART_v71_i10_Toc.indd   2ART_v71_i10_Toc.indd   2 08-Oct-19   4:42:01 PM08-Oct-19   4:42:01 PM



1593  

Arthritis & Rheumatology
Vol. 71, No. 10, October 2019, pp 1593–1594
DOI 10.1002/art.40882 
© 2019, American College of Rheumatology

E D I T O R I A L

Trust in Publication: Now More Than Ever
Richard J. Bucala1 and Daniel H. Solomon2

The academic freedom inherent in scientific publication car-
ries with it academic responsibility, although the two concepts are 
rarely equated (1). For authors, there is the fundamental ethical 
obligation to publish work that is truthful and scientifically defend-
able. For reviewers, academic responsibility requires impartiality 
and fairness while not abusing the privilege of anonymous review, 
despite professional competition. Ultimately, it is the Arthritis & 
Rheumatology community of contributors and reviewers that not 
only sustains but expands the foundation of trust that ensures 
continued research progress. For Editors, it is the duty not only 
to curate new science but to provide leadership in the highest 
standards of publication, encompassing both research content 
and the publication process itself. The product of academic free-
dom and responsibility gives value to academic publication, as we 
work collectively to advance discovery, clinical care, and training 
in rheumatology.

Now more than ever, the readers and the greater public we 
serve must trust the conduct and publication of science. The 
stakes to society—in terms of population and individual health, 
cost of care, and confidence in the professionalism of its physi-
cians and scientists—mandate the highest standards for integrity 
and transparency in scientific publication. As our editorial board 
enters its last year of service, we take this opportunity to reflect 
and share with the American College of Rheumatology our expe-
rience with challenges to ethical and professional standards, and 
we revisit long- accepted obligations of authors, reviewers, and 
Editors.

For academic authors, as for many practitioners of scholar-
ship, it remains the case that “you are what you publish,” and 
the pressures to publish one’s work in a timely and visible man-
ner have never been greater. The acceptance rates for submit-
ted manuscripts at top- tier medical journals are at historic lows, 
adding to the hurdle of professional recognition and career 
advancement. Publishers and journals like A&R have responded 
by more actively promoting published content for authors and by  

opening additional and more specialized publications, including 
online open- access journals (2).

Unfortunately, increased publication pressures also promote 
pernicious practices that undermine research integrity. Web- 
based “watchdog” organizations employ software tools to scour 
publications for plagiarism and for data and image inconsisten-
cies, whether accidental or from intentional manipulation and 
deception. In high- profile cases, authors may be unnecessarily 
impugned in the rush to judgment. Independent research sug-
gests that a significant percentage of published research findings 
(across all disciplines) are irreproducible or at least significantly 
and misleadingly overstated (3). A variety of reasons besides care-
less or deceptive science contribute to this estimation, but the 
effect on research direction and investment in potentially thera-
peutic findings is a growing concern for funding agencies and the 
pharmaceutical industry. Journals have responded with increased 
data requirements, including more raw data for review, made fea-
sible by the capacity for publication of online- only supplementary 
material. Unfortunately, rather than facilitating publication, these 
requirements add burdens to authors and reviewers and can 
slow publication timelines, which at the same time have become 
increasingly competitive among journals. These developments 
around data integrity also have forced journals and their editorial 
boards to redefine their role in publication, and whether to remain 
simple conduits for publication or become arbiters of research 
integrity. A&R strives for the highest standards in this evolution, 
forthrightly addressing integrity concerns and promoting more 
robust statistical methodologies and enhanced data reporting, 
especially in the realms of clinical investigation.

The problematic impingement of commercial and for- profit 
forces on research, which can produce outcomes with signif-
icant financial consequences for the health and pharmaceuti-
cal industry, continues despite renewed public and regulatory 
commitments to transparency and conflict- of- interest reporting. 
Recent examples of physicians obscuring or underreporting  
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commercial entanglements have led to conspicuous cases and 
professional embarrassment, fueling public cynicism about the 
medical establishment (4). Current self- reporting standards may be 
inadequate for publication. Not all authors follow guidelines, there 
is little meaningful oversight, and it may be sensible to mandate 
the reporting of all potential conflicts whether considered relevant 
or not by authors, allowing journal readers to assess the relevance 
and potential impact of any conflicts or commercial relationships. 
An argument also can be made for a more robust, centralized, and 
global database of industry–physician relationships following the 
one established for manufacturers by the 2010 US Sunshine Act.

It is arguably in the realm of clinical trial reporting and patient- 
centered studies, where there is an overarching need for transpar-
ency and the ethical handling of patient data, that trust and integrity 
matter most. Clinical trialists and their sponsors exercise a near- 
monopoly on information from experimental interventions, and the 
complexity of studies can sometimes encourage post hoc selec-
tion of data that oversimplify outcomes and mislead even the most 
informed readers. Despite the well- recognized need for publicly 
available clinical trial registries that force investigators to commit to 
defined protocols and prespecified analytic plans, trial registration is 
haphazard and sometimes circumvented by the pressures to mod-
ify study design or outcomes to accommodate accruing data. A&R 

enforces standards for clinical trial registration and data reporting, 
as advocated by the International Committee of Medical Journal 
Editors (5). Rheumatology as a field must conform to the highest 
standards of clinical investigation, given the trust placed in us by 
our fellow physicians and by our patients who put themselves in 
our care.

A&R will undoubtedly face unexpected challenges in the next 
year and beyond, and our responses will remain anchored in the 
best interests of the rheumatology community, whom it is both our 
privilege and our obligation to serve.
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Using Machine Learning to Molecularly Classify Systemic 
Sclerosis Patients
Weiyang Tao, Timothy R. D. J. Radstake, and Aridaman Pandit

Systemic sclerosis (SSc) is an autoimmune disease that is 
characterized by high molecular complexity (1). SSc patients 
display tremendous heterogeneity in disease onset manifes-
tations and disease progression, and this heterogeneity has 
remained a major hindrance in SSc diagnosis, follow- up, and 
treatment. The past decade has seen a massive growth in 
high- throughput technologies and advancements in compu-
tational methods, which together have enabled us to generate 
and analyze molecular data at an unprecedented level and at 
affordable cost. These technological advancements are pav-
ing the way for molecular disease classification and thereby 
for personalized medicine. Molecular classification of SSc col-
lects information from different layers of genetic and epigenetic 
data with the aim of identifying molecular signatures that can 
be associated with the patient’s pathology. Despite the prom-
ising results of molecular disease classification, it has yet to 
be incorporated into SSc diagnosis and treatment. Therefore, 
there is a dire need to include molecular disease classification 
with conventional clinical criteria to improve SSc diagnosis and 
treatment strategies.

Molecular classification has been successful in identifying 
signatures that are unique to an individual patient or patient 
groups in heterogeneous cancers and has improved clinical 
diagnoses and treatments. For instance, when treatment has 
been specifically designed for patients using their molecular sig-
natures based on estrogen receptor, progesterone receptor, and 
human epidermal growth factor receptor 2, there has been a 
substantial decrease in the mortality rate of breast cancer (2). 
Similarly, identification of molecularly distinct subsets of non–
small cell lung cancer has led to the development of effective 
and targeted therapy that has largely improved clinical outcomes 
(3). Given these successful cases, we might ask: Is there any 
method to automatically stratify patients into different molecular 
groups and take the first steps toward personalized treatment of 
a heterogeneous disease like SSc?

The classification criteria for SSc have evolved over time 
(4,5). According to the 2013 American College of Rheumatology/
European League Against Rheumatism criteria, patients are clas-
sified as having SSc based on a threshold of an additive point sys-
tem, which includes scores for skin thickening in fingers, abnormal 
nailfold capillaries, scleroderma- related autoantibodies, fingertip 
lesions, and pulmonary arterial hypertension, among others (5). 
SSc patients are thus clinically classified into 3 subsets, according 
to the extent of skin involvement: noncutaneous SSc (ncSSc), lim-
ited cutaneous SSc (lcSSc), and diffuse cutaneous SSc (dcSSc). 
When classified based on these clinical criteria, SSc patients dis-
play heterogeneous disease phenotypes within each SSc subset. 
For instance, SSc patients who are classified as having lcSSc 
based on clinical criteria tend to display distinct molecular phe-
notypes varying in degree of inflammation and other molecular 
characteristics. Multiple studies involving molecular data obtained 
from SSc patients typically classify SSc patients into 4 molecular 
subsets as follows: normal- like, limited, inflammatory, and fibro-
proliferative (6–9). Compared to the clinical classification, when 
patients are molecularly classified into the “limited” subset, they 
tend to display more homogeneous disease phenotypes.

Molecular classification approaches for SSc have relied on 
computational methods that cluster or stratify patients based only 
on their gene expression signatures. In general, 2 different clus-
tering approaches can be used to molecularly stratify patients: 
1) the “unsupervised clustering” approach defines patient groups 
from the molecular signature data without the researcher/user 
predefining the nature and number of patient groups, and 2) the 
“supervised clustering” approach matches the patients’ molec-
ular signatures with predefined molecular signatures associated 
with different patient groups. For example, Milano et al developed 
a molecular stratification method for SSc using an unsupervised 
hierarchical clustering algorithm on genome- wide gene expression 
profiles obtained from skin biopsy specimens (6). That and other 
studies have laid the foundations of molecular classification for 
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SSc (10–12). However, unsupervised clustering methods gener-
ally require a large cohort, they may over-  or understratify patients, 
and the stratification of patient groups may vary from data set to 
data set based on the quality of the data set. Therefore, we need 
studies that can stratify SSc patients into molecular subsets that 
are robust across many different data sets and thereby can be 
ultimately implemented to aid clinical decision-making.

In this issue of Arthritis & Rheumatology, Franks et  al (13) 
describe a “supervised” model that uses machine learning algo-
rithms to classify individual patients into 4 molecular SSc subsets 
(normal- like, limited, inflammatory, and fibroproliferative) based 
on their gene expression patterns. The basic idea of supervised 
machine learning is that it uses inputs (such as gene expression 
data) to generate a model that best allows us to determine an output 
(such as patient classification). Development of a typical supervised 
machine learning model comprises 2 steps (Figure 1). First, a model 
is trained using a training data set and iteratively tested by using mul-
tiple subsets of the training data set to achieve high model accuracy 
(internal testing). Second, the model is validated using an independ-
ent external test set (Figure 1). Thus, to develop a robust machine 
learning model, we need a training data set and ≥1 test data set 
containing the same kind of inputs (gene expression profiles) and 
outputs (patient groups). Furthermore, different machine learning 
models can be trained using different machine learning algorithms.

Franks et al studied 6 publicly available DNA microarray data 
sets from the GEO database, together consisting of more than 
400 samples representing a broad spectrum of SSc patients 
and matched healthy controls. Three of the 6 data sets (together 
consisting of 297 samples) had clear and definitive intrinsic sub-
set labels and were from the same microarray platform. These 
samples were delicately combined and were used to train 3 dif-
ferent machine learning models using elastic net (GLMnet), sup-
port vector machine, and random forest algorithms. Franks et al 
applied the repeated cross- validation technique to benchmark 
these models, which repeatedly splits the original data to test if 

the machine learning model is sensitive to changes in the data 
set. The GLMnet model was found to outperform other methods 
in terms of overall accuracy (average accuracy of 87.1%) and 
Cohen’s kappa coefficient.

Franks et  al further validated their best model using the 3 
remaining independent and multiplatform data sets. Although the 
first 2 data sets (10,11) were from a different microarray platform, the 
model exhibited high performance (concordance of 83–87.5%). 
The third data set by Assassi et al (12) did not classify the patients 
into molecular subsets (i.e., normal- like, limited, inflammatory, and 
fibroproliferative) used by Franks et al; the authors therefore used 
a network- based prediction of molecular signatures from Assassi 
et al (12,14) and indirectly demonstrated the robustness of their 
machine learning model. Thus, taken together, the direct and indi-
rect, as well as the internal and external, validations suggest that 
the GLMnet- based machine learning classification model is robust 
and capable of classifying patients from data obtained from differ-
ent experiments and multiple DNA microarray platforms.

Because of data set splitting and the nature of current machine 
learning algorithms, training a supervised machine learning model 
usually requires a large data set (ranging from hundreds to millions 
of samples, depending on tasks). Too few samples and/or too 
many input genes can easily make the model overfit to the training 
data set. As SSc is a rare disease and the gene expression profil-
ing is not performed very often, currently available single data sets 
are rather small. So the first strength of the study by Franks et al 
is that they combined multiple data sets to increase the sample 
size (13). A known drawback of combining gene expression data 
from multiple studies is that the data get a study/batch- specific 
bias, also known as “batch effect.” The authors did not observe 
a significant batch effect in their “training” and “test” data sets, 
and therefore did not use batch effect correction methods while 
applying their prediction model to different data sets.

The second strength of the study is that it provides an auto-
matic way to perform SSc subset assignment for single patients 

Figure 1. Development of a typical supervised machine learning model.
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high accuracy. For rheumatologists, this could be very useful to 
classify patients in clinics. And since this model outputs 4 sub-
sets based on molecular signatures (normal- like, limited, inflam-
matory, and fibroproliferative), it may be more informative than the 
3 clinical subsets (ncSSc, lcSSc, and dcSSc). There are several 
ongoing efforts to develop robust clinical criteria for SSc classifi-
cation, despite the fact that the classification remains subjective 
among different clinical experts. Franks and colleagues provide 
proof-of-principle that molecular signatures can improve patient 
classification or even directly classify patients into clinically rele-
vant subsets.

Despite these strengths, the study had some limitations. First, 
although Franks et al used 3 independent data sets from different 
DNA microarray platforms to externally test their model, the first 2 
testing data sets used for validating their model had extremely small 
sample sizes of 8 and 6 samples, respectively, and the third data 
set was not directly comparable by prediction model. Thus, this 
model will require further development and validation before clinical 
use. The second limitation is a computational/technical issue; to 
predict a molecular signature in a new patient, one needs to han-
dle batch effect more rigorously, potentially by incorporating some 
reference genes that can normalize the patient- specific data and 
make it comparable to the cross- platform training data set used by 
Franks and colleagues (Figure 1). Third, as noted by the authors, 
overfitting is one of the greatest concerns in their work. The current 
model was based on more than 12,000 genes, but the authors do 
not show if such a high number of genes makes their model overfit 
to the data. Fourth, the authors used 3 training data sets to train 
their machine learning model. The patients considered in these 3 
training data sets were typically patients with early SSc. Since SSc 
is a dynamic and heterogeneous disease, underrepresentation of 
patients with late SSc (lcSSc and dcSSc) requires that the model be 
further tested on broader SSc patient samples from different stages 
of disease.

The GLMnet model classifies samples considering expres-
sion of genes that are weighted by a coefficient. The coefficient of 
the genes thus allows us to assess the importance of the genes in 
the model. Franks et al used these coefficients to identify impor-
tant/crucial genes as the genes with positive coefficients in their 
final GLMnet model. Surprisingly, despite laying a strong founda-
tion for molecular SSc classification, these genes did not con-
tain some of the crucial SSc-associated genes, such as CD247, 
STAT4, TLR8, IRF5, IRF4, and IRF7. Several recent studies have 
shown that genetic and epigenetic profiling of specific cell types 
provides more information on disease mechanisms and pheno-
types than whole tissue or peripheral blood mononuclear cell 
profiling (15–20). For example, CXCL4 has been shown to be a 
predictive biomarker for SSc progression and was captured by 
independent dendritic cell profiling or by proteomic profiling of 
blood and skin (17,18). Similarly, van der Kroef et al (21) recently 
showed that SSc patients have altered chromatin marks in their 
monocytes, which is correlated with their interferon/inflammation 

signature. However, some of the known biomarker genes, such 
as CXCL4, and inflammatory genes with altered expression and 
chromatin profiles, such as MX1 and OAS1, were not ranked as 
important genes in the GLMnet model. In addition, the existence 
of a fibroproliferative intrinsic SSc subset is still under debate in 
the SSc community (12). Franks and colleagues found that the 
genes corresponding to the fibroproliferative intrinsic SSc sub-
set corresponded to metabolic pathways and cellular processes, 
and not to fibrotic or proliferative processes as one would expect 
(13). Thus, either the methodology used for identifying important 
genes needs further exploration or the classification and overlap 
between fibroproliferative and other intrinsic SSc subsets should 
be further explored in future studies.

Despite these limitations, the study by Franks et al provides 
a novel and promising way to better stratify a heterogeneous 
disease such as SSc into more homogeneous and clinically rel-
evant subgroups. As such, it is an important step toward better 
diagnostic testing in SSc and toward providing a novel way to 
better understand the mechanisms in the development of SSc. 
Such models, along with detailed genetic and epigenetic profiling 
of SSc patients, may help in further refining molecular classifica-
tion of SSc, understanding SSc progression and disease mecha-
nisms, and thereby seeding future therapies.
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Objective. To update evidence- based recommendations for the treatment of patients with ankylosing spondylitis 
(AS) and nonradiographic axial spondyloarthritis (SpA).

Methods. We conducted updated systematic literature reviews for 20 clinical questions on pharmacologic 
 treatment addressed in the 2015 guidelines, and for 26 new questions on pharmacologic treatment, treat- to- target 
strategy, and use of imaging. New questions addressed the use of secukinumab, ixekizumab, tofacitinib, tumor 
 necrosis factor inhibitor (TNFi) biosimilars, and biologic tapering/discontinuation, among others. We used the Grading 
of Recommendations, Assessment, Development and Evaluation methodology to assess the quality of evidence and 
formulate recommendations and required at least 70% agreement among the voting panel.

Results. Recommendations for AS and nonradiographic axial SpA are similar. TNFi are recommended over 
 secukinumab or ixekizumab as the first biologic to be used. Secukinumab or ixekizumab is recommended over the use 
of a second TNFi in patients with primary nonresponse to the first TNFi. TNFi, secukinumab, and ixekizumab are favored 
over tofacitinib. Co- administration of low- dose methotrexate with TNFi is not recommended, nor is a strict treat- to- target 
strategy or discontinuation or tapering of biologics in patients with stable disease. Sulfasalazine is recommended only 
for persistent peripheral arthritis when TNFi are contraindicated. For patients with unclear disease activity, spine or pelvis 
magnetic resonance imaging could aid assessment. Routine monitoring of radiographic changes with serial spine radio-
graphs is not recommended.

Conclusion. These recommendations provide updated guidance regarding use of new medications and imaging 
of the axial skeleton in the management of AS and nonradiographic axial SpA.

Guidelines and recommendations developed and/or endorsed by the American College of Rheumatology (ACR) are intended to 
provide guidance for particular patterns of practice and not to dictate the care of a particular patient. The ACR considers adherence 
to the recommendations within this guideline to be voluntary, with the ultimate determination regarding their application to be 
made by the health care provider in light of each patient’s individual circumstances. Guidelines and recommendations are intended 
to promote beneficial or desirable outcomes but cannot guarantee any specific outcome. Guidelines and recommendations devel-
oped and endorsed by the ACR are subject to periodic revision as warranted by the evolution of medical knowledge, technology, 
and practice. ACR recommendations are not intended to dictate payment or insurance decisions. These recommendations cannot 
adequately convey all uncertainties and nuances of patient care.

The American College of Rheumatology is an independent, professional, medical and scientific society that does not guarantee, 
warrant, or endorse any commercial product or service.
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INTRODUCTION

Axial spondyloarthritis (SpA), comprising ankylosing spon-
dylitis (AS) and nonradiographic axial SpA, is the main form of 
chronic inflammatory arthritis affecting the axial skeleton (1). 
AS affects 0.1–0.5% of the population, and is characterized by 
inflammatory back pain, radiographic sacroiliitis, excess spi-
nal bone formation, and a high prevalence of HLA–B27 (2,3). 
Although nonradiographic axial SpA shares several features 
with AS, advanced sacroiliac joint damage and spine ankylosis 
are absent (4). The severity of arthralgia, stiffness, and limited 
flexibility varies widely among patients and over the course of 
axial SpA. Skeletal disease may be accompanied by uveitis, 
psoriasis, and inflammatory bowel disease (IBD). Axial SpA can 
impose substantial physical and social burdens on patients, and 
can interfere with work and schooling (5,6). The goals of treat-
ment are to alleviate symptoms, improve functioning, maintain 
the ability to work, decrease disease complications, and forestall 
skeletal damage as much as possible.

In 2015, the American College of Rheumatology (ACR), Spon-
dylitis Association of America (SAA), and Spondyloarthritis Research 
and Treatment Network (SPARTAN) published recommendations 
for the treatment of adults with AS and those with nonradiographic 
axial SpA (7). Recommendations were provided for pharmacologic 
treatment, rehabilitation, use of surgery, management of selected 
comorbidities, disease monitoring, patient education, and pre-
ventive care. The recommendations were tailored to patients with 
either active or stable disease and focused on the most common 
decisions confronting clinicians when treating these patients.

The advent of new medications to treat axial SpA warranted 
this update. We did not reexamine all of the 2015 recommen-
dations, but rather focused on those questions for which con-
sequential new evidence was present. We added several new 
recommendations on how the newly available medications 
should fit in treatment strategies and on the use of imaging. The 
target populations are adults with AS or nonradiographic axial 
SpA. The target users of these recommendations are rheumatol-
ogists, primary care clinicians, physiatrists, physical therapists, 
and others providing care to patients with axial SpA.

METHODS

These recommendations followed ACR and Grading of Recom-
mendations, Assessment, Development and Evaluation (GRADE) 
methodology (8,9), as described in Supplementary Appendix 1, 
available on the Arthritis & Rheumatology web site at http://onlin elibr 
ary.wiley.com/doi/10.1002/art.41042/ abstract. Briefly, sys te  matic 
literature reviews were done for prespecified clinical population, 
intervention, comparator, outcomes (PICO) questions. The result-
ing evidence was reviewed, and recommendations formulated and 
voted on, by an expert voting panel (see Supplementary Appen-
dices 2–5 at http://onlin elibr ary.wiley.com/doi/10.1002/art.41042/ 
abstract). Key definitions, including ones for active and stable dis-
ease, are provided in Table 1. Clinical  trials of ixekizumab became 
available during the time the  manuscript was in preparation, after 
the voting panel had met (10,11). The data from these trials were 
provided to the voting panel, and revised recommendations that 
included ixekizumab were reviewed and voted on by the panel.
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RESULTS

Here we present the recommendations that were reviewed in 
this update, whether it was a new recommendation (designated 
“new”) or reevaluation of an existing recommendation. Table 2 
and Table  3 provide all current recommendations,  including 
those from the 2015 report that were not newly reviewed. The 
order of recommendations presented here does not imply pri-
ority for use or recommended sequencing of different interven-
tions. PICO numbers following each recommendation can be 
used to locate related evidence in Supplementary Appendix 
6, available on the Arthritis & Rheumatology web site at http:// 
onlin elibr ary.wiley.com/doi/10.1002/art.41042/ abstract.

A. Recommendations for the treatment of 
 patients with active AS

In adults with active AS, we conditionally recommend 
continuous treatment with nonsteroidal antiinflammatory 
drugs (NSAIDs) over on-demand treatment with NSAIDs 
(PICO 1).

The efficacy of NSAIDs for symptom improvement in active 
AS has been established in many controlled trials. Evidence that 
continuous NSAID use results in slower rates of spinal fusion on 
radiographs over 2 years compared to on- demand NSAID use is 
inconsistent, with results of one trial of celecoxib suggesting less 
progression with continuous use, and one trial of diclofenac indicat-
ing no difference in progression (12,13) (See Supplementary Appen-
dix 6, available on the Arthritis & Rheumatology web site at http:// 
onlin elibr ary.wiley.com/doi/10.1002/art.41042/ abstract). Despite the 

Table 1. Definitions of key terms*

Term Definition

Active disease Disease causing symptoms at an unacceptably bothersome level to the patient and judged by the 
examining clinician to be due to inflammation.

Stable disease Disease that was asymptomatic or causing symptoms but at an acceptable level as reported by the 
patient. A minimum of 6 months was required to qualify as clinically stable.

Primary nonresponse Absence of a clinically meaningful improvement in disease activity over the 3 to 6 months after 
treatment initiation, not related to toxicity or poor adherence.

Secondary nonresponse Recurrence of ankylosing spondylitis activity, not due to treatment interruption or poor adherence, 
after having a sustained clinically meaningful improvement on treatment (generally, beyond the 
initial 6 months of treatment).

Conventional synthetic 
antirheumatic drug 

Sulfasalazine, methotrexate, leflunomide, apremilast, thalidomide, pamidronate. 

Biosimilar Biopharmaceuticals that are copies of an original biologic medication and tested to be of the same 
purity and potency as the original. In these recommendations, we refer only to TNFi biosimilars. 
Examples include infliximab- dyyb, etanercept- szzs, and adalimumab- atto.

TNFi Infliximab, etanercept, adalimumab, certolizumab, golimumab, and their biosimilars. 
TNFi monoclonal antibodies Infliximab, adalimumab, certolizumab, golimumab.
Biologics TNFi, abatacept, rituximab, sarilumab, tocilizumab, ustekinumab, secukinumab, ixekizumab.**
High- quality evidence Studies that provide high confidence in the effect estimate, and new data from future studies are 

thought unlikely to change the effect.
Moderate- quality evidence Studies that provide confidence that the true effect is likely to be close to the estimate but could be 

substantially different.
Low- quality evidence Studies that provide limited confidence about the effect, and the true effect may be substantially 

different from the estimate.
Very low- quality evidence Studies that provide very little certainty about the effect, and the true effect may be quite different 

from the estimate.
Strong recommendation Action should be favored in almost all patients, usually requiring high-quality evidence, high 

confidence that future research will not alter the conclusion, AND an assessment that the desirable 
effects of the intervention outweigh the undesirable effects. Should not be taken to imply that the 
intervention has large clinical benefits.

Conditional recommendation Action should be followed in only selected cases, often limited by low-quality evidence, OR when the 
desirable and undesirable consequences of an intervention are more balanced, OR if patients’ 
preferences for the intervention are thought to vary widely.

Patient preferences Beliefs and expectations regarding potential benefits and harms of treatment and how these relate to 
an individual’s goals for health and life.

Shared decision- making The process by which a patient and clinician arrive at an individualized treatment decision based on 
an understanding of the potential benefits and risks of available treatment options and of a 
patient’s values and preferences.

* TNFi = tumor necrosis factor inhibitor. 

**Correction added on 26 September 2019, after first online 
publication: Secukinumab and ixekizumab were omitted in Table 
1. They have been restored in this version of the article.
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Table 2. Recommendations for the treatment of adults with AS*

Recommendation
Level of  

evidence PICO

RECOMMENDATIONS FOR ADULTS WITH ACTIVE AS
1. We strongly recommend treatment with NSAIDs over no treatment with NSAIDs.† Low 2
2. We conditionally recommend continuous treatment with NSAIDs over on-demand treatment with NSAIDs. Low to 

moderate
1

3. We do not recommend any particular NSAID as the preferred choice.† Low to 
moderate

3

4. In adults with active AS despite treatment with NSAIDs, we conditionally recommend treatment with sulfasalazine, 
methotrexate, or tofacitinib over no treatment with these medications. Sulfasalazine or methotrexate should be 
considered only in patients with prominent peripheral arthritis or when TNFi are not available.

Very low to 
moderate

7

5. In adults with active AS despite treatment with NSAIDs, we conditionally recommend treatment with TNFi over 
treatment with tofacitinib.

Very low 60

6. In adults with active AS despite treatment with NSAIDs, we strongly recommend treatment with TNFi over no 
treatment with TNFi.

High 6

7. We do not recommend any particular TNFi as the preferred choice. Moderate 5
8. In adults with active AS despite treatment with NSAIDs, we strongly recommend treatment with secukinumab or 

ixekizumab over no treatment with secukinumab or ixekizumab.
High 58

9. In adults with active AS despite treatment with NSAIDs, we conditionally recommend treatment with TNFi over 
treatment with secukinumab or ixekizumab.

Very low 59

10.  In adults with active AS despite treatment with NSAIDs, we conditionally recommend treatment with secukinumab 
or ixekizumab over treatment with tofacitinib.

Very low 61

11.  In adults with active AS despite treatment with NSAIDs and who have contraindications to TNFi, we conditionally 
recommend treatment with secukinumab or ixekizumab over treatment with sulfasalazine, methotrexate, or 
tofacitinib.

Low 8

12.  In adults with active AS despite treatment with the first TNFi used, we conditionally recommend treatment with 
secukinumab or ixekizumab over treatment with a different TNFi in patients with primary nonresponse to TNFi.

Very low 10

13.  In adults with active AS despite treatment with the first TNFi used, we conditionally recommend treatment with a 
different TNFi over treatment with a non- TNFi biologic in patients with secondary nonresponse to TNFi.

Very low 10

14.  In adults with active AS despite treatment with the first TNFi used, we strongly recommend against switching to 
treatment with a biosimilar of the first TNFi.

Very low 62

15.  In adults with active AS despite treatment with the first TNFi used, we conditionally recommend against the addi-
tion of sulfasalazine or methotrexate in favor of treatment with a new biologic.

Very low 9

16. We strongly recommend against treatment with systemic glucocorticoids.† Very low 4
17.  In adults with isolated active sacroiliitis despite treatment with NSAIDs, we conditionally recommend treatment 

with locally administered parenteral glucocorticoids over no treatment with local glucocorticoids.†
Very low 13

18.  In adults with stable axial disease and active enthesitis despite treatment with NSAIDs, we conditionally recom-
mend using treatment with locally administered parenteral glucocorticoids over no treatment with local glucocor-
ticoids. Peri-tendon injections of Achilles, patellar, and quadriceps tendons should be avoided.†

Very low 14

19.  In adults with stable axial disease and active peripheral arthritis despite treatment with NSAIDs, we conditionally 
recommend using treatment with locally administered parenteral glucocorticoids over no treatment with local 
glucocorticoids.†

Very low 15

20. We strongly recommend treatment with physical therapy over no treatment with physical therapy.† Moderate 16
21.  We conditionally recommend active physical therapy interventions (supervised exercise) over passive physical 

therapy interventions (massage, ultrasound, heat).†
Very low 17

22. We conditionally recommend land-based physical therapy interventions over aquatic therapy interventions.† Moderate 18
RECOMMENDATIONS FOR ADULTS WITH STABLE AS

23. We conditionally recommend on-demand treatment with NSAIDs over continuous treatment with NSAIDs. Low to 
moderate

1

24.  In adults receiving treatment with TNFi and NSAIDs, we conditionally recommend continuing treatment with TNFi 
alone compared to continuing both treatments.

Very low 11

25.  In adults receiving treatment with TNFi and a conventional synthetic antirheumatic drug, we conditionally recom-
mend continuing treatment with TNFi alone over continuing both treatments.

Very low 12

26.  In adults receiving treatment with a biologic, we conditionally recommend against discontinuation of the biologic. Very low to 
low

66

(Continued)
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Recommendation
Level of  

evidence PICO

27.  In adults receiving treatment with a biologic, we conditionally recommend against tapering of the biologic dose as 
a standard approach.

Very low to 
low

65

28.  In adults receiving treatment with an originator TNFi, we strongly recommend continuing treatment with the origi-
nator TNFi over mandated switching to its biosimilar.

Very low 63

29. We strongly recommend treatment with physical therapy over no treatment with physical therapy.† Low 19
RECOMMENDATIONS FOR ADULTS WITH ACTIVE OR STABLE AS

30.  In adults receiving treatment with TNFi, we conditionally recommend against co- treatment with low- dose metho-
trexate.

Low 64

31. We conditionally recommend advising unsupervised back exercises.† Moderate 20
32. We conditionally recommend fall evaluation and counseling.† Very low 51
33. We conditionally recommend participation in formal group or individual self-management education.† Moderate 48
34.  In adults with spinal fusion or advanced spinal osteoporosis, we strongly recommend against treatment with 

spinal manipulation.†
Very low 21

35.  In adults with advanced hip arthritis, we strongly recommend treatment with total hip arthroplasty over no sur-
gery.†

Very low 25

36. In adults with severe kyphosis, we conditionally recommend against elective spinal osteotomy.† Very low 26
RECOMMENDATIONS FOR ADULTS WITH AS- RELATED COMORBIDITIES

37.  In adults with acute iritis, we strongly recommend treatment by an ophthalmologist to decrease the severity, 
duration, or complications of episodes.†

Very low 27

38.  In adults with recurrent iritis, we conditionally recommend prescription of topical glucocorticoids over no 
prescription for prompt at-home use in the event of eye symptoms to decrease the severity or duration of iritis 
episodes.†

Very low 28

39.  In adults with recurrent iritis, we conditionally recommend treatment with TNFi monoclonal antibodies over treat-
ment with other biologics.

Low 29

40.  In adults with inflammatory bowel disease, we do not recommend any particular NSAID as the preferred choice to 
decrease the risk of worsening of inflammatory bowel disease symptoms.†

Very low 31

41.  In adults with inflammatory bowel disease, we conditionally recommend treatment with TNFi monoclonal antibod-
ies over treatment with other biologics.

Very low 32

DISEASE ACTIVITY ASSESSMENT, IMAGING, AND SCREENING
42.  We conditionally recommend the regular-interval use and monitoring of a validated AS disease activity  

measure.†
Very low 54

43.  We conditionally recommend regular-interval use and monitoring of CRP concentrations or ESR over usual care 
without regular CRP or ESR monitoring.†

Very low 55

44.  In adults with active AS, we conditionally recommend against using a treat- to- target strategy using a target of 
ASDAS <1.3 (or 2.1) over a treatment strategy based on physician assessment.

Low 67

45. We conditionally recommend screening for osteopenia/osteoporosis with DXA scan over no screening.† Very low 49
46.  In adults with syndesmophytes or spinal fusion, we conditionally recommend screening for osteoporosis/osteo-

penia with DXA scan of the spine as well as the hips, compared to DXA scan solely of the hip or other non-spine 
sites.†

Very low 50

47. We strongly recommend against screening for cardiac conduction defects with electrocardiograms.† Very low 52
48. We strongly recommend against screening for valvular heart disease with echocardiograms.† Very low 53
49.  In adults with AS of unclear activity while on a biologic, we conditionally recommend obtaining a spinal or pelvis 

MRI to assess activity.
Very low 68

50. In adults with stable AS, we conditionally recommend against obtaining a spinal or pelvis MRI to confirm inactivity. Very low 69
51.  In adults with active or stable AS on any treatment, we conditionally recommend against obtaining repeat spine 

radiographs at a scheduled interval (e.g., every 2 years) as a standard approach.
Very low 70

* AS = ankylosing spondylitis; PICO = population, intervention, comparison, and outcomes; NSAIDs = nonsteroidal antiinflammatory drugs; 
TNFi = tumor necrosis factor inhibitor; CRP = C- reactive protein; ESR = erythrocyte sedimentation rate; ASDAS = Ankylosing Spondylitis Dis-
ease Activity Score; DXA = dual x- ray absorptiometry; MRI = magnetic resonance imaging. 
† These recommendations were from 2015 and were not reviewed in this update. The number preceding the recommendation is the recom-
mendation number and is referenced as bracketed numbers in Figure 1. 

Table 2. (Cont’d)
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Table 3. Recommendations for the treatment of adults with nonradiographic axial SpA*

Recommendation
Level of 

evidence PICO

RECOMMENDATIONS FOR ADULTS WITH ACTIVE NONRADIOGRAPHIC AXIAL SpA
52. We strongly recommend treatment with NSAIDs over no treatment with NSAIDs.† Very low 34
53. We conditionally recommend continuous treatment with NSAIDs over on-demand treatment with NSAIDs. Very low 33
54. We do not recommend any particular NSAID as the preferred choice.† Very low 35
55.  In adults with active nonradiographic axial SpA despite treatment with NSAIDs, we conditionally recommend treat-

ment with sulfasalazine, methotrexate, or tofacitinib over no treatment with these medications.
Very low 39

56.  In adults with active nonradiographic axial SpA despite treatment with NSAIDs, we strongly recommend treatment 
with TNFi over no treatment with TNFi.

High 38

57. We do not recommend any particular TNFi as the preferred choice. Very low 37
58.  In adults with active nonradiographic axial SpA despite treatment with NSAIDs, we conditionally recommend treat-

ment with TNFi over treatment with tofacitinib.
Very low 73

59.  In adults with active nonradiographic axial SpA despite treatment with NSAIDs, we conditionally recommend treat-
ment with secukinumab or ixekizumab over no treatment with secukinumab or ixekizumab.

Very low 71

60.  In adults with active nonradiographic axial SpA despite treatment with NSAIDs, we conditionally recommend treat-
ment with TNFi over treatment with secukinumab or ixekizumab.

Very low 72

61.  In adults with active nonradiographic axial SpA despite treatment with NSAIDs, we conditionally recommend treat-
ment with secukinumab or ixekizumab over treatment with tofacitinib.

Very low 74

62.  In adults with active nonradiographic axial SpA despite treatment with NSAIDs and who have contraindications to 
TNFi, we conditionally recommend treatment with secukinumab or ixekizumab over treatment with sulfasalazine, 
methotrexate, or tofacitinib. 

Very low 40

63.  In adults with active nonradiographic axial SpA and primary nonresponse to the first TNFi used, we conditionally 
recommend switching to secukinumab or ixekizumab over switching to a different TNFi.

Very low 42

64.  In adults with active nonradiographic axial SpA and secondary nonresponse to the first TNFi used, we conditionally 
recommend switching to a different TNFi over switching to a non- TNFi biologic.

Very low 42

65.  In adults with active nonradiographic axial SpA despite treatment with the first TNFi used, we strongly recommend 
against switching to the biosimilar of the first TNFi.

Very low 75

66.  In adults with active nonradiographic axial SpA despite treatment with the first TNFi used, we conditionally recom-
mend against the addition of sulfasalazine or methotrexate in favor of treatment with a different biologic.

Very low 41

67. We strongly recommend against treatment with systemic glucocorticoids.† Very low 36
68.  In adults with isolated active sacroiliitis despite treatment with NSAIDs, we conditionally recommend treatment with 

local glucocorticoids over no treatment with local glucocorticoids.†
Very low 45

69.  In adults with active enthesitis despite treatment with NSAIDs, we conditionally recommend using treatment with 
locally administered parenteral glucocorticoids over no treatment with local glucocorticoids. Peri-tendon injections 
of Achilles, patellar, and quadriceps tendons should be avoided.†

Very low 46

70.  In adults with active peripheral arthritis despite treatment with NSAIDs, we conditionally recommend using treat-
ment with locally administered parenteral glucocorticoids over no treatment with local glucocorticoids.†

Very low 47

71. We strongly recommend treatment with physical therapy over no treatment with physical therapy.† Low 22
72.  We conditionally recommend active physical therapy interventions (supervised exercise) over passive physical ther-

apy interventions (massage, ultrasound, heat).†
Very low 23

73. We conditionally recommend land-based physical therapy interventions over aquatic therapy interventions.† Very low 24
RECOMMENDATIONS FOR ADULTS WITH STABLE NONRADIOGRAPHIC AXIAL SpA

74. We conditionally recommend on- demand treatment with NSAIDs over continuous treatment with NSAIDs. Very low 33
75.  In adults receiving treatment with TNFi and NSAIDs, we conditionally recommend continuing treatment with TNFi 

alone compared to continuing both medications.
Very low 43

76.  In adults receiving treatment with TNFi and a conventional synthetic antirheumatic drug, we conditionally recom-
mend continuing treatment with TNFi alone over continuing treatment with both medications.

Very low 44

77.  In adults receiving treatment with a biologic, we conditionally recommend against discontinuation of the  
biologic.

Low 79

78.  In adults receiving treatment with a biologic, we conditionally recommend against tapering of the biologic dose as a 
standard approach.

Very low 78

79.  In adults receiving treatment with an originator TNFi, we strongly recommend continuation of treatment with the 
originator TNFi over mandated switching to its biosimilar.

Very low 76

(Continued)
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uncertainty regarding potential disease- modifying effects, the com-
mittee conditionally favored continuous use of NSAIDs in patients 
with active AS, primarily for controlling disease activity. The decision 
to use NSAIDs continuously may vary depending on the severity of 
symptoms, patient preferences, and comorbidities, particularly gas-
trointestinal and kidney comorbidities, and cardiovascular disease.

In adults with active AS despite treatment with NSAIDs, we 
conditionally recommend treatment with sulfasalazine, metho-
trexate, or tofacitinib over no treatment with these medications 
(new, PICO 7). Sulfasalazine or methotrexate should be consid-
ered only in patients with prominent peripheral arthritis or when 
tumor necrosis factor inhibitors (TNFi) are not available.

Treatment with sulfasalazine is recommended primarily for 
patients with prominent peripheral arthritis and few or no axial 
symptoms. However, TNFi may provide a better option for these 
patients. Evidence for the efficacy of sulfasalazine is based on 8 
older controlled trials that showed benefit for peripheral arthritis 
(see Supplementary Appendix 6, on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41042/ 
abstract). Although a recent placebo- controlled trial of sulfasala-
zine demonstrated improvement in axial symptoms, and modest 
clinical and imaging responses were seen in a second trial, the 
preponderance of evidence indicates that sulfasalazine has lit-
tle benefit for axial symptoms (14,15). Sulfasalazine may have a 
role in treating patients who have contraindications to TNFi, those 
who decline treatment with TNFi, or those with limited access to 
TNFi.

Three trials of methotrexate with negative results tested 
doses of ≤10 mg weekly, and the lack of benefit may reflect 

the low doses used (16–18). One uncontrolled study of meth-
otrexate 20 mg weekly showed no improvement in axial symp-
toms, but a decrease in swollen joint count (19). Treatment 
with methotrexate may be considered for patients with pre-
dominately peripheral arthritis, although among nonbiologics, 
there is more evidence supporting the use of sulfasalazine.

A phase II study of tofacitinib showed benefit in both clinical 
and imaging outcomes of axial disease over 12 weeks (20). Use of 
tofacitinib could be another option, although the results of phase 
III trials are not available. Leflunomide, apremilast, thalidomide, and 
pamidronate are not recommended (See Supplementary Appendix 
6, available on the Arthritis & Rheumatology web site at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41042/ abstract).

In adults with active AS despite treatment with NSAIDs, 
we strongly recommend treatment with TNFi over no treat-
ment with TNFi (PICO 6).

In adults with active AS despite treatment with NSAIDs, 
we do not recommend any particular TNFi as the preferred 
choice (PICO 5).

The efficacy of TNFi in patients with active AS has been 
demonstrated in 24 randomized controlled trials, most of which 
were short- term (6 months or shorter) placebo- controlled stud-
ies. Improvements were shown in patient- reported outcomes, 
composite response criteria, and spine and sacroiliac inflamma-
tion on magnetic resonance imaging (MRI) (see Supplementary 
Appendix 6, on the Arthritis & Rheumatology web site at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41042/ abstract). The 
panel judged that the evidence justified a strong recommenda-

Recommendation
Level of 

evidence PICO

RECOMMENDATIONS FOR ADULTS WITH ACTIVE OR STABLE NONRADIOGRAPHIC AXIAL SpA
80.  In adults receiving treatment with TNFi, we conditionally recommend against co- treatment with low- dose metho-

trexate.
Low 77

DISEASE ACTIVITY ASSESSMENT AND IMAGING
81.  We conditionally recommend the regular-interval use and monitoring of a validated AS disease activity measure.† Very low 56
82.  We conditionally recommend regular-interval use and monitoring of the CRP concentrations or ESR over usual care 

without regular CRP or ESR monitoring.†
Very low 57

83.  In adults with active nonradiographic axial SpA, we conditionally recommend against using a treat- to- target strategy 
using a target of ASDAS <1.3 (or 2.1) over a treatment strategy based on physician assessment.

Very low 80

84.  In adults with nonradiographic axial SpA of unclear activity while on a biologic, we conditionally recommend obtain-
ing a pelvis MRI to assess activity.

Very low 81

85.  In adults with stable nonradiographic axial SpA, we conditionally recommend against obtaining a spinal or pelvis 
MRI to confirm inactivity.

Very low 82

86.  In adults with active or stable nonradiographic axial SpA on any treatment, we conditionally recommend against 
obtaining repeat spine radiographs at a scheduled interval (e.g., every 2 years) as a standard approach.

Very low 83

* SpA = spondyloarthritis; PICO = population, intervention, comparison, and outcomes; NSAIDs = nonsteroidal antiinflammatory drugs; TNFi 
= tumor necrosis factor inhibitor; AS = ankylosing spondylitis; CRP = C- reactive protein; ESR = erythrocyte sedimentation rate; ASDAS = Anky-
losing Spondylitis Disease Activity Score; MRI = magnetic resonance imaging. 
† These recommendations were from 2015 and were not reviewed in this update. The number preceding the recommendation is the recom-
mendation number and is referenced as bracketed numbers in Figure 1. 

Table 3. (Cont’d)
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tion for use of TNFi in patients whose AS remained active (as 
defined in Table  1) despite treatment with NSAIDs. The panel 
recommended that lack of response (or intolerance) to at least 2 
different NSAIDs at maximal doses over 1 month, or incomplete 
responses to at least 2 different NSAIDs over 2 months, would 
be adequate trials with which to judge NSAID responsiveness 
prior to escalating to treatment with TNFi.

Indirect comparisons in network meta- analyses of clinical tri-
als have not showed clinically meaningful differences in short- term 
efficacy among TNFi in the treatment of active AS (see Supple-
mentary Appendix 6, at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41042/ abstract) (21). Direct comparisons among these medi-
cations are limited to a trial of infliximab versus its biosimilar, and a 
very small open- label trial of infliximab versus etanercept (22,23). 
The panel judged that the evidence did not support preference of 
1 TNFi over any other for the typical patient. Important exceptions 
apply to patients with recurrent uveitis or coexistent IBD (see PICO 
29 and PICO 32 below). Patients treated with infliximab may have 
increased risks of tuberculosis and of infections generally (24,25). 
TNFi other than infliximab should be considered for patients at 
higher risk of tuberculosis exposure (either through travel or house-
hold contacts) or with a history of recurrent infections. Patient 
preferences regarding the frequency of dosing and route of admin-
istration should be weighed when selecting a specific TNFi.

In adults with active AS despite treatment with NSAIDs, 
we strongly recommend treatment with secukinumab or 
ixekizumab over no treatment with secukinumab or ixeki-
zumab (new, PICO 58).

In adults with active AS despite treatment with NSAIDs, 
we conditionally recommend treatment with TNFi over treat-
ment with secukinumab or ixekizumab (new, PICO 59).

In adults with active AS despite treatment with NSAIDs, 
we conditionally recommend treatment with TNFi over treat-
ment with tofacitinib (new, PICO 60).

In adults with active AS despite treatment with NSAIDs, 
we conditionally recommend treatment with secukinumab or 
ixekizumab over treatment with tofacitinib (new, PICO 61).

The use of secukinumab and ixekizumab in patients with 
active AS is supported by data from large placebo- controlled trials 
(see Supplementary Appendix 6, on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41042/ 
abstract). The panel recommended use of TNFi over secukinumab 
or ixekizumab based on greater experience with TNFi and familiarity 
with their long- term safety and toxicity. Similarly, the panel judged 
that TNFi, secukinumab, or ixekizumab should be used over tofac-
itinib, given the larger evidence base for TNFi, secukinumab, and 
ixekizumab. In patients with coexisting ulcerative colitis, if treatment 
with TNFi is not an option, tofacitinib should be considered over 

secukinumab or ixekizumab. Interleukin-17 (IL-17) inhibitors have 
not been shown to be efficacious in IBD, although tofacitinib is an 
approved treatment for ulcerative colitis (26,27).

In adults with active AS despite treatment with NSAIDs and 
who have contraindications to TNFi, we conditionally recom-
mend treatment with secukinumab or ixekizumab over treatment 
with sulfasalazine, methotrexate, or tofacitinib (new, PICO 8).

No studies have directly compared the risks and bene-
fits of treatment alternatives in patients who have contraindica-
tions to treatment with TNFi. The panel favored treatment with 
secukinumab or ixekizumab over treatment with sulfasalazine or 
methotrexate based on a higher likelihood of benefit, but this rec-
ommendation was conditional on the specific contraindication. If 
the contraindication to TNFi use was the presence of congestive 
heart failure or demyelinating disease, secukinumab or ixekizumab 
was preferred, since these medications have not been shown to 
worsen these conditions. If the contraindication to TNFi use was 
tuberculosis, other chronic infection, or a high risk of recurrent 
infections, sulfasalazine was preferred over secukinumab, ize-
kizumab, and tofacitinib. In these cases, efforts to mitigate the 
infections should be undertaken so that TNFi might safely be 
used. Treatment with rituximab, abatacept, ustekinumab, or IL-6 
inhibitors is not recommended, even in patients with contraindi-
cations to TNFi, due to lack of effectiveness.

In adults with active AS despite treatment with the first 
TNFi used, we conditionally recommend treatment with secuki-
numab or ixekizumab over treatment with a different TNFi in 
patients with primary nonresponse to TNFi (new, PICO 10).

In adults with active AS despite treatment with the first 
TNFi used, we conditionally recommend treatment with 
a different TNFi over treatment with a non-TNFi biologic in 
patients with secondary nonresponse to TNFi (new, PICO 10).

In adults with active AS despite treatment with the first 
TNFi used, we strongly recommend against switching to 
treatment with a biosimilar of the first TNFi (new, PICO 62).

In adults with active AS despite treatment with the first 
TNFi used, we conditionally recommend against the addition 
of sulfasalazine or methotrexate in favor of switching to a 
new biologic (PICO 9).

Direct comparisons of treatment strategies for patients who 
do not have or sustain adequate responses to their first TNFi have 
not been reported, and the recommendations are based on the 
panel’s consideration of indirect comparisons among the availa-
ble treatment options (see Supplementary Appendix 6, at http:// 
onlin elibr ary.wiley.com/doi/10.1002/art.41042/ abstract). Data from  
observational studies suggest that 25–40% of patients who switch 
from one TNFi to another will have a meaningful response (e.g., 
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50% improvement in Bath AS Disease Activity Index) to the second 
TNFi (28–30). However, not all patients in these studies switched 
TNFi because of ineffectiveness.

The panel judged that treatment should differ for patients 
who had a primary nonresponse to TNFi and those with second-
ary nonresponse to TNFi. Switching to secukinumab or ixeki-
zumab was recommended in most patients who had a primary 
nonresponse to the first TNFi, under the assumption that TNF 
was not the key inflammatory mediator in these patients. Con-
tinuing treatment with the first TNFi could be considered if addi-
tional time was believed important to assess the response fully, 
or if a higher dose or shorter dosing interval was thought to be 
beneficial.

In patients who relapse after an initial response (i.e., second-
ary nonresponse), the panel judged that treatment with a different 
TNFi held a reasonable prospect of benefit and should be used 
in most patients, rather than immediately switching to a different 
class of biologics. Although ixekizumab is efficacious among TNFi 
nonresponders, trials have not directly compared responses to 
ixekizumab (or secukinumab) to responses to a second TNFi in 
patients with a secondary nonresponse to the first TNFi (11). Given 
that options for biologics are limited, treatment with a  second TNFi 
was recommended in these patients.

In cases of nonresponse (primary or secondary), the panel 
recommended against switching to the biosimilar of the first TNFi 
(e.g., switching from originator infliximab to infliximab- dyyb), as 
the clinical response would not be expected to be different. The 
panel also recommended against the addition of sulfasalazine or 
methotrexate to TNFi in cases of nonresponse to TNFi, judging 
any benefit would likely be marginal. The addition of sulfasala-
zine could be considered in the rare patient whose axial symp-
toms are well- controlled with TNFi but who has active peripheral 
arthritis.

In adults with either active or stable AS on treatment with 
TNFi, we conditionally recommend against co-treatment with 
low-dose methotrexate (new, PICO 64).

In rheumatoid arthritis, the likelihood of TNFi discontinuation 
is lower among patients who receive co- treatment with methotrex-
ate, perhaps by reducing the development of antidrug antibodies 
(31). In AS, it is less clear whether the duration of TNFi use, and 
by inference their effectiveness, is similarly prolonged (32). Data 
from observational studies are conflicting, although some studies, 
primarily of infliximab, showed longer TNFi treatment when meth-
otrexate was co- administered (see Supplementary Appendix 6 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41042/ abstract). 
Clinical responses were not greater among patients who received 
co- treatment with methotrexate. In the absence of convincing evi-
dence of benefit, and due to greater burden for patients, the panel 
recommended against routine co- administration of methotrexate 
with TNFi, although its use could be considered in patients treated 
with infliximab.

B. Recommendations for the treatment of 
 patients with stable AS

In adults with stable AS, we conditionally recommend 
on-demand treatment with NSAIDs over continuous treat-
ment with NSAIDs (PICO 1).

This recommendation applies to patients whose AS has 
been stable while not receiving any pharmacologic treatment. 
In this group, the panel considered that the potential toxicities of 
continuous NSAID treatment outweighed the uncertain benefit of 
less radiographic progression. On- demand treatment should be 
considered for short- term symptom recurrences (flares).

In adults with stable AS receiving treatment with TNFi 
and NSAIDs, we conditionally recommend continuing treat-
ment with TNFi alone over continuing both medications 
(PICO 11).

In adults with stable AS receiving treatment with TNFi 
and a conventional synthetic antirheumatic drug, we con-
ditionally recommend continuing treatment with TNFi alone 
over continuing both medications (PICO 12).

No new studies have directly compared outcomes between 
patients who continued combination treatment and those who 
discontinued either NSAIDs or a conventional synthetic antirheu-
matic drug (csARD). The NSAID- sparing potential of etanercept 
was demonstrated in a recent trial (33). The panel judged these 
recommendations primarily based on symptom control, rather 
than on any potential effect of combination therapy on future 
spinal fusion. In stable patients, a trial of withdrawing either the 
NSAIDs or the csARD should be considered, due to the likeli-
hood of greater toxicity with the long- term use of more than one 
medication. However, on- demand NSAID treatment for control of 
intermittent symptoms is recommended for patients with good 
responses to previous courses of NSAIDs.

In adults with stable AS receiving treatment with a bio-
logic, we conditionally recommend against discontinuation 
of the biologic (new, PICO 66).

In adults with stable AS receiving treatment with a bio-
logic, we conditionally recommend against tapering of the 
biologic dose as a standard approach (new, PICO 65).

Data from several observational studies suggest that dis-
continuation of TNFi after achieving either remission or low 
disease activity results in relapses in 60–74% of patients, occa-
sionally within a few weeks to months from discontinuation (see 
Supplementary Appendix 6, available at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41042/ abstract). Although the data 
only concerned TNFi discontinuation, the panel judged that a 
similar recommendation would also apply to other biologics. 
In general, treatment with a biologic should be planned to be 
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continued long- term, barring toxicities. Discontinuation might be 
considered in patients in sustained remission (i.e., several years), 
with the anticipation that only one- third of patients would not 
experience relapse. Patient preferences should help guide this 
decision.

Tapering of TNFi could entail a change in either the dose 
or frequency of administration. Two controlled unblinded trials 
of tapering etanercept to 25 mg weekly versus maintaining the 
dose at 50 mg weekly in patients with stable AS showed that 
remission or partial remission was somewhat less likely among 
those in whom etanercept was tapered (34,35). In small obser-
vational studies, 53–70% of patients were still receiving their 
reduced dose at 2 years, but there is little evidence regarding 
maintenance of long- term remission after tapering of TNFi (see 
Supplementary Appendix 6, available at http://onlinelibrary. 
wiley.com/doi/10.1002/art.41042/abstract). Therefore, the panel  
recommended against tapering of biologics as a standard 
approach. One condition in which tapering could be considered 
would be in patients with prolonged stable AS, if the patient and 
provider engage in shared decision- making.

In adults with stable AS receiving an originator TNFi, we 
strongly recommend continuing treatment with the originator 
TNFi over mandated switching to its biosimilar (new, PICO 63).

While the efficacy of originator and biosimilar TNFi is compara-
ble, and although either could be chosen to initiate new courses of 
TNFi treatment, it was the opinion of the panel to recommend against 
mandated switching to a biosimilar during the course of treatment, 
in the absence of evidence of interchangability. Medication changes 
can increase the risk of destabilizing a patient’s condition, and the 
panel judged that additional data were needed to understand the 
frequency of potential problems and concerns associated with 
switching patients who were stable on an originator TNFi to its bio-
similar. Given these concerns, the panel judged that there should be 
a compelling rationale for switching medications, particularly in light 
of the marginal cost savings apparent for US patients (36).

C. Recommendations for adults with AS- related 
comorbidities

In adults with AS and recurrent uveitis, we conditionally 
recommend treatment with TNFi monoclonal antibodies over 
treatment with other biologics (PICO 29).

Evidence for this recommendation is limited to indirect com-
parisons of the rates of acute uveitis episodes in clinical trials or 
observational studies, rather than from direct comparisons (see 
Supplementary Appendix 6, available at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41042/ abstract). Many reports showed 
overall rates of uveitis without separately reporting recurrences as 
opposed to incident episodes (37). The rates were generally lower 
for adalimumab and infliximab compared to etanercept. For exam-
ple, a large observational study demonstrated rates of uveitis (per 

100 patient- years) in patients receiving adalimumab, infliximab, 
and etanercept of 13.6, 27.5, and 60.3, respectively, compared to 
pretreatment rates of 36.8, 45.5, and 41.6, respectively (38). Adali-
mumab or infliximab are preferred over etanercept for the treatment 
of AS in patients with recurrent uveitis. Certolizumab or golimumab 
may also be considered, although supporting data are less sub-
stantial (39,40). Data from clinical trials suggest that rates of uvei-
tis flares were not different between patients with AS treated with 
secukinumab and those treated with placebo, but more evidence 
is needed. Secukinumab was not efficacious in the treatment of 
panuveitis or posterior uveitis (41). Rates of uveitis flares among 
patients treated with ixekizumab have not been well- defined.

In adults with AS and IBD, we conditionally recommend 
treatment with TNFi monoclonal antibodies over treatment 
with other biologics (PICO 32).

This recommendation was based on limited indirect evi-
dence on the risks of flares or new onset of IBD among patients 
with AS during treatment with biologics, and the much larger 
literature on the treatment of IBD in general. Patients with AS 
treated with infliximab or adalimumab have lower risks of IBD 
exacerbations than those treated with etanercept (see Supple-
mentary Appendix 6, on the Arthritis & Rheumatology web site at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41042/ abstract). 
Infliximab, adalimumab, and certolizumab are approved for the 
treatment of Crohn’s disease, and infliximab, adalimumab, and 
golimumab are approved for the treatment of ulcerative colitis, 
while etanercept is not approved for either condition (42,43). 
This evidence is the basis for the recommendation favoring 
TNFi monoclonal antibody use in patients with AS and coexist-
ing IBD. The choice of the particular TNFi monoclonal antibody 
should be made in consultation with the patient’s gastroenterol-
ogist. Secukinumab has been associated with the new onset, or 
exacerbation, of Crohn’s disease (44–46). Increased risks of IBD 
exacerbation appear to also occur with ixekizumab (47).

D. Recommendations for the treatment 
of  patients with either active or stable 
 nonradiographic axial spondyloarthritis

Parallel questions on pharmacologic treatment were investi-
gated for patients with nonradiographic axial SpA. There were no 
relevant published data for 19 questions. There was high- quality 
evidence only for the use of TNFi in nonradiographic axial SpA, 
which was examined in several clinical trials. Low- quality or very 
low- quality evidence from single studies suggested no differ-
ences in outcomes among different TNFi in nonradiographic axial 
SpA, high likelihood of relapse following discontinuation of TNFi, 
and no association between co- treatment with nonbiologics and 
TNFi persistence (see Supplementary Appendix 6, available at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41042/ abstract). 
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Therefore, the recommendations for nonradiographic axial SpA 
were largely extrapolated from evidence in AS (Table 3). The rec-
ommendations were identical in both patient groups with 1 nota-
ble exception: treatment with secukinumab or ixekizumab was 
strongly recommended over no treatment with secukinumab or 
ixekizumab in patients with AS, while use of these medications 
was conditionally recommended in patients with nonradiographic 
axial SPA, because trials in nonradiographic axial SPA have not 
been reported. Evidence on tofacitinib in nonradiographic axial 
SpA has not been reported.

E. Disease activity assessment and imaging

In adults with active AS, we conditionally recommend 
against using the treat-to-target strategy, which aims at a 
target of an Ankylosing Spondylitis Disease Activity Score 
<1.3 (or 2.1), over a treatment strategy based on physician 
assessment (new, PICO 67).

The concept of treat- to- target strategies is well- founded 
in chronic disease management for conditions that have 
an accurate measure of disease activity (often one that is  
asymptomatic, as in blood pressure or glycosylated hemoglo-
bin), a tight link between this disease activity measure and future 
health outcomes, and evidence that maintaining a particular tar-
get in the disease activity measure is closely associated with bet-
ter long- term health (48). The treat- to- target approach in AS is 
indirectly supported by associations between levels of AS activ-
ity and future radiographic progression but lacks robust direct 
evidence. Because adoption of this strategy would place addi-
tional burdens on patients and providers, the panel judged that 
more convincing evidence of benefit should be present before 
endorsing this change in practice. There was also concern that 
focus on a specific target could lead to rapid cycling through all 
currently available treatments in some patients. As reflected in 
the 2015 guidelines, quantifying disease activity is important to 
help guide treatment decisions.

In adults with AS of unclear activity while receiving a 
biologic, we conditionally recommend obtaining a spinal or 
pelvis MRI to assess activity (new, PICO 68).

In adults with nonradiographic axial SpA of unclear 
 activity while receiving a biologic, we conditionally recom-
mend obtaining a pelvis MRI to assess activity (new, PICO 81).

Because physical and laboratory measures are often  normal 
despite active axial SpA, and because symptoms may be non-
specific, it may be difficult to know whether a patient is experi-
encing inflammation that warrants a change in treatment. Limited 
evidence suggests that knowledge of MRI findings in the spine 
and sacroiliac joints may alter treatment recommendations. 
However, the degree of inflammatory change on MRI may not 
correlate with treatment responses, and the location of inflam-

mation on MRI may not correlate with the location of pain (49) 
(see Supplementary Appendix 6, available at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41042/ abstract). The panel judged 
that MRI could provide useful information in cases where the level 
of disease activity was unclear and where this information would 
influence treatment decisions. For patients with nonradiographic 
axial SpA, the imaging should focus on the sacroiliac joints. In 
interpreting MRI results, it is important to keep in mind the range 
and frequency of abnormalities, including bone marrow edema 
lesions, that may occur in individuals without axial SpA and that 
may not represent inflammation due to axial SpA (50,51). MRI is 
not recommended in patients in whom disease activity is either 
clearly clinically active or clinically stable, or when the results of 
MRI would not be expected to change treatment.

In adults with stable AS, we conditionally recommend 
against obtaining a spinal or pelvis MRI to confirm inactivity 
(new, PICO 69).

In adults with stable nonradiographic axial SpA, we con-
ditionally recommend against obtaining a spine or pelvis MRI 
to confirm inactivity (new, PICO 82).

Because the clinical assessment of inflammation in 
axial SpA has many limitations, questions may arise about 
whether subclinical inflammation that could be detected by 
MRI is being “missed” by either the physical examination, 
symptoms, or laboratory studies. Given the lack of evidence 
that obtaining an MRI in stable patients improves clinical 
outcomes, the only moderate sensitivity and specificity of 
MRI- defined abnormalities for measurement of activity in 
axial SpA, the burden of testing, and concern for possible 
overtreatment, the panel recommended against obtaining 
an MRI in this setting. MRI could be considered in circum-
stances where the clinician and patient differ in their assess-
ment of whether the disease is stable.

In adults with active or stable AS receiving any treat-
ment, we conditionally recommend against obtaining repeat 
spine radiographs at a scheduled interval (e.g., every 2 years) 
as a standard approach (new, PICO 70).

In adults with active or stable nonradiographic axial 
SpA on any treatment, we conditionally recommend against 
obtaining repeat spine radiographs at a scheduled interval 
(e.g., every 2 years) as a standard approach (new, PICO 83).

Spine radiographs are useful for the diagnosis of axial SpA, in 
evaluating the extent of spinal fusion, and for investigating new spi-
nal pain in patients with established AS. In research studies, small 
changes in the extent of spine damage can be detected in 20–35% of 
patients with AS over a 2- year interval (see Supplementary Appendix 
6, available at http://onlin elibr ary.wiley.com/doi/10.1002/art.41042/ 
abstract). There is no evidence that monitoring serial changes in 
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A

B

Figure 1. Summary of the main recommendations for the treatment of patients with A, active ankylosing spondylitis and B, stable ankylosing 
spondylitis. AS = ankylosing spondylitis; NSAIDs = nonsteroidal antiinflammatory drugs; GC = glucocorticoid; SSZ = sulfasalazine; MTX = 
methotrexate; LEF = leflunomide; APR = apremilast; THL = thalidomide; PAM = pamidronate; TNFi = tumor necrosis factor inhibitor; TOF = 
tofacitinib; SEC = secukinumab; IXE = ixekizumab; IBD = inflammatory bowel disease; csARD = conventional synthetic antirheumatic drugs; 
ESR = erythrocyte sedimentation rate; CRP = C- reactive protein level; ASDAS = Ankylosing Spondylitis Disease Activity Score; MRI = magnetic 
resonance imaging; PICO = population, intervention, comparison, and outcomes.
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spine radiographs at a regular interval leads to better patient out-
comes, and data balancing a clinical benefit with the risk of radiation 
exposure are absent. Therefore, the panel recommended against 
repeating spine radiographs as a standard approach. In the absence 
of clinical indications, repeat spine radiographs could be considered 
on an ad hoc basis for counseling patients on the progression of 
their disease, which may help in career and life planning.

F. Summary of recommendations

Figure 1 presents a diagram of the main treatment recom-
mendations for active and stable AS, integrating the new rec-
ommendations with the 2015 recommendations that were not 
updated in this review.

DISCUSSION

This update was primarily motivated by the availability of new 
treatment options, notably secukinumab, ixekizumab, tofacitinib, 
and TNFi biosimilars, for patients with axial SpA. Providers and 
patients have questions on where these new medications fit in the 
pharmacologic strategy, and how originator TNFi, sulfasalazine, 
and NSAIDs should be used given these new options. Based on 
the current evidence and the considerations of the panel, NSAIDs 
and TNFi remain the primary classes of medications for the treat-
ment of AS and nonradiographic axial SpA. Secukinumab or 
ixekizumab is recommended for patients with active disease who 
have heart failure or demyelinating disease as a contraindication 
to TNFi, and in primary nonresponders to TNFi. Secukinumab and 
ixekizumab are not recommended in patients with IBD or recurrent 
uveitis, as TNFi monoclonal antibodies are better options. Tofac-
itinib is a potential second- line option for patients with contraindi-
cations to TNFi other than infections. Recommendations regarding 
tofacitinib may change pending the results of larger clinical trials.

Several of the 2015 recommendations were modified in this 
update. The current recommendation is conditionally in favor of 
use of sulfasalazine in limited clinical circumstances, whereas the 
2015 recommendations had this as an exception to the general 
recommendation against the use of conventional synthetic anti-
rheumatic drugs. In the 2015 recommendations, sulfasalazine 
and pamidronate were suggested as alternatives for the treat-
ment of patients with active disease and contraindications to 
TNFi, while the current recommendations suggest use of secuki-
numab or ixekizumab in most of these cases (except patients 
with high risk of infections). In cases of failure of TNFi, the 2015 
guidelines included a conditional recommendation for a trial of 
a second TNFi and against use of a non- TNFi biologic, whereas 
the current guidelines differentiate treatment recommendations 
based on whether there was primary or secondary nonresponse 
to the TNFi. For the treatment of patients with recurrent uveitis, 
the previous guidelines specified conditional use of infliximab or 
adalimumab, while the update broadened this recommendation 

to include TNFi monoclonal antibodies generally. Similarly, for 
patients with coexisting IBD, the update includes a conditional 
recommendation for TNFi monoclonal antibodies over other bio-
logics, rather than over only etanercept. Finally, the recommen-
dation for use of TNFi in patients with active nonradiographic 
axial SpA was changed from conditional to strong.

New questions on the treatment of patients with stable 
disease were addressed in this update. Discontinuation of bio-
logics is not recommended due to the likelihood for symptom 
recurrence. If tapering is considered, patients should be coun-
seled regarding the potential for increased disease activity. 
Co- treatment with low- dose methotrexate is not generally rec-
ommended, but ongoing studies will shed further light on this 
question. Switching to a biosimilar during the course of treat-
ment with TNFi is also not recommended, echoing the concerns 
previously expressed by the ACR (52).

Imaging remains a central tool in the diagnosis of axial 
SpA, but its role in monitoring patients is less well- defined. 
Spine and/or pelvis MRI could aid in the evaluation of patients 
in whom the degree of active inflammation is uncertain, and 
especially in those for whom the findings would change man-
agement. MRI is not recommended to seek subclinical inflam-
mation in patients with stable disease (as defined in Table 1). 
However, MRI could be considered in circumstances where it 
may inform shared decision- making. We recommend against 
obtaining spine radiographs on scheduled intervals to monitor 
progression. This practice entails radiation exposure and would 
not alter treatment in most cases.

We used the GRADE method to develop these treatment 
recommendations in a way that was transparent, systematic, 
and explicit, and that was informed by the medical evidence as 
well as patient preferences. The major limitation of these guide-
lines is the very low quality of evidence for many recommenda-
tions, which necessitated reliance on the clinical expertise of the 
panel. For nonradiographic axial SpA, most recommendations 
were based on extrapolation of results from studies in AS. We 
tried to identify the most common and consequential treatment 
questions, so that the recommendations would be useful in 
guiding clinical decision- making. The low quality of evidence for 
many questions is an indication that research has not yet tack-
led many of the most important treatment questions. As more 
treatment options become available, this problem will grow. 
Importantly, failure to recommend a particular medication does 
not imply that it is contraindicated. Key evidence gaps include 
the comparative effectiveness and safety of different biologics, 
the optimal sequencing of treatments, and the role of NSAIDs.

This update addressed only a subset of treatment ques-
tions. The 2015 recommendations that were not reexamined 
are to be considered extant. Recommendations are meant to 
describe the approach to treatment of the typical patient and 
cannot anticipate all possible clinical scenarios. Application of 
these recommendations must be individualized, and requires 
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careful assessment, sound clinical judgment of each patient’s 
circumstances, and consideration of a patient’s preferences.
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I N  M E M O R I A M

Gerald Weissmann, MD, 1930–2019
It is in our genes to understand the universe if we can, to 

keep trying even if we cannot, and to be enchanted by the act of 
learning all the way.

Lewis Thomas

Gerald Weissmann, MD, professor emeritus at New York 
University School of Medicine and former President of the Ameri-
can College of Rheumatology (1983–1984), who died on July 10, 
2019, defined an era of inquiry and accomplishment in rheumatol-
ogy, contributing enduring benchmarks as a physician, scientist, 
writer, and mentor.

Dr. Weissmann was born in Vienna in 1930. His family left 
Austria in 1938, shortly after the rise of Nazism in Europe, and 
eventually settled in New York City, where his father resumed his 
practice of medicine. After earning his undergraduate degree from 
Columbia University, he completed his medical degree at NYU 
School of Medicine, graduating in 1954. Having completed his 
residency at Mount Sinai Hospital, Dr. Weissmann returned to NYU 
where he served as the first chief resident under Lewis Thomas, 
MD, chairman of medicine, who would later become the dean. Dr. 
Weissmann never left NYU, continuing on a successful upward 
trajectory and assuming the directorship of NYU Langone’s Divi-
sion of Rheumatology in 1973, a position he held through 2000. 
He is survived by his wife, Ann, a true lifetime partner of over 65 
years; his daughter, Dr. Lisa Beth Weissmann, of Mount Auburn 
Hospital in Cambridge, Massachusetts; his grandson, Ben; and 
his son, Andrew Weissmann, Esq., distinguished senior fellow at 
NYU School of Law.

Gerald Weissmann was internationally known for his con-
tributions to knowledge of the molecular mechanisms of inflam-
mation and lipid metabolism. He began his education at the Art 
Students League of New York, where he started out on a career 
in the arts. His father, a Vienna- trained physician with a strong 
interest in the rheumatic diseases (before there was such a thing 
as rheumatology), brought his budding artist son to a lecture on 
corticosteroids and their potential use in the therapy of rheumatic 
diseases in the early 1950s, an event that led to a rapid change 
in his educational orientation. His career as a physician- scientist 
began in the laboratory of Dr. Thomas, where his interest was fur-
ther piqued by studies in the area of inflammation. He co- authored 
one of his first papers with Dr. Thomas, detailing studies on neu-
trophil lysosomes in the Journal of Cell Biology (1964). From these 
beginnings, Dr. Weissmann launched a career that led him to 
become a world- renowned scientist, rheumatologist, and mentor. 

As the son of a practicing physician, he never forgot that patients 
were at the center of his work. Gerry is best known for presenting 
evidence that identified rheumatoid arthritis as an immune com-
plex disease, and demonstrating that crises in systemic lupus ery-
thematosus are provoked by intravascular complement activation. 
He authored pioneering studies in leukocyte activation and the 
role of salicylates and corticosteroids in cell signaling and adhe-
sion. In the mid- 1960s, in an attempt to better understand the 
antiinflammatory mechanism of corticosteroids, he co- discovered 
liposomes, lipid vesicles that have become a crucial tool for deliv-
ery of substances such as medications and nutrients into tissue 
and that are widely used in both the laboratory and the clinic.

In his decades as an international leader in medicine, Gerry 
received numerous distinctions and awards. He was a fellow 
of the American Association for the Advancement of Science 
and the Royal Society of Medicine. In 2002, he was elected to 
Galileo’s Accademia Nazionale dei Lincei of Rome, the world’s  
oldest scholarly society. He received two of the American 
College of Rheumatology’s highest honors, the Presidential 
Gold Medal and the Lifetime Achievement Award. In 2009, Dr. 
Weissmann was recognized during Dean’s Honors Day at NYU 
School of Medicine as the Master Educator and Mentor. From 
1975 to 2001, he served as the founding editor of the journal 
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Inflammation, and from 2006 to 2016 he was editor- in- chief of 
The FASEB Journal.

Medicine was not Dr. Weissmann’s only passion: through-
out his career, he wrote and published literary essays. His writ-
ing appeared in The New York Times Book Review, the London 
Review of Books, and The New Republic, among others. His work 
has been collected in nearly a dozen book- length volumes, includ-
ing The Woods Hole Cantata: Essays on Science and Society 
(1985), Darwin’s Audubon: Science and The Liberal Imagination 
(2002), Galileo’s Gout (2007), Mortal and Immortal DNA (2009), 
Epigenetics in the Age of Twitter (2012), and, most recently, The 
Fevers of Reason (2018).

Although a scientist of the first order, Gerry had an 
unmatched dedication to educating students. While setting 
the highest expectations, he always provided encouragement. 
Despite his own myriad accomplishments, his greatest pride 
was in the success of those he trained. In the laboratory, he 
was well known for his phrase, “That’s a wow!” when a young 
investigator would present him with a new observation. At the 
same time, all those around him appreciated that such nurtur-
ing was accompanied by an obligation to publish and achieve, 
leading to another oft- quoted Gerryism: “Don’t tell me about 
your last idea, tell me about your next paper!” He hand- picked 
all his fellows, which we often thought might have been influ-
enced by the answers to his query of the latest book we had 
read. He was a man of influence and every invited speaker 
to grand rounds, regardless of his or her accomplishments, 
knew that when Gerry was in the audience, the most chal-
lenging of questions would be guaranteed. Gerry taught us 
all how important neutrophils are, to dissect a research prob-
lem down to its bare bones, to write in the Queen’s English 

(never a noun to be used as an adjective), to deliver a master-
ful speech (hours spent slide by slide, color for color for every 
ACR presentation), and to appreciate that ear cartilage tells a 
health story.

Dr. Weissmann ignited a spark in countless lives. In writing to 
other members of the NYU rheumatology division, the depth of 
Gerry’s influence was evidenced in dozens of e-mails, each more 
beautifully expressive than the last. This is what Gerry brought out 
in those he touched. It is hard to imagine that he is not looking 
down on this writing to offer a way in which to improve the mes-
sage. He so often chimed in on group e-mails with his own appre-
ciation. For example, in reference to an e-mail about incoming 
fellows he responded, “The torch burns bright and its carriers look 
great!” Indeed Gerry profoundly influenced us even in writing this 
memorial, as we reviewed a beautiful example he wrote in remem-
brance of one of his highly respected disciples, Ira Goldstein.

For those fortunate enough to grow up under Gerry’s strong 
wings, you will feel as we do that we are missing a major pillar of 
our foundation and his famous purple magic marker, which high-
lighted all the ways in which to deliver the significance of one’s 
discoveries in a communication that would be understood by all. 
Even those who met Gerry only briefly, interviewed for a fellow-
ship, or simply attended his lectures at national meetings appreci-
ated this universal man of grand proportions who enlightened our 
field of rheumatology for decades.

Steven B. Abramson, MD
Bruce Cronstein, MD
Jill P. Buyon, MD
NYU School of Medicine
NYU Langone Health
New York, NY

https://orcid.org/0000-0002-3852-7129
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Reducing or Maintaining the Dose of Subcutaneous 
Tocilizumab in Patients With Rheumatoid Arthritis in 
Clinical Remission: A Randomized, Open- Label Trial
Raimon Sanmarti,1 Douglas J. Veale,2 Emilio Martin-Mola,3 Alejandro Escudero-Contreras,4 Carlos González,5 
Liliana Ercole,6 Rocío Alonso,6 João E. Fonseca,7 and the ToSpace Study Group

Objective. To evaluate the efficacy and safety of increasing the dose interval of subcutaneous tocilizumab 
 (TCZ- SC) in patients with rheumatoid arthritis (RA) who are in clinical remission.

Methods. RA patients with active disease and an inadequate response to conventional synthetic disease- modifying 
antirheumatic drugs (csDMARDs) or to a biologic agent were entered into a single- arm treatment phase with 162 mg 
of TCZ- SC administered once weekly (TCZ- SC 162 mg qw) as monotherapy or in combination with a csDMARD for 
24 weeks. Patients who achieved clinical remission at weeks 20 and 24 were randomized to continue with the same 
regimen or to switch to 162 mg TCZ- SC administered every 2 weeks (TCZ- SC 162 mg q2w) for 24 weeks (open- label). 
Patients with a Disease Activity Score in 28 joints (DAS28) of <2.6 were considered to be in clinical remission.

Results. In total, 179 (45%) of 401 patients in the single- arm phase achieved clinical remission and were ran-
domized to continue to receive TCZ- SC 162 mg qw (n = 89) or to switch to TCZ- SC 162 mg q2w (n = 90) for 24 weeks. 
At week 48, significantly more patients treated with TCZ- SC 162 mg qw remained in clinical remission compared to 
patients who received TCZ- SC 162 mg q2w (90% versus 73%; P = 0.004). The results of other efficacy measures 
revealed greater efficacy with TCZ- SC 162 mg qw, but none of the efficacy outcomes in this group were significantly 
different from those in patients treated with TCZ- SC 162 mg q2w, except for the mean change from baseline in the 
DAS28 score at week 48 (mean change −4.07 points [SD 1.29] versus −3.65 points [SD 1.35]; P = 0.034). Tolerability 
and safety parameters were similar between the treatment groups.

Conclusion. Increasing the dose interval of TCZ- SC in patients with RA was associated with a lower likelihood 
of maintaining remission after 24 weeks and was not associated with better tolerability. However, most patients were 
able to sustain remission with a half- dose of TCZ- SC, and therefore this strategy deserves further investigation.

INTRODUCTION

The efficacy and safety of biologic disease- modifying 
 antirheumatic drugs (bDMARDs) have been well established in 
patients with rheumatoid arthritis (RA) who experience an inadequate 

response to conventional synthetic DMARDs (csDMARDs) such as 
methotrexate (1,2). A significant proportion of RA patients achieve 
sustained remission or low disease activity following treatment 
with bDMARDs, and optimizing their administration after achieve-
ment of the therapeutic objective is an attractive option for safety or 
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 economic reasons (3). Discontinuation of bDMARDs highly increases 
the risk of losing remission and experiencing a disease relapse with 
radiographic progression of RA, and therefore discontinuation of 
bDMARDs is not recommended as an optimizing strategy (3–5). In 
contrast, reducing/tapering the dose of bDMARDs may maintain the 
therapeutic objective in patients with RA and could be considered for 
a potential strategy in those patients who achieve sustained remis-
sion or low disease activity (6). Although information is limited, dose- 
reduction strategies may also be cost effective (7,8). Thus, bDMARD 
dose optimization is included in the recommended strategies of the 
European League Against Rheumatism (EULAR) and the American 
College of Rheumatology (ACR) for patients with established RA who 
are in sustained remission or have low disease activity (9,10).

Tocilizumab (TCZ) is the first interleukin- 6 inhibitor approved for 
the treatment of RA. This bDMARD is effective in the treatment of RA 
in several clinical settings, including for the treatment of csDMARD- 
naive patients and patients who have shown an inadequate response 
to csDMARDs or other bDMARDs. TCZ is most commonly admin-
istered in combination with methotrexate but is also efficacious as 
a monotherapy, and it is considered the bDMARD of choice when 
monotherapy is preferred. TCZ was initially developed as an intrave-
nous formulation, but a subcutaneous (SC) formulation was recently 
developed (11). The clinical efficacy and safety of TCZ administered 
subcutaneously (TCZ- SC) has been found to be similar to that of 
intravenous TCZ (12,13). Findings from a retrospective study sug-
gested the possibility of a dose reduction with intravenous TCZ in 
a substantial proportion of RA patients without a disease flare (14). 
However, neither the efficacy nor the safety of a dose reduction of 
TCZ, either by the intravenous or the SC route of administration, has 
been evaluated in patients with RA in randomized controlled trials.

Therefore, as part of a multinational project (the TOZURA study) 
(15), we performed this randomized, open- label trial in patients with 
RA who achieved sustained clinical remission after having received 
24 weeks of TCZ- SC (dose of 162 mg) administered once weekly 
(TCZ- SC 162 mg qw). In this patient cohort, we assessed the 
efficacy and safety of continuing with the same weekly regimen 
(TCZ- SC 162 mg qw) for 24 weeks or switching to TCZ- SC (dose 
of 162 mg) administered every 2 weeks (TCZ- SC 162 mg q2w).

PATIENTS AND METHODS

Study design. This study was part of an international proj-
ect (the TOZURA study) comprising 11 studies in 22 countries 
that was designed as an open- label, single- arm study to evaluate 
the efficacy and safety of weekly TCZ- SC (162 mg) as monother-
apy or in combination with csDMARDs for 24 weeks in patients 
with moderate- to- severe RA who had an inadequate response to 
csDMARDs or to tumor necrosis factor inhibitor (TNFi) agents or 
who were methotrexate naive. The methods and global results of 
this phase IV study program have been published elsewhere (15).

The present study was a continuation of this single- arm 
study and was performed at 46 sites in Spain, Ireland, and 

 Portugal between September 2013 and March 2016. The study 
was performed in accordance with the International Conference 
on Harmonisation Guidelines for Good Clinical Practice and the 
ethics principles contained in the Declaration of Helsinki. The 
ethics committees of each participating site approved the study, 
and all patients provided their written informed consent to par-
ticipate. Qualified researchers may request access to individual 
patient- level data through the clinical study data request platform  
(https ://www.clini calst udyda tareq uest.com). Further details on 
Roche’s criteria for eligible studies are available at https ://clini calst 
udyda tareq uest.com/Study-Spons ors/Study-Spons ors-Roche.
aspx, and further details on Roche’s Global Policy on the Sharing 
of Clinical Information and instructions on how to request access 
to related clinical study documents are provided at https ://www.
roche.com/resea rch_and_devel opmen t/who_we_are_how_we_
work/clini cal_trial s/our_commi tment_to_data_shari ng.htm.

Patients. Inclusion and exclusion criteria for the initial 
single- arm phase of the study are described in detail elsewhere 
(15). Briefly, included patients were patients ages ≥18 years who 
exhibited active RA, defined according to the 1987 revised ACR 
criteria for RA or the 2010 ACR/EULAR classification criteria for 
RA (16,17), and who had demonstrated intolerance to or an 
inadequate response to csDMARDs or a first- line TNFi. Patients 
were excluded if they had undergone major surgery within 
8 weeks prior to screening or had a major surgery scheduled 
within 6 months from baseline, exhibited a rheumatic or inflam-
matory joint disease other than RA, had ACR functional class 
IV RA (18), or presented other safety issues or had received or 
were receiving treatments that precluded proper evaluation of 
drug efficacy. Supplementary Table 1 (available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.40905/ abstract) presents the full set of inclusion 
and exclusion criteria.

Patients who achieved clinical remission at weeks 20 and 24 
of the single- arm phase were included in the randomized continu-
ation phase, which is the focus of the present report.

Interventions, randomization, and masking. All 
patients in the single- arm phase received 162 mg of TCZ- SC 
once weekly for 24 weeks on an outpatient basis, administered as 
monotherapy or in combination with a csDMARD, as clinically indi-
cated. Concomitant treatment with csDMARDs was allowed if the 
csDMARD was administered at a stable dose for at least 4 weeks 
prior to the initiation of the single- arm phase. Similarly, patients 
who were receiving nonsteroidal antiinflammatory drugs (up to 
the maximum recommended dose) or glucocorticoids (≤10 mg of 
prednisone or equivalent) were allowed to continue receiving these 
drugs if they had achieved a stable dose at least 4 weeks prior to 
the initiation of the single- arm phase. Patients who exhibited an 
inadequate response to at least 3 months of TNFi therapy had 
discontinued this drug prior to inclusion in the single- arm phase.

https://www.clinicalstudydatarequest.com
https://clinicalstudydatarequest.com/Study-Sponsors/Study-Sponsors-Roche.aspx
https://clinicalstudydatarequest.com/Study-Sponsors/Study-Sponsors-Roche.aspx
https://clinicalstudydatarequest.com/Study-Sponsors/Study-Sponsors-Roche.aspx
https://www.roche.com/research_and_development/who_we_are_how_we_work/clinical_trials/our_commitment_to_data_sharing.htm
https://www.roche.com/research_and_development/who_we_are_how_we_work/clinical_trials/our_commitment_to_data_sharing.htm
https://www.roche.com/research_and_development/who_we_are_how_we_work/clinical_trials/our_commitment_to_data_sharing.htm
http://onlinelibrary.wiley.com/doi/10.1002/art.40905/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40905/abstract
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Patients who achieved clinical remission, defined as a Dis-
ease Activity Score in 28 joints using the erythrocyte sedimentation 
rate (DAS28- ESR) of <2.6 (19), at weeks 20 and 24 of the single- 
arm phase of the study were randomized in a 1:1 ratio to receive, 
in an open- label manner, continued treatment with TCZ- SC 162 
mg qw or to switch to TCZ- SC 162 mg q2w. Randomization was 
centralized and performed using a computer- generated system, 
and patients were stratified according to body weight (<60 kg, 60 
kg to <100 kg, or >100 kg), Clinical Disease Activity Index (CDAI) 
score (<10 or ≥10) (20), and type of TCZ- SC regimen in the single- 
arm phase (monotherapy or in combination with csDMARDs).

Study assessments. Week 0 (i.e., baseline visit) of the single- 
arm phase was also the baseline evaluation of the randomized 
phase. Study assessments in this phase were scheduled every 4 
weeks for 24 weeks, with an additional 8- week follow- up period.

Efficacy outcome measures in the randomized phase 
included assessment of the mean change from baseline in the 
following indices: DAS28, Simplified Disease Activity Index (SDAI) 
(21), CDAI, tender and swollen joint counts of 28 joints, serum C-  
reactive protein (CRP) levels, ESR, pain intensity scores (assessed 
on a 100- mm visual analog scale), patient and physician global 
health assessments (numeric rating scales of 0–100), and scores 
on the Health Assessment Questionnaire (HAQ) disability index (DI) 

(22). Patients with a DAS28 score of <2.6 were considered to be 
in  clinical remission. Treatment response was defined according 
to the ACR improvement response criteria (levels of at least 20%, 
50%, 70%, and 90% improvement in RA disease activity from 
the baseline visit of the single- arm phase) and EULAR response 
cri teria (no response, moderate response, or good response) 
(23,24). Low disease activity was defined using the CDAI score 
(CDAI <10) and SDAI score (SDAI <11). Patients with a HAQ DI 
score of <0.5 were considered to have no significant functional 
disability. No radiographic assessments were performed.

Safety assessments included incidence of any adverse events 
(AEs) as reported in response to an open-ended question and as 
determined by physical examination and vital signs. AEs of spe-
cial interest included serious and/or medically significant infections, 
myocardial infarction/acute coronary syndrome, gastrointestinal 
perforations, malignancies, anaphylaxis/hypersensitivity reactions, 
demyelinating disorders, stroke, serious and/or medically significant 
bleeding events, and serious and/or medically significant hepatic 
events.

Statistical analysis. We estimated that a sample size 
of 420 patients would be needed from the participating sites 
contributing to the combined total of 2,000 patients required 
for the global project. However, pivotal studies of TCZ- SC have 

Figure 1. Disposition of the study patients. TCZ- SC = subcutaneous tocilizumab; qw = once weekly; csDMARDs = conventional synthetic 
disease- modifying antirheumatic drugs; DAS28- ESR = Disease Activity Score in 28 joints using the erythrocyte sedimentation rate; q2w = every 
2 weeks.
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suggested that one- third of these patients (i.e., 140 patients) 
would achieve clinical remission in the single- arm phase of the 
study and would be included in the randomized phase. This 
sample size was expected to provide an 83% power to detect 
a between- group difference of 0.6 (i.e., the limit of clinical rele-
vance) in the mean change from baseline in the DAS28.

Efficacy analyses were performed in the full analysis set 
(FAS) population, which was defined as all patients included in 
the study who received at least one dose of TCZ- SC. Efficacy 
analyses were also performed in the per protocol (PP) popula-
tion, which was defined as patients in the FAS population who 
exhibited no major protocol violations of the selection criteria 
and who completed the study without major protocol violations. 
Missing data were imputed using the last observation carried for-
ward (LOCF) approach. Safety analyses were performed in the 
FAS population.

Continuous outcomes are presented as the mean ± SD, 
and categorical outcomes are presented as absolute and rela-
tive frequencies. Student’s t- tests were performed to compare 
scores and mean changes from baseline in the DAS28 and other 
quantitative outcomes in paired samples. Categorical outcomes 
were compared using the chi- square test or Fisher’s exact test. 
All tests were 2- sided and considered significant at P values less 
than 0.05.

Several post hoc analyses were performed. A sensitivity anal-
ysis for efficacy outcomes was performed using nonresponder 
imputation instead of LOCF, in which participant dropouts were 
assumed to be nonresponders regardless of actual response sta-
tus at the time of dropout. Logistic regression analysis was per-
formed in the TCZ- SC 162 mg q2w group to further investigate 
potential factors for maintaining remission. The dependent variable 
was remission (i.e., a DAS28 score <2.6) at week 48. Indepen-
dent variables included age, body mass index, disease duration, 
rheumatoid factor/anti–citrullinated protein antibody (ACPA) status, 
and DAS28 score at week 24. Treatment- by- subgroup interactions 
were also analyzed using logistic regression analysis to determine 
whether the identified factors explained differences between the 
TCZ- SC 162 mg qw and TCZ- SC 162 mg q2w groups.

In addition, efficacy results were analyzed according to the 
monotherapy/combination therapy status and the CDAI- defined 
remission status (i.e., CDAI <2.8 versus CDAI ≥2.8) at the time of 
randomization. Time to relapse, defined as a DAS28- ESR score 
of ≥2.6, was analyzed using Kaplan- Meier curves and a univari-
ate Cox proportional hazards model.

All analyses were performed using SAS version 9.2 (SAS 
Institute).

RESULTS

Disposition and baseline characteristics of the 
patients. A total of 401 patients of the 461 screened were 
included in the single- arm phase of the study, and 179 (45%) 

of these patients exhibited clinical remission at weeks 20 and 
24 (Figure 1). The distribution of patients in clinical remission 
was not significantly different between the TCZ- SC monother-
apy group and the group receiving TCZ- SC in combination 
with csDMARDs. Patients who achieved clinical remission 
were randomized to continue to receive TCZ- SC 162 mg qw 
(n = 89) or switched to TCZ- SC 162 mg q2w (n = 90) for 24 
weeks. All 179 patients were included in the FAS population.

The demographic and clinical characteristics of the patients 
at baseline were similar between the 2 treatment groups (Table 1). 
More than 80% of the patients had received a csDMARD at the 
time of entry in the randomized phase. The most common csD-
MARD was methotrexate, which was being taken by 62% of the 
TCZ- SC 162 mg qw–treated patients and 66% of the TCZ- SC 

162 mg q2w–treated patients.

Efficacy results. Significantly more patients treated 
with TCZ- SC 162 mg qw remained in clinical remission, as 
evaluated using the DAS28, at week 48 when compared to 

Table 1. Demographic and clinical characteristics at study entry in 
patients who entered the randomized phase of the study*

Characteristic

Tocilizumab 
162 mg qw 

(n = 89)

Tocilizumab 
162 mg q2w 

(n = 90)
Age, mean ± SD years 52.5 ± 12.2 52.6 ± 12.5
Women, no. (%) 72 (80.9) 68 (75.6)
White ethnic origin, no. (%) 85 (95.5) 88 (97.8)
Weight, mean ± SD kg 69.6 ± 13.4 70.1 ± 12.7
Disease duration, mean ± SD 

years
6.5 ± 7.3 6.4 ± 6.4

Rheumatoid factor positive, no. 
(%)

71 (79.8) 67 (74.4)

ACPA positive, no. (%) 65 (73.0) 64 (71.1)
CRP, mean ± SD mg/liter 12.2 ± 20.4 11.5 ± 15.9
DAS28- ESR score, mean ± SD 5.62 ± 0.95 5.61 ± 1.01
SDAI score, mean ± SD 41.45 ± 24.9 40.92 ± 21.42
CDAI score, mean ± SD 29.27 ± 10.9 29.64 ± 12.13
HAQ DI score, mean ± SD† 1.21 ± 0.68 1.20 ± 0.7
Glucocorticoid use, no. (%) 52 (58.4) 53 (58.9)
Prednisone or equivalent daily 

dose, mean ± SD mg/day
5.5 ± 2.1 7.1 ± 5.5

Current treatments, no. (%)
Any csDMARD 71 (79.8) 76 (84.4)
Methotrexate 55 (61.8) 59 (65.6)
Leflunomide 10 (11.2) 13 (14.4)
Hydroxichloroquine 4 (4.5) 4 (4.4)
Sulfasalazine 2 (2.2) 2 (2.2)

* With the exception of current treatments, which are described at 
the time of randomization, all characteristics are described at the 
time of entry into the single- arm phase of the study. ACPA = anti– 
citrullinated protein antibody; CRP = C- reactive protein; DAS28- ESR =  
Disease Activity Score in 28 joints using the erythrocyte sedimen-
tation rate; SDAI = Simplified Disease Activity Index; CDAI = Clinical 
Disease Activity Index; csDMARD = conventional synthetic disease- 
modifying antirheumatic drug. 
† Data on Health Assessment Questionnaire (HAQ) disability index 
(DI) scores were missing for 1 patient in the subcutaneous tocilizum-
ab every week (qw) group and 1 patient in the subcutaneous tocili-
zumab every 2 weeks (q2w) group. 
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patients who received TCZ- SC 162 mg q2w (90% versus 
73%, respectively; P = 0.004). Post hoc analysis using non-
responder imputation in the FAS population yielded similar 
results with regard to sustained clinical remission (89% ver-
sus 73%, respectively; P = 0.007). Time to relapse was longer 
in patients treated with TCZ- SC 162 mg qw than in patients 
treated with TCZ- SC 162 mg q2w, although the difference was 
not statistically significant (hazard ratio 0.87, 95% confidence 
interval [95% CI] 0.54–1.41; log- rank test P  = 0.561) (see 
Supplementary Figure 1, available on the Arthritis & Rheuma-
tology web site at http://onlin elibr ary.wiley.com/doi/10.1002/ 
art.40905/ abstract).

The frequency of low disease activity, as determined using 
the DAS28, was also significantly higher in the TCZ- SC 162 mg 
qw arm than in the TCZ- SC 162 mg q2w arm. More patients 
achieved CDAI-  or SDAI- defined clinical remission or low dis-
ease activity with the weekly dose of TCZ- SC than with TCZ- SC 
given every 2 weeks, but the differences were not statistically 
significant (Figure 2). We observed no differences in functional 
disability as evaluated with the HAQ DI at week 48; the propor-
tion of patients with a HAQ DI score of <0.5 was 55% among 
those treated with TCZ- SC 162 mg qw and 57% among those 
treated with TCZ- SC 162 mg q2w (P = 0.83).

Furthermore, no significant differences between the 2  treatment 
groups were observed in the various patient- reported outcomes 
evaluated. More patients treated with TCZ- SC 162 mg qw achieved 
ACR improvement responses as compared to patients treated with 
TCZ- SC 162 mg q2w, but these differences were not statistically 
significant. Moreover, the EULAR treatment response was signifi-
cantly better in patients treated with TCZ- SC 162 mg qw compared 
to patients treated with TCZ- SC 162 mg q2w (see Supplementary 
Table 2, available on the Arthritis & Rheumatology web site at http://
onlin elibr ary.wiley.com/doi/10.1002/art.40905/ abstract).

Evaluation of continuous disease activity outcomes 
revealed no significant differences between the 2 treatment 
groups, except for the mean change from baseline in the 
DAS28. Reductions in the DAS28 score were significantly 
greater in the TCZ- SC 162 mg qw group compared to the 
TCZ- SC 162 mg q2w group (mean change in DAS28 −4.07 
points [SD 1.29] with TCZ- SC 162 mg qw versus −3.65 points 
[SD 1.35] with TCZ- SC 162 mg q2w; P = 0.034) (Table  2). 
Patients treated with TCZ-SC 162 mg qw showed a greater 
reduction of the DAS28-ESR score compared to those treated 
with TCZ-SC 162 mg q2w (estimated treatment difference 
−0.386 [95% CI −0.674 to −0.097]). The time course of the 
changes from baseline in the disease activity measures is  

Figure 2. Measures of clinical remission and low disease activity at week 48 in the full analysis set (last observation carried forward) of 
rheumatoid arthritis patients treated with 162 mg subcutaneous tocilizumab (TCZ- SC) once weekly (qw) or every 2 weeks (q2w) for 24 weeks. 
DAS28- ESR = Disease Activity Score in 28 joints using the erythrocyte sedimentation rate; SDAI = Simplified Disease Activity Index; CDAI = 
Clinical Disease Activity Index.

http://onlinelibrary.wiley.com/doi/10.1002/art.40905/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40905/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40905/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40905/abstract
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presented in Supplementary Figure 2 (available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/

doi/10.1002/art.40905/ abstract).
Results of the PP population analysis were in the same 

direction and magnitude as that in the FAS population (data not 
shown).

Post hoc analysis of factors predictive of remis-
sion at week 48 and their impact on treatment effect. 
Multiple logistic regression analysis of the TCZ- SC 162 mg 
q2w group showed that only body mass index and DAS28 
scores at week 24 were significantly associated with remis-
sion at week 48 (see Supplementary Table 3, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.40905/ abstract). A 1- point increase in 
the body mass index was associated with a 12% reduction in 
the likelihood of remission at week 48. An increase of 1 point 
in the DAS28 score at week 24 was associated with a 61% 
reduction in the likelihood of remission.

The multiple logistic regression model performed in the 
entire sample to investigate treatment- by- subgroup interactions 
for age, body mass index, disease duration, rheumatoid factor/
ACPA status, and DAS28 at week 24 did not reveal any signif-
icant interactions, with the exception of the rheumatoid factor/

ACPA status (data not shown). The rheumatoid factor/ACPA 
status could not be investigated, because all patients who were 
negative for these markers in the TCZ- SC 162 mg qw group 
were in remission at week 48.

Post hoc subgroup analyses of remission and dis-
ease activity measures. The proportion of patients who 
remained in clinical remission was higher in the TCZ- SC 162 mg 
qw treatment group than in the TCZ- SC 162 mg q2w treatment 
group, regardless of the monotherapy/combination therapy 
status or the CDAI- defined remission status at the time of ran-
domization. In these subgroup analyses, results of other efficacy 
outcome measures showed a similar trend, in most cases. Bet-
ter outcomes were observed in patients who were considered to 
be in remission based on the CDAI score at baseline (see results 
in Supplementary Table 4, available on the Arthritis & Rheuma-
tology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.40905/ abstract)

Safety and tolerability results. Overall, the propor-
tion of patients who reported at least 1 treatment- emergent 
AE (TEAE) was 56% in the TCZ- SC 162 mg qw group and 
70% in the TCZ- SC 162 mg q2w group, and the proportion of 
patients with a TEAE that required dose modification was 17% 
and 26%, respectively (Table  3). There were 3 serious AEs, 
none of them considered related to the study drug: 1 patient 
in the TCZ- SC 162 mg qw group presented with a metastatic 
malignant melanoma and did not recover by the end of the fol-
low- up, another patient in the TCZ- SC 162 mg qw group had 
an episode of ileus from which he recovered, and 1 patient in 
the TCZ- SC 162 mg q2w group presented with a diverticular 
perforation and fully recovered by the end of the study. Three 
patients showed TEAEs of special interest: in the TCZ- SC 162 
mg qw group, 1 female patient showed a significant increase 
in the levels of alanine aminotransferase (more than 3 times the 
upper limit of normal [ULN]) and bilirubin (more than 2 times the 
ULN), while in the TCZ- SC 162 mg q2w group, 1 patient devel-

oped herpes zoster and 1 patient developed varicella infection.

Table  2. Mean change from baseline (week 0) to week 48 in 
measures of disease activity and function in the full analysis set (last 
observation carried forward) of patients with rheumatoid arthritis*

Efficacy measure

Tocilizumab 
162 mg qw 

(n = 89)

Tocilizumab 
162 mg q2w 

(n = 90)
DAS28- ESR −4.07 ± 1.29 −3.65 ± 1.35
SDAI† −36.93 ± 25.75 −34.69 ± 21.75
CDAI −25.74 ± 11.29 −24.87 ± 12.67
Tender joint count −13.96 ± 8.68 −13.27 ± 12.20
Swollen joint count −8.82 ± 6.51 −8.64 ± 7.33
C- reactive protein† −7.56 ± 15.60 −7.35 ± 13.82
ESR −31.19 ± 25.67 −28.47 ± 20.89
Physician global 

assessment
−50.00 ± 20.55 −50.74 ± 23.59

Patient global 
assessment

−44.30 ± 24.85 −41.42 ± 26.38

Patient pain score −42.99 ± 24.71 −39.59 ± 27.66
HAQ DI score† −0.65 ± 0.66 −0.65 ± 0.58

* Values are the mean ± SD change from week 0 to week 48 in the 
Disease Activity Score in 28 joints using the erythrocyte sedimenta-
tion rate (DAS28- ESR), Simplified Disease Activity Index (SDAI) (scale 
0–86), Clinical Disease Activity Index (CDAI) (scale 0–76), tender and 
swollen joint counts of 28 joints, serum C- reactive protein levels, ESR, 
physician and patient global assessments of health on 100- mm visual 
analog scales (VAS), patient assessment of pain on 100- mm VAS, and 
Health Assessment Questionnaire (HAQ) disability index (DI) scores 
(range 0–3.0, in 0.125 increments). No significant between-group dif-
ferences were observed, except in the DAS28-ESR (P = 0.034). 
† Data were missing as follows: for the SDAI, 1 patient in the subcuta-
neous tocilizumab (TCZ- SC) every 2 weeks (q2w) group; for C- reactive 
protein levels, 3 patients in the TCZ- SC q2w group; for the HAQ DI, 
1 patient in the TCZ- SC once weekly (qw) group and 1 patient in the 
TCZ- SC q2w group. 

Table 3. Tolerability and safety results*

Parameter

Tocilizumab 
162 mg qw 

(n = 89)

Tocilizumab 
162 mg q2w 

(n = 90)
Any TEAE 50 (56.2) 63 (70.0)
At least 1 TEAE of special 

interest
1 (1.1) 2 (2.2)

At least 1 serious TEAE 2 (2.2) 1 (1.1)
At least 1 TEAE leading to dose 

modification
15 (16.9) 23 (25.6)

Al least 1 TEAE leading to 
discontinuation

1 (1.1) 2 (2.2)

* Values are the number (%) of patients. Qw = once weekly; q2w = 
every 2 weeks; TEAE = treatment- emergent adverse event. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40905/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40905/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40905/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40905/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40905/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40905/abstract
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The results with regard to the frequency of AEs that led to 
drug discontinuation were similar in both study groups. The most 
common TEAEs were infections/infestations (28% and 30% in 
the TCZ- SC 162 mg qw and TCZ- SC 162 mg q2w schedules, 
respectively), and were primarily upper respiratory infections 
(10% and 8%, respectively).

Based on the laboratory findings, 42 patients (47%) in the 
TCZ- SC 162 mg qw group and 33 patients (37%) in the TCZ- SC 
162 mg q2w group exhibited neutropenia during this phase of the 
study; 3 patients in the q2w group showed grade 3 neutropenia 
(≥10.0 to <50.0 × 109/liter). Sixteen patients (18%) in the TCZ- SC 
162 mg qw group and 15 patients (17%) in the TCZ- SC 162 mg 
q2w group had thrombocytopenia; there were no cases of grade 
3 or 4 thrombocytopenia. The proportion of patients who exhib-
ited an increase in the serum glutamic oxaloacetic transaminase 
(SGOT) level was 25 (28%) in the TCZ- SC 162 mg qw group and 
14 (16%) in the TCZ- SC 162 mg q2w group; there were 2 cases 
of a grade 3 SGOT increase (>5 to 20 times the ULN) in the qw 
group. Finally, 28 patients (31%) in the TCZ- SC 162 mg qw group 
and 25 patients (28%) in the TCZ- SC 162 mg q2w group showed 
an increase in the level of serum glutamic pyruvic transaminase 
(SGPT); 3 patients in the qw group were categorized as having 
grade 3 SGPT (>5 to 20 times the ULN). There were no relevant 
findings in the biochemistry analyses (data not shown).

DISCUSSION

This randomized, open- label trial shows that increasing the 
dose interval of TCZ- SC to 162 mg every 2 weeks in patients 
who had achieved sustained clinical remission with 162 mg once 
weekly is associated with a lower likelihood of maintaining remis-
sion after 24 weeks compared to continuation with the standard 
regimen of 162 mg once weekly.

To our knowledge, this is the first study to evaluate the effi-
cacy of increasing the dose interval of TCZ- SC and the first ran-
domized trial to compare TCZ dose reduction with a standard 
regimen. In 22 RA patients who were receiving 8 mg/kg intra-
venous TCZ every 4 weeks and had low disease activity (i.e., a 
DAS28 score of ≤3.2 and/or low disease activity judged by a rheu-
matologist), van Herwaarden et al (14) retrospectively evaluated 
the rate of success after reducing the dose of TCZ to 4 mg/kg. 
This dose reduction was successful (i.e., the patients were main-
tained on a dose of 4 mg/kg because they still had low disease 
activity) in 77% of patients at 3 months and 55% of patients at 6 
months (14). That retrospective study used quite different criteria 
to define success, but their findings support the notion that reduc-
ing the dose of TCZ in RA patients who are in remission or have 
low disease activity may be associated with a loss of efficacy in a 
significant proportion of patients.

Several randomized controlled trials have evaluated the 
effects of halving the dose of DMARDs, including etanercept (25–
27), abatacept (28), rituximab (29), or any DMARD (30). The results 

of these studies are reviewed in detail elsewhere but suggest that a 
half- dose of the DMARD in patients who achieved remission at the 
full dose is a feasible option (6,31). However, our results suggest 
that continuation with the recommended dose of TCZ- SC is asso-
ciated with better results, and the results of a recent meta- analysis 
partially support our findings. Henaux et al (3) meta- analyzed 7 
studies that evaluated tapering strategies via dose reduction or 
spacing strategies. Those authors found that such strategies were 
associated with a slight, but significant, increased risk of remission 
loss (risk ratio 1.23, 95% CI 1.06–1.42) but were not associated 
with an increased risk of low disease activity loss or an increased 
risk of radiographic progression (3).

Despite these differences in the proportion of patients 
who maintained remission between the half- dose and full- dose 
groups, we should remember that ~3 in 4 patients in the half- dose 
group maintained remission according to the DAS28 score, and 
no significant differences were found in the rates of remission or 
low disease activity using other disease activity indices such as 
the SDAI or CDAI or using ACR response criteria. Therefore, we 
may consider that this strategy is an interesting option for a sub-
stantial proportion of patients who are being treated with TCZ- SC. 
In fact, the initial dose recommended by the US Food and Drug 
Administration is 162 mg every 2 weeks, which has demonstrated 
efficacy in RA, both in combination with csDMARDs (32) or as 
monotherapy (12).

However, there are several issues to resolve before this strat-
egy may be considered to be a truly feasible option for those 
patients who have started with the full weekly dose of TCZ- SC. 
Methods, and especially definitions of success, vary greatly 
between studies, which makes comparison with our results 
very difficult. However, the overall rate of remission in our study 
after 24 weeks with TCZ- SC 162 q2w (73%) was similar to the 
rates of success reported with a half- dose of DMARDs in other 
 randomized controlled trials, including rates of remission of 44%, 
79%, and 82% with etanercept (25–27), a rate of no relapse of 
66% with abatacept (28), and a rate of no relapse of 61% with 
any DMARD (30). Notably, these previous studies used a longer 
follow- up period (>1 year in all studies). Therefore, our study dura-
tion is a limitation and the proportion of patients who remained in 
remission with a half- dose of TCZ- SC with longer follow- up peri-
ods should be further investigated.

Second, we must try to identify those patients receiving treat-
ment with TCZ- SC who are more suitable for a dose reduction. 
Our post hoc analysis identified some factors that identify candi-
dates for dose reduction; namely, the body mass index and the 
DAS28 score at week 24. However, another post hoc analysis 
evaluated the potential interactions between these variables and 
the treatment strategies tested in our trial, and found no statis-
tically significant interactions, which suggests that in our study, 
continuation with full doses of TCZ- SC was superior to halving 
the dose, regardless of these characteristics. Our post hoc sub-
group analysis showed that the differences between these 2 dos-
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ing strategies with TCZ- SC are not affected by the monotheraphy/
combination therapy status at baseline. The challenge of identi-
fying patients who are more suitable for a TCZ- SC dose reduc-
tion remains. A recent systematic review found very limited and 
low- quality information on potential markers for successful dose 
reduction or discontinuation of biologic agents in RA (33). Some 
studies with adalimumab have suggested that a higher trough level 
of adalimumab may be a good marker for reducing the dose; how-
ever, in our study, we did not determine drug serum levels (34,35).

Finally, we should ascertain whether patients who experience 
a relapse after a dose reduction of TCZ- SC can be restarted on full 
doses of this agent and achieve remission. A retrospective study 
with intravenous TCZ suggests that it is possible to reduce the 
dose of this agent and successfully titrate up the dose in patients 
who experience a flare (14).

Halving the dose of TCZ- SC was not associated with bet-
ter tolerability or safety as compared with continuing with the full 
weekly dose. In contrast, a previous small- sized retrospective 
study of intravenous TCZ found a somewhat better tolerability with 
a reduced dose (36). That study examined a group of 19 patients 
treated with 8 mg/kg intravenous TCZ, and the dose was reduced 
at the investigator’s discretion when the patient reached remission 
or exhibited neutropenia or thrombocytopenia. The rate and sever-
ity of infections were lower in that group than in a group of 63 
patients who continued to receive 8 mg/kg of intravenous TCZ 
(36).

In addition to the previously noted short duration of fol-
low- up, the major limitations of our study were the lack of 
blinding and the lack of radiographic assessment. The lack 
of blinding may have biased the results against the half- dose 
group. Patients randomized to receive a half- dose of TCZ may 
have had negative expectations concerning the outcomes of the 
intervention and may have exhibited worse results because of 
this nocebo effect (6). Qualitative studies have demonstrated that 
RA patients associated a risk of relapse with dose- optimization 
strategies (6), which supports the nocebo effect. The lack of 
radiographic data in our study, together with the short duration 
of follow- up, limited the amount of information on disease pro-
gression that we could obtain.

In conclusion, reducing the dose of TCZ- SC to 162 mg 
every 2 weeks in patients with RA who acheived sustained 
remission at the recommended dose of 162 mg once per 
week was associated with a lower likelihood of maintaining 
remission after 24 weeks when compared to continuing with 
the stan dard regimen of this agent. Moreover, dose reduction 
was not associated with better tolerability. However, most 
patients did remain in remission with a half- dose of TCZ- SC, 
and this strategy therefore warrants further investigation in 
randomized controlled trials with longer follow- up periods and 
a comparison between a continuation strategy and a strat-
egy that includes dose reduction and restarting of full doses in 
cases of relapse.
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N- Linked Glycans in the Variable Domain of IgG  
Anti–Citrullinated Protein Antibodies Predict the 
Development of Rheumatoid Arthritis
Lise Hafkenscheid,1  Emma de Moel,1 Irene Smolik,2 Stacey Tanner,2  Xiaobo Meng,2 Bas C. Jansen,3 
Albert Bondt,1  Manfred Wuhrer,1 Tom W. J. Huizinga,1 Rene E. M. Toes,1 Hani El-Gabalawy,2 and  
Hans U. Scherer1

Objective. Anti–citrullinated protein antibodies (ACPAs) are disease- specific biomarkers in rheumatoid arthritis 
(RA). More than 90% of IgG ACPAs harbor N- linked glycans in the antibody variable (V) domain. The corresponding  
N- glycosylation sites in ACPA V- region sequences result from somatic hypermutation, a T cell–dependent process. 
As ample evidence indicates that T cells drive the maturation of the ACPA response prior to arthritis onset, we under-
took this study to investigate whether the presence of glycans in IgG ACPA V domains predicts the transition from 
predisease autoimmunity to overt RA.

Methods. We analyzed 2 independent sets of serum samples obtained from 126 ACPA- positive first- degree 
relatives (FDRs) of RA patients. Both sets originated from an Indigenous North American population and comprised 
cross- sectional and longitudinal samples of individuals who did or did not develop inflammatory arthritis. Serum IgG 
ACPAs were affinity- purified and subjected to ultra high- performance liquid chromatography–based glycan analysis.

Results. In both data sets, FDR- derived IgG ACPA displayed markedly lower levels of V domain glycans (<50%) 
compared to IgG ACPA from RA patients. Notably, FDRs who later developed RA showed extensive V- domain glyco-
sylation before the onset of arthritis. Moreover, IgG ACPA V- domain glycosylation was strongly associated with future 
development of RA (hazard ratio 6.07 [95% confidence interval 1.46–25.2]; P = 0.013).

Conclusion. Extensive glycosylation of the IgG ACPA V domain is present in a subset of predisposed FDRs of 
Indigenous North American RA patients. The presence of this feature substantially increases the risk of RA devel-
opment. Based on these findings, we propose that glycosylation of the IgG ACPA V domain represents a predictive 
marker for RA development in ACPA- positive individuals and may serve to better target prevention measures.

INTRODUCTION

Rheumatoid arthritis (RA) is a systemic autoimmune dis-
ease. Approximately 1% of the global population is affected, but 
higher prevalence rates have been observed in certain defined 
populations, such as Indigenous North Americans (1,2). Indige-
nous North Americans develop RA at a younger age, experience 

higher disease burden, have a remarkably high prevalence of the 
major genetic risk factor for RA (HLA class II shared epitope [SE] 
alleles) (3), and develop RA that is primarily seropositive for RA- 
associated autoantibodies, particularly anti–citrullinated protein 
antibodies (ACPAs) (4).

It is now well established that ACPAs can be present for 
many years without evidence of clinical symptoms of RA (5). 
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Notably, ACPA levels, isotype usage, and the citrullinated antigen 
recognition profile broaden relatively close to the onset of arthritis 
(6). Thus, it has been postulated that the development of ACPA- 
positive disease is a multistep process (7–9), in which tolerance to 
citrullinated antigens is initially broken, followed by a putative “sec-
ond hit” that leads to the expansion of the ACPA response and, 
ultimately, to development of clinically detectable disease. Hence, 
it has become of considerable interest to understand the drivers 
of this predisease expansion of the ACPA response and to identify 
markers that predict the transition from asymptomatic autoimmu-
nity to ACPA- positive inflammatory arthritis (IA). Interestingly, recent 
immunogenetic evidence indicates that HLA SE alleles might con-
tribute to the expansion of the ACPA response by facilitating the 
provision of T helper cell activity to ACPA- expressing B cells. This 
is based on the observation that HLA SE alleles are risk factors 
for ACPA- positive disease but do not predispose to the devel-
opment of ACPA positivity in healthy individuals (10,11). Thus, it 
can be hypothesized that in individuals destined to develop RA, 
ACPA- expressing B cells receive predisease T cell “help” that initi-
ates and drives B cell maturation, including isotype switching and 
somatic hypermutation (SHM) (6).

Recently, we found that almost all IgG ACPA molecules 
carry N- glycans in their B cell receptor variable (V) domains 
(12,13). Notably, all of the consensus N- glycosylation sequences 
(Asn- X [≠Pro]–Ser/Thr) found in these V regions were generated 
upon SHM and not encoded in the germline genetic repertoire 
(14). Moreover, we found evidence that the generation of such 
N- glycosylation sites offers an advantage to ACPA- expressing B 
cells that helps with their escape from selection checkpoints, as 
these cells acquire extensive somatic mutations despite a lack of 
avidity maturation. Together, these observations are consistent 
with the notion that T cells have a pivotal role in the selection and 
expansion of ACPA- expressing B cells, possibly by facilitating the 
introduction of N- glycosylation sites in IgG ACPA V domains.

Based on these considerations, we hypothesized that 
the detection of IgG ACPA V- domain glycosylation in ACPA- 
positive individuals is indicative of maturation of this autoim-
mune response and could potentially serve as a predictor for the 
development of ACPA- positive RA. To address this hypothesis, 
we analyzed IgG ACPA V- domain glycosylation in a longitudinal 
manner in unaffected ACPA- positive first- degree relatives (FDRs) 
of RA patients in an Indigenous North American population pre-
disposed to the disease. We determined that there is a hetero-
geneity of IgG ACPA V- domain glycosylation levels in unaffected 
FDRs and that high levels, comparable to those seen in most 
RA patients, serve to substantially increase the risk of future RA 
development.

PATIENTS AND METHODS

Study population. The current study is nested within a 
longitudinal research project initiated in 2005 entitled “Early Iden-
tification of Rheumatoid Arthritis in First Nations,” that was based 
at the Arthritis Centre at the University of Manitoba. The study and 
its consenting process were fully approved by the University of 
Manitoba Research Ethics Board and the Band Councils of the 
study’s participating communities, the latter based on specific 
study agreements with the communities (15). Sera were sent in 
2 sets, in a blinded manner, to Leiden University Medical Center. 
The first set was collected from a cross- sectional cohort consist-
ing of 10 RA patients and 84 ACPA- positive FDRs. A second set 
of samples represented a longitudinal cohort of FDRs who had 
serial visits. As a quality control measure, there was intentional 
overlap, with 11 FDRs being in both sets (Table 1 and Supple-
mentary Figure 1, on the Arthritis & Rheumatology web site at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.40920/ abstract). 
Additional information on study design and IA case definition are 
available in the Supplementary Methods.

Table 1. Patient characteristics*

Age, 
mean ± 

SD years

Female 
sex, no. 

(%)

CCP- 3, 
mean ± 
SD titer

Follow- up 
duration, 

mean ± SD 
months

Cross- sectional cohort
 RA patients (n = 10)† 50 ± 10 9 (90) 148 ± 71 –
 FDRs (n = 84) 38 ± 14 55 (65) 66 ± 68 –
 FDRs included based on IgG ACPA QC (n = 15) 36 ± 12 11 (73) 131 ± 124 –

Longitudinal cohort
 Transitioned FDRs (n = 13)‡ 34 ± 14 9 (69) 122 ± 120 50 ± 28
 Nontransitioned FDRs (n = 19)§ 39 ± 15 12 (63) 49 ± 85 64 ± 24
 Nontransitioned FDRs included based on IgG ACPA QC (n = 15) 40 ± 18 11 (73) 62 ± 90 45 ± 29

* For relationships between donors, quality control, and number of samples, see Supplementary Figure 1 and Supplemen-
tary Methods (http://onlin elibr ary.wiley.com/doi/10.1002/art.40920/ abstract). CCP- 3 = cyclic citrullinated peptide 3. 
† Median disease duration of rheumatoid arthritis (RA) patients was 6.8 years (interquartile range 2.9–18.7). After quality 
control (QC) measures, samples from all 10 RA patients were included for analysis of IgG anti–citrullinated protein anti-
bodies (ACPAs). 
‡ After QC measures, samples from all 13 transitioned first- degree relatives (FDRs) were included for analysis of IgG and 
analysis of IgG ACPA. The mean ± SD follow- up duration for samples included for analysis of IgG ACPA was 46 ± 24 months. 
§ After QC measures, samples from all 19 nontransitioned FDRs were included for analysis of IgG. 
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Isolation of IgG ACPA and of total IgG depleted 
of ACPA. IgG ACPA and IgG were captured as previously 
described (16). Briefly, ACPA were purified from 25 μl serum by 
antigen affinity chromatography using NeutrAvidin Plus Ultra-
Link beads (Thermo Scientific) coated with cyclic citrullinated 
peptide 2 (CCP- 2). Incubation was performed by shaking the 
plate for 2 hours at room temperature. The flowthrough was 
collected by centrifugation. Beads were washed with phos-
phate buffered saline, and ACPAs were eluted with formic 
acid and immediately neutralized (16). IgG and IgG ACPAs 
were subsequently isolated in a similar manner using 20 μl 
Protein G Sepharose (GE Healthcare Life Sciences). Two hun-
dred microliters of ACPA elution or 15 μl of the flowthrough 
was loaded onto protein G beads and incubated by shaking 
at room temperature. Elution was performed with formic acid 
and centrifugation at 50g for 1 minute.

Glycan analysis. Glycans were isolated and analyzed as 
previously described (12). Briefly, IgG and IgG ACPA eluates 
were dried by vacuum centrifugation. Glycans were released 
using PNGase F (Roche) and labeled with 2- aminobenzoic 
acid (2- AA) and 2- picoline borane (Sigma- Aldrich). The 2-  
AA–labeled glycans were purified via hydrophilic interaction 
liquid chromatography–solid phase extraction (HILIC- SPE) 
using multiwell filter plates, as previously described (17,18). 
HILIC- SPE–purified 2- AA–labeled glycans were diluted 
in 100% acetonitrile and injected into a UHPLC Dionex  
Ultimate 3000 (ThermoFisher Scientific) equipped with an 
Acquity UHPLC BEH Glycan column and a fluorescence 
detector.

Data analysis. HappyTools was used to align, calibrate, 
and integrate the raw emissions of the chromatograms exported 
from Chromeleon, version 7.1.2.1713 (ThermoFisher Scientific) 
(19). The calibrations list, settings, and quality control mea-
surements are provided in the Supplementary Methods and 
Supplementary Tables 1 and 2 (http://onlin elibr ary.wiley.com/
doi/10.1002/art.40920/ abstract). V- domain glycosylation was 
calculated using the following formula: percentage V- domain 
glycosylation = (V- domain glycans/Fc glycans) × 100, where the 
V- domain glycans were GP19 plus GP23 plus GP24, and the Fc 
glycans were GP4 plus GP8 plus GP14. We selected the gly-
cans used for the calculation based on our previous observation 
of their respective, exclusive presence in either the Fc portion 
or in the V domain (12,13) (Supplementary Figure 2). IgG ACPA 
glycan profiles could be obtained for all 10 RA samples from 
the cross- sectional cohort; 15 of the 84 FDR samples showed 
IgG ACPA glycan profiles that met the criteria. In the longitudi-
nal cohort, 67 of the 117 samples from the FDRs yielded suffi-
cient signal to determine the IgG ACPA glycan profile (Table 1 
and Supplementary Figure 1, http://onlin elibr ary.wiley.com/
doi/10.1002/art.40920/ abstract).

Statistical analysis. In the cross- sectional cohort, the 
percentage of V- domain glycosylation between RA patients and 
FDRs was compared by Mann- Whitney U test. In the longitudinal 
cohort, levels of V- domain glycosylation over time were com-
pared between FDRs who developed RA and those who did not, 
using linear mixed models with a random intercept and slope. A 
multivariable Cox proportional hazards regression analysis was 
performed, with RA diagnosis as outcome and V- domain glyco-
sylation level as predictor. We used V- domain glycosylation at 
the first moment of sampling, dichotomized as above or below 
the group median to draw Kaplan- Meier survival curves and 
estimate risk of developing RA. Receiver operating characteristic 
curve (ROC) regression was used to calculate diagnostic prop-
erties. All analyses in the longitudinal cohort included adjustment 
for age and sex and were conducted using Stata SE 14.1. All 
reported percentage values refer to IgG ACPA V- domain glyco-
sylation levels and not to relative changes. Hazard ratios (HRs) 
and 95% confidence intervals (95% CIs) were calculated.

RESULTS

Lower levels of ACPA V- domain glycosylation in 
ACPA- positive healthy FDRs compared to RA patients. 
Previously, we demonstrated that IgG ACPAs, in contrast to other 
antigen- specific IgG molecules (e.g., IgG against tetanus toxoid), 
are hyperglycosylated in the V domain in patients with established 
RA. These glycans are biantennary N- linked glycans that are fully 
galactosylated and sialylated (12,13). Although ACPA can be pres-
ent before disease onset in individuals who will eventually develop 
RA, the V- domain glycosylation state of ACPA has not been studied 
in the predisease phase. To address this question, IgG ACPAs were 
isolated from the serum of ACPA- positive Indigenous North Ameri-
can patients with RA and their unaffected ACPA- positive FDRs. By 
analyzing an initial cross- sectional set of samples, we observed that 
FDR- derived IgG ACPA showed, on average, substantially lower 
levels of V- domain glycosylation than IgG ACPA from patients with 
established RA (Supplementary Figure 3A, http://onlin elibr ary.wiley.
com/doi/10.1002/art.40920/ abstract). Notably, the levels of V- do-
main glycosylation of IgG ACPA isolated from Indigenous North 
American RA patients were comparable to the levels we previously 
reported in Dutch RA patients (112% versus 93%, respectively) 
(12). Additionally, tetanus toxoid–specific IgG in Indigenous North 
American RA patients did not show the enhanced V- domain N- 
glycosylation observed in IgG ACPA, which is consistent with our 
previous observations in Dutch RA patients (data not shown) (13,14).

Analysis of a second set of samples derived from longitu-
dinally followed up, unaffected, ACPA- positive FDRs essentially 
replicated the cross- sectional results, which demonstrated low 
levels of IgG ACPA V- domain glycosylation compared to those 
in RA patients (Supplementary Figure 3B, http://onlin elibr ary.wiley.
com/doi/10.1002/art.40920/ abstract). For subsequent group- 
level analyses, we combined the IgG ACPA V- domain glycosyl-

http://onlinelibrary.wiley.com/doi/10.1002/art.40920/abstract
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ation data from the initial cross- sectional cohort with the data 
from baseline samples from the FDRs included in the longitudinal 
cohort (Figure  1A). Thus, each individual FDR contributed only 
once to the analysis, but overall this approach served to increase 
sample size and statistical power of the analysis.

FDRs displayed heterogeneous levels of IgG ACPA V- domain 
glycosylation. This observation prompted us to analyze whether 
FDRs with high levels subsequently developed clinically detectable 
IA. As depicted in Figure 1B (and in Supplementary Figures 3A and 
B, http://onlin elibr ary.wiley.com/doi/10.1002/art.40920/ abstract), 
FDRs who transitioned to a state of clinically detectable IA later in 
life had substantially higher levels of IgG ACPA V- domain glycosyla-
tion compared to individuals who did not transition during follow- up 
(89% versus 20%; P < 0.0001). Furthermore, a small portion of 
FDRs reported new arthralgia; these individuals demonstrated higher 
IgG ACPA V- domain glycosylation levels compared to FDRs who 
remained asymptomatic (Supplementary Figure 3). Therefore, the ini-
tially unaffected FDRs who subsequently developed clinically detect-
able IA or new- onset arthralgia displayed high levels compared to 
FDRs who remained in an unaffected or asymptomatic state.

Association of high IgG ACPA V- domain glycosyl-
ation levels in FDRs and development of RA. The obser-
vation that unaffected FDRs who developed IA later in life had 
significantly higher IgG ACPA V- domain glycosylation levels than 
FDRs who did not develop IA (Figure 1B) prompted us to deter-
mine the time course of glycosylation in these individuals. Intrigu-

ingly, we observed that V- domain glycosylation levels were already 
increased in some FDRs up to 7 years before the onset of arthritis. 
Other individuals who developed IA showed an increase in gly-
cosylation ~1–2 years before disease onset (Figure 2A). When all 
available time points were considered, IgG ACPA V- domain gly-
cosylation was 34% higher (95% CI 7–62%) in FDRs who devel-
oped IA compared to FDRs who did not (P = 0.015) (Figure 2B). 
Notably, FDRs with new- onset arthralgia were classified as non-
transitioned. Taken together, these data indicate that ACPA- 
positive individuals who subsequently developed IA displayed a 
high degree of IgG ACPA V- domain glycosylation in the preclinical 
phase. The time course for development of IA, however, varied 
considerably between individuals.

Absence of elevated V- domain glycosylation in IgG 
ACPA. The degree of V- domain glycosylation of IgG ACPA is 
remarkably high compared to other IgG molecules. To date, we 
have been unable to identify another autoreactive B cell response 
with comparably high levels of V- domain glycans (12,13). Further-
more, among the Dutch RA population, non- ACPA IgG V- domain 
glycosylation levels were only 17%. To confirm that non- ACPA 
IgG V- domain glycosylation is also low in the Indigenous North 
American population and to investigate a potential association 
with clinical outcome, we used the flowthrough of the ACPA iso-
lation columns to further purify non- ACPA IgG from FDR- derived 
sera, followed by glycosylation analysis as it was performed for 
IgG ACPA. V- domain glycosylation of non- ACPA IgG was as low 
as 15–25% in these samples, with a mean of 17% for FDRs who 
did not develop IA and 20% for those who did (P not significant) 
(Figure 3). These levels are consistent with published data on IgG 
in healthy individuals (12,20). Moreover, the degree of V- domain 
glycosylation remained low over time and showed no differences 
in mean levels between transitioning and nontransitioning FDRs (P 
= 0.33). These data suggest that increased V- domain glycosyla-
tion is not a feature of non- ACPA IgG and that this phenomenon is 
inherent in the citrulline- directed immune response.

Elevated IgG ACPA V- domain glycosylation level as 
a predictive marker for disease development in ACPA- 
positive at- risk subjects. Given that FDRs who developed 
IA had higher levels of IgG ACPA V- domain glycosylation over 
time compared to those who did not, we attempted to cre-
ate models of glycosylation as a predictor of IA development. 
To account for the variance between time points and duration 
of follow- up of available study subjects, 2 statistical models 
were established. In the first model, we used the median IgG 
ACPA V- domain glycosylation level in the cross- sectional anal-
ysis (58%) as a cutoff point, thus generating a binary variable. 
Cox regression analysis, corrected for age and sex, revealed 
that IgG ACPA V- domain glycosylation levels above the median 
were associated with development of IA (HR 6.07 [95% CI 
1.46–25.2]; P = 0.013) (Figure  4). A similar cutoff point was 

Figure 1. Anti–citrullinated protein antibody (ACPA)–positive first- 
degree relatives (FDRs) have lower levels of IgG ACPA variable 
(V)– domain glycosylation than do patients with clinically evident 
rheumatoid arthritis (RA). Percentages of IgG ACPA V- domain 
glycosylation in RA patients versus unaffected FDRs (A) and in FDRs 
who transitioned to inflammatory arthritis versus those who did not 
(B) are shown. Symbols represent individual subjects; bars show 
the median. *** = P < 0.001; **** = P < 0.0001. Color figure can be 
viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.40920/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.40920/abstract
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created when ROC regression was used to determine the pre-
dictive value of high IgG ACPA V- domain glycosylation levels. 
At this cutoff point, IgG ACPA V- domain glycosylation had 
a sensitivity of 76.9% (95% CI 46.2–95.0%), a specificity of 
78.6% (95% CI 49.2–95.3%), a positive predictive value (PPV) 
of 76.9% (95% CI 46.2–95.0%), and a negative predictive value 
(NPV) of 78.6% (95% CI 49.2–95.3%) for IA development.

DISCUSSION

IgG ACPA represents the most relevant prognostic and 
diagnostic biomarker in RA and is associated with poor prog-
nosis and progressive joint destruction (21). A large body 
of evidence indicates that early intervention in RA improves 
clinical outcomes (22,23). Based on these observations, it is 
hypothesized that intervention at a stage prior to the onset 
of clinically detectable arthritis may result in better clinical 

outcomes and possibly even prevent disease (22). Currently, 
this preclinical phase is identified based on the presence of 
suggestive joint symptoms such as arthralgia, the detection 
of RA- associated autoantibodies, especially ACPA, or both of 
these factors. Imaging studies indicate that this clinical phe-
notype may also feature subclinical synovitis (22,24). Although 
arthralgia in conjunction with a broad autoantibody response is 
a strong predictor of imminent RA onset, a linear progression 
toward these features has been difficult to demonstrate (25). 
In particular, the existing longitudinal data suggest that a con-
siderable proportion of individuals with ACPA do not develop 
RA. Thus, it has become increasingly important to delineate 
biomarkers that can be used to improve the risk model and 
that in turn provide actionable clinical information on which 
interventions can be based (24,26). Our current study demon-
strates that the glycosylation state of the IgG ACPA V domain 
may serve such a purpose. We found that the presence of 

Figure 2. IgG ACPA V- domain glycosylation is elevated in FDRs who transitioned to RA during follow- up. A, Longitudinal data on IgG ACPA 
V- domain glycosylation. Time of RA diagnosis is shown with a red cross; lines without crosses indicate that the patient transitioned to RA but 
did not have a sample obtained at the time of diagnosis. B, Median IgG ACPA V- domain glycosylation levels in FDRs who transitioned to RA 
versus those who did not. Bars show the median and range. Dotted lines indicate the range of IgG V- domain glycosylation observed in healthy 
individuals. See Figure 1 for definitions.

Figure  3. IgG depleted of ACPA does not display enhanced levels of V- domain glycosylation. A, Longitudinal data on IgG V- domain 
glycosylation. Time of RA diagnosis is shown with a red cross; lines without crosses indicate that the patient transitioned to RA but did not 
have a sample obtained at the time of diagnosis. B, Median IgG V- domain glycosylation levels in FDRs who transitioned to RA versus those 
who did not. Bars show the median and range. Dotted lines indicate the range of IgG V- domain glycosylation observed in healthy individuals. 
See Figure 1 for definitions.
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extensive IgG ACPA V- domain glycosylation in unaffected 
ACPA- positive individuals is a strong predictor of progression 
toward disease. Indeed, a high level of IgG ACPA V- domain 
glycosylation had a PPV of 76.9% and an NPV of 78.6% for 
predicting the development of IA.

Considering these clinical implications, the present data refine 
our understanding of the ACPA immune response and its predis-
ease evolution. Conceptually, the development of ACPA- positive RA 
has been proposed as a multistep process (7,8) in which the break 
in immune tolerance to citrullinated antigens develops first, fol-
lowed by expansion and maturation of the autoimmune response, 
a so- called second hit. Recent evidence suggests that this putative 
second hit is driven by T helper cells that provide help to ACPA- 
expressing B cells. This T cell–B cell interaction, which likely mediates 
the increased usage of isotypes and epitope spreading observed 
before disease onset, may also be responsible for the introduction 
of N- glycosylation sites in the V domain of IgG ACPA and, there-
fore, the presence of glycans in this region. This hypothesis is further 
supported by the observation that the consensus sequences for 
N- glycosylation sites in IgG ACPA V domains are not encoded in 
their respective germline genes but introduced upon SHM (14). In 
fact, the presence, frequency, and distribution of these sites suggest 
a role of the glycans in the selection, development, and activation of 
the B and plasma cells that express/secrete IgG ACPA.

Notably, the ACPA- positive FDRs examined here exhibited 
lower levels of IgG ACPA V- domain glycosylation than their rel-

atives with RA, but there was considerable heterogeneity in the 
population. As a matter of fact, a subset of FDRs had high levels 
of V- domain glycosylation, which in some cases was detectable 
years before disease onset. Individuals who exhibited fluctuation 
between low and normal levels over time (15–25%) rarely tran-
sitioned to disease. Given this heterogeneity, we used the avail-
able longitudinal samples to develop a kinetic understanding of 
how IgG ACPA V- domain glycosylation evolves in individuals who 
ultimately develop IA. Although the data are limited by the small 
number of those who transitioned to disease, it is clear that there 
is more than one trajectory and time course for disease devel-
opment, with some individuals demonstrating a rapid increase 
in glycosylation and others showing high levels for an extended 
period of time. These observations suggest that the acquisition 
of N- glycans in the ACPA V domain is a process that requires 
repeated T cell–dependent B cell hypermutation events, poten-
tially as a result of multiple hits that occur with varying kinetics. 
Ultimately, these may lead to the persistence, if not the patho-
genicity, of the ACPA response.

Our study is limited by the relatively small number of samples 
with longitudinal follow- up. Also, the number of samples with low- 
level ACPA that did not pass quality control may have introduced 
bias. However, except for ACPA levels, the patients who could 
be included in the analysis had similar baseline characteristics 
compared to those who had to be excluded because of technical 
limitations (Table 1). Furthermore, in samples that passed our strict 
controls, estimates of the predictive value of IgG ACPA V- domain 
glycosylation were substantial and hold promise for clinical appli-
cation. Nonetheless, additional studies are necessary to validate 
and extend these findings.

Finally, our study was conducted exclusively in an Indige-
nous North American population. Seropositive RA in this popu-
lation was associated with HLA–DRB1 SE–encoding alleles, as it 
is in most other populations worldwide. The primary SE allele in 
the Indigenous North American population is HLA–DRB1*14:02, 
which is prevalent in the background population and almost 
unique to Indigenous North Americans. In contrast to other 
RA- predisposing SE alleles such as HLA–DRB1*04:01, which 
is seen primarily in white populations, HLA–DRB1*14:02 can 
accommodate both citrulline and arginine peptides with compa-
rable affinity, but the orientation of citrulline- containing peptides 
is upright and directly interfaces with the T cell receptor (27,28). 
It is unclear whether these differences in peptide presentation to 
T cells impact their capacity to provide help for ACPA- expressing 
B cells. However, the observation that ACPA V- domain glyco-
sylation patterns are comparable in Indigenous North American 
and Dutch RA patients suggests that, irrespective of how T cell 
autoimmunity develops, the T cell–dependent SHM of ACPA B 
cells is a final common mechanism in the evolution of the ACPA 
response. Notably, tetanus toxoid–specific IgG did not show 
enhanced V- domain glycosylation in the Indigenous North Amer-
ican RA patients, in accordance with our previous  observations 

Figure 4. Development of RA in ACPA- positive FDRs, based on 
degree of IgG ACPA V- domain glycosylation at the first instance 
of sampling. IgG ACPA V- domain glycosylation levels below and 
above the 58.5% median are shown. HR = hazard ratio; 95% CI = 
95% confidence interval (see Figure 1 for other definitions).  Color 
figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.40920/abstract.
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in Dutch RA patients and with the absence of additional  
N- glycosylation sites in B cell receptors of tetanus toxoid–spe-
cific B cells (13,14).

In summary, we have shown that IgG ACPA V- domain gly-
cosylation is a strong predictive biomarker for the development 
of ACPA- positive RA. Our findings have important implications 
for assessing the risk of future RA development in unaffected 
ACPA- positive individuals and, in turn, for stratifying these indi-
viduals for intervention studies. The results also provide mech-
anistic information regarding the evolution of preclinical RA 
autoimmunity. Future studies in this and other populations will be 
needed to determine the ultimate clinical utility of these findings.
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Clinical Image: Hypertrophic osteoarthropathy in cystic fibrosis

The patient, a 19- year- old man with cystic fibrosis (CF), presented with pain and swelling of both wrists in association with an infective 
respiratory exacerbation. His CF- related complications included clubbing, multilobar bronchiectasis, chronic infection with Pseudomonas 
aeruginosa, exocrine pancreatic insufficiency, CF- related diabetes mellitus, and low body mass. Examination revealed bilateral wrist swell-
ing and tenderness. Radiography of the hands and wrists demonstrated multi–layered periosteal reactions in the distal ulna and radius 
bilaterally (arrows), consistent with a diagnosis of hypertrophic osteoarthropathy (HOA) (1). While most commonly linked with non–small 
cell lung cancer, secondary HOA may occur with a range of pulmonary and extrapulmonary pathologies, including CF (2). The pathophys-
iologic mechanisms remain unclear. In our patient, treatment with intravenous antibiotics and oral corticosteroids was associated with 
significant improvement in both respiratory and joint symptoms.
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Causal Factors for Knee, Hip, and Hand Osteoarthritis: 
A Mendelian Randomization Study in the UK Biobank
Thomas Funck-Brentano,1  Maria Nethander,1 Sofia Movérare-Skrtic,1 Pascal Richette,2  and Claes Ohlsson1

Objective. There is no curative treatment for osteoarthritis (OA), which is the most common form of arthritis. This 
study was undertaken to identify causal risk factors of knee, hip, and hand OA.

Methods. Individual- level data from 384,838 unrelated participants in the UK Biobank study were analyzed. Men-
delian randomization (MR) analyses were performed to test for causality for body mass index (BMI), bone mineral 
density (BMD), serum high- density lipoprotein cholesterol, low- density lipoprotein cholesterol, and triglyceride levels, 
type 2 diabetes, systolic blood pressure (BP), and C- reactive protein (CRP) levels. The primary outcome measure was 
OA determined using hospital diagnoses (all sites, n = 48,431; knee, n = 19,727; hip, n = 11,875; hand, n = 2,330). 
Odds ratios (ORs) with 95% confidence intervals (95% CIs) were calculated.

Results. MR analyses demonstrated a robust causal association of genetically determined BMI with all OA (OR 
per SD increase 1.57 [95% CI 1.44–1.71]), and with knee OA and hip OA, but not with hand OA. Increased genetically 
determined femoral neck BMD was causally associated with all OA (OR per SD increase 1.14 [95% CI 1.06–1.22]), 
knee OA, and hip OA. Low systolic BP was causally associated with all OA (OR per SD decrease 1.55 [95% CI 1.29–
1.87]), knee OA, and hip OA. There was no evidence of causality for the other tested metabolic factors or CRP level.

Conclusion. Our findings indicate that BMI exerts a major causal effect on the risk of OA at weight- bearing joints, 
but not at the hand. Evidence of causality of all OA, knee OA, and hip OA was also observed for high femoral neck 
BMD and low systolic BP. However, we found no evidence of causality for other metabolic factors or CRP level.

INTRODUCTION

Osteoarthritis (OA) is the most common form of arthritis in 
developed countries, representing an increasing health economic 
burden (1). Patients with knee or hip OA have excess all- cause 
mortality compared with the general population, and there is no 
curative treatment for OA (2). Besides age and sex, modifiable 
factors have been shown to be associated with OA risk, the high-
est level of evidence being for obesity and joint injury (3,4). Obe-
sity is a major risk factor for OA incidence and progression at the 
knee, and to a lesser extent, at the hip (5). In addition, the role of 
obesity is strongly supported by findings of improvement of knee 
symptoms in patients undergoing weight loss (6,7).

Besides body mass index (BMI), other factors have been 
described as being associated with either prevalence, incidence 
or progression of OA. High bone mineral density (BMD) was 

 determined to be associated with increased risk of radiographic 
hip OA (8) or knee OA (9), and with total joint replacement (10). 
However, results from prospective studies of incident radio-
graphic OA or OA progression are controversial (11). The con-
cept of a “metabolic OA” phenotype was recently proposed (4). 
However, as metabolic factors are closely related to BMI, their 
BMI- independent contribution to the risk of OA is unknown. Pre-
vious studies have shown that the presence of the metabolic syn-
drome and many of its components are associated with the risk 
of hand and knee OA (12–14). Most associations with each of the 
metabolic syndrome components, however, become nonsignifi-
cant after adjustment for BMI (13,15). In addition, conflicting data 
regarding type 2 diabetes as a BMI- independent predictor of OA 
have been reported (16,17). The results from classic epidemio-
logic studies may be affected by residual confounding or reverse 
causation. Thus, there is an unmet need for a well- powered study 
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to identify causal risk factors of OA. We hypothesized that causal 
associations may differ by OA site.

Mendelian randomization (MR) can be used to test for a 
causal association between a risk factor and a particular out-
come (18). Two recent MR studies have demonstrated that over-
weight or high BMI is causally associated with increased risk of 
OA (19,20). Therefore, to reduce potential bias through genetic 
associations with confounders, MR analyses of other causal fac-
tors should include sensitivity analyses without genetic instrument 
variables also associated with BMI.

The present study aimed to identify causal risk factors for site- 
specific OA in the complete UK Biobank data set. Using genetic 
instrument variables from previously published genome- wide 
association study (GWAS) meta- analysis, the possible causality of 
BMI, BMD, serum high- density lipoprotein (HDL) cholesterol, low- 
density lipoprotein (LDL) cholesterol, and triglyceride levels, type 
2 diabetes, systolic blood pressure (BP), and C- reactive protein 
(CRP) levels in the risk of developing knee, hip, and hand OA was 
evaluated. The primary outcome measure was hospital diagnosis 
of OA. In secondary analyses, more severe cases of knee and hip 
OA, as identified by joint replacement, were also evaluated.

SUBJECTS AND METHODS

UK Biobank study subjects and ethics approval. In 
this study, conducted using the UK Biobank resource (http://
www.ukbio bank.ac.uk/), 502,647 individuals between the ages of 
37 and 76 years were recruited from across the UK from 2006 to 
2010 (21). Participants provided a range of information regarding 
health status, demographics, and lifestyle via questionnaires and 
interviews. In addition, they were physically examined for anthro-
pometric measurements, BP readings, and an estimation of BMD 
of the heel using a noninvasive method. The full data set was 
downloaded in April 2018. We included 384,838 unrelated partic-
ipants of white European descent with valid data on the outcome 
measure and relevant covariates (age, sex, BMI). Pairs of individ-
uals up to third- degree relatives were identified using the robust 
estimated kinship coefficients from the King software (22). The UK 
Biobank has ethical approval from the North West Multi- Centre 
Research Ethics Committee, and informed consent was obtained 
from all participants. The present research was approved by the 
UK Biobank Research and Access Committee (application no. 
26952).

Outcome measure definitions. The outcome measure 
was obtained from the UK Biobank database downloaded in April 
2018. The primary outcome measure in the present study was 
OA as defined by hospital diagnoses (http://bioba nk.ctsu.ox.ac.
uk/cryst al/label.cgi?id=2022) using the International Classification 
of Diseases, Ninth Revision (ICD- 9) codes or the Tenth Revision 
(ICD- 10) for all OA (n = 48,431), knee OA (n = 19,727), hip OA  
(n  = 11,875), and hand OA (n = 2,330) (see Supplementary 

Table 1, available on Arthritis & Rheumatology web site at http://
onlin elibr ary.wiley.com/doi/10.1002/art.40928/ abstract). Of the 
total of 48,731 all OA cases, 11 were identified with ICD- 9 codes 
and 48,420 with ICD- 10 codes. In secondary analyses, we eval-
uated self- reported OA from the UK Biobank questionnaires and 
more severe cases of OA defined by a history of knee replacement 
or hip replacement. Patients with valid information from operative 
procedures summary information for knee replacement (W40- 42) 
or hip replacement (W37- 39), according to the Office of Popu-
lation Censuses and Surveys Classification of Interventions and 
Procedures, version 4 (http://bioba nk.ctsu.ox.ac.uk/cryst al/label.
cgi?id=2025), were included. We excluded patients who had a 
concomitant diagnosis of chronic inflammatory arthritis or asep-
tic osteonecrosis at the time of intervention. For hip replacement, 
we further excluded patients who had concomitantly self- reported 
hip fracture (Supplementary Table 1, http://onlin elibr ary.wiley.com/
doi/10.1002/art.40928/ abstract). In the UK Biobank, the hospital 
admissions registers began in 1981 and were updated until Feb-
ruary 29, 2016. The last OA case date registered in our data set 
was February 25, 2016.

As expected, there was a substantial overlap between the dif-
ferent OA outcomes (Supplementary Table 2, http://onlin elibr ary.
wiley.com/doi/10.1002/art.40928/ abstract). Interestingly, among 
the 11,875 individuals with a hospital diagnosis of hip OA, only 
4,445 (37%) were identified in the self- reported OA questionnaire. 
Therefore, we selected outcome measure definitions using hospi-
tal diagnoses for our primary analyses.

Causal associations using MR. To assess causal asso-
ciations between risk markers and OA, we performed MR analy-
ses. We used genetic instrument variables obtained from selected 
GWAS as proxies for BMI (23), femoral neck BMD and lumbar 
spine BMD (24), serum HDL cholesterol, LDL cholesterol, and tri-
glyceride levels (25), type 2 diabetes (26), systolic BP (27), and 
CRP levels (28) (Supplementary Table 3, http://onlin elibr ary.wiley.
com/doi/10.1002/art.40928/ abstract). As genetic variants are 
randomly distributed at birth, they are unaffected by confound-
ers. We then regressed the association of these single- nucleotide 
polymorphisms (SNPs) on the outcome measure, weighing their 
effect by the magnitude of their effect upon the corresponding 
exposure.

Our primary MR method was the 2- sample inverse- variance 
weighting, using the effect estimates for the exposure from the 
corresponding GWAS. Sensitivity analyses were performed using 
the MR- Egger method to preclude pleiotropy (29) (Supplementary 
Figure 1, http://onlin elibr ary.wiley.com/doi/10.1002/art.40928/ 
abstract), the weighted median MR method, and the penalized 
weighted median MR method. When the exposure parameter 
was available (for BMI, type 2 diabetes, and systolic BP), we also 
performed 1- sample MR methods using the effect estimates for 
exposure in the UK Biobank. Power analyses were performed 
for each exposure and OA outcome (Supplementary Table 4,  
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http://onlin elibr ary.wiley.com/doi/10.1002/art.40928/ abstract). 
Early on we identified a robust causal effect of BMI on the risk of 
OA and therefore for other candidate causal traits, we performed 
additional MR sensitivity analyses excluding genetic instrument 
variables that are also associated (P < 0.05) with BMI (Supple-
mentary Tables 5–13, http://onlin elibr ary.wiley.com/doi/10.1002/
art.40928/ abstract). Detailed methods for MR studies are 
described in Supplementary Methods, http://onlin elibr ary.wiley.
com/doi/10.1002/art.40928/ abstract.

We evaluated 9 candidate causal risk factors, and for all these 
traits, we first evaluated the association with all OA, as this was 
the outcome measure with the highest power for the 2- sample 
inverse- variance weighting method (required Bonferroni- corrected 
P value <0.0056 [P = 0.05/9]). If this threshold was met for all OA, 
a nominal P value of 0.05 was required for the site- specific analy-
ses of knee, hip, or hand OA. Therefore, 95% confidence intervals 
(95% CIs) for all OA are presented before and after adjustment for 
multiple comparisons (n = 9).

Comorbidities and covariates. For BMI, we used the cal-
culated measures of weight/height² available in the anthropometrics 
data at recruitment. Two measures of systolic BP were obtained 
at the inclusion interview. We used the mean value of the 2 avail-
able measures for each individual. Information on the use of antihy-
pertensive medication was collected during the same visit. For the 
population description at baseline, individuals with prevalent type 2 
diabetes were identified using self- reported diabetes at recruitment 
in combination with a hospital diagnosis of type 2 diabetes by ICD- 
10 code (E11). For the MR analyses, we included prevalent and 
incident cases of type 2 diabetes, using any diagnosis of type 2 
diabetes by ICD- 10 codes in the database. Information on current 
smoking status (yes or no) was collected at the time of the interview.

RESULTS

The mean age of the 384,838 unrelated individuals of Euro-
pean descent included in the present study was 56.8 years. 
Patient characteristics and main comorbidities at recruitment are 
presented in Table 1. Our primary analyses were inverse- variance 
weighting by 2- sample MR for all OA, and after adjustment for 
multiple comparisons (9 traits; P < 0.0056), causal evidence was 
observed for high BMI (P = 3.0 × 10−24), high femoral neck BMD 
(P = 3.0 × 10−4), and low systolic BP (P = 2.3 × 10−6), as shown 
in Figure  1 (also see Supplementary Table 14, http://onlin elibr 
ary.wiley.com/doi/10.1002/art.40928/ abstract). For all OA, there 
was no clear evidence of pleiotropy, and the MR- Egger intercept 
demonstrated no significance for any of the tested exposures.

Evidence of a causal association of BMI with knee 
and hip OA, but not hand OA. The 2- sample MR revealed 
that an increase in genetically determined BMI was causally 
 associated with all OA (odds ratio [OR] per SD increase 1.57 [95% 

CI 1.44–1.71; adjusted for 9 comparisons 1.39–1.77]), as shown 
in Figure 1 and Supplementary Table 14. As individual- level data 
were available and as the UK Biobank was well- powered for the 
outcome of all OA, we performed stratified analyses to compare 
the causal association of BMI in different subgroups. The causal 
association of genetically determined BMI with all OA was robust 
and similar in young individuals (below the median age of cases) 
and older individuals (above the median age of cases), in males 
and females, as well as in subpopulations stratified by smoking 
status or type 2 diabetes (Figure 2). Causal associations for BMI 
were also found at weight- bearing joints (OR per SD increase 1.76 
[95% CI 1.56–1.99] in knee OA and 1.52 [95% CI 1.31–1.78] in 
hip OA), but not at the hand (OR 1.00 [95% CI 0.76–1.31]). Similar 
results were obtained with the other 2- sample MR methods and 
1- sample MR methods (see Supplementary Tables 14–17, http://
onlin elibr ary.wiley.com/doi/10.1002/art.40928/ abstract).

Evidence of a causal association of BMD with knee 
and hip OA. Genetically determined femoral neck BMD was 
causally associated with all OA (OR per SD increase 1.14 
[95% CI 1.06–1.22; adjusted for 9 comparisons 1.03–1.25]; 
 Figure 1). The causal association was found to be of similar 
magnitude at the knee (OR 1.18 [95% CI 1.05–1.32]) and 

Table  1. Participant characteristics and main comorbidities at 
recruitment*
All subjects at recruitment

Age, years 56.8 ± 8.0
Female sex, no. (%) 207,789 (54.0)
Body mass index, kg/m2 27.4 ± 4.8
Cholesterol- lowering medication users, 

no. (%)
66,379 (17.3)

Prevalent type 2 diabetes, no. (%) 10,170 (2.6)
Prevalent and incident type 2 diabetes, 

no. (%)
16,946 (4.4)

Antihypertensive medication users, 
no. (%)

79,081 (20.6)

Systolic BP, mm Hg 138.0 ± 18.6
Systolic BP, excluding antihypertensive 

medication users, mm Hg
136.2 ± 18.3

Current smokers, no. (%) 39,840 (10.4)
OA

All locations combined, no. (%)
All OA 48,431 (12.6)
Self- reported OA 34,229 (8.9)

Knee, no. (%)
Knee OA 19,727 (5.1)
Knee replacement 9,716 (2.6)

Hip, no. (%)
Hip OA 11,875 (3.1)
Hip replacement 9,932 (2.6)

Hand OA, no. (%) 2,330 (0.6)

* The n value for each variable was 384,838, except as follows: for 
cholesterol- lowering medication users and antihypertensive medica-
tion users, n = 384,468; for systolic blood pressure (BP), n = 384,515; 
for systolic BP, excluding antihypertensive medication users, n = 
305,170; for current smokers, n = 383,470; for knee replacement, n = 
379,840; and for hip replacement, n = 379,197. Except where indicat-
ed otherwise, values are the mean ± SD. OA = osteoarthritis. 
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hip (OR 1.22 [95% CI 1.09–1.35]), but not at the hand (OR 
1.11 [95% CI 0.88–1.39]; Figure 1 and Supplementary Table 
14). Sensitivity analyses, excluding BMI- associated SNPs 
 (Figure  1), as well as analyses using other MR methods, 
revealed similar results (Supplementary Table 14). For lumbar 
spine BMD, the causal association with all OA was less pro-
nounced and only nominally significant. Site- specific analyses 
demonstrated a causal association of lumbar spine BMD at 
the knee (OR 1.15 [95% CI 1.06–1.26]), which remained after 
the exclusion of genetic instrument variables also associated 
with BMI (Supplementary Table 14).

Evidence of a causal association of systolic BP with 
hip OA. Systolic BP was causally inversely associated with all 
OA (OR per SD increase 0.64 [95% CI 0.54–0.77; adjusted for 9 
comparisons 0.50–0.83]), knee OA (OR 0.66 [95% CI 0.57–0.77]), 
and hip OA (OR 0.63 [95% CI 0.48–0.82], Figure 1 and Supple-
mentary Table 14). The associations remained unchanged when 
subjects receiving antihypertensive medication were excluded 

from the analyses (see Supplementary Figure 2, http://onlin elibr 
ary.wiley.com/doi/10.1002/art.40928/ abstract). Similar results 
were obtained in sensitivity analyses excluding BMI- associated 
SNPs, and with other MR methods (Supplementary Tables 14–17,  
http://onlin elibr ary.wiley.com/doi/10.1002/art.40928/ abstract).

No evidence of a causal association of other tested 
metabolic markers or CRP level with OA. No other tested 
candidate traits (HDL cholesterol, LDL cholesterol, triglyceride 
level, type 2 diabetes, or CRP level) demonstrated any evidence 
of a causal association with all OA, knee OA, hip OA, or hand 
OA that remained after exclusion of genetic instrument variables 
also associated with BMI or correction for multiple comparisons 
(Figure 1). Although failing to pass our prespecified threshold for 
adjustment for multiple comparisons, weak causal inverse asso-
ciations between LDL cholesterol level and risk of knee OA and 
hip OA were observed (for knee OA, OR per SD increase 0.94 
[95% CI 0.90–0.99] for all SNPs and OR 0.94 [95% CI 0.88–1.01] 
without BMI SNPs; for hip OA, OR per SD increase 0.92 [95% CI 

Figure 1. Causal associations between genetically determined risk factors and osteoarthritis (OA) by site. For each site, the odds ratio (OR) and 
95% confidence interval for the risk of OA are represented for each factor, as determined using the 2- sample Mendelian randomization inverse- 
variance weighting method for body mass index (BMI; per SD increase), femoral neck bone mineral density (FN- BMD; per SD increase), lumbar 
spine BMD (LS- BMD; per SD increase), serum levels of high- density lipoprotein (HDL) cholesterol, low- density lipoprotein (LDL) cholesterol, 
and triglyceride (per SD increase), systolic blood pressure (SBP; per SD increase), C- reactive protein (CRP) level (per ln[mg/liter] increase), or 
presence of type 2 diabetes. The total number of subjects is 384,838, with 48,431 all OA, 19,727 knee OA, 11,875 hip OA, and 2,330 hand 
OA cases. IV = instrument variable.

http://onlinelibrary.wiley.com/doi/10.1002/art.40928/abstract
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0.84–1.01] for all SNPs and OR 0.88 [95% CI 0.77–1.01] without 
BMI SNPs) (Supplementary Table 14).

Secondary analyses using knee and hip joint 
replacement as definitions of severe OA. We repeated 
the analyses using knee or hip replacement definitions of severe 
OA and found causal associations for genetically determined 
high BMI (knee replacement: OR per SD increase 2.30 [95% 
CI 1.93–2.75]; hip replacement: OR per SD increase 1.65 [95% 
CI 1.41–1.92]), and high femoral neck BMD (knee replacement: 
OR per SD increase 1.27 [95% CI 1.09–1.48]; hip replacement: 
OR per SD increase 1.17 [95% CI 1.05–1.31]). Systolic BP was 
causally inversely associated with joint (knee replacement: OR 
per SD increase 0.64 [95% CI 0.50–0.83]; hip replacement: OR 
per SD increase 0.64 [95% CI 0.48–0.85]), which was in accord-
ance with the findings from our primary analyses using hospital 
diagnoses (Figure  3 and Supplementary Tables 14–17, http://
onlin elibr ary.wiley.com/doi/10.1002/art.40928/ abstract).

DISCUSSION

This study used the largest known data set to date with 
individual- level clinical, genetic, and outcome data to assess 
causal factors for OA. In the UK Biobank setting, we found 3 fac-
tors (high BMI, high femoral neck BMD, and low systolic BP) that 
were causally associated with increased risk of OA. High BMI was 
shown to be causal for knee OA and hip OA, but not hand OA. We 

also report the first clear evidence of a causal role of high femoral 
neck BMD, predominantly reflecting cortical bone mass, on the 
risk of knee OA and hip OA. The most novel finding from this study 
is that low systolic BP was causally associated with all OA, knee 
OA, and hip OA. In contrast, the other metabolic factors and CRP 
levels were not causally associated with the risk of developing OA, 
after exclusion of the genetic instrument variables that are also 
associated with BMI.

Weight loss is reported to reduce knee OA symptoms and 
structural damage (7,30). The causal role of BMI in both knee 
and hip OA has recently been demonstrated in a previous study 
using first- release data from the UK Biobank (19). In this study, we 
replicated these causal BMI associations at weight- bearing joints. 
In addition, because in the current well- powered study we had 
access to individual- level data, we also performed stratified analy-
ses, demonstrating that the causal effect of BMI on OA was robust 
and similar in young and old individuals, in males and females, as 
well as in subpopulations stratified by smoking status or type 2 
diabetes. Importantly, we observed no evidence of a causal effect 
of BMI on the risk of hand OA. Collectively, these findings demon-
strate that it is the body weight–induced loading of the joints  
that causes the increased risk of OA observed at weight- loaded, 
but not non–weight- loaded OA sites.

The importance of subchondral bone in the pathophysiology 
of OA has been extensively debated (31–34). So far, the sup-
posed inverse association between osteoporosis and OA (35,36), 
and the observation that high bone mass is associated with 

Figure 2. Stratified analyses of the causal associations of body mass index (BMI) with all osteoarthritis (OA). Odds ratios (ORs) and 95% 
confidence intervals are shown for the causal associations between BMI (per SD increase) and the risk of all OA, as determined using the 
2- sample Mendelian randomization inverse- variance weighting method in analyses stratified by age (median of cases), sex, current smoking 
status, or type 2 diabetes.

http://onlinelibrary.wiley.com/doi/10.1002/art.40928/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40928/abstract


CAUSAL FACTORS FOR KNEE, HIP, AND HAND OA |      1639

osteophyte volume (37), radiographic OA (8,9), and increased 
prevalence of joint replacement (10), led to the general hypoth-
esis that increased BMD could be deleterious to the joint. The 
findings of these observational studies are in accordance with 
the results from the present MR analyses, which demonstrated 
a robust causal role of femoral neck BMD on knee and hip OA. 
We confirmed these associations in sensitivity analyses excluding 
the genetic instrument variables that were also associated with 
BMI, to preclude pleiotropy. Similarly, as previously described 
(19), we observed a modest causal association between lum-
bar spine BMD and knee OA. The previous lumbar spine BMD 
MR analyses, performed in an early- released subset of the UK 
Biobank, did not comply with the MR assumptions that genetic 
instrument variables should not be associated with the known 
confounder (BMI). In addition, the previous UK Biobank study 
was restricted by the phenotypes available in the MR- base plat-
form (http://www.mrbase.org/), and therefore the most powerful 
lumbar spine BMD GWAS was not used. Also, the femoral neck 
BMD trait with the most robust causal association in the present 
study was not available for selection of genetic instrument vari-
ables (24).

Our present finding that low systolic BP is causally asso-
ciated with OA is novel. Previous limited observational studies 
have evaluated the association between hypertension, defined 
as a combination of antihypertensive medication use and high 
BP, and OA. Hypertension was associated with increased risk of 
radiographic knee OA both in a prospective analysis in the Fram-
ingham Osteoarthritis Study (15) and in a large cross- sectional 
South Korean study (38). However, after adjustment for BMI, 
hypertension was not significantly associated with incident OA 
in the Fra mingham Osteoarthritis Study. It is possible that earlier 
prospective studies have been underpowered to identify systolic 
BP as a BMI- independent predictor of OA. Further studies are 
needed to confirm the causal link between low systolic BP and 
OA, and to identify the underlying mechanisms.

The previous MR study, which used a less powered sub-
sample from the UK Biobank, indicated that some metabolic 
factors may display modest, but significant, causal associations 
with OA (19). However, BMI- associated SNPs were not excluded 
in those analyses, which therefore most likely were confounded 
by pleiotropic effects related to the known strong causal effect 
of BMI on OA. The present study, performing sensitivity analy-

Figure  3. Causal associations between genetically determined risk factors and knee or hip replacement. For each joint replacement 
osteoarthritis (OA) definition, the odds ratio (OR) and 95% confidence interval for the risk of OA are represented for each factor, as determined 
using the 2- sample Mendelian randomization inverse- variance weighting method for body mass index (BMI; per SD increase), femoral neck 
bone mineral density (FN- BMD; per SD increase), lumbar spine BMD (LS- BMD; per SD increase), serum levels of high- density lipoprotein 
(HDL) cholesterol, low- density lipoprotein (LDL) cholesterol, and triglyceride (per SD increase), systolic blood pressure (SBP; per SD increase), 
C- reactive protein (CRP) level (per ln[mg/liter] increase), or presence of type 2 diabetes. The total number of subjects is 384,838 (9,716 knee 
replacement and 9,932 hip replacement cases).

http://www.mrbase.org/
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ses with BMI- associated SNPs excluded, did not identify any 
causal association of metabolic risk factors except for systolic 
BP. The absence of a causal association for type 2 diabetes on 
OA in the present study indicates that the results of the previous 
observational association studies could be biased by remaining 
confounding factors or by reverse causation. Indeed, low phys-
ical activity caused by impaired mobility with knee or hip OA 
may increase insulin resistance. Finally, the lack of evidence of a 
causal role of lipids in knee or hip OA is supported by the results 
of 2 studies that showed no beneficial effect of statin use on OA 
risk or OA progression (39,40). However, a recent MR analysis 
in the Malmö Diet and Cancer Study showed that genetically 
determined increased LDL cholesterol was causally associated 
with reduced risk of OA (41). This latter MR analysis also con-
firmed that high BMI is causally associated with increased risk 
of OA. Although low- grade inflammation has been associated 
with increased risk of severe OA in observational studies (13), no 
causal effect of CRP levels was observed in the present study, 
which is in accordance with the negative results of intervention 
studies targeting inflammatory cytokines (42).

The major strength of the present study is its large sample 
size with individual- level data available. With respect to the sec-
ond and third MR assumptions, we considered possible pleiot-
ropy in sensitivity analyses in addition to the MR- Egger method, 
by excluding instrument variables that were also associated with 
BMI, since BMI was early shown to be a strong causative factor 
for knee and hip OA. We also performed detailed power calcula-
tions to ascertain the interpretation of negative results. Finally, we 
replicated our main analyses using other definitions for severe OA 
cases, using a joint replacement register that was independent of 
the ICD- 9 and ICD- 10 codes and found very similar results.

However, this study has some limitations. As we used 
hospital diagnoses, we could not assess any radiographic 
structural progression or pain as is recommended for clinical 
trials (43). While MR as an approach is appealing to address 
concerns about confounding, we cannot fully exclude the 
possibility that the null findings for some of the MR analyses 
could be due to misclassification of the diagnosis. This limita-
tion may mostly affect hand OA, for which we acknowledge 
an underestimation of cases. Moreover, for knee OA, post-
traumatic OA may be overrepresented when using hospital 
diagnosis. A hospital contact could also impact the chance 
of being classified as an OA case. However, we consider that 
our case definitions, being classified by hospital physicians, 
reflect symptomatic cases. ICD- 10 code validation was not 
conducted in the present study using the UK Biobank; how-
ever, previous validation studies in other cohorts showed good 
positive predictive value (44,45). Another limitation is that the 
impact of physical activity could not be analyzed in this study, 
as no large published GWAS met our criteria to be used as a 
source of genetic instrument variables. Finally, our conclusions 
can only apply to a white European population.

In conclusion, BMI exerts a major causal effect on the risk 
of OA at weight- bearing joints, but not at the hand. Evidence 
of causality of knee OA and hip OA was observed for high 
femoral neck BMD and low systolic BP. These results should 
be considered in the future research of OA and for the elabo-
ration of prevention or therapeutic strategies for the different 
OA sites.
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HLA Alleles Associated With Risk of Ankylosing Spondylitis 
and Rheumatoid Arthritis Influence the Gut Microbiome
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Objective. HLA alleles affect susceptibility to more than 100 diseases, but the mechanisms that account for 
these genotype–disease associations are largely unknown. HLA alleles strongly influence predisposition to ankylos-
ing spondylitis (AS) and rheumatoid arthritis (RA). Both AS and RA patients have discrete intestinal and fecal micro-
biome signatures. Whether these changes are the cause or consequence of the diseases themselves is unclear. To 
distinguish these possibilities, we examined the effect of HLA–B27 and HLA–DRB1 RA risk alleles on the composition 
of the intestinal microbiome in healthy individuals.

Methods. Five hundred sixty- eight stool and biopsy samples from 6 intestinal sites were collected from 107 
healthy unrelated subjects, and stool samples were collected from 696 twin pairs from the TwinsUK cohort. Microbi-
ome profiling was performed using sequencing of the 16S ribosomal RNA bacterial marker gene. All subjects were 
genotyped using the Illumina CoreExome SNP microarray, and HLA genotypes were imputed from these data.

Results. Associations were observed between the overall microbial composition and both the HLA–B27 genotype 
and the HLA–DRB1 RA risk allele (P = 0.0002 and P = 0.00001, respectively). These associations were replicated 
using the stool samples from the TwinsUK cohort (P = 0.023 and P = 0.033, respectively).

Conclusion. This study shows that the changes in intestinal microbiome composition seen in AS and RA are at 
least partially due to effects of HLA- B27 and HLA–DRB1 on the gut microbiome. These findings support the hypoth-
esis that HLA alleles operate to cause or increase the risk of these diseases through interaction with the intestinal 
microbiome and suggest that therapies targeting the microbiome may be effective in preventing or treating these 
diseases.

INTRODUCTION

HLA molecules affect susceptibility to many diseases, but 
in the majority of cases the mechanism by which HLA molecules 
 predispose people to disease remains a mystery. The risks of devel-
oping ankylosing spondylitis (AS) and rheumatoid arthritis (RA) are 

primarily driven by genetic effects, with a heritability of >90% for AS 
(1,2) and 53–68% for RA (3,4). In both diseases, HLA alleles are 
major susceptibility factors, with AS being strongly associated with 
HLA–B27 and RA with HLA–DRB1 shared epitope alleles.

Particularly in the disease pathogenesis of AS, there is strong 
evidence of a role for gut disease. Up to an estimated 70% of AS 
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patients have either clinical or subclinical gut disease, suggest-
ing that intestinal inflammation may play a role in disease patho-
genesis (5,6). Increased gut permeability has been demonstrated 
in both AS patients and their first- degree relatives, compared to 
unrelated healthy controls (7–11). Crohn’s disease (CD) is closely 
related to AS and has similar prevalence and high heritability. 
The 2 conditions commonly co- occur, with ~5% of AS patients 
developing CD and 4–10% of CD patients developing AS (12,13). 
Strong cofamiliality (14) and the extensive sharing of genetic fac-
tors between AS and inflammatory bowel disease (IBD) (15,16) 
suggests a shared etiopathogenesis. This is consistent with the 
hypothesis that gut- derived immune cells or microbial products 
may contribute to spondyloarthritic inflammation (17–19).

Using 16S ribosomal RNA (rRNA) community profiling, we 
have previously demonstrated that AS patients have a discrete 
intestinal microbial signature in the terminal ileum compared to 
healthy controls (P < 0.001) (20), a finding that has subsequently 
been confirmed by other studies (21,22). We have also demon-
strated that dysbiosis is an early feature of disease in HLA–B27–
transgenic rats, preceding the onset of clinical disease in the gut 
or joints (23). Similarly, gut dysbiosis has been demonstrated in 
RA (24,25), and animal models of RA such as collagen- induced 
arthritis have been shown to be influenced by the gut microbiome 
(26,27). In these studies, it is difficult to distinguish the potential 
effects of the gut microbiome on the disease from the effects of 
immunologic processes in the intestinal wall or the effects of treat-
ments on the intestinal microbiome.

The role of host genetics in shaping intestinal microbial com-
munity composition in humans is unclear. In animal models, host 
gene deletions have been shown to result in shifts in microbiota 
composition (28). In addition, a recent quantitative trait locus–
mapping study in an intercross murine model linked  specific 
genetic polymorphisms to microbial abundances (29). Large- 
scale studies in twins (n = 1,126 pairs) have demonstrated that of 
945 widely shared taxa, 8.8% showed significant heritability, with 
some taxa having a heritability of >40% (e.g., family Christensenel-
laceae, 42% heritability) (30).

Further studies are needed to determine whether changes 
in intestinal microbial composition are due to host genetics 
and how this affects the overall function of the gut microbi-
ome, including how the microbiome subsequently shapes the 
immune response and influences inflammation. Due to the 
strong association of AS with HLA–B27, it has been hypoth-
esized that HLA–B27 induces AS through effects on the gut 
microbiome, in turn driving spondyloarthritis (SpA) and induc-
ing immunologic processes such as interleukin- 23 production 
(31,32). Further experiments comparing the intestinal microbi-
omes of HLA–B27–negative and HLA–B27–positive patients 
would shed light on the influence of HLA–B27 on overall 
intestinal microbiome composition, especially considering the 
study on HLA–B27–transgenic rats showing that B27 was 
associated with altered ileal, cecal, colonic, and fecal microbi-

ota (23,33,34). Similar theories have been proposed regarding 
interaction between the gut microbiome and the immunologic 
processes that drive RA (35).

In this study, we investigated whether AS-  and RA- associated 
HLA alleles influence the gut microbiome in healthy individuals, 
which would support the hypothesis that they affect the risk of 
developing AS and RA through effects on the gut microbiome.

SUBJECTS AND METHODS

Human subjects. A total of 107 subjects who were 
 undergoing routine colorectal cancer screening at Oregon 
Health & Science University’s Center for Health and Healing were 
included in this study. Subjects were 40–75 years old and typically 
followed an omnivorous diet (~95%). The majority (~90%) were 
white. Individuals were excluded if they had a personal history 
of IBD or colon cancer, prior bowel or intestinal surgery, or were 
pregnant. All subjects underwent standard polyethylene glycol 
bowel preparation the day prior to their colonoscopy procedure. 
During the procedure, biopsy samples were collected from the 
terminal ileum or other tissue sites, as indicated, for research pur-
poses.  Subjects were instructed to collect a stool sample on a 
sterile swab at home, just prior to starting their bowel prepara-
tion procedure. Stool samples were brought to the colonoscopy 
appointment at room temperature. All samples (biopsy and fecal 
swabs) were stored at 4°C in the clinic and transported to the lab-
oratory within 2 hours of the colonoscopy procedure, where they 
were snap- frozen and stored at −80°C prior to processing. Patient 
samples were obtained over a 24- month period.

Ethical approval for this study was obtained from the  Oregon 
Health & Science University Institutional Review Board (IRB). 
 Written informed consent was obtained from all subjects. This 
study was performed in accordance with all applicable US federal 
and state regulations.

TwinsUK. All work involving human subjects was approved 
by the Cornell University IRB (protocol ID 1108002388). Matched 
genotypes and stool samples were collected from 1,392 twins. 
Genotyping, 16S rRNA amplicon sequencing, filtering, and analy-
sis were performed as described by Goodrich et al (36).

Genotyping. DNA was extracted from mucosal biopsy 
and stool samples and genotyped using Illumina CoreExome 
single- nucleotide polymorphism (SNP) microarrays according 
to standard protocols. Bead intensity data were processed and 
normalized for each sample, and genotypes were called using 
Genome Studio (Illumina). We imputed HLA–B genotypes using 
SNP2HLA (37), as previously described (38). The distribution of 
HLA–B27 and HLA–DRB1 subtypes (risk, protective, and neu-
tral) can be found in Supplementary Table 1 (available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.40917/ abstract).

http://onlinelibrary.wiley.com/doi/10.1002/art.40917/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40917/abstract
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Amplicon sequencing and analysis of 16S rRNA. 
Five hundred sixty- eight stool and biopsy samples from 107 
individuals were extracted and amplified for the bacterial marker 
gene 16S rRNA, as previously described (20). Samples were 
demultiplexed and filtered for quality using the online platform 
BaseSpace (http://bases pace.illum ina.com). Paired- end reads 
were joined, quality- filtered, and analyzed using Quantitative 
Insights Into Microbial Ecology, version 1.9.1 (39). Operational 
taxonomy units (OTUs) were picked against a closed refer-
ence, taxonomy was assigned using the Greengenes data-
base (gg_13_8) (40), clustered at 97% similarity by UCLUST 
(41), and low abundance OTUs were removed (<0.01%).

Data visualization and statistical analysis. Multidi-
mensional data visualization was conducted using sparse partial 
least squares–discriminant analysis (sPLSDA) on centered log- 
ratio–transformed data, as implemented in R as part of the Mix-
Omics package, version 6.3.1 (42). Association of the microbial 
composition with metadata of interest was conducted using a 
permutational multivariate analysis of variance (PERMANOVA) 
test as part of R- vegan, version 2.4- 5 (43), on arcsine square 
root–transformed data at species level. This process took into 
account individual identity when multiple sites per individual 
were coanalyzed, as well as the sources of covariation such as 
body mass index (BMI) and sex. Alpha diversity was calculated 
at the species level using the rarefy function in R- vegan, and 
differences were evaluated using Wilcoxon’s rank sum test. The 
metagenome functional content was predicted using PICRUSt, 
version 1.1.3 (44), and the resulting predictions were mapped 
to KEGG pathways using HUMAnN2, version 0.11.1 (45). Dif-
ferential abundance of bacterial taxa and KEGG pathways was 
tested for significance using MaAsLin, version 0.0.5 (46).

RESULTS

Profiling of 16S rRNA and SNP array genotyping were suc-
cessfully completed for 107 individuals (61 female, 46 male), 

involving a total of 564 biopsy samples (Table 1).

We studied the effect of BMI, sex, and sampling site on 
the gut microbiome in order to identify relevant covariates for 
analysis of AS- related genes and their association with the 
gut microbiome. Striking differences were observed accord-
ing to sample site, particularly between the stool samples and 
mucosal samples (P < 0.0001) (Figure 1A). When we excluded 
stool samples from the analysis, marked difference between 
sites was still observed (P < 0.0001). This was mainly driven by 
differences between the ileal samples and the colonic mucosal 
samples (left and right colon, cecum, rectum), which largely 
clustered together (Figure 1B).

Stool samples are much more convenient to obtain than 
ileal or colonic mucosal samples, which require an endoscopic 
procedure for collection. Given the prior evidence of primarily 
ileal inflammation in AS (5), we were interested in the relation-
ship between the ileal and stool microbiomes. In this com-
parison, marked difference between sites was also observed 
(P < 0.0001), though some overlap was seen on the sPLSDA 
plot (Supplementary Figure 2, http://onlin elibr ary.wiley.com/
doi/10.1002/art.40917/ abstract).

Among several studies, some showed an increase (47), a 
decrease (20,21), or no change (48) in alpha diversity metrics for 
AS patients, and some showed an increase (22) or decrease (49) 
in alpha diversity for RA patients. In the present study, calculation 
of rarefied species richness revealed that carriage of HLA–B27 
and HLA–DRB1 alleles was not associated with differences in 
alpha diversity except in stool samples, for which carriage of 
HLA–DRB1 RA risk alleles was associated with an increased 
alpha diversity across both cohorts (Figure 2).

With regard to beta diversity assessed via sPLSDA 
and PERMANOVA, a significant association was observed 
between BMI category and microbiome composition (P = 
0.0022) (Supplementary Figure 3A, http://onlin elibr ary.wiley.
com/doi/10.1002/art.40917/ abstract). This appears to be 
driven particularly by the differences observed in underweight 
subjects (BMI <18.5) compared to other BMI categories. 
When the analysis was conducted with the samples from 
underweight subjects removed, a nonsignificant trend toward 

Table 1. Number of samples and status of shared epitope allele by site*

Site

No. of samples
HLA–B27– 
negative

HLA–B27– 
positive

HLA–DRB1 
RA risk  

genotype

HLA–DRB1 
protective 
genotype

HLA–DRB1 
neutral  

genotypeTotal Female Male

Cecum 103 59 44 93 10 34 8 47
Ileum 90 51 39 80 10 36 8 45
Left colon 100 57 43 90 10 33 7 47
Rectum 91 53 38 81 10 33 7 41
Right colon 97 57 40 87 10 33 8 45
Stool 83 46 37 73 10 29 8 36

* Subjects had varying numbers of samples obtained, and at no individual site did all subjects have samples obtained. RA = rheumatoid 
arthritis. 

http://basespace.illumina.com
http://onlinelibrary.wiley.com/doi/10.1002/art.40917/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40917/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40917/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40917/abstract
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association between BMI and microbiome composition was 
seen (P = 0.078) (Supplementary Figure 3B), which is consis-
tent with previous findings (50–52).

Given that RA and AS affect men and women at unequal 
rates, and the evidence (in mice) that sex- related hormonal dif-
ferences are associated with variances in the intestinal microbi-
ome (53,54), we sought to evaluate the influence of sex on the 
microbiome in this cohort. While substantial overlap in the micro-
biome profile was evident, significant differences were observed 
(for all sites combined, P = 0.0004) (Supplementary Figure 4, 

 http://onlin elibr ary.wiley.com/doi/10.1002/art.40917/ abstract). 
When indicator species were investigated, a significant reduction 
in the carriage of Prevotella genus was observed among male 
subjects (P = 0.005).

After controlling for BMI and sex, significant differentiation 
of the microbiome was identified in individuals carrying HLA–
B27 or HLA–DRB1 RA risk alleles (PERMANOVA P = 0.002 and   
P = 0.0001, respectively) (Figures 3A and B). Despite significant 
differentiation in terms of beta diversity, there was typically no dif-
ference in alpha diversity (Figure 2), indicating that the underlying 

Figure 1. Sparse partial least squares–discriminant analysis comparing the microbiome composition at various sample sites, showing a 
marked difference at the stool/luminal site compared to all other (mucosal) sites (A), and, in the absence of stool samples, the distinction of the 
ileal site from colonic sites (B). A principal components analysis plot of these results is available in Supplementary Figure 1 (http://onlin elibr ary.
wiley.com/doi/10.1002/art.40917/ abstract). Expl. var = explained variance. 
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Figure 3. A, Sparse partial least squares–discriminant analysis (sPLSDA) comparing the microbiome composition in HLA–B27–positive and –
negative subjects across each sampling site. Taking into account all sampling sites and repeated sampling, significant differentiation of the microbiome 
was observed (permutational multivariate analysis of variance [PERMANOVA] P = 0.002). B, sPLSDA comparing subjects carrying the HLA–DRB1 
rheumatoid arthritis (RA) risk and RA neutral genotypes across each sampling site. Taking into account all sampling sites and repeated sampling, 
significant differentiation of the microbiome was observed (PERMANOVA P = 0.0001). C, sPLSDA plot comparing HLA–B27–positive and –negative 
twins (PERMANOVA P = 0.023), and twins with HLA–DRB1 RA risk and neutral genotypes (PERMANOVA P = 0.033). A principal components 
analysis plot of these results is available in Supplementary Figure 5 (http://onlin elibr ary.wiley.com/doi/10.1002/art.40917/ abstract). Expl. var = 
explained variance. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40917/abstract.
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host genetics may affect the overall composition of the microbi-
ome but not the overall species diversity. In the TwinsUK cohort, 
1 twin was drawn randomly from each pair and the stool sample 
was studied. An association of stool microbiome composition with 
HLA–B27 and with HLA–DRB1 RA risk alleles was observed (P = 
0.023 and P = 0.033 respectively,  Figure 3C). Study of the sample 
from the alternate twin from each pair revealed consistent findings. 
Whether the observed differences in taxonomic and functional 
composition are consistent between our 2 study cohorts remains 
to be seen, as they are confounded by differences in experimental 
approach and surveyed population.

We tested whether HLA–B alleles associated with AS were 
also associated with gut microbial profiles. The association of 
HLA–B alleles with AS is complex, with risk associations observed 
with HLA–B27, B13, B40, B47, and B51, and protective associ-
ations observed with HLA–B7 and B57 (55). Of these, only B27 
showed a statistically significant association with microbiome 
profile across both cohorts. Differences in the microbiome com-
position were more pronounced when comparing risk- associated 
alleles to protective alleles. For example, when focusing on a sub-
set of data (ileal samples), we observed marginal differentiation 
of microbiome profiles for B27 (P = 0.16) and no differentiation 
for B7 (P = 0.61), potentially highlighting sample size constraints. 
However, a direct comparison of microbiome profiles of B27 to B7 
revealed significant differentiation (P = 0.008).

HLA–B27–positive subjects exhibited reduced carriage  
 (P < 0.05) of Bacterioides ovatus across multiple sites (ileum, 
cecum, left colon, right colon, and stool), as well as of Blautia 
obeum (left colon and right colon) and Dorea formicigenerans 
(rectum and stool). Increased carriage of a Roseburia species was 
observed across multiple sites (left colon, right colon, rectum, and 
stool), as was family Neisseriaceae (cecum and ileum). For sub-
jects who showed positivity for HLA–DRB1 RA risk alleles, numer-
ous taxonomic groups were enriched across multiple sites, notably 
a Lachnospiraceae species (ileum, cecum, left colon, right colon, 
and rectum), a Clostridiaceae species (left colon, right colon, rec-
tum, and stool), Bifidobacterium longum (cecum, right colon, and 
rectum), among many others. Enrichment of Ruminococcus gna-
vus was also observed in the ileum of subjects carrying risk alleles. 
A full list of differentially abundant taxa according to HLA–B27 and 
HLA–DRB1 status is available in Supplementary Tables 2 and 3 
(http://onlin elibr ary.wiley.com/doi/10.1002/art.40917/ abstract). 
Interestingly, when accounting for false discovery rate, no single 
taxon was significantly associated with the investigated geno-
types, indicating that community level differences detectable via 
PERMANOVA may be driven by subtle changes in a high number 
of taxa, as opposed to marked changes in a select few.

Considering the inferred metabolic profiles for HLA–B27–pos-
itive and –negative subjects, we observed significant differences (P 
< 0.05) across multiple sites for numerous KEGG pathways (Sup-
plementary Table 4, http://onlin elibr ary.wiley.com/doi/10.1002/
art.40917/ abstract). Examples include flagellar assembly (ileum, 

cecum, left colon, right colon, and rectum), alanine metabolism 
(cecum, ileum, left colon, and right colon), lysine biosynthesis (left 
and right colon), and degradation (ileum, rectum, and stool) and 
secondary bile acid biosynthesis (ileum and stool). For the HLA–
DRB1 RA risk alleles, numerous differences in KEGG pathways 
were also observed (Supplementary Table 5, http://onlinelibrary.
wiley.com/doi/10.1002/art.40917/abstract). Examples include 
thiamine metabolism, citric acid cycle, lipopolysaccharide biosyn-
thesis, glycerolipid metabolism biosynthesis of ansamycins, RNA 
transport, and bacterial chemotaxis, all of which were differentially 
abundant across every tissue site biopsied.

DISCUSSION

In this study, we have demonstrated for the first time that in 
the absence of disease or treatment, HLA–B27 and HLA–DRB1 
have significant effects on the human gut microbiome. This is con-
sistent with observed associations of HLA–DRB1 with gut micro-
biome profiles in mice (56) and the effect of HLA–DRB1 alleles on 
Prevotella copri abundance in humans (24). This extends previous 
observations that AS and RA are characterized by intestinal dys-
biosis by confirming that this is due, at least in part, to the effects 
of the major genetic risk factors for AS and RA: HLA–B27 and 
HLA–DRB1 risk alleles.

We have demonstrated a clear distinction in microbiome pro-
file between luminal stool samples and mucosal samples, as well 
as between mucosal samples from different intestinal sites. Nota-
bly, marked difference was observed between ileal and stool sam-
ples. These findings contrast those of a previous smaller study, 
in which the failure to demonstrate a difference between ileal and 
colonic biopsy samples may have been due to sample size con-
siderations (48). Many studies on the influence of gut microbiome 
focus on stool samples, as they are easier to obtain than mucosal 
samples. The existence of gut inflammation in AS patients, par-
ticularly involving the ileum, has been well documented. Therefore, 
our findings suggest that studies on the microbiome in AS and 
RA, particularly in which the aim is to identify the key species or 
genetic elements driving or protecting against the disease, should 
use samples that reflect the site of inflammation (i.e., ideally the 
ileal microbiome in AS). As the microbiome profile of stool sam-
ples does not closely correlate with the ileal microbiome, they do 
not appear to be optimal samples to study, although studying 
IgA- coated bacteria isolated from stool samples may prove more 
informative (57,58).

Following our initial study, 3 further studies on the differ-
ence in gut microbial composition in AS patients and healthy 
controls have been reported. In a study of 27 patients with 
SpA (not necessarily AS) and 15 healthy controls, using 16S 
rRNA profiling, Tito et al reported an association of the pres-
ence of Dialister in ileal or colonic mucosal biopsy samples 
(48) with disease activity assessed by the self- reported Bath 
Ankylosing Spondylitis Disease Activity Index (BASDAI) (59) 

http://onlinelibrary.wiley.com/doi/10.1002/art.40917/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40917/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40917/abstract
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and the Ankylosing Spondylitis Disease Activity Score (60). We 
did not observe Dialister in our study and therefore cannot 
comment on whether it is associated with HLA–B27 carriage. 
Tito and colleagues did not observe an association of the 
gut  microbiome with HLA–B27 carriage, but due to the small 
 sample size, particularly of healthy controls, a possible effect 
(other than a large effect) could not be excluded.

In a Chinese study, Wen et al used shotgun sequencing of 
stool samples from 97 AS patients and 114 healthy controls and 
reported significant dysbiosis in the AS patients (21). Breban et al 
conducted 16S rRNA profiling of the stool microbiome to study 
87 patients with axial SpA (42 with AS), 69 healthy controls, and 
28 RA patients (22). They also reported evidence of intestinal dys-
biosis in the SpA patients, in addition to a correlation of R gnavus 
carriage with BASDAI score. While we did not observe such an 
association with the carriage of HLA–B27, R gnavus was noted 
to be enriched in the ileum of individuals carrying the HLA–DRB1 
RA risk allele (Supplementary Table 3, http://onlin elibr ary.wiley.com/
doi/10.1002/art.40917/ abstract). In a comparison between HLA–
B27–positive and –negative siblings (n = 22 and n = 21, respec-
tively), no difference in overall microbial composition was noted, but 
the HLA–B27–positive siblings had increased carriage of the Micro-
caccaceae family (including the species Rothia mucilaginosa within 
it), several Blautia and Ruminococcus species, and Egerthella lenta 
(22). Breban and colleagues also observed a reduced carriage 
of Bifidobacterium and Odoribacter species. Of these, we saw 
a reduction in Blautia obeum. Although we did not find dysbiotic 
changes that co- occurred with these specific taxa, we noted that 
the enrichment of genera within the Lachospiraceae–Rumino-
coccaceae grouping in HLA–B27 carriers was a shared feature: 
Roseburia and Ruminococcus in the study from Breban et al (22) 
and Roseburia, Blautia, Dorea, and Oscillospira in our current 
study. These bacteria are known to be enriched within the intestinal 
mucosa (61) and are plausibly more  immunogenic as a result (62).

The differences between these studies may relate to analyti-
cal differences such as handling of covariates, disease definition, 
studied sample site, ethnicity and diet, and the different methods 
used to profile the microbiome. Our study also confirms the sig-
nificant effect of sex and BMI category on gut microbial profiles, 
suggesting that future studies should control for these covariates. 
Consistent with a recent study that examined the effect of host 
genetics on the microbiome of 1,046 healthy individuals (63), 
numerous correlations between specific bacterial taxa and the 
host’s genotype do not remain significant following correction for 
false discovery rate. This indicates that HLA molecules may have a 
more generalized effect on microbiome composition as opposed 
to a marked effect on specific taxa. Despite this, we noted that 
many of the significant (P < 0.05) associations occurred across 
multiple tissue sites. While the chance of a false- positive result at 
a single site might be relatively high, the chances of finding the 
same association across multiple sites decreases exponentially, 
indicating that the results are less likely to be spurious. Another 

possibility is that differences in microbial gene content, not neces-
sarily specific taxa, may be more significant. In the present study, 
the microbiome’s predicted gene content was extrapolated from 
the underlying taxonomy, which indicates that the use of whole- 
genome sequencing metagenomics (also known as shotgun 
metagenomics) to directly profile genetic composition may prove 
fruitful. This will be the focus of subsequent studies.

HLA molecules affect susceptibility to many diseases, most 
of which are immunologically mediated. In almost all instances, the 
mechanism that accounts for the predisposition is not known. The 
microbiome has now been implicated in a long list of diseases, 
many of which are immunologically mediated. Our findings suggest 
that HLA molecules could be important factors that contribute to 
the heterogeneity of the microbiome and operate at least partially 
through this mechanism in the pathogenesis of many diseases, not 
just AS and RA. In accordance with this hypothesis, HLA–microbi-
ome associations have been described in reactive arthritis (64), IBD 
(65), celiac disease (66), and in healthy  individuals (24,67).

The metabolic changes imbued by dysbiosis, hypothesized 
in our current work, are of interest in light of a recent study by 
our group in an HLA–B27–transgenic rat model of SpA (68). We 
observed a number of HLA–B27–dependent metabolic changes in 
this model that include enrichment of bile acid metabolism, lysine 
metabolism, fatty acid metabolism, and tryptophan metabolism. 
All of these pathways were predicted to be enriched in HLA–B27–
positive individuals in our current study (Supplementary Table 4, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.40917/ abstract). 
Importantly, HLA–B27–dependent dysbiosis can be observed 
prior to the onset of disease in this model. Thus, our human and 
rat studies support the hypothesis that HLA–B27–dependent 
dysbiosis is a preceding event in AS pathogenesis and may not 
merely be secondary to disease.

In conclusion, this study demonstrates that HLA–B27 and 
RA- associated HLA–DRB1 allele carriage in humans influences 
the gut microbiome. The replicated demonstration of intestinal 
changes in the AS microbiome is consistent with disease mod-
els in which HLA molecules interact with the gut microbiome to 
cause disease. Different models showing how this may occur 
include effects of HLA–B27 to favor a more inflammatory gut 
microbiome, increased invasiveness of the gut mucosa in HLA–
B27 carriers, and/or aberrant immunologic responses to bacteria 
in HLA–B27 carriers. Similar hypotheses may explain the role of 
HLA–DRB1 in driving the immunopathogenesis of RA. Which-
ever of these models is correct, the data presented here support 
the need for further research in this field, including investigation of 
whether manipulation of the gut microbiome may be therapeutic 
or potentially capable of preventing AS or RA in at- risk subjects.

Addendum. This work is dedicated to the memory of 
Dr. Mark Asquith, who recently passed away, too early in life: a 
great young scientist and person, who contributed a lot and will 
be sorely missed by his friends and colleagues.
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Value of Carotid Ultrasound in Cardiovascular Risk 
Stratification in Patients With Psoriatic Disease
Curtis Sobchak,1 Shadi Akhtari,2 Paula Harvey,3 Dafna Gladman,4 Vinod Chandran,4 Richard Cook,5 and 
Lihi Eder3

Objective. This study aimed to assess whether subclinical atherosclerosis, as evaluated by carotid ultrasound, 
could predict incident cardiovascular events (CVEs) in patients with psoriatic disease (PsD) and determine whether 
incorporation of imaging data could improve CV risk prediction by the Framingham Risk Score (FRS).

Methods. In this cohort analysis, patients with PsD underwent ultrasound assessment of the carotid arteries at 
baseline. The extent of atherosclerosis was assessed using carotid intima- media thickness (CIMT) and total plaque 
area (TPA). Incident CVEs (new or recurrent) that occurred following the ultrasound assessment were identified. The 
association between measures of carotid atherosclerosis and the risk of developing an incident CVE was evaluated 
using Cox proportional hazards models, with adjustment for the FRS.

Results. In total, 559 patients with PsD were assessed, of whom 23 had incident CVEs ascertained. The calcu-
lated rate of developing a first CVE during the study period was 1.11 events per 100 patient- years (95% confidence 
interval [95% CI] 0.74–1.67). When analyzed separately in Cox proportional hazards models that were controlled for 
the FRS, the TPA (hazard ratio [HR] 3.74, 95% CI 1.55–8.85; P = 0.003), mean CIMT (HR 1.21, 95% CI 1.03–1.42; P 
= 0.02), maximal CIMT (HR 1.11, 95% CI 1.01–1.22; P = 0.03), and high TPA category (HR 3.25, 95% CI 1.18–8.95; 
P = 0.02) were each predictive of incident CVEs in patients with PsD.

Conclusion. The burden of carotid atherosclerosis is associated with an increased risk of developing future CVEs. 
Combining vascular imaging data with information on traditional CV risk factors could improve the accuracy of CV 
risk stratification in patients with PsD.

INTRODUCTION

It is well accepted that patients with psoriasis and psoriatic 
arthritis (PsA), collectively termed psoriatic disease (PsD), are at an 
increased risk of cardiovascular events (CVEs) (1–4). This elevated 
CV risk has been attributed, in part, to traditional CV risk factors 
(e.g., diabetes and dyslipidemia) but is also related to systemic 
inflammation (3,5). The systemic inflammation associated with 
PsD accelerates the development and progression of atheroscle-
rosis and promotes plaque rupture, thus predisposing individuals 
to increased risk of CV diseases (6–9).

Stratification of CV risk and the management of CV risk 
factors in patients with PsD are becoming an integral part of 

patient care. Current treatment guidelines recognize the need to 
 identify patients with PsD who are at high risk of a CVE based 
on accepted clinical risk scores, such as the Framingham Risk 
Score (FRS) (10,11). Traditional CV risk score calculation is a cor-
nerstone in the prediction of CVEs (12) and plays an important role 
in guiding treatment decisions tailored to fit the patient’s individual 
risk factor profile (13). However, the FRS and similar traditional CV 
risk scores underestimate the CV risk in patients with rheumatic 
disorders, including PsD (14–17). This is likely because clinical risk 
scores do not account for the effect of the systemic inflammation 
that is common to these disorders. As such, these patients are 
often underdiagnosed and undertreated for CV risk factors (18–
20). This has a potential adverse impact on clinical CV outcomes 
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and warrants optimization of CV risk stratification tools that have 
been designed for use in this population.

Atherosclerosis, the main cause of CVEs, is an inflammatory 
disorder in which immune mechanisms interact with atherogenic 
lipid particles to initiate and propagate lesions in the vascular walls 
(21,22). Inflammation plays a pivotal role in all stages of atheroscle-
rosis. The burden of atherosclerosis in PsD is associated with tra-
ditional CV risk factors as well as with measures of disease activity 
(6,7). Thus, quantification of atherosclerotic plaque burden using 
vascular imaging could potentially provide a more accurate evalu-
ation of the impact of traditional and nontraditional risk factors on 
CV risk and may improve precision of CV risk stratification tools 
for use in patients with PsD. Vascular imaging has been shown 
to improve the prediction of CVEs both in the general population 
and in patients with rheumatoid arthritis (RA) (23–25); however, 
little is known about the role of vascular imaging in improving the 
prediction of CVEs in PsD.

The aims of the present study were 1) to assess whether 
subclinical atherosclerosis, as evaluated by carotid ultrasound, 
could be predictive of incident CVEs in patients with PsD, and 2) 
to determine whether incorporation of imaging data could improve 
the prediction of CVEs beyond traditional clinical CV algorithms.

PATIENTS AND METHODS

Patients and setting. In this retrospective analysis of a 
prospective cohort, we included patients with psoriasis and PsA 
from the University of Toronto Psoriatic Disease Program. This  
program includes 2 cohorts, a cohort of PsA patients and a 
cohort of patients with psoriasis without arthritis (PsC). The PsA 
cohort was established in 1978 as part of an ongoing prospec-
tive study to determine outcomes and prognosis in this disease 
(26,27). It consists of patients who are referred to the clinic by 
family doctors and other medical specialists for the management 
of PsA. Patients are assessed at 6–12- month intervals accord-
ing to a standard protocol. Patients in the PsA cohort have a 
rheumatologist- confirmed diagnosis of PsA, and the majority of 
them meet the CASPAR PsA classification criteria (28).

The PsC cohort was established in 2006 and comprises 
patients who have a dermatologist’s diagnosis of psoriasis and 
in whom a diagnosis of PsA has been excluded by a rheuma-
tologist. These patients are assessed according to the same 
protocol as used in the PsA cohort, and participants are fol-
lowed up annually as part of a longitudinal study until they 
develop PsA. Patients with PsC are recruited from dermatol-
ogy clinics, from phototherapy centers, or through advertise-
ment in the local media (27).

As of January 2010, consecutive patients from both of these 
cohorts have been recruited for participation in a substudy that 
assesses CV outcomes in patients with PsD. The participants in 
this substudy undergo a comprehensive CV risk evaluation that 
includes an assessment of their CV risk factors and an ultrasound 

of the carotid arteries. Patients with a history of clinical CV disease 
and those with prior carotid endarterectomy are excluded.

Patients underwent a baseline carotid ultrasound assess-
ment between 2010 and 2015 and were followed up until Decem-
ber 31, 2017. The study was approved by the University Health 
Network Research Ethics Board. All patients gave their informed 
consent at the time of assessment.

Assessment of CV risk factors. Information about CV risk 
factors was collected at the baseline ultrasound assessment and 
was used to calculate the expected CV risk using the FRS. The 
use of lipid- lowering agents, antidiabetic medications, and antihy-
pertensive medications was recorded. Participants who reported 
smoking on a daily basis were considered smokers. Blood pres-
sure was measured with a cuff sphygmomanometer. Blood sam-
ples were collected after an overnight fast and analyzed for levels 
of glucose, total cholesterol, high- density lipoprotein cholesterol, 
low- density lipoprotein cholesterol, triglycerides, and the erythro-
cyte sedimentation rate.

To estimate the 10- year risk of CV diseases, we used the 
formula described by D’Agostino et  al (29) to calculate the FRS 
for each participant. The risk factors included in the score were 
age, sex, smoking, systolic blood pressure, use of antihypertensive 
medications, diabetes, total cholesterol, and high- density lipopro-
tein cholesterol levels. From the Framingham chart, the estimated 
10- year risk of CV disease was generated for each patient. Based 
on that risk, the patient was classified into 1 of the following groups: 
low risk (<5%), intermediate risk (6–20%), and high risk (>20%) (29).

Carotid ultrasound assessment. A single trained physi-
cian (LE) performed all of the ultrasound measurements in accor-
dance with a study protocol that was previously described in detail 
(30). Scans were performed with MyLab 30 and MyLab 70 XVi-
sion scanners with a linear LA523 7–13- MHz transducer (all from 
Esaote). The scan included detailed B- mode images of both the 
right and the left common carotid arteries as well as the carotid 
bulb, internal carotid, and external carotid arteries. All ultrasound 
scans were saved as video files for later reading. We evaluated 
5 measures of atherosclerosis: total plaque area (TPA) (in cm2), 
mean carotid intima- media thickness (CIMT) (in μm), maximal 
CIMT (in μm), plaque category, and TPA category.

Carotid IMT was measured automatically at the far wall of 
the right and left common carotid arteries (twice at each side) at 
least 1 cm proximally from the origin of the bulb, using a real- 
time radiofrequency- based ultrasound system for carotid imaging 
(QIMT tool; Esaote). The composite mean CIMT was calculated 
by averaging the common right and left CIMT values. Maximal 
CIMT was the highest of the 4 measurements of CIMT.

An atherosclerotic plaque was defined as the presence 
of focal wall thickening that is at least 50% greater than that of 
the surrounding vessel wall or as a localized intimal thickening 
exceeding 1 mm that protrudes into the lumen and is distinct 
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from the adjacent boundary (31). TPA, an independent predic-
tor of clinical CVEs (32), was measured as described by Spence 
(33). The plane for measurement of each plaque was chosen by 
reviewing the video of the scan to find the largest extent of plaque 
as seen in the longitudinal view. The image was then frozen, and 
the plaque was measured by tracing around the perimeter with 
a cursor on the screen. The assessor then moved on to the next 
plaque and repeated the process until all observed plaques in the 
common, external, and internal carotid arteries were measured. 
TPA was recorded as the sum of areas of all plaques in the right 
and left carotid arteries. Due to the lack of accepted cutoff points 
for TPA, we classified TPA as high and low based on the median 
value of TPA in our cohort (high TPA >0.21 cm2). In addition, we 
considered the presence of plaques in terms of a simpler mea-
sure of plaque burden. The plaque category was defined as 1) no 
plaques, 2) unilateral plaque, or 3) bilateral plaques.

Reading of the scans was performed independent of the 
scanning and blinded with regard to clinical data. The intraob-
server intraclass correlation coefficient for TPA was 0.94.

Definition of CVEs. We considered the major and minor 
CVEs as outcomes of interest, with major CVEs including myo-
cardial infarction (MI), unstable angina, ischemic stroke, revas-
cularization procedures, or CV- related death, and minor CVEs 
including stable angina, exacerbation of congestive heart failure 
(CHF), and transient ischemic attack (TIA). Revascularization pro-
cedures included coronary stent insertion, coronary bypass sur-
gery, carotid endarterectomy, or vascular surgery for peripheral 
vascular disease. We did not include the development of periph-
eral artery disease as one of the outcomes in our study, since this 
information has not been routinely collected in our cohort.

Incident potential CVEs were identified by one of the following 
methods. 1) The cohort database was searched for CVEs that 
occurred between study visits and were reported by the patients. 
2) The provincial hospitalization databases, the Canadian Insti-
tute for Health Information Discharge Abstract Database, and 
the National Ambulatory Care Reporting System were searched. 
These databases contain detailed information about all inpatient 
hospital discharges, emergency rooms visits, and same- day sur-
geries from all hospitals in Ontario, Canada. International Classi-
fication of Diseases, Tenth Revision (ICD- 10) codes were used to 
identify hospitalizations due to a CVE (see Supplementary Table 1, 
available on the Arthritis & Rheumatology web site at http://onlin 
elibr ary.wiley.com/doi/10.1002/art.40925/ abstract). The accuracy 
of the CV codes in Canadian databases has been verified in the 
past (specificities >90% for all codes) (34). 3) The provincial death 
registry, the Ontario Vital Statistics Death Registry, was searched. 
This database contains information about all deaths and their pri-
mary cause occurring in Ontario, Canada. All deaths due to a CVE 
(primary cause), based on ICD- 10 codes, occurring following the 
baseline visit were identified (see Supplementary Table 2, available 
on the Arthritis & Rheumatology web site at http://onlinelibrary.

wiley.com/doi/10.1002/art.40925/abstract). Using this combined 
approach, we ensured that all potential CVEs were identified, 
including in patients who were lost to follow- up.

In order to verify that the recorded CVEs were incident events, 
we obtained additional details from the medical records (e.g., hos-
pitalization records from acute events, clinic notes from special-
ists for nonacute events). All medical records were reviewed by a 
cardiologist (SA) who verified the events and classified them as a 
minor CVE or a major CVE. For the primary analysis, we used a 
composite end point of all confirmed CVEs, while the secondary 
outcome was restricted to major CVEs. Incident CVEs were con-
sidered to be the first incident CVE during the follow- up period in 
patients with no prior CVE at baseline.

Statistical analysis. Continuous variables were summa-
rized as the mean ± SD, and categorical data as the frequency. 
We used time- to- event analysis to assess the association between 
measures of carotid atherosclerosis and the occurrence of any 
CVE. The time from the date of the baseline ultrasound assess-
ment to the date of the first CVE was the response of interest; 
individuals who were event- free at the date at which they were last 
known to be alive were censored at that time point. The incidence 
rate (with 95% confidence interval [95% CI]) was calculated for the 
composite event of all confirmed CVEs.

We plotted the survival function of patients grouped accord-
ing to the distribution of plaques (plaque category) using the 
Kaplan- Meier product limit technique, and used the log- rank sta-
tistic to test significance. Cox proportional hazards models were 
used with any CVE as a primary outcome and major CVE as a 
secondary outcome. Univariate analysis first included each sono-
graphic measure of atherosclerosis as a single covariate in the 
regression model. Multivariable regression analyses were then 
performed by adding the FRS category as a covariate to each of 
the regression models, in addition to the sonographic measure 
of atherosclerosis. A sensitivity analysis was then conducted by 
restricting the analysis to patients with a major CVE.

Since atherosclerotic plaques and CIMT represent 2 sepa-
rate phenotypes of vessel wall abnormalities, we then performed 
a multivariable analysis that included TPA and mean CIMT in 
addition to FRS category in a single regression model to assess 
the independent predictive value of each one. To assess the pre-
dictive ability of the expanded model (vascular imaging data and 
FRS), we compared it with the base model (FRS alone) using 
the area under the receiver operating characteristic (ROC) curve 
(AUC) (with 95% CIs) at 5 years. The timeROC R function in R 
was used for this calculation.

To measure change in discriminative ability, we assessed 
the Integrated Discrimination Improvement (IDI). IDI denotes the 
average increase in absolute CVE risk estimates conferred by the 
expanded model in individuals who developed CVE outcomes 
plus the average decrease in absolute risk estimates in those 
who did not develop CVE outcomes. In addition, Net Reclassifi-

http://onlinelibrary.wiley.com/doi/10.1002/art.40925/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40925/abstract
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cation Improvement (NRI) was examined to determine the extent 
to which the expanded risk models reassigned individuals to risk 
categories that more correctly reflected whether or not that indi-
vidual developed CV outcomes. The IDI.INF function in the R 
survIDINRI package was used to calculate the IDI and NRI.

Multiple imputation (using PROC MI and PROC MIANALYZE 
in SAS) was used to impute missing data, in conjunction with the 
Cox proportional hazards model. The full conditional specification 
and predictive mean matching methods were specified as meth-
ods of imputation.

RESULTS

Characteristics of the patients. In total, 559 patients 
with PsD underwent an ultrasound assessment at baseline, 
between December 11, 2009 and December 9, 2015. These 
patients were followed up until December 31, 2017. The mean 

± SD duration of follow- up was 3.69 ± 1.9 years. The char-
acteristics of the study population are listed in Table  1. After 
searching the cohort database and the provincial hospitalization 
and death registries, we identified 42 patients who had experi-
enced a potential CVE during the follow- up period. Of these, 23 
patients developed CVEs that were confirmed by a cardiologist 

(19 events were classified as a major CVE).
The following events were recorded: 10 patients with MI (2 

fatal), 5 patients with stroke (1 fatal), 12 patients with revasculari-
zation, 3 patients with CHF exacerbation, 7 patients with angina, 
and 1 with TIA. Some of the patients developed more than 1 
event type simultaneously or during several occasions during the 
follow- up; however, only the first event was considered, and it 
was classified as either a major CVE or minor CVE according to 
the most severe type of event in cases in which several types of 
events occurred simultaneously. Nineteen events were excluded 
for the following reasons: 13 did not meet the definitions of a 

Table 1. Baseline characteristics of the study population by CV outcome*

Patients with incident CVEs 
(n = 23)

Patients without CVEs 
(n = 536)

Age, years 65.9 ± 11 55.8 ± 11.2
Sex, no. (%) male 14 (60.9) 297 (55.4)
PsA, no. (%) 21 (91.3) 355 (66.2)
PsC, no. (%) 2 (8.7) 181 (33.8)
Disease duration, years 33.4 ± 18.4 25.6 ± 14.2
Ethnicity, no. (%) white 21 (91.3) 464 (88.6)
Current smoking, no. (%) 3 (13) 77 (14.4)
FRS category, no. (%)

Low 3 (13) 304 (56.7)
Intermediate 5 (21.7) 122 (22.8)
High 15 (65.2) 110 (20.5)

Diabetes, no. (%) 5 (21.7) 38 (7.1)
Family history of CVEs, no. (%) 2 (8.7) 26 (4.9)
Use of antihypertensive medications, 

no. (%)
14 (60.9) 148 (27.6)

Use of antidiabetic medications, no. (%) 3 (13) 37 (6.9)
Use of lipid- lowering medications, 

no. (%)
10 (43.5) 91 (17)

Tender joint count† 2.5 ± 4.2 3.4 ± 5.9
Swollen joint count† 0.7 ± 1.6 1.1 ± 2.4
Damaged joint count† 12.1 ± 16.5 6.7 ± 11.2
BMI, kg/m2 29.1 ± 5.8 28.8 ± 5.9
Waist circumference, cm 100.4 ± 13.7 96.1 ± 14.7
PASI 2.4 ± 2.1 3.4 ± 5.0
Total cholesterol, mmoles/liter 5.0 ± 1.3 5 ± 1.0
Total triglycerides, mmoles/liter 1.8 ± 1.2 1.5 ± 0.9
LDL cholesterol, mmoles/liter 2.9 ± 1.1 2.9 ± 0.9
HDL cholesterol, mmoles/liter 1.3 ± 0.4 1.4 ± 0.5
Systolic blood pressure, mm Hg 132 ± 12 122 ± 15
Diastolic blood pressure, mm Hg 78 ± 9 77 ± 9
Use of methotrexate, no. (%) 9 (39.1) 167 (31.2)
Use of nonbiologic DMARDs, no. (%)‡ 5 (21.7) 67 (12.5)
Use of TNF inhibitors, no. (%) 6 (26.1) 173 (32.3)

* Except where indicated otherwise, values are the mean ± SD. CV = cardiovascular; CVEs = cardiovascular 
events; PsC = psoriasis without arthritis; FRS = Framingham Risk Score; BMI = body mass index; PASI = Pso-
riasis Area and Severity Index; LDL = low- density lipoprotein; HDL = high- density lipoprotein; TNF = tumor 
necrosis factor. 
† Only in patients with psoriatic arthritis (PsA). 
‡ Disease- modifying antirheumatic drugs (DMARDs) included methotrexate, leflunomide, sulfasalazine, hy-
droxychloroquine, cyclosporine, or azathioprine. 
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CVE after review of the medical records by the cardiologist, 5 
events occurred prior to the baseline visit, and 1 event could not 
be confirmed due to lack of records.

The mean ± SD TPA was 0.18 ± 0.30 cm2 and mean ± 
SD CIMT was 639 ± 136 μm. The majority of patients had ath-
erosclerotic plaques at baseline: 27% had unilateral plaques 
and 31.5% had bilateral plaques. Although no formal compar-
ison was performed, the burden of traditional CV risk factors 
and atherosclerosis at baseline was higher in patients who 
developed a CVE compared those who did not develop a CVE 

(Tables 1 and 2).
The calculated rate of developing a first CVE during the study 

period was 1.11 events per 100 patient- years (95% CI 0.74–1.67), 
and was 0.91 events per 100 patient- years (95% CI 0.57–1.43) 
for the calculated rate of a first major CVE during the study period. 
The Kaplan- Meier risk estimate showed that the risk of developing 
a CVE was significantly higher in patients with a higher burden of 
atherosclerotic plaques at baseline (those with bilateral plaques 
versus those with unilateral or no plaque) (Figure 1).

Association between carotid atherosclerosis and 
risk of CVEs. The univariate regression analysis that assessed 
the association between measures of atherosclerosis at baseline 
and incident CVEs showed a significant association between all 
measures of atherosclerosis and incident CVEs (Table 3). In the 
multivariable analysis after adjustment for FRS category, the asso-
ciation between atherosclerosis and incident CVEs was attenu-
ated, but remained statistically significant for most measures of 
atherosclerosis, including the TPA, maximal CIMT, and high TPA 
category. Analysis of the secondary study outcome, a major CVE, 

showed essentially similar results (Table 3).
We then performed a multivariable regression analysis of 

the association between carotid atherosclerosis and the inci-
dent CVEs of TPA and mean CIMT with the addition of the FRS 
category, to assess the independent predictive value of each of 
these sonographic measures of atherosclerosis. The effect size 
was slightly attenuated for both TPA and CIMT. Nevertheless, the 
association remained statistically significant for the TPA (HR 2.85, 

95% CI 1.19–6.82; P = 0.02), but was no longer significant for the 
mean CIMT (HR 1.12, 95% CI 0.93–1.34), suggesting that TPA is 
a stronger predictor of CVEs than CIMT.

Comparison of the base model and expanded 
 prediction model. To assess whether the addition of imaging 
data improved the predictive ability of the FRS alone, the esti-
mated AUC of the base model (FRS alone) was compared to that 
of the expanded model (FRS plus a measure of atherosclerosis) 
at 5 years. The ROC curves for the base and expanded models 
are shown in Figure 2. The 5- year model showed a significant dif-
ference between the estimated AUC based on a model with FRS 
alone (AUC 0.81) and the estimated AUC based on an expanded 
risk model that included the mean IMT plus the FRS (AUC 0.84; 
P = 0.046) and one that included the maximal IMT plus the FRS 
(AUC 0.84; P = 0.039). The difference between the AUC of the 
base model and that of the expanded models with TPA, plaque 
category, and TPA category showed statistically nonsignificant 
trends toward improvement in predictive abilities.

Improvement of the predictive ability of the FRS in the 
expanded model was further assessed according to its ability 
to correctly reclassify high- risk patients above the treatment 
threshold and low- risk patients below the treatment threshold. 

Table 2. Carotid ultrasound findings in the study population by CV outcome*

Patients with incident CVEs 
(n = 23)

Patients without CVEs 
(n = 536)

All 
(n = 559)

TPA, cm2 0.52 ± 0.61 0.17 ± 0.28 0.18 ± 0.30
Mean CIMT, μm 766 ± 227 633 ± 129 639 ± 136
Maximum CIMT, μm 851 ± 351 681 ± 165 687 ± 180
Plaque category, no. (%)

No plaques 4 (17.4) 228 (42.5) 232 (41.5)
Unilateral plaque 3 (13) 148 (27.6) 151 (27)
Bilateral plaques 16 (69.6) 160 (29.9) 176 (31.5)

TPA category, no. (%)
Low (TPA <0.21 cm2) 8 (34.8) 387 (72.2) 395 (70.6)
High (TPA ≥0.21 cm2) 15 (65.2) 149 (27.8) 164 (29.3)

* Except where indicated otherwise, values are the mean ± SD. CV = cardiovascular; CVEs = cardiovascular events; 
TPA = total plaque area; CIMT = carotid intima- media thickness. 

Figure  1. Occurrence of cardiovascular (CV) events by plaque 
category over time in patients with psoriatic disease.
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We applied the treatment threshold recommended by the Cana-
dian Cardiovascular Society Guidelines for the management of 
dyslipidemia, which is a treatment threshold of 10% (35). The 
results are shown in Table 4. The IDI for discriminative ability was 
significantly improved for the expanded models that included the 
FRS along with the TPA, mean IMT, or maximal IMT (all P < 0.05), 
while the NRI was improved only for the expanded model that 

included maximal IMT (P = 0.03).

DISCUSSION

This study demonstrates that increased atherosclerotic 
plaque burden is associated with incident CVEs in patients 

with PsD. This atherosclerotic burden as estimated by carotid 
 ultrasound can improve the prediction of CVEs in patients with 
PsD, when combined with the FRS as a prediction tool. Thus, 
such an approach has the potential to improve CV risk estima-
tion and stratification in this patient population.

The elevated CV risk in patients with PsD is partially attrib-
uted to the high prevalence of traditional CV risk factors, but also 
to the effect of systemic inflammation related to the skin and the 
joint disease (6–9). As expected, the results of our study support 
the notion that the presence of atherosclerotic plaque and higher 
plaque burden is associated with increased CV risk, and that 
atherosclerosis is one of the primary underlying mechanisms 
leading to CVEs in patients with PsD (36,37). Therefore, assess-

Table 3. Association between baseline carotid atherosclerosis and incident CVEs as determined in Cox proportional hazards models*

Univariate analysis Adjusted for FRS

All CVEs 
(n = 559;  

no. events = 23)

Major CVEs 
(n = 559;  

no. events = 19)

All CVEs 
(n = 559;  

no. events = 23)

Major CVEs 
(n = 559;  

no. events = 19)
TPA (in cm2) 6.79 (3.46–13.34) [<0.001] 6.40 (3.02–13.53) [<0.001] 3.56 (1.60–7.76) [0.002] 3.74 (1.55–8.85) [0.003]
Mean CIMT (in μm)† 1.35 (1.19–1.52) [<0.001] 1.34 (1.17–1.54) [<0.001] 1.20 (1.04–1.39) [0.01] 1.21 (1.03–1.42) [0.02]
Maximal CIMT (in μm)† 1.18 (1.09–1.27) [<0.001] 1.18 (1.08–1.28) [<0.001] 1.11 (1.01–1.21) [0.02] 1.11 (1.01–1.22) [0.03]
Plaque category

Unilateral vs. none 1.07 (0.24–4.77) [0.93] 1.08 (0.24–4.81) [0.92] 0.74 (0.16–3.32) [0.69] 0.76 (0.17–3.49) [0.73]
Bilateral vs. none 5.36 (1.79–16.02) [0.003] 3.98 (1.28–12.33) [0.02] 2.61 (0.84–8.17) [0.10] 2.07 (0.63–6.75) [0.23]

TPA category, high vs. low 4.83 (2.05–11.41) [<0.001] 5.55 (2.11–14.62) [<0.001] 2.03 (1.03–6.17) [0.04] 3.25 (1.18–8.95) [0.02]
* Values are the hazard ratio (95% confidence interval) [P]. FRS = Framingham Risk Score; CVEs = cardiovascular events; TPA = total plaque area; 
CIMT = carotid intima- media thickness. 
† Per 100- unit increase. 

Figure 2. Comparison of the predictive ability of the base model (Framingham Risk Score [FRS] category alone) and expanded model (FRS 
category plus carotid imaging) for prediction of cardiovascular events in patients with psoriatic disease, including the total plaque area (TPA) (A), 
category of TPA (high versus low, with high defined as >0.21 cm2) (B), plaque category (no plaques, unilateral plaque, or bilateral plaques) (C), 
mean carotid intima- media thickness (IMT) (D), and maximal IMT (E). AUC = area under the receiver operating characteristics curve.
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ing the burden of atherosclerosis provides a global estimation of 
the combined effect of traditional and disease- related factors on 
the vasculature system, which has a potential of improving CV 
risk stratification in patients with PsD beyond clinical risk algo-
rithms that rely solely on traditional CV risk factors.

Clinical practice guidelines consider vascular imaging to be 
a potentially useful way of improving CV risk assessment and 
serve as a guide for initiating or deferring preventive therapies 
(38). Although most guidelines refer to quantification of coronary 
artery calcification in the assessment of CV risk, atherosclerosis 
in the carotid artery, as evaluated by the presence of plaques, 
as well as the TPA or the CIMT can also serve as predictors of 
CVEs in the general population (24,32,39). In general, the bur-
den of atherosclerotic plaques has been found to be a stronger 
predictor of CVEs than the CIMT, which is in accordance to our 
findings (40).

There are little data about the predictive utility of carotid ultra-
sound in estimating CV risk in patients with rheumatic diseases. 
The largest study thus far conducted evaluated 636 patients with 
RA (66 events) who were followed up for up to 4 years (25). The 
presence of unilateral carotid plaque, presence of bilateral carotid 
plaques, and CIMT were associated with a 2.54- , 5.89- , and 1.31- 
fold increased risk of developing incident CVEs, respectively, after 
controlling for traditional CV risk factors. In another smaller study 
that included 114 patients with RA (17 incident events) who were 
followed up for 5 years, the presence of bilateral carotid plaques 
was predictive of CVEs in univariate analysis, but the associa-
tion was no longer significant after controlling for age, probably 
because the sample size was small (41). To the best of our knowl-
edge, this is the first study to assess the utility of various measures 
of carotid atherosclerosis for the prediction of CVEs in patients 
with psoriasis and PsA. The results of our study are concordant 
with previous findings in RA and suggest that carotid ultrasound 

documentation of atherosclerosis could serve as a surrogate 
measure of clinical CVEs in patients with PsD. Although there is 
more literature about the ability of carotid ultrasound to predict 
CVEs in the general population, it is challenging to compare the 
results of these studies to ours. Some of the limitations include 
different scanning protocols, various scores used to quantify ath-
erosclerotic plaques, differences in clinical outcomes, and other 
confounders. Considering these limitations, the effect size found 
in our study for TPA measurements is within the range reported in 
large population- based studies from Norway and the US (32,42).

An accurate CV risk algorithm to inform CV risk factor man-
agement and enhance primary prevention in PsD is highly de -
sirable. However, traditional algorithms do not consider other 
factors that may contribute to increased CV risk in patients with 
rheumatic disease, and tend to underestimate the CV risk (18–20). 
In RA, attempts to develop a disease- specific clinical prediction 
score by including measures of disease activity or applying a mul-
tiplication factor of 1.5 to the calculated risk have not been proven 
to significantly improve prediction compared to conventional risk 
algorithms (43). Another attempt included the development of a 
disease- specific risk score that combines traditional CV risk fac-
tors and measures of disease activity in RA (44). In systemic lupus 
erythematosus, however, a modified FRS with a multiplier of 2 
more accurately predicted coronary artery disease, suggesting 
that additional variables may enhance risk prediction (45). Simi-
larly, a multiplication factor of 1.5 applied to the calculated risk in 
patients with PsA was shown to correlate with CV risk as mea-
sured by coronary computed tomography angiography (46).

The use of vascular imaging, in particular ultrasound of the 
carotid arteries, has been proposed as a means to improve CV 
risk stratification in the recent European League Against Rheu-
matism recommendations (10). However, this recommendation 
was restricted to patients with RA, due to a lack of evidence in 
other rheumatic diseases. The results of our study support the use 
of carotid ultrasound to improve risk stratification in patients with 
PsD. The addition of imaging data improved the properties of the 
prediction model beyond the FRS.

The advantage of ultrasound over other modalities for vascu-
lar imaging includes lack of radiation, low cost of the examination, 
and its widespread use in rheumatology for joint evaluation. Thus, 
this assessment could potentially be performed “at the bedside” 
during consultation to provide immediate valuable information to 
complement clinical data from the medical history review, physi-
cal examination, and laboratory data. This strategy may be most 
useful in patients categorized by traditional scoring algorithms into 
an intermediate risk group, for whom physicians may be uncertain 
as to the potential benefit of initiating and/or up- titrating pharma-
cotherapy for aggressive CV risk factor management. However, it 
should be noted that only the IMT measurement provided incre-
mental predictive accuracy, as indicated by the AUC and NRI, 
when compared to a base model that including only the FRS. This 
may be related to the small number of CVE outcomes.

Table 4. Reclassification properties of each predictor in the 559 
patients with psoriatic disease (23 events)*

Predictor, method Estimate 95% CI P (1- sided)
TPA

IDI 0.09 0.003, 0.24 0.03
NRI 0.18 −0.12, 0.45 0.15

Mean IMT
IDI 0.07 0.009, 0.16 0.007
NRI 0.18 −0.02, 0.44 0.07

Maximal IMT
IDI 0.06 0.02, 0.15 <0.001
NRI 0.29 0.003, 0.47 0.03

Plaque category
IDI 0.02 −0.004, 0.12 0.11
NRI 0.39 −0.11, 0.59 0.13

TPA category
IDI 0.007 −0.008, 0.09 0.33
NRI 0.43 −0.32, 0.62 0.23

* 95% CI = 95% confidence interval; TPA = total plaque area; IDI = 
Integrated Discrimination Improvement; NRI = Net Reclassification 
Index; IMT = intima- media thickness. 
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Our study has several limitations. There was a small num-
ber of CVEs (23 events) in the sample, leading to large standard 
errors for the measures of predictive accuracy (AUC) and leading 
to improvement in models that included both clinical and imaging 
data. However, it is important to note that this is the largest study 
to date to investigate the use of imaging to improve CV risk strati-
fication in the PsD population. Another limitation is the fact that we 
evaluated only structural aspects of atherosclerosis burden, while 
other measures, such as plaque vulnerability and vascular inflam-
mation, which may also affect the risk of developing a clinical CVE, 
were not assessed in this study, although such techniques are 
likely to have limited clinical utility.

The primary strengths of our study include the careful phe-
notyping of clinical risk factors and CV outcomes, which were 
reviewed and confirmed by a cardiologist. We have assessed 
various phenotypes of atherosclerosis and have provided useful 
cutoff points for plaque classification, which may assist with CV 
risk stratification. These will need to be validated, however, in inde-
pendent cohorts.

In conclusion, the results of this study suggest that the bur-
den of carotid atherosclerosis, as detected and quantified by 
ultrasound, is predictive of future incident CVEs in patients with 
PsD independent of a traditional clinical CV risk prediction algo-
rithm. Combining vascular imaging data with clinical and labo-
ratory measures of traditional CV risk factors could improve the 
accuracy of CV risk stratification in patients with PsD and facilitate 
earlier initiation of appropriate treatment to reduce CVEs in this 
population.
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Responsiveness of Serum C- Reactive Protein,  
Interleukin- 17A, and Interleukin- 17F Levels to Ustekinumab 
in Psoriatic Arthritis: Lessons From Two Phase III, 
Multicenter, Double- Blind, Placebo- Controlled Trials
Stefan Siebert,1 Kristen Sweet,2 Bidisha Dasgupta,2 Kim Campbell,2 Iain B. McInnes,1  and Matthew J. Loza2

Objective. To evaluate the associations of C- reactive protein (CRP) and circulating Th17- associated cytokine 
levels with psoriatic arthritis (PsA) disease activity and therapeutic response to ustekinumab.

Methods. Interleukin- 17A (IL- 17A), IL- 17F, IL- 23, and CRP concentrations were measured in serum samples col-
lected as part of the 2 PSUMMIT phase III studies of ustekinumab in PsA (n = 927). In post hoc analyses, relationships 
of IL- 17A, IL- 17F, and CRP levels at baseline, week 4, and week 24 with baseline skin and joint disease activity and 
response to therapy were evaluated using generalized linear models and Pearson’s product- moment correlation tests.

Results. Baseline serum levels of IL- 17A and IL- 17F were positively correlated with baseline skin disease scores 
(r = 0.39–0.62). IL- 23 levels were correlated with skin disease scores to a lesser extent (r = 0.26–0.31). No significant 
correlations were observed between these cytokine or CRP levels and baseline joint disease activity. There was no 
significant association of baseline levels of IL- 17A, IL- 17F, IL- 23, or CRP with therapeutic response to ustekinumab in 
either the skin or joints. Significant reductions from baseline in levels of IL- 17A, IL- 17F, and CRP were seen in patients 
treated with ustekinumab compared to those treated with placebo. Ustekinumab- treated patients in whom 75% im-
provement in the Psoriasis Area and Severity Index score or 20% improvement according to the American College 
of Rheumatology criteria was achieved after 24 weeks of treatment had greater reductions in CRP level (geometric 
mean decreases of 51–58% versus 32–33%; P < 0.05), but not IL- 17A or IL- 17F levels, than nonresponders.

Conclusion. Baseline serum IL- 23/IL- 17 levels correlated with skin, but not joint, disease activity, suggesting 
tissue- specific variation. However, neither baseline Th17- associated cytokine levels nor CRP level were predictive 
of therapeutic response to ustekinumab in the skin or joints, despite rapid reductions in their levels following usteki-
numab therapy.

INTRODUCTION

Psoriatic arthritis (PsA) is part of the spondyloarthritis 
spectrum and affects 10–30% of people with psoriasis (1). 
Patients with PsA may have enthesitis, synovitis, and osteitis, 
in addition to variable skin involvement, resulting in a highly 
heterogeneous clinical presentation. Therapeutic options for 
psoriasis and PsA were limited until the development of bio-

logic drugs, including tumor necrosis factor (TNF) inhibitors, 
antibodies targeting the interleukin- 12 (IL- 12)/IL- 23/Th17 
pathway (including ustekinumab, guselkumab, secukinumab, 
and ixekizumab), and JAK inhibitors, that facilitated specific 
immune intervention and transformed disease management 
and outcomes.

Despite these advances, there remains significant unmet 
need in the management of PsA, with many patients exhibiting 
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no or only partial response to available therapies, or a dichoto-
mous response in the skin and musculoskeletal system. More-
over, no clear predictive biomarkers of response to therapy exist 
as yet, though clearly they would confer value in defining those 
patients most likely to benefit from a given intervention.

Clinical trials using targeted biologic therapies offer an 
opportunity to identify potential theranostic biomarkers and 
better understand underlying inflammatory processes that 
drive disease in humans. Two PSUMMIT phase III studies 
demonstrated the efficacy of ustekinumab, a human IgG1κ 
monoclonal antibody that binds to the p40 subunit common 
to both IL- 12 and IL- 23, for treatment of the cutaneous and 
musculoskeletal components of PsA (2,3), significant inhi-
bition of radiographic progression of joint damage (4), and 
improvement in patient- reported outcomes (5). Serum sam-
ples were collected as part of these studies to allow the further 
characterization of Th17- associated cytokines in PsA and the 
effects of IL- 12/IL- 23 inhibition with ustekinumab on the levels 
of these cytokines.

The objective of the analyses reported here was to evalu-
ate the association of serum levels of Th17- associated cytokines 
with PsA disease activity, the pharmacodynamic impact of 
ustekinumab on serum levels of these cytokines, and whether 
this was correlated with therapeutic response.

PATIENTS AND METHODS

Study design and participants. Detailed descriptions 
of the phase III, multicenter, double- blind, placebo- controlled 
PSUMMIT 1 (ClinicalTrials.gov identifier: NCT01009086) and 
PSUMMIT 2 (ClinicalTrials.gov identifier: NCT01077362) study 
designs, patient populations, and results have been reported 
elsewhere (2,3). Briefly, in both studies, patients with active 
PsA were randomly assigned (1:1:1) to receive ustekinumab 45 
mg, ustekinumab 90 mg, or placebo at baseline, week 4, and 
every 12 weeks thereafter. PSUMMIT 1 included only patients 
who were naive to TNF biologic therapies (n = 615), whereas 
PSUMMIT 2 included both anti- TNF–naive patients (n = 132) 
and anti- TNF–exposed patients (n = 180). The primary end point 
in both studies was the proportion of participants with at least 
20% improvement in disease activity according to the American 
College of Rheumatology response criteria (ACR20) at week 24. 
Clinical changes in skin disease were evaluated using a week- 
24 end point of at least 75% improvement in the Psoriasis Area 
and Severity Index (PASI75). For biomarker analyses, patients 
in whom less than a 50% improvement in PASI (PASI50) was 
achieved were considered inadequate responders and were the 
reference group for comparison to PASI75 responders.

Biomarker assays and analyses. Serum IL- 17A and IL- 
17F protein levels were assayed at weeks 0, 4, and 24 in the 
PSUMMIT 1 study and at weeks 0 and 4 in the PSUMMIT 2 

study. Serum C- reactive protein (CRP) levels were measured at 
weeks 0, 4, and 24 in both studies. Because of limited available 
sample volumes, IL- 23 was assayed in the PSUMMIT 2 study 
only. Due to the inability of the assay to distinguish between free 
IL- 23 and IL- 23 bound by ustekinumab, only baseline levels of 
IL- 23 were measured. Samples were assayed using Single Mol-
ecule Counting Human Immunoassay Kits (MilliporeSigma [for-
merly Singulex]) for IL- 17A, IL- 17F, and IL- 23 and CardioPhase 
high- sensitivity CRP assay (performed centrally at Covance) for 
CRP. Samples from PSUMMIT 1 and PSUMMIT 2 were assayed 
independently in separate batches.

Statistical analysis. Levels of serum protein biomarkers 
generally had log- normal distributions and were log2- transformed 
for statistical analyses and data display. The significance of the 
differences between groups was evaluated by generalized linear 
model analyses, and P values less than 0.05 were considered 
significant. The significance of the correlations between variables 
was evaluated by Pearson’s product- moment correlation test, 
with significance defined as a P value of less than 0.05 and cor-
relation coefficient r of greater than 0.25 or less than −0.25. Data 
from the 2 studies were analyzed independently.

RESULTS

Correlation between baseline serum cytokine 
 levels and clinical characteristics. The baseline charac-
teristics of the PSUMMIT 1 and PSUMMIT 2 study populations 
have been reported previously and are shown in Supplementary 
Table 1, available on the Arthritis & Rheumatology web site at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.40921/ abstract. 
Clinical outcomes of the 2 trials are shown in Supplementary 
Table 2, available on the Arthritis & Rheumatology web site at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.40921/ abstract. 
The relationship between serum CRP, IL- 17A, IL- 17F, and IL- 23 
levels at the baseline (week 0) study visit (before the first dose of 
study agent was administered) and the skin and joint scores at 
that visit was evaluated. Baseline serum levels of IL- 17A and IL- 
17F were positively correlated with clinical skin disease scores, 
as measured by body surface area and PASI, in both PSUM-
MIT studies, with correlations ranging from r = 0.39 to r = 0.62 
(Table  1). Correlations of IL- 23 level with PASI and body sur-
face area were also observed, to a lesser degree (r = 0.26 and 
r = 0.31, respectively) (Table 1). However, there were no signifi-
cant correlations observed between the levels of these cytokines 
and baseline joint disease activity as measured by swollen and 
tender joint counts (r = −0.04–0.18) (Table 1). Serum CRP lev-
els were not significantly correlated with either baseline joint or 
skin disease activity (r = 0.04–0.19). As expected for variables 
with short half- lives, there was no significant correlation of any of 
these 4 serum biomarkers with the duration of PsA or psoriasis 

(r = −0.12–0.15).

http://onlinelibrary.wiley.com/doi/10.1002/art.40921/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40921/abstract


SIEBERT ET AL 1662       |

Ta
b

le
 1

. 
C

or
re

la
tio

n 
be

tw
ee

n 
ba

se
lin

e 
cl

in
ic

al
 c

ha
ra

ct
er

is
tic

s 
an

d 
ba

se
lin

e 
le

ve
ls

 o
f s

er
um

 b
io

m
ar

ke
rs

 in
 p

at
ie

nt
s 

w
ith

 p
so

ria
tic

 a
rt

hr
iti

s 
in

 th
e 

P
S

U
M

M
IT

 1
 a

nd
 P

S
U

M
M

IT
 2

 s
tu

di
es

*

CR
P

IL
- 1

7A
IL

- 1
7F

IL
- 2

3

r
P

n
r

P
n

r
P

n
r

P
n

PS
U

M
M

IT
 1

 s
tu

dy
Bo

dy
 s

ur
fa

ce
 a

re
a

0.
06

0.
13

01
61

4
0.

42
†

<0
.0

00
1

47
4

0.
57

†
<0

.0
00

1
23

7
N

A
N

A
N

A
PA

SI
0.

09
0.

02
53

61
5

0.
39

†
<0

.0
00

1
47

4
0.

56
†

<0
.0

00
1

23
7

N
A

N
A

N
A

Sw
ol

le
n 

jo
in

t c
ou

nt
 in

 6
6 

jo
in

ts
0.

09
0.

02
41

61
5

0.
02

0.
60

25
47

4
0.

07
0.

28
03

23
7

N
A

N
A

N
A

Te
nd

er
 jo

in
t c

ou
nt

 in
 6

8 
jo

in
ts

0.
05

0.
17

50
61

5
0.

11
0.

01
43

47
4

0.
18

0.
00

44
23

7
N

A
N

A
N

A
Sw

ol
le

n 
jo

in
t c

ou
nt

 in
 2

8 
jo

in
ts

0.
11

0.
00

65
61

5
−0

.0
4

0.
39

89
47

4
−0

.0
3

0.
61

24
23

7
N

A
N

A
N

A
Te

nd
er

 jo
in

t c
ou

nt
 in

 2
8 

jo
in

ts
0.

04
0.

28
18

61
5

0.
06

0.
22

32
47

4
0.

09
0.

15
81

23
7

N
A

N
A

N
A

Ps
or

ia
tic

 a
rt

hr
iti

s 
du

ra
tio

n
0.

07
0.

09
36

61
5

0.
08

0.
06

76
47

4
0.

06
0.

35
05

23
7

N
A

N
A

N
A

Ps
or

ia
si

s 
du

ra
tio

n
0.

00
0.

97
49

61
5

0.
09

0.
04

87
47

4
0.

15
0.

02
04

23
7

N
A

N
A

N
A

PS
U

M
M

IT
 2

 s
tu

dy
Bo

dy
 s

ur
fa

ce
 a

re
a

0.
17

0.
00

25
31

1
0.

56
†

<0
.0

00
1

31
0

0.
54

†
<0

.0
00

1
29

8
0.

31
†

<0
.0

00
1

30
6

PA
SI

0.
17

0.
00

25
30

8
0.

62
†

<0
.0

00
1

30
7

0.
56

†
<0

.0
00

1
29

5
0.

26
†

<0
.0

00
1

30
3

Sw
ol

le
n 

jo
in

t c
ou

nt
 in

 6
6 

jo
in

ts
0.

19
0.

00
10

31
2

0.
11

0.
05

79
31

0
0.

15
0.

01
13

29
8

0.
08

0.
18

90
30

6
Te

nd
er

 jo
in

t c
ou

nt
 in

 6
8 

jo
in

ts
0.

13
0.

02
19

31
2

0.
09

0.
11

10
31

0
0.

12
0.

04
10

29
8

−0
.0
1

0.
82

61
30

6
Sw

ol
le

n 
jo

in
t c

ou
nt

 in
 2

8 
jo

in
ts

0.
14

0.
01

34
31

2
0.

00
0.

94
05

31
0

0.
03

0.
55

60
29

8
0.

03
0.

62
98

30
6

Te
nd

er
 jo

in
t c

ou
nt

 in
 2

8 
jo

in
ts

0.
14

0.
01

61
31

2
0.

05
0.

40
23

31
0

0.
08

0.
16

33
29

8
−0

.0
3

0.
54

38
30

6
Ps

or
ia

tic
 a

rt
hr

iti
s 

du
ra

tio
n

0.
07

0.
23

77
31

2
0.

01
0.

81
52

31
0

−0
.0
2

0.
77

28
29

8
−0

.12
0.

04
06

30
6

Ps
or

ia
si

s 
du

ra
tio

n
0.

08
0.

18
33

31
2

0.
03

0.
56

54
31

0
0.

04
0.

48
30

29
8

−0
.0
9

0.
10

05
30

6
* 

Co
rr

el
at

io
ns

 w
er

e 
de

te
rm

in
ed

 b
y 

Pe
ar

so
n’

s 
pr

od
uc

t- m
om

en
t c

or
re

la
tio

n 
te

st
. C

RP
 =

 C
- r

ea
ct

iv
e 

pr
ot

ei
n;

 IL
- 1

7A
 =

 in
te

rle
uk

in
- 1

7A
; N

A 
= 

no
t a

pp
lic

ab
le

; P
AS

I =
 P

so
ria

si
s 

Ar
ea

 a
nd

 S
ev

er
ity

 
In

de
x.

 
† 

Si
gn

ifi
ca

nt
 c

or
re

la
tio

n 
(r

 >
 0

.2
5 

or
 r 

< 
−0

.2
5)

. 



RESPONSIVENESS OF CRP, IL- 17A, AND IL- 17F TO USTEKINUMAB IN PsA |      1663

Distributions of the baseline serum biomarker levels did not 
differ significantly among subclassifications of PsA, including 
asymmetric peripheral arthritis, distal interphalangeal joint arthri-
tis, polyarticular arthritis, and spondylitis with peripheral arthritis 
(Supplementary Figure 1, Arthritis & Rheumatology web site at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.40921/ abstract).

Lack of correlation between baseline serum cytokine 
levels and response to therapy. The associations of base-
line serum levels of IL- 17A, IL- 17F, IL- 23, and CRP with clinical 
response at week 24 were evaluated. Regardless of whether 
response was measured by skin improvement (PASI75 respond-
ers compared to PASI50 nonresponders at week 24)  (Figure  1)  

Figure 1. Association of Psoriasis Area and Severity Index (PASI) response at week 24 with baseline serum biomarker levels in patients with 
psoriatic arthritis treated with placebo (PBO), ustekinumab (UST) 45 mg, or ustekinumab 90 mg and classified as those in whom less than 50% 
improvement in the PASI was achieved (PASI50 nonresponders [PASI50- NR]) and those in whom at least 75% improvement in the PASI was achieved 
(PASI75 responders [PASI75- R]). A, Baseline (week 0) serum levels of C- reactive protein (CRP), interleukin- 17A (IL- 17A), and IL- 17F in patients in the 
PSUMMIT 1 trial. B, Baseline serum levels of CRP, IL- 17A, IL- 17F, and IL- 23 in patients in the PSUMMIT 2 trial. Data are shown as box plots. Each 
box represents the upper and lower interquartile range. Lines inside the boxes represent the median. Whiskers represent the range. Symbols inside 
the boxes represent the mean. Patients with an intermediate response between PASI50 and PASI75 were not included. See Supplementary Table 2, 
available on the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.40921/ abstract, for sample sizes.

http://onlinelibrary.wiley.com/doi/10.1002/art.40921/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40921/abstract
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or joint symptom improvement (ACR20 responders compared to 
nonresponders at week 24) (Figure 2), there were no significant 
associations of response to therapy with baseline levels of IL- 17A, 
IL- 17F, CRP, or IL- 23 in either the ustekinumab or placebo arms.

Pharmacodynamic changes in serum biomarker 
 levels. We next evaluated biomarker concentrations over time 
after drug exposure. At week 4, there was a significant reduc-
tion from baseline in levels of IL- 17A, IL- 17F, and CRP in the 

Figure 2. Association of American College of Rheumatology criteria for 20% improvement in disease activity (ACR20) response at week 
24 with baseline serum biomarker levels in patients with psoriatic arthritis treated with placebo, ustekinumab 45 mg, or ustekinumab 90 mg 
and classified as those in whom an ACR20 response was not achieved (ACR20 nonresponders [ACR20- NR]) and those in whom an ACR20 
response was achieved (ACR20 responders [ACR20- R]). A, Baseline (week 0) serum levels of CRP, IL- 17A, and IL- 17F in patients in the 
PSUMMIT 1 trial. B, Baseline serum levels of CRP, IL- 17A, IL- 17F, and IL- 23 in patients in the PSUMMIT 2 trial. Data are shown as box plots. 
Each box represents the upper and lower interquartile range. Lines inside the boxes represent the median. Whiskers represent the range. 
Symbols inside the boxes represent the mean. See Supplementary Table 2, available on the Arthritis & Rheumatology web site at http://onlin 
elibr ary.wiley.com/doi/10.1002/art.40921/ abstract, for sample sizes. See Figure 1 for other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.40921/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40921/abstract


RESPONSIVENESS OF CRP, IL- 17A, AND IL- 17F TO USTEKINUMAB IN PsA |      1665

 ustekinumab treatment arms compared to the placebo arm in 
both the  PSUMMIT 1 and PSUMMIT 2 studies (P < 0.05), with 
geometric mean decreases ranging from 18% to 35% for CRP 
level, 24% to 44% for IL- 17A level, and 27% to 38% for IL- 17F 
level in the ustekinumab treatment arms (Figure 3 and Supplemen-
tary Table 3, available on the Arthritis & Rheumatology web site 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.40921/ abstract). 
Further decreases in CRP level were observed at week 24 in both 
studies, and remained significantly different from changes in the 
placebo arm (P < 0.05). Levels of IL- 17A and IL- 17F at week 24 
(measured in the PSUMMIT 1 study only) remained decreased 
in both ustekinumab treatment arms, though the difference from 
the change in the placebo arm was significant only for IL- 17F in 
the ustekinumab 90 mg arm (P = 0.038) (Figure 3A). Thus, the 
p40 pathway is functionally linked to the elaboration of cytokine 
expression and the acute- phase response in PsA. The extent of 
changes in IL- 17A, IL- 17F, and CRP levels after 4 or 24 weeks 
of treatment with ustekinumab did not differ significantly among 
subclassifications of PsA (Supplementary Figure 2, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.40921/ abstract).

Correlation between pharmacodynamic changes in 
serum biomarker levels and clinical response. We next 
assessed whether pharmacodynamic changes in serum biomarker 
levels were distinct in clinical responders in the ustekinumab treat-
ment arms. Because of the reduced sample sizes available in this 
subgroup analysis and the similar pharmacodynamic changes 
for both ustekinumab arms, the 45 mg and 90 mg ustekinumab 
treatment arms were combined to improve statistical power. For 
ustekinumab- treated subjects in both PSUMMIT studies, CRP level 
decreased from baseline to week 24 both in patients in whom a 
PASI75 response was achieved and in those in whom a PASI50 
response was not achieved (nonresponders), but with a significantly 
greater reduction in the PASI75 responders than in the PASI50 non-
responders (geometric mean decreases of 58% versus 33% in the 
PSUMMIT 1 study and 51% versus 32% in the PSUMMIT 2 study; 
P < 0.05)  (Figure  4). This difference between clinical response 
groups was not apparent at week 4. IL- 17A levels were significantly 
decreased in PASI75 responders versus PASI50 nonresponders at 
week 4 in the PSUMMIT 2 study (geometric mean decreases of 
50% versus 28%; P = 0.0054), but not at either week 4 or week 
24 in the PSUMMIT 1 study  (Figure 4). Changes in IL- 17F levels 

Figure 3. Pharmacodynamic changes in serum biomarker levels in patients with psoriatic arthritis treated with placebo, ustekinumab 45 mg, 
or ustekinumab 90 mg. A, Changes from baseline (week 0) to weeks 4 and 24 in CRP, IL- 17A, and IL- 17F levels in patients in the PSUMMIT 
1 trial. B, Changes from baseline to weeks 4 and 24 in CRP level and from baseline to week 4 in IL- 17A and IL- 17F levels in patients in the 
PSUMMIT 2 trial. Horizontal lines and error bars show the mean ± SEM. * = P < 0.05, ustekinumab 45 mg versus placebo; † = P < 0.05, 
ustekinumab 90 mg versus placebo. See Supplementary Table 3, available on the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.40921/ abstract, for samples sizes and statistical data. See Figure 1 for definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.40921/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40921/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40921/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40921/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40921/abstract
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were not significantly different in PASI75 responders  compared to 
PASI50 nonresponders in either study.

Similarly, ustekinumab- treated subjects in whom an ACR20 
response was achieved had significantly greater reductions 

from baseline in CRP level, compared to ACR20 nonrespond-
ers, at  week 24 in both studies (geometric mean decreases 
of 64% versus 38% in the PSUMMIT 1 study and 59% versus 
28% in the PSUMMIT 2 study; P < 0.05) and at week 4 in the 

Figure 4. Association of PASI response at weeks 4 and 24 with changes in serum biomarker levels in patients with psoriatic arthritis treated with 
ustekinumab and classified as those in whom less than 50% improvement in the PASI was achieved (PASI50 nonresponders) and those in whom at 
least 75% improvement in the PASI was achieved (PASI75 responders). Patients receiving ustekinumab 45 mg and those receiving ustekinumab 90 mg 
were combined into one group. A, Changes from baseline (week 0) to weeks 4 and 24 in CRP, IL- 17A, and IL- 17F levels in patients in the PSUMMIT 1 trial.  
B, Changes from baseline to weeks 4 and 24 in CRP level and from baseline to week 4 in IL- 17A and IL- 17F levels in patients in the PSUMMIT 
2 trial. Data are shown as box plots. Each box represents the upper and lower interquartile range. Lines inside the boxes represent the median. 
Whiskers represent the range. Symbols inside the boxes represent the mean. Patients with an intermediate response between PASI50 and PASI75 
were not included. See Supplementary Table 4, available on the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.40921/ abstract, for sample sizes. * = P < 0.05 versus 0 (no change) in the same response group at the indicated time point; † = P < 0.05 
versus PASI50 nonresponders at the same time point. See Figure 1 for definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.40921/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40921/abstract
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PSUMMIT 1 study only (40% versus 24% decrease; P < 0.05) 
(Figure 5). Changes in serum levels of IL- 17A and IL- 17F were 
not  associated with ACR20 response to ustekinumab in either 
study (Figure 5).

DISCUSSION

The results presented herein have clinical and drug devel-
opment implications. While serum IL- 17A, IL- 17F, and IL- 23 

Figure 5. Association of American College of Rheumatology criteria for 20% improvement in disease activity (ACR20) response at weeks 4 
and 24 with changes in serum biomarker levels in patients with psoriatic arthritis treated with ustekinumab and classified as those in whom an 
ACR20 response was not achieved and those in whom an ACR20 response was achieved. Patients receiving ustekinumab 45 mg and those 
receiving ustekinumab 90 mg were combined into one group. A, Changes from baseline (week 0) to weeks 4 and 24 in CRP, IL- 17A, and IL- 
17F levels in patients in the PSUMMIT 1 trial. B, Changes from baseline to weeks 4 and 24 in CRP level and from baseline to week 4 in IL- 17A 
and IL- 17F levels in patients in the PSUMMIT 2 trial. Data are shown as box plots. Each box represents the upper and lower interquartile range. 
Lines inside the boxes represent the median. Whiskers represent the range. Symbols inside the boxes represent the mean. See Supplementary 
Table 4, available on the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.40921/ abstract, for sample sizes. 
* = P < 0.05 versus 0 (no change) in the same response group at the indicated time point; † = P < 0.05 versus ACR20 nonresponders at the 
same time point. See Figure 1 for other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.40921/abstract
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 levels correlated with baseline severity of skin disease, they did 
not correlate with clinical assessments of joint disease in patients 
with active PsA. Neither baseline IL- 17A, IL- 17F, nor CRP  levels 
predicted response to ustekinumab therapy in the skin or joints, 
despite rapid reductions (within 4 weeks) in IL- 17A, IL- 17F, 
and CRP levels following ustekinumab therapy. Responders to 
ustekinumab (those in whom a PASI75 or ACR20 response was 
achieved) had a significant reduction in CRP level at week 24 
compared to nonresponders (those in whom a PASI50 or ACR20 
response was not achieved), but not in IL- 17A or IL- 17F levels.

A stronger correlation of IL- 23/IL- 17 levels with the severity of 
skin disease is consistent with the emerging evidence base sug-
gesting tissue- specific variations in the pathologic drivers within 
PsA. Recent pathogenesis and therapeutic studies indicate a dom-
inant role for IL- 17–related pathways in the skin in psoriatic dis-
ease (6–12). In contrast, the musculoskeletal component of PsA 
appears more heterogeneous and less clearly defined. Belasco 
et al (6) reported that while gene expression in PsA synovium was 
more closely related to gene expression in psoriasis skin lesions 
than to expression in synovium in other forms of arthritis (including 
rheumatoid arthritis [RA] and osteoarthritis), PsA synovium and skin 
gene expression patterns were clearly distinct. Specifically, path-
way analysis indicated that the IL- 17 gene signature was stronger 
in the skin than in the synovium in PsA, while TNF and interferon- γ 
gene signatures were equivalent in both tissue types. However, it 
should be noted that demonstrating clinical relevance and plausi-
ble effector function of an inflammatory pathway does not always 
translate into therapeutic outcomes, as demonstrated by the failure 
or limited success of anti–IL- 17 monotherapy studies in RA (13–15).

Many immune cells, both Th17 and innate, are known to 
release IL- 17A and IL- 17F in response to IL- 23, so the rapid 
reduction in IL- 17A and IL- 17F levels following inhibition of 
IL- 12/IL- 23 with ustekinumab was not unexpected. However, 
considering the established pathogenic role of IL- 17 in PsA, 
it was somewhat surprising that response to ustekinumab, in 
skin and/or joints, did not correlate with either baseline levels 
or changes in circulating IL- 17A or IL- 17F. The reasons for this 
finding are unclear. It may be that the changes in IL- 17A and 
IL- 17F levels at a target tissue level (skin and joints) in response 
to ustekinumab are not reflected in the blood, while inhibition 
of other members of the IL- 17 superfamily beyond IL- 17A and 
IL- 17F may play a role in treatment response. However, these 
data indicate that baseline levels of circulating IL- 23, IL- 17A, 
and IL- 17F and changes in IL- 17A and IL- 17F levels are not 
predictive of clinical response to ustekinumab in PsA and, as 
such, these cytokines cannot serve as theranostic biomarkers 
in this setting. One limitation of this study is the lack of data 
from additional therapeutics, which would indicate whether 
these results are specific to ustekinumab or apply more gener-
ally to IL- 23 inhibition. It will be interesting to observe changes 
in IL- 23/IL- 17 pathway cytokines in response to agents tar-
geting this pathway via different routes, such as p19 IL- 23, 

IL- 17 receptor A, or combined IL- 17A and IL- 17F inhibition, 
and how these correlate with clinical outcomes.

Finally, while the biomarkers studied in the PSUMMIT  program 
did not translate into therapeutic utility, it is important that relevant 
biomarker studies associated with phase III clinical  trials are pub-
lished in order to increase our understanding of this complex dis-
ease and further dissect the role of the IL- 23/IL- 17 pathway.

ACKNOWLEDGMENTS

The authors thank Karen Hayden (Janssen Research and 
Development) for generation of laboratory data and the partici-
pants and investigators who participated in the PSUMMIT clinical 
studies.

AUTHOR CONTRIBUTIONS

All authors were involved in drafting the article or revising it critically 
for important intellectual content, and all authors approved the final version 
to be published. Dr. Sweet 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. Dasgupta, McInnes.
Acquisition of data. Dasgupta, Campbell, McInnes.
Analysis and interpretation of data. Siebert, Sweet, McInnes, Loza.

ROLE OF THE STUDY SPONSOR

Authors who are current or former employees of  Janssen Research & 
Development, LLC were involved in the study design and in the collection, 
analysis, and interpretation of the data, the writing of the manuscript, and 
the decision to  submit the manuscript for publication. All authors approved 
the manuscript for submission. Publication of this article was contingent 
upon approval by Janssen Research and Development.

REFERENCES
 1. Alinaghi F, Calov M, Kristensen LE, Gladman DD, Coates LC, Jullien 

D, et al. Prevalence of psoriatic arthritis in patients with psoriasis: 
a systematic review and meta- analysis of observational and clinical 
studies. J Am Acad Dermatol 2019;80:251–65.

 2. McInnes IB, Kavanaugh A, Gottlieb AB, Puig L, Rahman P, Ritchlin 
C, et al. Efficacy and safety of ustekinumab in patients with active 
psoriatic arthritis: 1 year results of the phase 3, multicentre, double- 
blind, placebo- controlled PSUMMIT 1 trial. Lancet 2013;382:780–9.

 3. Ritchlin C, Rahman P, Kavanaugh A, McInnes IB, Puig L, Li S, et al. 
Efficacy and safety of the anti- IL- 12/23 p40 monoclonal antibody, 
ustekinumab, in patients with active psoriatic arthritis despite con-
ventional non- biological and biological anti- tumour necrosis factor 
therapy: 6- month and 1- year results of the phase 3, multicentre, 
double- blind, placebo- controlled, randomised PSUMMIT 2 trial. Ann 
Rheum Dis 2014;73:990–9.

 4. Kavanaugh A, Ritchlin C, Rahman P, Puig L, Gottlieb AB, Li S, et al. 
Ustekinumab, an anti- IL- 12/23 p40 monoclonal antibody, inhibits 
radiographic progression in patients with active psoriatic arthritis: re-
sults of an integrated analysis of radiographic data from the phase 3, 
multicentre, randomised, double- blind, placebo- controlled PSUM-
MIT- 1 and PSUMMIT- 2 trials. Ann Rheum Dis 2014;73:1000–6.

 5. Rahman P, Puig L, Gottlieb AB, Kavanaugh A, McInnes IB, Ritchlin 
C, et al. Ustekinumab treatment and improvement of physical func-
tion and health- related quality of life in patients with psoriatic arthritis. 
Arthritis Care Res (Hoboken) 2016;68:1812–22.



RESPONSIVENESS OF CRP, IL- 17A, AND IL- 17F TO USTEKINUMAB IN PsA |      1669

 6. Belasco J, Louie JS, Gulati N, Wei N, Nograles K, Fuentes-Duculan 
J, et al. Comparative genomic profiling of synovium versus skin le-
sions in psoriatic arthritis. Arthritis Rheumatol 2015;67:934–44.

 7. Chiricozzi A, Guttman-Yassky E, Suárez-Fariñas M, Nograles KE, 
Tian S, Cardinale I, et al. Integrative responses to IL- 17 and TNF- α 
in human keratinocytes account for key inflammatory pathogenic 
 circuits in psoriasis. J Invest Dermatol 2011;131:677–87.

 8. Langley RG, Elewski BE, Lebwohl M, Reich K, Griffiths CE, Papp K, 
et al. Secukinumab in plaque psoriasis: results of two phase 3 trials. 
N Engl J Med 2014;371:326–38.

 9. Griffiths CE, Reich K, Lebwohl M, van de Kerkhof P, Paul C, Menter 
A, et al. Comparison of ixekizumab with etanercept or placebo in 
moderate- to- severe psoriasis (UNCOVER- 2 and UNCOVER- 3): re-
sults from two phase 3 randomised trials. Lancet 2015;386:541–51.

 10. Griffiths CE, Strober BE, van de Kerkhof P, Ho V, Fidelus-Gort R, 
 Yeilding N, et al, for the ACCEPT Study Group. Comparison of 
ustekinumab and etanercept for moderate- to- severe psoriasis. N 
Engl J Med 2010;362:118–28.

 11. Blauvelt A, Papp KA, Griffiths CE, Randazzo B, Wasfi Y, Shen YK, 
et al. Efficacy and safety of guselkumab, an anti- interleukin- 23 
monoclonal antibody, compared with adalimumab for the 
 continuous treatment of patients with moderate to severe psori-

asis: results from the phase III, double- blinded, placebo-  and ac-
tive comparator- controlled VOYAGE 1 trial. J Am Acad Dermatol 
2017;76:405–17.

 12. Reich K, Armstrong AW, Foley P, Song M, Wasfi Y, Randazzo B, 
et  al. Efficacy and safety of guselkumab, an anti- interleukin- 23 
 monoclonal antibody, compared with adalimumab for the treatment 
of patients with moderate to severe psoriasis with randomized with-
drawal and retreatment: results from the phase III, double- blind, pla-
cebo-  and active comparator- controlled VOYAGE 2 trial. J Am Acad 
Dermatol 2017;76:418–31.

 13. Genovese MC, Durez P, Richards HB, Supronik J, Dokoupilova E, 
Mazurov V, et al. Efficacy and safety of secukinumab in patients 
with rheumatoid arthritis: a phase II, dose- finding, double- blind, ran-
domised, placebo controlled study. Ann Rheum Dis 2013;72:863–9.

 14. Pavelka K, Chon Y, Newmark R, Lin SL, Baumgartner S, Erondu N. 
A study to evaluate the safety, tolerability, and efficacy of brodalumab 
in subjects with rheumatoid arthritis and an inadequate response to 
methotrexate. J Rheumatol 2015;42:912–9.

 15. Blanco FJ, Möricke R, Dokoupilova E, Codding C, Neal J, Andersson 
M, et al. Secukinumab in active rheumatoid arthritis: a phase III ran-
domized, double- blind, active comparator– and placebo- controlled 
study. Arthritis Rheumatol 2017;69:1144–53.



1670  

Arthritis & Rheumatology
Vol. 71, No. 10, October 2019, pp 1670–1680
DOI 10.1002/art.40932
© 2019, American College of Rheumatology

Rituximab as Maintenance Treatment for Systemic Lupus 
Erythematosus: A Multicenter Observational Study of 147 
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Objective. The efficacy of rituximab (RTX) in systemic lupus erythematosus (SLE) is a subject of debate. This 
study was undertaken to investigate the outcomes of RTX treatment in a European SLE cohort, with an emphasis on 
the role of RTX as a maintenance agent.

Methods. All patients with SLE who were receiving RTX as induction therapy in 4 centers were included. Patients 
who received a single course of RTX and those who received RTX maintenance treatment (RMT) were followed up 
after treatment. Disease flares during the follow- up period were defined as an increase in disease activity and the 
number or dose of immunosuppressive drugs.

Results. Of 147 patients, 27% experienced treatment failure at 6 months. In a multivariate analysis, a low number 
of previous immunosuppressive therapies (P = 0.034) and low C4 levels (P = 0.008) reduced the risk of treatment fail-
ure. Eighty patients received RMT over a median of 24.5 months during which 85 relapses, mainly musculoskeletal, 
were recorded (1.06 per patient). At the time of the last RTX course, 84% of the patients were in remission. Twenty- 
eight (35%) of 80 patients never experienced a flare during RMT and had low damage accrual. Active articular dis-
ease at the time of the first RTX administration was associated with a risk of flare during RMT (P = 0.011). After RMT, 
relapse- free survival was similar to that in patients receiving a single RTX course (P = 0.72).

Conclusion. RMT is a potential treatment option for patients with difficult- to- treat disease. Relapses occur during 
RMT and are more likely in those with active articular disease at the time of the first RTX administration. Relapse risk 
after RMT remains high and apparently comparable to that seen after a single RTX course.

INTRODUCTION

Systemic lupus erythematosus (SLE) is an autoimmune dis-
ease characterized by clinical variability and complex pathogen-
esis (1,2). B cell–depleting strategies have received continued 
attention in SLE (1) and, although rituximab (RTX) has proven 
effective in other autoimmune diseases characterized by hyper-
activity of the B cell compartment (3), randomized controlled trials 

(RCTs) of RTX in SLE (4,5) have failed to meet their primary end 
points.

Sustained remission, although infrequently achieved, is the 
goal of disease management (6). Improving the management of 
the maintenance phase of SLE is therefore an unmet need (7), 
and newer therapeutic options are needed. RTX is frequently used 
in relapsing and refractory cases (8), and its use is supported by 
retrospective and prospective nonrandomized studies (1).
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The discrepancy between the results of RCTs and those 
observed in real- life settings suggests that solid predictors of 
response to RTX need to be identified in order to better tailor treat-
ment strategies. Clinical predictors of response to RTX in SLE have 
been investigated, with heterogeneous results across different 
cohorts (9). Severe disease, lack of hematologic involvement, or 
previous treatment with high- dose steroids were associated with a 
good response in 116 patients (10); younger age and achievement 
of B cell depletion 6 weeks after treatment with RTX were other 
favorable characteristics in a different population of 117 patients 
(11). Among biomarkers, the proportion of plasmablasts 6 months 
after RTX treatment (11) and a single- nucleotide polymorphism in 
the IL2/IL21 area have been associated with response (12). The 
former has been replicated in 2 different cohorts, while the latter, 
although it has a strong biologic rationale (13), has so far been repli-
cated only in a cohort of patients with microscopic polyangiitis (14).

Importantly, in RTX- treated patients time to relapse is highly 
variable (15,16). Relapses are associated with the risk of damage 
accrual and therefore attention should be focused on flare preven-
tion aiming at the right balance between immunosuppressive drug 
dosing, risk of toxicity, and disease activity. RTX has a proven role 
as a maintenance agent in other autoimmune diseases (3), while in 
SLE, there are few published studies of repeat- dose RTX (17–21). 
Of note, the cohorts in those studies were small, the number of 
cycles was low, and the indications for repeating the treatment 
were heterogeneous, while no study has so far explored the use of 
RTX as maintenance treatment with the aim of relapse prevention.

In this study, we explore the efficacy and safety of RTX in a 
cohort of 147 patients with SLE with an emphasis on the sub-
group of 80 patients who were re- treated with the drug as a main-
tenance agent in order to prevent relapses; prognostic factors 
associated with the response to RTX were also investigated.

PATIENTS AND METHODS

Patients. Data on all patients with a diagnosis of SLE 
according to the American College of Rheumatology (ACR) or 
Systemic Lupus International Collaborating Clinics (SLICC) crite-
ria (22,23) who received ≥1 administration of RTX between 2004 
and 2016 were collected retrospectively at 4 centers (Addenbro-
oke’s Hospital [Cambridge UK], ASST Santi Paolo e Carlo–San 
Carlo Borromeo Hospital [Milan, Italy], Policlinico Hospital [Milan, 
Italy], and Careggi Hospital [Florence, Italy]). Ethics approval was 
obtained only at the Italian centers; it was not required in the UK 
center due to the retrospective nature of the work.

Treatment protocol. Patients received either a single RTX 
course or RTX maintenance treatment (RMT). A single RTX course 
was any RTX dosing performed within a single month, such as 
2 doses of 1 gm each, given 2 weeks apart, or 4 doses of 375 
mg/m2 each, administered once a week for 4 consecutive weeks. 
Patients who received at least 3 single RTX courses with the aim 

of relapse prevention and with an interval of 4–8 months between 
consecutive treatments were classified as receiving RMT. Patients 
receiving RTX courses that did not meet this definition were cen-
sored at the time of re-treatment. Treatment associated with RTX 
administration and data collected during the follow- up period are 
reported in the Supplementary Methods, available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.40932/ abstract. This was a retrospective study; 
therefore, no clear indications for treatment selection or RTX treat-
ment schedule within the maintenance treatment group were pro-
vided. Treatment decisions were made by the individual physician.

Assessments of disease severity and response to 
RTX. Disease activity was assessed using the European Consen-
sus Lupus Activity Measure (ECLAM) score (24), which has been 
validated for retrospective studies (25), and the physician assess-
ment of disease activity. The type and dose of immunosuppres-
sive therapies was also recorded. The physician assessment of 
disease activity was scored on a scale of 0–2, where 0 = no signs 
of active SLE, 1 = mild disease activity, and 2 = severe disease 
activity.

After 6 months, response to the first RTX course was 
assessed. A complete response was defined as a physician 
assessment of disease activity score of 0 or 1, a reduction in the 
ECLAM score of ≥50%, and a decrease in the dose of immu-
nomodulating agents (including glucocorticoids or immunosup-
pressants but not antimalarials) of ≥25% from baseline. A partial 
response was defined as a physician assessment of disease activ-
ity score of >0, a reduction in the ECLAM score of 25–50%, and 
a decrease in the dose of immunomodulating agents of 0–25%. 
Any other response was defined as a treatment failure. A disease 
flare during or after RMT as well as after a single RTX course was 
defined as an increase in at least 2 of the 3 parameters (physi-
cian assessment of disease activity, ECLAM score, and number or 
dose of immunosuppressive agents or glucocorticoids).

Patients were stratified into the following 4 groups accord-
ing to disease severity: mild, moderate, severe, and drug sparing. 
The first 3 groups were defined according to the British Society of 
Rheumatology guidelines (8). The group “drug sparing” included 
patients with mild or moderate disease to whom RTX was admin-
istered with the aim of sparing an ongoing immunosuppressive 
agent or avoiding an alternative immunosuppressant that was 
contraindicated in the patient.

The definition of late- onset neutropenia and damage assess-
ment methods are discussed in the Supplementary Methods, 
available on the Arthritis & Rheumatology web site at http:// 
onlinelibrary.wiley.com/doi/10.1002/art.40932/abstract.

Statistical analysis. Statistical analysis was performed 
using R software (https ://www.r-proje ct.org), GraphPad Prism 
7, and SAS statistical software (version 9.4; SAS Institute). 
Results are expressed as the number and percentage for 

http://onlinelibrary.wiley.com/doi/10.1002/art.40932/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40932/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40932/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40932/abstract
https://www.r-project.org
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 categorical variables and the median (interquartile range [IQR]) 
or mean (95% confidence interval [95% CI]) for continuous var-
iables. Methods for comparison of changes in variables and 
proportions of patients as well as for univariate and multiple 
logistic regression are listed in the Supplementary Methods. 
Time to relapse was assessed by Kaplan- Meier survival anal-
ysis, and if comparisons between populations were required, 
the log rank test was used. P values less than 0.05 (2- tailed) 
were considered significant.

RESULTS

Outcome after the first RTX course. The clinical 
characteristics at the time of the first RTX administration for 

the whole cohort are shown in Table 1. The mean number of 
previous immunosuppressive drugs received by patients with 
mild, moderate, and severe disease and those in the drug- 
sparing group were 2.92 (95% CI 2.38–3.46), 2.74 (95% CI 
1.84–3.64), 2.38 (95% CI 2.04–2.72), and 2.42 (95% CI 1.97–
2.87), respectively.

Six months after the first RTX administration, 67 (45%) of 
the 147 patients had a complete response to therapy and 41 
(28%) had a partial response, while 39 (27%) experienced treat-
ment failure. The mean ECLAM score declined from 4 at baseline 
(95% CI 3.65–4.34) to 1.9 at 6 months (95% CI 1.66–2.14) (P < 
0.0001); the prednisolone dosage declined from a mean of 15.4 
mg/day (95% CI 13.1–17.7) to 8.45 mg/day (95% CI 7.29–9.61) 
(P < 0.0001). In the 4 groups of mild, moderate, and severe 

Table 1. Main characteristics of the 147 SLE patients treated with RTX*

RMT 
(n = 80)

Single course 
of RTX 

(n = 67)
Overall cohort 

(n = 147)
Age, mean (95% CI) years 45 (42–48) 42 (39–46) 44 (41–46)
Sex, female 71 (89) 63 (94) 134 (91)
Ethnicity, white 74 (93) 62 (93) 136 (93)
Prior disease duration, mean (95% CI) months 154 (100–208) 114 (87–141) 133 (104–161)
RTX given at the time of diagnosis 3 (4) 4 (6) 7 (5)
Organ manifestations at first RTX administration

Musculoskeletal 52 (65) 35 (53) 87 (59)
Skin 49 (61) 31 (46) 80 (54)
Hematologic 26 (33) 37 (55) 63 (43)
Pulmonary 18 (23) 6 (9) 24 (16)
Renal 15 (19) 37 (55) 52 (36)
Neurologic 14 (18) 8 (12) 22 (15)

Previous therapies
Mycophenolate mofetil 67 (84) 42 (63) 109 (74)
Hydroxychloroquine 61 (76) 38 (57) 99 (67)
Azathioprine 41 (51) 26 (39) 67 (46)
Methotrexate 26 (33) 13 (19) 39 (27)
Cyclophosphamide 24 (30) 21 (31) 45 (31)
Rituximab 14 (18) 12 (18) 26 (18)
Calcineurin inhibitor 11 (14) 24 (36) 35 (24)
Anti- TNF therapy 6 (8) 3 (4) 9 (6)
Plasma exchange 4 (5) 2 (3) 6 (4)
IV immunoglobulins 4 (5) 6 (9) 10 (7)
Other 10 (13) 9 (13) 19 (13)

No. of previous immunosuppressive therapies,  
mean (95% CI)†

4.3 (4–4.7) 3.9 (3.5–4.4) 4.1 (3.9–4.4)

Disease severity
Mild 20 (25) 4 (6) 24 (16)
Moderate 6 (7) 17 (25) 23 (16)
Severe 40 (50) 34 (51) 74 (50)
Drug sparing 14 (18) 12 (18) 26 (18)

Laboratory findings, mean (95% CI) 
Anti- DNA level, IU/ml 67.2 (31.9–104.5) 75.4 (39–111.5) 71 (46–96)
C3, gm/liter 1.1 (1.02–1.21) 0.85 (0.75–94) 1 (0.92–1.07)
C4, gm/liter 0.2 (0.18–0.24) 0.15 (0.12–0.18) 0.18 (0.16–0.2)

Response to RTX at 6 months
Complete response 32 (40) 35 (52) 67 (45)
Partial response 21 (26) 20 (30) 41 (28)
Treatment failure 27 (34) 12 (18) 39 (27)

* Except where indicated otherwise, values are the number (%). SLE = systemic lupus erythematosus; RTX = rituximab; RMT = 
RTX maintenance treatment; 95% CI = 95% confidence interval; anti- TNF = anti–tumor necrosis factor; IV = intravenous. 
† Including hydroxychloroquine. 
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disease and drug- sparing, the proportion of patients experienc-
ing treatment failure at 6 months was 65%, 50%, 25%, and 6%, 
respectively.

In a multivariate analysis, adjusted for the confounding fac-
tors number of other immunosuppressive drugs administered 
and prednisolone dose, the characteristics associated with the 
risk of experiencing treatment failure were higher C4 levels (odds 
ratio [OR] 1.76 [95% CI 1.15–2.7], P = 0.008) and a greater num-
ber of previous immunosuppressive agents received (OR 7.77 
[95% CI 1.65–36.6], P = 0.034) (Supplementary Table 1, avail-
able on the Arthritis & Rheumatology web site at http://onlin elibr 
ary.wiley.com/doi/10.1002/art.40932/ abstract).

RTX maintenance treatment. Eighty (54%) of the 147 
patients received RMT; their characteristics are summarized 
in Table  1. The median duration of maintenance treatment 
was 24.5 months (IQR 16–34 months; range 11–99 months), 
the median cumulative RTX dose was 6 gm (IQR 4.87–9), 
and the median overall follow- up time was 38 months (IQR 
22–54 months). At the time of the first RTX administration, 69 
(86%) of the 80 patients were receiving a mean oral predniso-
lone dosage of 11 mg/day (95% CI 9–13) and 46 (57%) were 
receiving an immunosuppressive drug (not including hydrox-
ychloroquine). These immunosuppressive drugs included 
mycophenolate mofetil (n = 28), methotrexate (n = 6), azathi-
oprine (n = 4), cyclophosphamide (n = 4), calcineurin inhib-
itors (n = 4), intravenous immunoglobulin (n = 3), and other 
treatments (n = 4). The mean ECLAM score at the first RTX 
administration was 3.5 (95% CI 3.06–3.93), and the mean 
number of previous immunosuppressive drugs received by 
patients in the groups mild disease, moderate disease, severe 

disease, and drug- sparing was 3.05 (95% CI 2.28–3.82), 3.67 
(95% CI 2.7–4.64), 2.42 (95% CI 2.06–2.78), and 2.14 (95% 
CI 1.64–2.64), respectively. The different protocols used for 
RTX administration within the RMT group are described in the 
Supplementary Methods.

After 6 months the mean ECLAM score declined to 1.86 
(95% CI 1.52–2.19) (P < 0.0001), with a trend toward further 
reduction/stabilization during maintenance treatment (Figure 1A). 
At the 6- month assessment 30 (38%) of the 80 patients had a 
complete response to treatment, and this proportion increased 
to 40%, 51%, and 48% at the 12- , 18- , and 24- month assess-
ments. The proportion of patients not taking glucocorticoids 
increased from 14% to 41%, while the mean prednisolone dos-
age dropped from 11 mg/day at RTX initiation (95% CI 8.9–13) 
to 3.8 mg/day by the sixth administration (95% CI 1.1–6.4). A 
trend toward a reduction in the proportion of patients receiving 
other immunosuppressive drugs was also observed (Figure 1B).

Of the 80 patients receiving RMT, 52 (65%) experienced 85 
relapses (1.06 relapses per patient, 53 per 100 patient- years) 
after a median of 11.5 months (IQR 8–18.25 months). Relapses 
were more frequent from month 6 to month 12 after the first RTX 
administration (Supplementary Table 2, available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.40932/ abstract) and more frequently involved the 
joints (66%) and skin (40%) (Supplementary Table 3, available on 
the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.40932/ abstract). At the time of flare, the 
mean ECLAM score was 2.72 (95% CI 2.42–3.03), and the mean 
increase in ECLAM score compared to the previous assessment 
was 1.42 (95% CI 1.11–1.74). Relapses were managed with an 
increase in prednisolone dosage in 29 (34%) of 85 cases (mean 

Figure 1. Changes in the European Consensus Lupus Activity Measure (ECLAM) score, prednisolone (PDN) dosage, and immunosuppressive 
treatment in the 80 patients with systemic lupus erythematosus (SLE) who received maintenance treatment with rituximab (RTX) for relapse 
prevention. A, ECLAM score for the patients with SLE at the time of each RTX administration. Values are the mean and 95% confidence 
interval. The shaded area represents follow- up after the first RTX administration. B, PDN dosage at each RTX administration. Values are the 
mean and 95% confidence interval. Bars show the proportion of patients who were receiving (light gray) or not receiving (dark gray) other 
immunosuppressive drugs at the indicated time points. * = P < 0.05 versus baseline.

http://onlinelibrary.wiley.com/doi/10.1002/art.40932/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40932/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40932/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40932/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40932/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40932/abstract
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increase 11.1 mg [95% CI 6.9–15.4]), with a new immunosup-
pressive drug in 22 (26%), and with an increase in the dose of an 
ongoing immunosuppressive drug in 12 (14%). In 7 cases (8%), 
the flare was managed by administering the preplanned RTX infu-
sion earlier than intended, while in 15 (18%) the flare was man-
aged by waiting for the preplanned RTX infusion.

At the time of the last RTX administration, 67 (84%) of the 
80 patients were in remission, the mean ECLAM score was 1.5  
(95% CI 1.13–1.86), and the mean prednisolone dosage was  
6.35 mg/day (95% CI 4.8–7.9).

Outcome after the last RTX infusion. Of the 67 patients 
who received a single course of RTX, 54 (80%) experienced a 
complete or partial response by the 6- month assessment and 
were therefore followed up for posttherapy flare. The median fol-
low- up time after the 6- month assessment was 7.3 months (IQR 
3.46–9.78 months). Eighteen (33%) of the patients experienced 

a disease flare (51.5 flares per 100 patient- years). The mean 
ECLAM score for the patients who experienced a flare was 2.94 
(95% CI 1.97–3.91). The sites showing active disease and the 
strategies used for flare management are listed in Supplemen-
tary Table 4, available on the Arthritis & Rheumatology web site 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.40932/ abstract. 
Of the 80 patients receiving RMT, posttreatment follow- up data 
were available for 57 (71%). The median follow- up time after the 
last RTX administration was 13 months (IQR 4–22 months). Thirty 
(53%) of the patients experienced a disease flare (38 flares per 
100 patient- years). The mean ECLAM score for patients who 
experienced a flare was 3.09 (95% CI 2.6–3.58). The sites show-
ing active disease and the strategies used for flare management 
are listed in Supplementary Table 4.

The rate of flares involving major organs during RMT was 
38%; this rate increased to 67% when RMT was discontinued 
(P = 0.01). In particular, the rate of flares per 100 patient- years 

Figure 2. Major organ involvement at the time of flare in patients with systemic lupus erythematosus during and after rituximab maintenance 
treatment (RMT). Bars show the rate of flares per 100 patient- years.

Figure 3. Relapse- free survival in the overall population (A) and including only nonmusculoskeletal flares (B) after the last rituximab (RTX) 
administration in patients with systemic lupus erythematosus (SLE) who received RTX maintenance treatment (RMT) and patients with SLE who 
received a single course of RTX.

http://onlinelibrary.wiley.com/doi/10.1002/art.40932/abstract
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increased after RMT compared to during RMT for the neurologic, 
pulmonary, and hematologic systems, while the rate of renal flares 
remained stable (Figure 2). Of note, the adjusted number of flares 
per number of patients at risk remained roughly stable during the 
follow- up period (see Supplementary Table 5, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.40932/ abstract).

The median relapse- free survival time after the last RTX infu-
sion was 16 months in the cohort treated with a single course of 
RTX (IQR 1.2–9 months) and 17 months in the RMT cohort (IQR 
4–22 months) (P = 0.72) (Figure 3A). A trend toward a longer 
relapse- free survival time for the RMT cohort was noted when 
only nonmusculoskeletal flares were considered, although the 
difference was not significant (P = 0.10) (Figure 3B).

Sustained responders. Among the 80 patients in the RMT 
cohort, 28 (35%) did not experience any flares during the main-
tenance period and were classified as “sustained responders.” 
In a multivariate analysis comparing the sustained responders to 
those with ≥1 flare, the presence of active articular disease at the 
time of the first RTX administration was associated with the risk of 

flare (OR 3.55 [95% CI 1.34–9.37], P = 0.011) (Table 2) even after 
adjustment of the analyses for disease severity as a potential a 
priori confounder (OR 3.38 [95% CI 1.25–9.11], P = 0.016).

Post- RMT follow- up data were available for 21 (75%) of the 
28 sustained responders. The median follow- up time was 17.5 
months (IQR 5.3–23.8 months). Ten (48%) of the 21 patients 
experienced a flare (27 flares per 100 patient- years). The mean 
ECLAM score for patients who experienced a flare was 2.45 (95% 
CI 1.64–3.27). The sites showing active disease at the time of 
the flare were joints in 5 patients (50%), hematologic system in 
4 (40%), renal sites in 2 (20%), central nervous system sites in 2 
(20%), and the skin in 1 (10%). Flares were managed by increasing 
the prednisolone dose in 4 cases (40%), starting a new immuno-
suppressive drug in 4 (40%), and increasing the dose of an ongo-
ing immunosuppressive drug in 1 (10%). No treatment changes 
were recorded for 3 patients (30%).

Severe adverse events (SAEs). During the follow- up 
period, 109 SAEs occurred in 54 patients, with a rate of 30 
SAEs per 100 patient- years; in the RMT subgroup the rate 
was 24, while in the single- course RTX subgroup it was 53 

Table  2. Univariate and multivariate analyses of the association between clinical characteristics and the risk of 
experiencing at least 1 flare during RMT for SLE*

Variable

Univariate analysis Multivariate analysis

OR (95% CI) P OR (95% CI) P
Sex 0.150 – –

Female (reference) 1
Male 4.8 (0.57–40.5)

No. of immunosuppressive drugs before RTX 0.650 – –
0–2 (reference) 1
3–4 1.51 (0.51–4.46)
>4 0.93 (0.22–4)

Physician assessment of disease activity at the first 
administration of RTX

0.501 – –

0 1
1 2.81 (0.39–20.4)
2 3.08 (0.47–20.23)

Clinical manifestations at the first administration of RTX
Systemic 2.00 (0.77–5.16) 0.150 – –
Articular 3.55 (1.34–9.37) 0.011† 3.55 (1.34–9.37) 0.011†
Skin 2.67 (1.04–6.87) 0.042† – –
Muscle 0.51 (0.07–3.83) 0.512 – –
Pulmonary 1.65 (0.53–5.18) 0.390 – –
CNS 2.18 (0.55–8.58) 0.264 – –
Renal 0.56 (0.18–1.754) 0.316 – –
Hematologic 0.64 (0.24–1.70) 0.373 – –

ECLAM score at the first administration of RTX‡ 1.02 (0.80–1.29) 0.887 – –
Laboratory values at the first administration of RTX

Anti- DNA titer‡ 1.001 (0.997–1.006) 0.615 – –
C3§ 1.02 (0.89–1.17) 0.786 – –
C4§ 1.21 (0.72–2.05) 0.474 – –

Use of other immunosuppressants with RTX 1 (0.47–2.09) 0.993 – –
Dose of prednisolone at the first administration of RTX 0.95 (0.91–1.01) 0.079 – –

* RMT = rituximab maintenance treatment; SLE = systemic lupus erythematosus; 95% CI = 95% confidence interval; RTX = 
rituximab; CNS = central nervous system; ECLAM = European Consensus Lupus Activity Measure. 
† Significant associations. 
‡ Odds ratio (OR) with a 1- unit increase in the independent variable. 
§ OR with a 0.1-unit increase in the independent variable. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40932/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40932/abstract
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(Supplementary Table 6, available on the Arthritis & Rheuma-
tology web  site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.40932/ abstract). The incidence of malignant neoplasms 
was 3% in the overall population and 4% in the RMT group. 
The cumulative number and the proportions of the different 
SAEs did not differ between the patients treated with RMT and 
those treated with a single course of RTX (data not shown).

Sixteen episodes of late- onset neutropenia were recorded 
during the 452 RTX administrations (4% of administrations) in 9 
(11%) of 80 patients, with 4 patients experiencing ≥2 episodes. 
Ten episodes were grade II neutropenia, 4 were grade III, and 2 
were grade IV. In 2 patients the first episode of late- onset neutro-
penia occurred after the first RTX administration, while in 7 patients 
the fist episode occurred after one of the subsequent cycles. The 
median time from the most recent RTX administration to the detec-
tion of late- onset neutropenia was 8 months (IQR 5–11 months). Of 
the 2 patients experiencing grade IV late- onset neutropenia, 1 died 
of neutropenic sepsis and 1 was admitted for clinical monitoring 
without experiencing any infection or requiring any specific therapy.

Eleven patients died during the follow- up period, includ-
ing 2 (3%) of the 67 patients who did not receive RMT and 
9 (11.3%) of the 80 patients who did receive RMT. In the 
latter group 7 died during RMT and 2 after therapy (19 and 
35 months after the last RTX infusion). The causes of death 
are listed in Supplementary Table 7, available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.40932/ abstract).

Damage. At the time of the first RTX administration, the 
mean SLICC/ACR Damage Index (SDI) score (26)  was 1.69 in 
the overall population (95% CI 1.44–1.94) and 1.8 in the RMT 
group (95% CI 1.46–2.14). Damage increased during the fol-
low- up period, with a mean SDI at the last available follow- up of 
2.14 in the overall population (95% CI 1.83–2.44).

The increase in SDI per patient per year before RTX admin-
istration was 0.21, while during RMT it was 0.23; in the sus-
tained responders subgroup, the increase in the SDI per patient 
per year was 0.17.

Figure 4. Levels of C3 (A), C4 (B), IgG (C), and IgM (D) during follow- up in the cohort of 80 patients with systemic lupus erythematosus (SLE) 
who received rituximab (RTX) maintenance treatment with the aim of relapse prevention. Values are the mean and 95% confidence interval. The 
shaded area represents the normal range. * = P < 0.05 versus baseline.
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Laboratory parameters. During RMT, C3 and C4 levels 
remained stable if they were normal at the time of the first RTX 
administration (Figures 4A and B). In the subgroup of patients with 
reduced levels at the beginning of therapy, the values increased to 
normal and then stabilized (Supplementary Figure 1, available on 
the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.40932/ abstract). IgG levels remained stable 
during RMT, whereas a trend toward a reduction in IgM levels was 
noted (Figures 4C and D). Anti- DNA levels assessed by enzyme- 
linked immunosorbent assay decreased after the first RTX admin-
istration to within the normal range and remained stable during 
RMT (Supplementary Figure 2, available on the Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.40932/ abstract). CD19+ B cells were undetectable in 76% of 
the patients at the time of the second RTX administration and 
tended to remain the same during follow- up (Supplementary Fig-
ure 3, available on the Arthritis & Rheumatology web site at http://
onlin elibr ary.wiley.com/doi/10.1002/art.40932/ abstract).

DISCUSSION

SLE remains a challenging disease characterized by a 
chronic relapsing course despite the availability of multiple ther-
apies. Although there have been no prospective trials showing 
the superiority of RTX compared to placebo (4,5), RTX is widely 
used. Our cohort of 147 patients treated with RTX is one of the 
largest studied so far (27) and the overall positive response fur-
ther supports the role of this drug in SLE management. Patients 
with low C4 levels, those who had received fewer previous immu-
nosuppressive drugs, and those with severe disease were more 
likely to respond favorably to RTX. This finding suggests that the 
ideal candidates for RTX may be those with more active disease 
and without a clear refractory course, which is consistent with the 
results of other studies (10,11).

Despite the challenges deriving from the management of active 
SLE, the maintenance phase plays a critical role in the long- term 
outcome, influencing damage accrual (7). In RTX- treated patients 
time to relapse is highly variable (15,16), and an RTX- based main-
tenance treatment at fixed intervals may be attractive. Our study 
is the first to show that RMT may be an option in SLE. According 
to our data, during RMT disease activity remains stable over time 
while allowing for a reduction in the dosage of immunosuppressive 
drugs; the overall glucocorticoid dose was reduced after the first 
RTX cycle, and the proportion of patients able to discontinue immu-
nosuppressants at the end of RMT was 41%. However, disease 
reactivation was common. Flares were generally not severe, mainly 
involved the musculoskeletal system, and required only minor ther-
apeutic changes. Importantly, during RMT severe flares were rare 
while these increased when RMT was suspended. In particular, 
neurologic, pulmonary, and hematologic reactivation doubled.

Interestingly, despite improved disease control with RMT and 
a reduction in glucocorticoid and immunosuppressive drug dos-

ing, damage accumulated at the same rate as before the RMT 
phase. Damage in SLE is more likely to increase in patients having 
already experienced it as well as in those with renal involvement 
(28); moreover, glucocorticoids may cause late- onset damage 
(29). Of interest, in a study of 188 patients treated with belimumab 
in an everyday clinical setting, the damage accrual rate decreased 
during therapy, although in the context of less severe disease and 
lower damage at the beginning of therapy than in the present 
study (mean ± SD SDI 0.85 ± 1.11 compared to 1.8 ± 0.34 in the 
RMT cohort in the present study) (30). In our RMT cohort, 50% 
of the patients had severe disease and 20% had active renal dis-
ease, with a long disease course and a significant damage bur-
den already recorded at the time of the first RTX administration. 
In this context further damage progression may not be surprising. 
It will be of interest to observe whether damage progression also 
occurs in cohorts treated with RMT but with lower damage at the 
beginning of therapy, as well as to explore the role of belimumab 
in damage prevention in patients with a high SDI.

Among the patients treated with RMT in the present study, 
35% were classified as sustained responders, since they did 
not experience any disease reactivation during the maintenance 
course. This group was characterized by lower damage accumu-
lation compared to the rest of the population and, in multivariate 
analyses, less frequent articular involvement at the time of the 
first RTX administration. However, apart from disease severity, no 
other confounders were considered in the analyses, and this result 
should therefore be interpreted with caution. No other factors 
associated with the risk of flares during RMT have been identified, 
and future studies will need to focus on this particular aspect in 
patients treated with RMT.

After RMT, relapse- free survival remained the same as that 
in patients treated with a single course of RTX, even when mus-
culoskeletal flares were excluded. If confirmed, this result would 
not be consistent with the results of RMT in antineutrophil cyto-
plasmic antibody–associated vasculitis (31). These data, although 
of interest, should be interpreted with caution since they are the 
result of a comparison performed between two heterogeneous, 
unmatched groups. Moreover, the RMT cohort probably con-
sisted of patients with a more severe disease profile, as suggested 
by the higher proportion of treatment failure 6 months after the 
first RTX administration compared to the group receiving a single 
course of RTX. Importantly, the relapse rate after RMT may have 
been influenced by the natural course of the disease, which was 
not adjusted for in our analyses. The role of RMT suspension on 
post- RMT flares therefore has to be confirmed. However, reassur-
ingly, a clear trend toward an increase in the rate of relapse during 
follow- up was not identified.

The mortality observed in our cohort is within the high range 
of what is described in the literature, especially in the RMT group 
(11.3%). We believe that this may be the consequence of the 
high- risk profile of this population. Of note, patients with severe 
comorbidities are usually excluded from RCTs, and the mortality 
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rate in studies including patients with a similar severity profile is 
~8% (32). Reassuringly, cancer risk was similar to that described 
in the literature.

Importantly, late- onset neutropenia incidence in the RMT 
group (4% of the RTX administrations in 11% of the patients) 
was higher than that described in other cohorts of RTX- treated 
patients with heterogeneous immunologic diseases (2%) (33) but 
lower than that described in other SLE cohorts (29.9%) (34). Only 
2 episodes observed in the RMT group occurred after the first 
RTX administration, while the remaining 14 were recorded after 
subsequent administrations, suggesting a possible role of repeat 
RTX treatments in increasing late- onset neutropenia risk. Four 
patients experienced 2 or more episodes. Of note, 1 patient in the 
RMT cohort died of neutropenic sepsis.

Our study was a multicenter, multidisciplinary survey involv-
ing a large cohort collected from tertiary care centers with experi-
ence in managing SLE. However, when interpreting these results, 
several observations have to be made. As a retrospective study, 
some heterogeneity across different centers must be taken into 
account, as shown by the variability of the treatment protocols 
during RMT. Only 89% of the population followed a preplanned 
RTX format of administration, while 9% entered a fixed- interval 
design within 8 months of the first RTX administration, and 2% 
were treated irregularly according to changes in symptoms and 
serologic features. Importantly, 11% of the patients who were 
supposed to be treated regularly missed at least 1 administration 
during the first 24 months of treatment. All of these factors, in 
the context of a highly variable timing of relapse in RTX- treated 
SLE patients (15,16), may have contributed to the high flare rate 
observed in our population. Whether this RMT protocol should 
be considered as a genuine relapse prevention approach rather 
than repeat induction treatment is unclear, and this will need to 
be tested in a prospective manner. Importantly, the duration of 
posttreatment follow- up was relatively short, and the findings of 
this phase of the study should be interpreted with caution.

Of note, 51 (35%) of the 147 patients had articular and 
mucocutaneous manifestations as a prominent feature of active 
SLE at the time of the first RTX administration. All of these patients 
had previously received glucocorticoids and hydroxychloroquine 
as well as at least 1 of mycophenolate mofetil, methotrexate 
(MTX), and azathioprine, with 39% having received 2 of them. 
Despite the fact that the proportion of patients treated with MTX 
in our cohort was higher than that in the Study of Belimumab in 
Subjects with SLE (BLISS) trials (7–21.2%) (35,36), only 50% of 
the potentially eligible patients with articular disease and 41% of 
those with mucocutaneous disease in the present study had pre-
viously received MTX. This may reflect a more limited experience 
with this drug of the nephrologists involved in this study as well 
as safety concerns related to MTX use (37). Moreover, accord-
ing to the timing of reimbursement approval from the Italian and 
UK Health Systems, 5% of the patients in our cohort would have 
been eligible for belimumab but were treated with RTX, which may 

have been the consequence of a greater experience with RTX of 
the investigators involved in this study. However, reassuringly, no 
center effect was noted for RTX, MTX, or belimumab prescription.

The high rate of patients with musculoskeletal and skin 
involvement may be the reason for the relatively high propor-
tion of patients with mild disease treated with RTX in our pop-
ulation (26%). This group, according to the guidelines of the 
British Society of Rheumatology (8), should not be treated with 
RTX. However, it should be noted that for patients with less 
severe disease, RTX was used in the context of reduced ther-
apeutic options since in this population disease had previously 
failed to respond to a mean of ~3 immunosuppressive drugs. 
Another limitation is that for 18% of the patients, a single cycle 
of RTX had been administered before referral to the centers 
in this study. At the time of inclusion in our study, however, 
all of these patients were B cell repopulated. Our population, 
therefore, might not necessarily reflect that of other centers or 
current clinical practice, especially since belimumab is more 
readily available.

The response criteria we used are original and have not 
been validated. However, the definitions of response in retro-
spective studies of RTX- treated SLE cohorts have historically 
been heterogeneous, and the response rates in the present 
study were consistent with those in the literature (1). Along with 
the change in a semi- objective score, the ECLAM score, the 
physician assessment of disease activity was used due to the 
central role of the physician’s judgment in the assessment of a 
complex disease such as SLE. Reduction in the immunosup-
pressant dose was also included as part of the response criteria, 
since in this cohort RTX has frequently been used with the aim 
of sparing other drugs.

In conclusion, we confirmed in a large, multicenter cohort 
that RTX may be an option for the treatment of patients with 
SLE. Its use as maintenance treatment allows glucocorticoid and 
immunosuppressive drug sparing while stabilizing the overall dis-
ease activity. However, it should be noted that musculoskeletal 
flares were common. Patients without articular involvement at the 
time of the first RTX administration were less likely to experience 
relapses during RMT. At the time of drug discontinuation, relapse- 
free survival remained apparently comparable to that in patients 
treated with a single course of RTX. An RMT regimen might be 
considered for patients with severe disease- related complica-
tions, for whom waiting for a relapse in order to treat on demand 
may be risky, and when first- line immunosuppressive options are 
exhausted.
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Inhibition of EZH2 Ameliorates Lupus- Like Disease in 
MRL/lpr Mice
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Objective. We previously identified a role for EZH2, a transcriptional regulator in inducing proinflammatory epige-
netic changes in lupus CD4+ T cells. This study was undertaken to investigate whether inhibiting EZH2 ameliorates 
lupus- like disease in MRL/lpr mice.

Methods. EZH2 expression levels in multiple cell types in lupus patients were evaluated using flow cytome-
try and messenger RNA expression data. Inhibition of EZH2 in MRL/lpr mice was achieved by intraperitoneal 
3′- deazaneplanocin (DZNep) administration using a preventative and a therapeutic treatment model. Effects of DZNep 
on animal survival, anti–double- stranded DNA (anti- dsDNA) antibody production, proteinuria, renal histopathology, 
cytokine production, and T and B cell numbers and percentages were assessed.

Results. EZH2 expression levels were increased in whole blood, neutrophils, monocytes, B cells, and CD4+ T cells 
in lupus patients. In MRL/lpr mice, inhibition of EZH2 by DZNep was confirmed by significant reduction of EZH2 and 
H3K27me3 in splenocytes. Inhibiting EZH2 with DZNep treatment before or after disease onset improved survival and 
significantly reduced anti- dsDNA antibody production. DZNep- treated mice displayed a significant reduction in re-
nal involvement, splenomegaly, and lymphadenopathy. Lymphoproliferation and numbers of double- negative T cells 
were significantly reduced in DZNep- treated mice. Concentrations of circulating cytokines and chemokines, including 
tumor necrosis factor, interferon- γ, CCL2, RANTES/CCL5, interleukin- 10 (IL- 10), keratinocyte- derived chemokine/
CXCL1, IL- 12, IL- 12p40, and CCL4/macrophage inflammatory protein 1β, were decreased in DZNep- treated mice.

Conclusion. EZH2 is up- regulated in multiple cell types in lupus patients. Therapeutic inhibition of EZH2 abro-
gates lupus- like disease in MRL/lpr mice, suggesting that EZH2 inhibitors may be repurposed as a novel therapeutic 
option for lupus patients.

INTRODUCTION

Systemic lupus erythematosus (SLE), or lupus, is a chronic 
relapsing autoimmune disease that involves multiple organ 
systems. Lupus is characterized by the production of autoan-
tibodies directed against nuclear antigens and a dysregulated 
immune response. The etiology of lupus remains unknown, 
although both genetic and epigenetic mechanisms have been 
shown to contribute to disease pathogenesis (1,2).

DNA methylation plays a critical role in the pathogene-
sis of lupus (3). Abnormal DNA methylation patterns have been 
described in multiple immune cell types isolated from lupus 
patients, and a role for genetic–epigenetic interaction in the patho-
genesis of lupus has been suggested (4). Furthermore, abnormal 

DNA methylation patterns in lupus have been shown to contribute 
to clinical heterogeneity, disease variability between ethnicities, 
and lupus flare and remission (4).

EZH2 induces H3K27me3 and is the catalytic compo-
nent of the highly conserved polycomb regressive complex 
2. Our group previously demonstrated that increased disease  
activity in lupus patients is characterized by an early epige-
netic shift in naive CD4+ T cells that precedes CD4+ T cell 
differentiation and effector T cell transcriptional activity (5). We 
provided evidence that this epigenetic shift is likely induced  
by EZH2 overexpression as a result of down- regulation of 
microRNA- 101 (miR- 101) and miR- 26a, in addition to showing 
that EZH2 overexpression mediates increased T cell adhesion 
in lupus due to EZH2- induced demethylation and transcrip-
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tional derepression of the junctional adhesion molecule A 
(JAM- A) (5,6).

EZH2 overexpression has been linked to increased inva-
siveness in a number of malignancies, and EZH2 inhibitors are 
currently being evaluated in clinical trials for cancer therapy (7). 
Our findings indicate that inhibiting EZH2 might have therapeutic 
potential in lupus, suggesting the possibility of pharmacologic 
repurposing of EZH2 inhibitors as a therapeutic option. In this 
study, we first examined EZH2 expression patterns in other 
immune cell types isolated in the peripheral blood from lupus 
patients. We then tested the effects of using 3′- deazaneplanocin 
(DZNep), an EZH2 inhibitor, in the lupus- prone MRL/lpr mouse 
model. DZNep is an S- adenosylhomocysteine hydrolase inhibitor 
that inactivates methyltransferase activity through feedback inhi-
bition by accumulation of S- adenosylhomocysteine (8). DZNep 
has also been shown, by us and others, to decrease EZH2 levels 
(6,7). In the current study, we utilized both preventative and ther-
apeutic approaches of administering DZNep to MRL/lpr mice. 
Our findings provide robust preclinical evidence supporting the 
potential use of EZH2 inhibitors in lupus, paving the way for 
repurposing EZH2 inhibitors in clinical trials.

MATERIALS AND METHODS

EZH2 expression in B cells, monocytes, and neutro-
phils in lupus patients. We recruited a total of 6 lupus patients 
(mean ± SEM age 46.2 ± 5.4 years, range 32–61 years) and 6 
healthy controls (mean ± SEM age 44.5 ± 5.8 years, range 30–63 
years). All lupus patients fulfilled the American College of Rheu-
matology classification criteria for SLE (9). The mean SLE Dis-
ease Activity Index score (10) score for lupus patients was 2, with 
a median of 1 (range 0–6) (see Supplementary Table 1, on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.40931/ abstract). Lupus patients receiving cyclo-
phosphamide or methotrexate were excluded from the study. All 
subjects provided written informed consent approved by the Insti-
tutional Review Board of the University of Michigan.

Peripheral whole blood was collected from each study sub-
ject, and erythrocytes in blood samples were lysed with RBC Lysis 
Buffer (eBioscience). Remaining whole blood cells were incubated 
with Human Seroblock (Bio- Rad) in Cell Staining Buffer (BioLegend) 
to block nonspecific Fc receptor binding of Ig, and extracellularly 
stained with the following antibodies: allophycocyanin (APC)–Cy7–
conjugated anti- CD14 (clone 63D3; BioLegend), phycoerythrin 
(PE)–conjugated mouse anti- human CD16b (clone CLB- gran11.5; 
BD Biosciences), and APC- conjugated anti- CD19 (clone HIB19; 
BioLegend). Afterward, cells were fixed with Fixation Buffer (Bio-
Legend), permeabilized with Intracellular Staining Permeabilization 
Wash Buffer (BioLegend), and subsequently stained with fluores-
cein isothiocyanate (FITC)–conjugated anti- EZH2 (clone REA907; 
Miltenyi Biotec) or with corresponding isotype control, REA Con-
trol (I) antibody (clone REA293; Miltenyi Biotec). Stained cells were 

then analyzed by flow cytometry using an iCyt Synergy SY3200 
Cell Sorter (Sony Biotechnology) and FlowJo software, version 
10.0.7. An example of the gating strategy to determine B cells, 
monocytes, and neutrophils is shown in Supplementary Figure 1 
(http://onlin elibr ary.wiley.com/doi/10.1002/art.40931/ abstract), 
based on forward scatter (FSC) versus side scatter (SSC) and 
positive expression of their respective markers. The expression of 
EZH2 was measured by the median fluorescence intensity (MFI) of 
EZH2 antibody minus the MFI of its isotype control.

GEO data analysis. Analysis of EZH2 messenger RNA 
(mRNA) expression levels between lupus patients and healthy 
controls (in whole blood cells, CD4+ T cells, and CD19+ B cells) 
was performed using data sets downloaded from the GEO data-
base (accession nos. GSE72509 and GDS4185). These data sets 
have previously been described in detail (11,12).

Mice and treatments. Eight- week- old female MRL/lpr 
mice (no. 000485; The Jackson Laboratory) were acclimatized for 2 
weeks prior to study commencement and maintained in pathogen- 
free conditions. There were 2 model types in which DZNep (Cay-
man Chemical) was administered: a preventative model (DZNep/
DZNep) with DZNep treatments that began on day 0 of the study 
in 10- week- old mice and a therapeutic treatment model (vehicle/
DZNep) with DZNep treatments that began on day 28 of the study 
in 14- week- old mice. A vehicle- only group was also included as 
control. Mice were treated with either vehicle or DZNep (2 mg/
kg) by intraperitoneal injection. DZNep was solubilized in DMSO 
and diluted in phosphate buffered saline (PBS) prior to injection 
(final DMSO concentration in PBS was 10%). In the vehicle con-
trol group, mice received daily injections of vehicle control for 35 
days and were switched to biweekly (Monday and Thursday) dos-
ing until day 98. A similar regimen was used in the DZNep/DZNep 
prevention model group, in which mice received DZNep once daily 
from day 0 to day 35 and were then switched to twice- weekly 
dosing for the remainder of the study. In the vehicle/DZNep ther-
apeutic treatment group, animals received vehicle once daily from 
day 0 to day 27. On day 28, mice in this group were switched to a 
daily dose of DZNep until day 63; from day 64 onward, the dosing 
frequency changed to twice weekly. Animals were monitored and 
weighed daily throughout the study. This study was performed at 
Biomodels, an AAALAC- accredited facility, and approved by the 
Biomodels Institutional Animal Care and Use Committee.

Assessment of lupus nephritis and kidney damage. 
Kidneys were harvested on day 98 of the study, fixed in formalin, 
and sections were cut and stained with either hematoxylin and 
eosin or periodic acid–Schiff (PAS). Glomerulonephritis, cres-
cent formation, and necrosis in kidneys were scored clinically by 
a pathologist who was blinded with regard to the experimental 
group. Approximately 125 glomeruli in each PAS- stained slide 
were counted. Glomeruli were categorized as having crescents, 

http://onlinelibrary.wiley.com/doi/10.1002/art.40931/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40931/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40931/abstract
info:ddbj-embl-genbank/GSE72509
info:ddbj-embl-genbank/GDS4185
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fibrinoid necrosis, acute glomerulitis, mesangial hypercellular-
ity, segmental glomerulosclerosis, global glomerulosclerosis, or 
normal architecture. The presence of pseudothrombi, interstitial 
nephritis, and arteritis was also noted.

Urine was collected every 2 weeks beginning 2 weeks prior 
to day 0 of the study. Urine albumin and creatinine concentra-
tions were measured using enzyme- linked immunosorbent assay 
(ELISA) kits from Alpha Diagnostic and R&D Systems, respectively, 
and were then used to calculate the urine albumin:creatinine ratio.

Quantification of serum and plasma antibodies. 
Every 2 weeks, serum was collected by retroorbital bleed using 
serum separator tubes. On day 98 of the study, plasma was 
collected from all of the animals, while serum was collected in a 
portion of the DZNep/DZNep-treated mice and all of the vehicle/
DZNep-treated mice. Anti–double- stranded DNA (anti- dsDNA) 
antibody titers in serum or plasma (day 98 only) were determined 
using ELISA (Alpha Diagnostic).

Spleen and lymph node weight. Spleen and lymph 
nodes (submaxillary, thoracic, axillary, renal, and mesenteric) were 

excised on day 98 of the study, trimmed of extra fat and connec-
tive tissue, weighed, and photographed. The average weight of all 
lymph nodes in each mouse was used to represent the average 
change in lymph node weight between mouse groups.

Flow cytometric analysis of splenocytes. Each spleen 
was placed in fluorescence- activated cell sorting buffer (0.5% 
bovine serum albumin, 2 mM EDTA in PBS) and processed 
into single- cell suspension using a gentleMACS Dissociator. 
Total spleen cell counts were obtained by counting a fraction of 
the diluted cells by flow cytometry. Red blood cells were lysed 
using BD Pharm Lyse lysis buffer (BD Biosciences) prior to the 
addition of mouse FcR Blocking Reagent (Miltenyi Biotec). Cells 
were stained with the following fluorochrome- conjugated anti-
bodies: VioBlue- conjugated CD3ε (clone 17A2; Miltenyi Biotec), 
APC–Cy7–conjugated rat anti- mouse CD4 (clone GK1.5; BD Bio-
sciences), PE- conjugated rat anti- mouse CD8a (clone 53- 6.7; BD 
Biosciences), PerCP–Cy5.5–conjugated anti- mouse T cell recep-
tor β chain (TCRβ) (clone H57- 597; BioLegend), FITC- conjugated 
anti- mouse CD19 (clone 6D5; BioLegend), APC- conjugated 
CD45R (B220) (clone RA3- 6B2; Miltenyi Biotec), and PE–Cy7–

Figure 1. Analysis of EZH2 expression in human peripheral blood cells. A–C, EZH2 expression, analyzed by flow cytometry, was elevated in 
B cells (A), monocytes (B), and neutrophils (C) from lupus patients compared to controls. Values in the upper panels are the mean ± SEM. D–F, 
EZH2 mRNA levels were elevated in whole blood from lupus patients (n = 99) compared to controls (n = 18) (D), and were also elevated in B 
cells (E) and CD4+ T cells (F) from lupus patients (n = 14) compared to controls (n = 9). Symbols represent individual subjects; bars show the 
mean ± SEM. MFI = median fluorescence intensity.
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conjugated anti- mouse CD11c (clone N418; BioLegend). Stained 
cells were then analyzed by flow cytometry using a MACSQuant 
Analyzer 10 (Miltenyi Biotec) and WinList software, version 9 (Ver-
ity Software House). The following cell types were gated based on 
FSC versus SSC and positive expression of their respective mark-
ers: B cells (TCRβ−CD19+), total T cells (TCRβ+), CD4+ T cells 
(TCRβ+CD4+), CD8+ T cells (TCRβ+CD8+), and double- negative 
T cells (TCRβ+CD4−CD8−). An example of the gating strategy is 
shown in Supplementary Figure 2 (http://onlin elibr ary.wiley.com/
doi/10.1002/art.40931/ abstract).

EZH2, H3K27me3, and JAM- A expression in spleno-
cytes. To confirm that successful inhibition of EZH2 in mice was 
achieved by DZNep treatment, EZH2 and H3K27me3 levels in 
splenocytes were examined using Western blotting. Protein (20 μg) 
of protein was separated by sodium dodecyl sulfate–polyacryla-
mide gel electrophoresis before electroblotting onto a nitrocellulose 
membrane. Blots were probed with anti- EZH2 or anti- H3K27me3 
antibodies (both from Cell Signaling Technology). β- actin (Sigma- 
Aldrich) and H3 (Cell Signaling Technology) were used as loading 
controls. Since we previously showed that JAM- A is regulated by 

EZH2 and down- regulated by DZNep in lupus CD4+ T cells (6), 
we also examined levels of JAM- A (Santa Cruz Biotechnology) in 
these cells. Densitometry was analyzed using ImageJ.

Cytokine analysis. Cytokine levels in plasma from day 98 
of the mouse study were analyzed using a Bio- Plex Pro Mouse 
Cytokine 23- plex Assay. The cytokines assayed included tumor 
necrosis factor (TNF), interferon- γ (IFNγ), interleukin- 1α (IL- 1α), IL- 
1β, IL- 2, IL- 3, IL- 4, IL- 5, IL- 6, IL- 9, IL- 10, IL- 12, IL- 12p40, IL- 13, 
IL- 17A, CCL2, RANTES/CCL5, keratinocyte- derived chemokine 
(KC)/CXCL1, eotaxin/CCL11, macrophage inflammatory protein 
1α (MIP- 1α), MIP- 1β/CCL4, granulocyte colony- stimulating factor 
(G- CSF), and granulocyte–macrophage colony- stimulating factor 
(GM- CSF).

Statistical analysis. Mann- Whitney U tests were used to 
compare the publicly available data on human EZH2 expression 
levels in whole blood, B cells, and CD4+ T cells in lupus patients 
and healthy controls. EZH2 expression , measured by flow  
cytometry, in B cells, monocytes, and neutrophils from lupus 
patients versus healthy controls was compared using an 

Figure 2. Survival improvement and reduced anti–double- stranded DNA (anti- dsDNA) antibody production in 3′- deazaneplanocin (DZNep)–
treated MRL/lpr mice. A, Schematic representation of preventative and therapeutic treatment models. DZNep treatment in the preventative 
group (DZNep/DZNep) began when mice were 10 weeks old, 2 weeks prior to typical disease onset. The therapeutic group (vehicle/DZNep) 
received DZNep treatment 2 weeks after disease onset, when mice were 14 weeks old. B, Schematic representation of treatment regimens. 
The DZNep/DZNep group received DZNep once daily for 35 days and on day 36 was switched to a twice- weekly regimen until the end of the 
study. The control group was treated at the same times as the DZNep/DZNep group, with vehicle administered instead of DZNep. The vehicle/
DZNep group received vehicle once daily for 27 days, then was switched to daily dosing of DZNep from day 28 through day 63. On day 64, 
DZNep dosing was reduced to twice weekly until the end of the study. C, Survival curves of the vehicle, DZNep/DZNep, and vehicle/DZNep 
groups (n = 15 per group at start). D, Anti- dsDNA antibody levels. Values are the mean ± SEM.

http://onlinelibrary.wiley.com/doi/10.1002/art.40931/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40931/abstract
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unpaired t- test, or Mann- Whitney U test when normality could 
not be assumed. Survival analysis was performed using the 
Mantel- Cox log- rank test. All other mouse data were evaluated 
by one- way analysis of variance, or Kruskal- Wallis test when 
normality could not be assumed, using Dunn’s multiple compar-
ison test to compare the preventative and therapeutic groups to 
the control group. All statistical analyses were performed using 
GraphPad Prism, version 7. Data are presented as the mean ± 
SEM. P values less than 0.05 were considered significant.

RESULTS

EZH2 expression in lupus. We previously showed that 
EZH2 is up- regulated in lupus CD4+ T cells and that T cell overex-
pression of EZH2 plays an important role in lupus (5,6). To examine 
whether other immune cell types also overexpress EZH2 in lupus, 
we assessed EZH2 expression using flow cytometry in peripheral 
blood B cells, monocytes, and neutrophils from lupus patients and 
compared it to that in healthy controls. EZH2 expression, as meas-
ured by MFI, was significantly elevated in B cells, monocytes, and 
neutrophils of lupus patients compared to matched controls (P 
< 0.05) (Figures 1A–C). Using previously published gene expres-
sion profiles available in GEO, we analyzed EZH2 mRNA levels in 
whole blood (GEO accession no. GSE72509) and freshly isolated 
lymphocyte subsets (GEO accession no. GDS4185) from lupus 
patients and healthy controls. EZH2 mRNA levels in whole blood 

from lupus patients were significantly higher than those in healthy 
controls (P < 0.01) (Figure 1D). Similarly, EZH2 expression was 
significantly elevated in the freshly isolated B cells and CD4+ T 
cells from lupus patients compared to controls (P < 0.05) (Fig-
ures 1E and F).

Effect of EZH2 inhibition on mortality and autoanti-
body production in MRL/lpr mice. To examine whether inhi-
bition of EZH2 is beneficial in lupus- like disease, an EZH2 inhibitor, 
DZNep, was administered to MRL/lpr mice (Figures 2A and B). As 
shown in Figure 2C, mice that received only vehicle had 33.3% mor-
tality by the end of the study on day 98 (mice were 24 weeks old). 
Mice in the preventative group had 100% survival, while there was 
6.67% mortality in the therapeutic group by the end of the study. 
There was a significant difference in the mortality rates between the 
DZNep/DZNep-treated mice and the controls (P < 0.05).

Anti- dsDNA antibody levels were significantly lower in the 
preventative group by day 14, 2 weeks after DZNep treatment 
began in this group, and anti- dsDNA antibody levels remained 
significantly lower throughout the duration of the study (P < 
0.001) (Figure 2D). By day 56, the anti- dsDNA titers were sig-
nificantly lower in mice in the therapeutic group compared to 
the vehicle control group (P < 0.05) and remained significantly 
lower for the next 28 days, though there was not a significant 
difference detected at the final time point (Figure 2D). Although 
plasma was used instead of serum for quantification of anti- 

Figure 3. Reduced renal involvement in 3′- deazaneplanocin (DZNep)–treated MRL/lpr mice. A–C, The percentage of total glomeruli with 
glomerulonephritis (A), crescent formation (B), and necrosis (C) in the kidneys of mice in the vehicle, DZNep/DZNep, and vehicle/DZNep 
groups. D, Photomicrographic representation of renal damage. D1, Glomerulus with glomerulomegaly and cellular crescent (arrow) from a 
mouse in the control group. D2, Acute global glomerulitis and segmental fibrinoid necrosis (arrow) from a mouse in the control group. D3, 
Normal- appearing glomerulus from a mouse in the DZNep/DZNep group. D4, Glomerulus with mesangial hypercellularity from a mouse in the 
vehicle/DZNep group. Periodic acid–Schiff stained (D1, D3, and D4) or hematoxylin and eosin stained (D2); original magnification × 400. E, Urine 
albumin:creatinine ratios (UACRs) in the vehicle, DZNep/DZNep, and vehicle/DZNep groups. Values in A, B, C, and E are the mean ± SEM.

info:ddbj-embl-genbank/GSE72509
info:ddbj-embl-genbank/GDS4185
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dsDNA on day 98, the levels were similar to those measured 
in serum (data not shown). Our results showed that DZNep 
improved survival in the MRL/lpr mice and significantly reduced 
the production of anti- dsDNA antibodies 2–4 weeks following 
daily dosing of DZNep.

Effect of DZNep treatment on renal involvement. 
To assess the effect of DZNep on renal damage, glomerulone-
phritis, crescent formation, and necrosis were assessed in each 
mouse on day 98 of the study. Development of glomerulonephri-
tis and crescents was significantly reduced in both the preventa-

tive and therapeutic groups compared to the control group (P < 
0.05)  (Figures 3A and B). There also was a significant reduction 
in glomerular necrosis in the preventative group compared to the 
control group (P < 0.01), but the difference observed between 
the control group and the therapeutic group was not statisti-
cally significant (Figure 3C). Representative photomicrographs of 
glomeruli from each treatment group are depicted in Figure 3D. 
Overall, the number of glomeruli with no pathologic abnormality 
was significantly higher in the preventative group compared to the 
control group (mean ± SEM 65.8 ± 4.7% versus 31.6 ± 7.2%; 
P < 0.01) (Supplementary Figure 3, http://onlin elibr ary.wiley.com/

Figure  4. Reduced splenomegaly and lymphadenopathy in 3′- deazaneplanocin (DZNep)–treated MRL/lpr mice. A, Weight of individual 
spleens, and representative photographs. B, Mean weight of lymph nodes from all sites, and representative photographs of renal lymph 
nodes. C, Expression of EZH2, junctional adhesion molecule A (JAM- A), and H3K27me3 in splenocytes, examined by Western blotting (WB). 
Representative blots from 3 mice per treatment group are shown. A total of 8 samples per group were analyzed for densitometry. In A and B 
(left panels) and C (lower panels), symbols represent individual mice; bars show the mean ± SEM.

http://onlinelibrary.wiley.com/doi/10.1002/art.40931/abstract
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doi/10.1002/art.40931/ abstract). To monitor the progression of 
kidney involvement, proteinuria was analyzed using albumin:cre-
atinine ratios that were calculated every 2 weeks throughout the 
study. These ratios were significantly lower in the preventative 
group (by day 14) and the therapeutic group (by day 42) com-
pared to the control group (P < 0.01) (Figure 3E). In both treatment 
groups, the albumin:creatinine ratio remained significantly lower 
throughout the remainder of the study. Overall, DZNep treatment, 
both preventative and therapeutic, significantly reduced lupus 
nephritis and renal damage in MRL/lpr lupus- prone mice.

Reduced splenomegaly and lymphadenopathy with 
DZNep. MRL/lpr mice develop progressive enlargement of the 
spleen and lymph nodes due to lymphoproliferation that is char-
acteristic of the strain. The spleens from vehicle- treated mice 
weighed significantly more than those from mice in the preventa-
tive and therapeutic groups (P < 0.001) (Figure 4A). The mean 
weight of lymph nodes from all sites (submaxillary, thoracic, axil-
lary, renal, and mesenteric) in both the preventative and therapeu-
tic groups was significantly lower than that of the control group  
(P < 0.0001) (Figure  4B and Supplementary Figure 4, http://
onlin elibr ary.wiley.com/doi/10.1002/art.40931/ abstract). DZNep 
appeared to be efficacious in reducing the progression of spleno-
megaly and lymphadenopathy in MRL/lpr mice.

Reduced EZH2, H3K27me3, and JAM- A with DZNep. 
In splenocytes, DZNep treatment in both the preventative 
and therapeutic groups significantly reduced both EZH2 and 
H3K27me3 levels, suggesting that the dosing regimen we 
adopted was effective in inhibiting EZH2 (P < 0.05; n = 8)  
(Figure 4C). In addition, JAM- A levels in splenocytes were sig-
nificantly reduced in the preventative group (P < 0.05), while 
these reductions were only marginally significant in the thera-
peutic group due to an outlier (P = 0.08). These results suggest 
that EZH2 regulates JAM- A expression, and manipulation of 
EZH2 expression by DZNep down- regulates JAM- A, similar to 
what we previously showed in CD4+ T cells in lupus patients 
(6).

Reduced lymphoproliferation with DZNep. Using 
flow cytometry, we further explored the effect of EZH2 inhibi-
tion on lymphoproliferation in MRL/lpr mice by analyzing differ-
ences between groups of T cell and B cell populations. Both 
the preventative and therapeutic groups showed reduced 
numbers of total splenocytes, total T cells (TCRβ+), CD8+ T 
cells (TCRβ+CD8+), and double- negative T cells (TCRβ+CD4−
CD8−), compared to the control group (P < 0.01) (Figures 5A–C). 
The total number of CD4+ T cells (TCRβ+CD4+) was signifi-
cantly decreased in the therapeutic group compared to the con-
trol group (P < 0.01) (Figure 5C). In addition, DZNep treatment 
in both the preventative and therapeutic groups significantly 
reduced the percentage of double- negative T cells, while sig-

nificantly increasing the percentage of CD4+ and CD8+ T cells 
by the end of the study, compared to the control group (P ≤ 
0.0001) (Figure 5D). The observed shift in T cell populations and 
the reduction in total number of T cells suggests that DZNep 
reduces both T cell hyperproliferation and the generation of 
pathogenic double- negative T cells in MRL/lpr mice.

There was no difference in the total number of B cells 
(TCRβ−CD19+) between any of the groups (Figure 5E). However, 
we observed that the B cell percentage among total splenocytes 
was significantly greater in both the preventative and therapeutic 
groups compared to the control group (P ≤ 0.0001) (Figure 5F).

Cytokine levels. To further characterize the effect of EZH2 
inhibition in MRL/lpr mice, we analyzed the differential expression 
of plasma cytokine levels on day 98. Levels of IL- 3, IL- 1β, IL- 9, 
IL- 13, IL- 6, IL- 4, G- CSF, GM- CSF, and MIP- 1α were undetect-
able. No significant differences were observed between DZNep 
treatment groups and controls for IL- 2, IL- 5, IL- 1α, IL- 17A, and 
eotaxin/CCL11 (data not shown). However, there was a signifi-

Figure  5. Reduced lymphoproliferation in 3′- deazaneplanocin 
(DZNep)–treated MRL/lpr mice. A and B, Total numbers of 
splenocytes (A) and T cells (B) in the DZNep/DZNep and vehicle/
DZNep groups compared to controls. C and D, Total numbers (C) 
and percentages (D) of double- negative (DN) T cells, CD4+ T cells, 
and CD8+ T cells in mice in each treatment group. Values are the 
mean ± SEM. E and F, Total numbers of B cells (E) and percentages 
of B cells among splenocytes (F) in mice in each treatment group. 
In A, B, E, and F, symbols represent individual mice; bars show the 
mean ± SEM.

http://onlinelibrary.wiley.com/doi/10.1002/art.40931/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40931/abstract
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cant reduction in plasma levels of TNF, IFNγ, CCL2, RANTES/
CCL5, IL- 10, KC/CXCL1, IL- 12, IL- 12p40, and MIP- 1β/CCL4 in 
both the preventative and therapeutic groups compared to the 
control group (Figure 6).

DISCUSSION

Our previous findings suggested that EZH2 plays an impor-
tant role in lupus (5,6). We have reported that naive CD4+ T cells 
in lupus patients showed higher expression levels of EZH2 than 
those in healthy controls, and this up- regulation is critical for T cell 
adhesion, as inhibition of EZH2 by DZNep can normalize the ability 
of lupus CD4+ T cells to adhere to endothelial cells (6). In the pres-
ent study, we further examined the expression of EZH2 in other 
cell types and showed that EZH2 was significantly up- regulated in 
B cells, monocytes, and neutrophils in lupus patients. These data 
prompted us to investigate whether inhibition of EZH2 would be 
beneficial for lupus treatment. Indeed, in MRL/lpr mice, DZNep 
treatment, administered in either a preventative or a therapeutic 
protocol, improved survival and reduced autoantibody production. 
In addition, the therapeutic effects of DZNep appeared rapidly, with 

lowered anti- dsDNA antibody levels and albumin:creatinine ratio 
evident 14 days after the first dose.

The improvement in survival observed in DZNep- treated 
mice is likely due, in part, to a reduction in renal involvement. 
DZNep treatments appeared to prevent the progression of renal 
damage, as evidenced by a relatively stable albumin:creatinine 
ratio in DZNep- treated mice. Renal damage was also assessed 
at the end of the study by histopathologic examination. We 
observed a significant reduction in glomerulonephritis and cres-
cent formation in both DZNep treatment groups and a signifi-
cant reduction in glomerular necrosis in the preventative group 
(DZNep/DZNep) compared to the control group, by the end of 
the study. The development of nephritis is indicative of severe 
disease in lupus patients and is an important predictor of mor-
bidity and mortality. Based on our finding that DZNep treatment 
effectively reduced renal involvement in MRL/lpr mice, an EZH2 
inhibitor could prove similarly therapeutic for lupus patients.

The MRL/lpr mouse model is a lymphoproliferative model 
characterized by T cell and B cell dysregulation (13). The infiltra-
tion of double- negative T cells, in addition to an overall hyper-
proliferation of T cell populations, contributes significantly to the 

Figure 6. Decreased levels of plasma cytokines in 3′- deazaneplanocin (DZNep)–treated MRL/lpr mice. There was a significant reduction in 
plasma levels of tumor necrosis factor (TNF), interferon- γ (IFNγ), monocyte chemotactic protein 1 (MCP- 1)/CCL2, RANTES/CCL5, interleukin- 10 
(IL- 10), keratinocyte- derived chemokine (KC)/CXCL1, IL- 12, IL- 12p40, and macrophage inflammatory protein 1β (MIP- 1β)/CCL4 in both the 
DZNep/DZNep and vehicle/DZNep groups compared to the control group. Symbols represent individual mice; bars show the mean ± SEM.
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observed splenomegaly and lymphadenopathy in MRL/lpr mice 
(13,14). We observed a significant reduction in spleen and lymph 
node weight in both groups of mice treated with DZNep. A sig-
nificant decrease in the total number of splenocytes in DZNep- 
treated groups was also observed, suggesting a reduction in 
lymphoproliferation. While DZNep treatment in both groups 
reduced the total number of T cells, CD4+ T cells, and CD8+ 
T cells, the reduction in CD4−CD8− (double-negative) T cells is 
of particular interest. Double- negative T cells represent a path-
ogenic T cell subset in lupus likely derived from CD8+ T cells 
(15). These cells contribute to the production of autoantibodies, 
produce significant amounts of inflammatory cytokines includ-
ing IL- 17 and IFNγ, and contribute to renal damage as they 
accumulate in the kidneys of lupus patients (15–18). Inhibition 
of EZH2 with DZNep significantly reduced the total number of 
pathogenic double- negative T cells in MRL/lpr mice. Indeed, the 
significant reduction in double- negative T cell numbers observed 
with DZNep treatment caused significant elevation in the per-
centages of single- positive T cells (CD4+ and CD8+ T cells). 
We speculate that the reduction of pathogenic double- negative 
T cells in the DZNep- treated groups likely contributed to the 
observed reduction in renal damage and levels of circulating 
autoantibodies.

Production of cytokines and chemokines is important in lupus 
pathogenesis and tissue damage in lupus patients. We observed 
reduced concentrations of TNF, IFNγ, CCL2, RANTES/CCL5, IL- 
10, IL- 12, IL- 12p40, and MIP- 1β/CCL4 in the plasma from mice 
in the DZNep- treated groups compared to controls. All of these 
cytokines and chemokines have been reported to be elevated 
in lupus patients (19–23). Chemokines such as RANTES/CCL5, 
monocyte chemotactic protein 1/CCL2, and MIP- 1β/CCL4 con-
tribute to lupus pathogenesis by recruiting leukocytes and other 
effector cells to inflamed tissues, causing damage (19–21). IL- 10 
and TNF have been shown to be up- regulated in lupus patients 
experiencing renal involvement, and their levels correlate with dis-
ease activity (19,22). IFNγ has been found to contribute to the 
development of lupus through promotion of autophagy in lupus 
T cells, and potentially the persistence of pathogenic T cell sub-
sets (22). Dysregulation of IL- 12 has been reported in patients with 
lupus (24), and promising results were seen in a recent phase II 
trial in which ustekinumab, which targets IL- 12p40, was added to 
the standard of care in lupus patients (25).

We have previously demonstrated that EZH2 might mediate 
a pathogenic effect in lupus by altering T cell DNA methylation pat-
terns and up- regulation of the adhesion molecule JAM- A in CD4+ 
T cells (5,6). In the present study, we showed that DZNep treat-
ment in MRL/lpr mice also down- regulates JAM- A in splenocytes, 
suggesting that its beneficial effect in these animals might be due, 
in part, to inhibition of lymphocyte adhesion and extravasation. 
Because the Notch signaling pathway regulates effector T cell 
survival and function, including cytokine production (26–28), we 
speculated that another potential  mechanism of action for EZH2 

in lupus might involve the Notch signaling pathway. EZH2 has 
been shown to inhibit T cell Notch repressors, promoting Notch 
activation and thus effector T cell polyfunctionality and survival 
(29). The Notch pathway is also critical in B cells and monocytes 
(30–34), which were characterized by EZH2 overexpression in 
lupus in our study.

Several limitations to this study are worth noting. We utilized 
a systemic approach to inhibit EZH2. While this approach allowed 
for assessment of the overall effect of EZH2 inhibition (which would 
be important if a clinical trial using EZH2 inhibitors were to be con-
ducted in lupus patients), it did not allow for the identification of 
the specific cell types or pathways mediating the therapeutic effect 
of EZH2 inhibition in this lupus- prone mouse model. In addition, 
as noted above, although DZNep is a prototype EZH2 inhibitor, 
it inhibits methyltransferase activity, and therefore, nonspecific 
effects of DZNep cannot be ruled out. Future studies focused on 
characterizing the effects of EZH2 inhibition in specific cell types in 
vivo and on utilizing other more specific EZH2  inhibitors are war-
ranted.

In summary, we have demonstrated that EZH2 is overex-
pressed in multiple immune cell types in lupus patients. Inhibition 
of EZH2 is associated with abrogation of lupus- like disease in 
MRL/lpr mice. Our data suggest that inhibiting EZH2 might pro-
vide a novel therapeutic approach for lupus patients.
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Validation of the REVEAL Prognostic Equation and Risk 
Score Calculator in Incident Systemic Sclerosis–Associated 
Pulmonary Arterial Hypertension
Christopher J. Mullin,1 Rubina M. Khair,2 Rachel L. Damico,2 Todd M. Kolb,2 Laura K. Hummers,2  
Paul M. Hassoun,2 Virginia D. Steen,3 and Stephen C. Mathai,2 on behalf of the PHAROS Investigators

Objective. A prognostic equation and risk score calculator derived from the Registry to Evaluate Early and Long- 
term Pulmonary Arterial Hypertension Disease Management (REVEAL) are being used to predict 1- year survival in 
patients with pulmonary arterial hypertension (PAH), but little is known about the performance of these REVEAL sur-
vival prediction tools in systemic sclerosis (SSc)–associated PAH (SSc- PAH).

Methods. Prospectively gathered data from the Johns Hopkins Pulmonary Hypertension Program and Pulmo-
nary Hypertension Assessment and Recognition of Outcome in Scleroderma Registries were used to evaluate the 
predictive accuracy of the REVEAL models for predicting the probability of 1- year survival in patients with SSc- 
PAH. Model discrimination was assessed by comparison of the Harrell’s C- index, model fit was assessed using 
multivariable regression techniques, and model calibration was assessed by comparing predicted to observed 
survival estimates.

Results. The validation cohort consisted of 292 SSc- PAH patients with a 1- year survival rate of 87.4%. The C- 
index for predictive accuracy of the REVEAL prognostic equation (0.734, 95% confidence interval [95% CI] 0.652–
0.816) and for the risk score (0.743, 95% CI 0.663–0.823) demonstrated good discrimination, comparable to that in 
the model development cohort. The calibration slope was 0.707 (95% CI 0.400–1.014), indicating that the overall 
model fit was marginal (P = 0.06). The magnitude of risk assigned to low distance on the 6- minute walk test (6MWD) 
and elevated serum levels of brain natriuretic peptide (BNP) was lower in the validation cohort than was originally 
seen in the REVEAL derivation cohort. Model calibration was poor, particularly for the highest risk groups.

Conclusion. In predicting 1- year survival in patients newly diagnosed as having SSc- PAH, the REVEAL prognos-
tic equation and risk score provide very good discrimination but poor calibration. REVEAL prediction scores should 
be interpreted with caution in newly diagnosed SSc- PAH patients, particularly those with higher predicted risk of poor 
1- year survival resulting from a low 6MWD or a high BNP serum level.

INTRODUCTION

Pulmonary arterial hypertension (PAH) is a chronic disease 
of the pulmonary vasculature that ultimately leads to right- 
sided heart failure and death. While rare in the general popu-
lation, PAH has a lifetime prevalence of 8–14% in patients with 

systemic sclerosis (SSc) (1,2), and SSc- associated PAH (SSc- 
PAH) is a leading cause of premature death in this population 
(3). It is well established that there are differences in clinical 
characteristics and outcomes between SSc- PAH and other 
forms of PAH (4). Compared to patients with idiopathic PAH 
(IPAH), patients with SSc- PAH have less severe  hemodynamic 
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perturbations, yet more impaired right ventricular function at 
any given afterload, as assessed noninvasively with serum 
measurements of N- terminal pro–brain natriuretic peptide 
(NT- proBNP) (5) and invasively by direct measurements of 
contractility (6). Importantly, survival is worse in SSc- PAH 
compared to both IPAH (4) and non- SSc connective tissue 
disease– associated PAH (CTD- PAH) (7,8). Since prediction 
of survival has become an emerging area of research in PAH 
and survival prediction tools are being used in clinical prac-
tice, it is important to understand whether these tools are valid 
in clinically important and distinct disease subtypes such as 
SSc- PAH.

The Registry to Evaluate Early and Long- term PAH Disease 
Management (REVEAL) prognostic equation and risk score 
calculator are recently developed tools for predicting 1- year 
survival in PAH (9,10). The predictive algorithm and risk score 
were developed using prospectively gathered data from the 
REVEAL Registry, a multicenter, observational US- based regis-
try established in part to identify predictors of short-  and long- 
term survival in PAH (11). Clinical and hemodynamic variables 
independently associated with survival were identified using 
multivariable Cox proportional hazards modeling, and were 
combined into a prognostic equation and risk score containing 
19 parameters (9,10). The prognostic equation results in an esti-
mation of the predicted 1- year survival, whereas the risk score 
has an integer value between 0 and 22, with higher scores cor-
responding to a lower predicted probability of 1- year survival.

The cohort of 2,716 patients in the REVEAL Registry used 
for model development included 648 patients with CTD- PAH 
(23.9%), of whom 366 (13.5%) had SSc- PAH. The SSc- PAH 
and non- SSc CTD- PAH groups were reported as having sim-
ilar risk estimates according to the multivariable Cox pro-
portional hazards survival analysis, and thus these groups 
were combined together in the final models. In addition, as 
the REVEAL Registry cohort used for model development 
included just 13.5% of patients with newly diagnosed PAH, 
the prognostic equation and risk score were subsequently 
validated in a supplemental cohort from the REVEAL Registry 
that consisted of 504 patients with newly diagnosed PAH (10). 
In this combined REVEAL Registry cohort, only 500 patients 
had SSc- PAH (15.5% of the combined cohort), of whom 166 
were newly diagnosed as having PAH (8). Subsequent studies 
that have validated the REVEAL models have involved simi-
larly small proportions of SSc- PAH patients in their validation 
cohorts (12,13).

Given the known clinical differences between SSc- PAH and 
other PAH subtypes, and the small proportion of patients with 
incident SSc- PAH in the REVEAL Registry cohort, we hypothe-
sized that the developed predictive algorithm may not be valid in 
newly diagnosed SSc- PAH. Therefore, we aimed to evaluate the 
predictive accuracy of the REVEAL prognostic equation and risk 
score calculator in patients with incident SSc- PAH.

PATIENTS AND METHODS

Validation cohort. Patients in the validation cohort were 
those with newly diagnosed SSc- PAH from 2 different cohorts, 
the Johns Hopkins Pulmonary Hypertension Program (JHPHP) 
Registry, and the multicenter Pulmonary Hypertension Assess-
ment and Recognition of Outcome in Scleroderma (PHAROS) 
Registry. Patients included from the JHPHP were consecutive 
patients with SSc who were newly diagnosed as having PAH by 
right- sided heart catheterization (RHC) from January 1, 2000 until 
July 1, 2015. The diagnosis of SSc was made by a rheumatolo-
gist at the Johns Hopkins Scleroderma Center, with the diagnosis 
being based on specific criteria, as previously reported (4). The 
diagnosis of PAH was made based on RHC findings indicating 
a resting mean pulmonary arterial pressure (mPAP) of ≥25 mm 
Hg and a pulmonary arterial wedge pressure (PAWP) of ≤15 mm 
Hg (14). Patients were excluded if they had evidence of either 
obstructive lung disease (defined as a ratio of forced expiratory 
volume in 1 second [FEV1] to forced vital capacity [FVC] of <70% 
predicted, and an FEV1 of <60% predicted) or interstitial lung dis-
ease (defined as a total lung capacity [TLC] of <60% predicted or 
TLC of between 60% and 70% predicted, and chest computed 
tomography [CT] showing more than mild fibrosis, following a sim-
ilar methodology as that used by Goh et al [15]). Patients were 
also excluded if they were diagnosed as having a rheumatic over-
lap syndrome, were previously treated with active drugs for PH, or 
were included in the initial REVEAL Registry. Clinical assessment 
of World Health Organization (WHO) functional class, pulmonary 
function test results, 6- minute walk test (6MWT) distance (6MWD), 
chest CT, echocardiogram reports, serum laboratory analyses, 
vital signs, and hemodynamic measurements from RHC were 
obtained from the patients’ clinical records.

The PHAROS Registry is a North American multicenter, pro-
spective, observational study that was established in 2006 with 
the aim of understanding the natural history of PH development 
and progression in SSc (16). Inclusion criteria and patient informa-
tion collected have been previously published (16). Patients with 
an established diagnosis of SSc were enrolled if they were diag-
nosed as having PH within the previous 6 months or if they were 
classified as being at increased risk for developing PAH based 
on a reduced lung diffusing capacity for carbon monoxide (DLco), 
elevated ratio of FVC to DLco, or an elevated estimate of right 
ventricular systolic pressure on echocardiography. Patient data 
were extracted on May 2, 2016. Patients were excluded if they 
had a PAWP of >15 mm Hg, a TLC of <60% predicted, or TLC 
of between 60% and 70% predicted and chest CT showing more 
than mild fibrosis (as previously described [17]), following a similar 
methodology as that of Goh et al (15). If the TLC value was miss-
ing, then the FVC was used in its place.

As Johns Hopkins is a site in the PHAROS Registry, 
patients from Johns Hopkins were removed from the PHAROS 
cohort, since clinical information for these patients was more 
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complete in the JHPHP Registry than in the PHAROS Registry. 
It is worth noting that 3 of the 19 parameters in the REVEAL 
risk score—right atrial pressure (RAP), heart rate, and systolic 
blood pressure (BP)—are not recorded in the PHAROS Registry. 
For both cohorts, the estimated glomerular filtration rate (eGFR) 
was calculated using the Modified Diet in Renal Disease equa-
tion (18), and renal dysfunction was defined as an eGFR of <60 
ml/minute/1.73 m2.

Survival analysis. For all patients in the JHPHP cohort, 
the time at risk began at the date of RHC diagnosis of PAH, as 
all patients were enrolled in the registry at the time of or before 
their RHC. Death was determined by clinical records and the 
Social Security Death Index (SSDI), and all causes of death were 
included. Patients were administratively censored at 1 year or cen-
sored at their last clinical encounter if they were lost to follow- up 
prior to 1 year. In the PHAROS Registry, the time at risk began at 
the date of the diagnostic RHC for individuals whose catheteriza-
tion occurred after their enrollment into the registry. For patients 
enrolled in the registry after their diagnosis of PAH, the time at risk 
began at the time of study enrollment, in order to avoid immor-
tal person- time bias. Subjects were administratively censored at 
1 year or censored at their last clinical encounter if that occurred 
before 1 year from the beginning of their time at risk. Death in the 
PHAROS Registry was assessed by individual study sites using 
clinical records and the SSDI. Kaplan- Meier curves and estimates 
were used to assess survival up to and at 1 year.

REVEAL prognostic equation and risk score calcula-
tions. The REVEAL prognostic equation and risk score were tab-
ulated for each patient in the validation cohort using the methods 
described by the REVEAL investigators (9,10). Nineteen param-
eters were assessed in each patient (Table  1) at the beginning 
of time at risk or prior to the time at risk. Patients for whom data 
were missing for a specific parameter were assigned to the refer-
ence group, as specified by, and accounted for, in the REVEAL 
model development (9). Each patient’s predicted probability of 
1- year survival was calculated as S0(1)exp(Z’βγ), where S0(1) indicates 
the baseline survival at 1 year, S0(1) = 0.9698, and Z’βγ indicates 
the prognostic index, which is the product of the shrinkage coef-
ficient, γ = 0.939, and the Z’β, the sum of all β coefficients of 
the 19 parameters in the model. Based on the individual’s pre-
dicted probability of 1- year survival using the prognostic equation, 
patients were stratified into 5 risk groups: low risk (≥95%),  average 
risk (90 to <95%), moderately high risk (85 to <90%), high risk 
(70 to <85%), and very high risk (<70%).

The REVEAL risk score is calculated using the same 19 
parameters. Each patient begins with a score of 6, and has 1 or 2 
points added or subtracted for each parameter (Table 1). Patients 
are similarly stratified into 5 risk groups: low risk (score of 1–7), 
average risk (score of 8), moderately high risk (score of 9), high risk 
(score of 10–11), and very high risk (score of ≥12).

Model validation. To assess the predictive accuracy of the 
model, several analyses were performed to assess model fit, dis-
crimination, and calibration. To evaluate model fit, the Cox propor-
tional hazards regression coefficient of the prognostic index (Z’βγ) 
was estimated, which is sometimes referred to as the “calibration 
slope”, calculated as ln h(t) = ln h0(t) + β(Z’βγ). A regression coef-
ficient of 1 indicates that discrimination in the validation cohort is 
equal to that in the derivation cohort, whereas a regression coeffi-
cient of >1 or <1 indicates better or poorer discrimination, respec-
tively, in the validation data set (19).

Model fit was assessed by examining the differences in the 
regression coefficients between the derivation and validation data 
sets, using a Cox proportional hazards regression on the covari-
ates in the model, with an offset of the prognostic index, calculated 
as ln h(t) = ln h0(t) + x’β* + (Z’βγ). Values for the offset coefficients 
(β*) in this regression model represent the differences between the 

Table 1. Parameters for the REVEAL prognostic equation and risk 
score*

Prognostic 
equation β

Risk 
score

WHO group I subgroup 
FPAH +0.7737 +2
APAH- PoPH +1.2081 +2
APAH- CTD +0.4624 +1

Demographic, male age >60 years +0.7779 +2
Comorbidity, renal insufficiency +0.6422 +1
WHO functional class

Class I −0.8740 −2
Class III +0.3454 +1
Class IV +1.1402 +2

Vital signs
Systolic BP <110 mm Hg +0.5128 +1
Heart rate >92 bpm +0.3322 +1

6MWD
≥440 meters −0.5455 −1
<165 meters +0.5210 +1

BNP
<50 pg/ml or NT- proBNP <300 pg/ml - 0.6922 - 2
>180 pg/ml or NT- proBNP >1,500 pg/ml +0.6791 +1

Echocardiography, any pericardial effusion +0.3014 +1
Pulmonary function test 

DLco ≥80% predicted −0.5317 −1
DLco ≤32% predicted +0.3756 +1

Right- sided heart catheterization
RAP >20 mm Hg +0.5816 +1
PVR >32 Wood units +1.4062 +2

* For the prognostic equation, the probability of 1- year survival was 
calculated as S0(1)exp(Z’βγ), where the baseline survival at 1 year, S0(1), 
is 0.9698, the shrinkage coefficient, γ, is 0.939, and the Z’β is the sum 
of all β coefficients in the prognostic equation column. The risk score 
is calculated by beginning with a score of 6 and then summing the 
points in the risk score column. REVEAL= Registry to Evaluate Early 
and Long- term Pulmonary Arterial Hypertension Disease Manage-
ment; WHO = World Health Organization; FPAH = familial pulmonary 
arterial hypertension; APAH = associated pulmonary arterial hyper-
tension; PoPH = portopulmonary hypertension; CTD = connective tis-
sue disease; BP = blood pressure; bpm = beats per minute; 6MWD= 
distance on the 6- minute walk test; BNP = brain natriuretic peptide; 
NT- proBNP = N- terminal pro–brain natriuretic peptide; DLco = lung 
diffusing capacity for carbon monoxide; RAP = right atrial pressure; 
PVR = pulmonary vascular resistance. 
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β* coefficients estimated in the model fitted to the derivation data 
set and those estimated in the model fitted to the validation data 
set (19). A global test to determine whether all of the β* values 
equaled zero was performed to assess overall model fit, which 
can limit the possibility of inflating Type I error by testing each indi-
vidual β* value of 0. The P values resulting from both regression 
analyses are anticonservative, in that they do not account for the 
uncertainty in the estimated regression coefficients of the prog-
nostic index (19).

To further assess model discrimination, Harrell’s C- index of 
concordance was calculated for both the prognostic index and the 
risk score. Harrell’s C- index represents the proportion of patient 
pairs in which the outcome and the predictions are concordant 
(19). This is analogous to the area under the receiver operating 
characteristic curve; however, in survival analysis, it accounts for 
the time to events. The C- index represents the probability that a 
randomly selected person who dies will have a lower probability 

of survival than a randomly selected person who is still alive (and 
not censored) at the time of the death. The C- index was reported 
both in the derivation of the REVEAL prediction model (9) and in 
the subsequent validation in patients with newly diagnosed PAH 
(10); the values are directly comparable.

Kaplan- Meier survival curves were produced for the valida-
tion cohort, which was stratified into the 5 risk groups by both 
the prognostic equation and the risk score. Hazard ratios for 
each of the 5 risk groups were estimated using a Cox propor-
tional hazards regression, with the low risk group as the refer-
ence group.

Model calibration was assessed using 2 types of calibration 
plots. First, the validation cohort was stratified into the 5 risk 
groups by both the prognostic equation and the risk score, and 
Kaplan- Meier estimates of observed 1- year survival were plotted 
against predicted 1- year survival as estimated by the prognostic 
equation.

Table  2. Baseline characteristics of the patients from the Johns Hopkins Pulmonary Hypertension Program (JHPHP) and Pulmonary 
Hypertension Assessment and Recognition of Outcome in Scleroderma (PHAROS) cohorts*

No. of patients 
assessed

JHPHP  
(n = 117)

No. of patients 
assessed

PHAROS  
(n = 175) P

Age, mean ± SD years 117 62.3 ± 11.6 171 60 ± 11 0.03
Sex, female 117 95 (81.2) 171 152 (88.9) 0.07
Race 117 170 0.06

White 98 (83.8) 134 (78.8)
African American 15 (12.8) 20 (11.8)
Hispanic 0 (0) 11 (6.5)
Asian/Pacific Islander 1 (0.8) 3 (1.8)
Other 3 (2.6) 2 (1.1)

Type of SSc 117 175 0.003
Limited 101 (86.3) 123 (69.9)
Diffuse 16 (13.7) 45 (25.7)
Unclassified 0 (0) 7 (4.0)

WHO functional class 117 170 0.03
Class I 7 (6.0) 24 (14.1)
Class II 41 (35.0) 69 (40.6)
Class III 64 (54.7) 66 (38.8)
Class IV 5 (4.3) 11 (6.5)

6MWD, median (IQR) meters 77 319.1 (133.5) 137 365.9 (175.0) 0.04
BNP, median (IQR) pg/ml 3 192.1 (222.4) 71 134 (477) 0.65
NT- proBNP, median (IQR) pg/ml 81 942 (1,712) 46 331.5 (2,163) 0.06
Pericardial effusion, any 110 43 (39.1) 162 54 (33.3) 0.33
eGFR <60 ml/minute/1.73m2 98 43 (43.9) 155 57 (36.8) 0.27
FVC, mean ± SD % predicted 104 84.1 ± 16.7 164 83.6 ± 15.2 0.64
TLC, mean ± SD % predicted 73 88.7 ± 14.9 133 84.8 ± 15.1 0.08
DLco, mean ± SD % predicted 98 51.4 ± 18.5 158 42.5 ± 15.9 0.0002
Systolic BP, mean ± SD mm Hg 106 128 ± 24 – – –
Heart rate, mean ± SD bpm 113 79 ± 12 – – –
Right atrial pressure, mean ± SD mm Hg 116 8 ± 4 – – –
Pulmonary arterial pressure, mean ± SD mm Hg 117 40 ± 12 175 37 ± 10 0.11
Pulmonary arterial wedge pressure, mean ± SD mm Hg 117 10 ± 3 175 10 ± 3 0.87
Cardiac output, mean ± SD liters/minute 117 4.49 ± 1.55 174 5.04 ± 1.68 0.005
Cardiac index, mean ± SD liters/minute/m2 117 2.51 ± 0.80 – – –
PVR, mean ± SD Wood units 117 8.10 ± 5.66 174 6.46 ± 4.51 0.006

* Comparisons between groups were made using Student’s t- test, Mann- Whitney U test, or chi- square test, where appropriate. Except where 
indicated otherwise, values are the number (%) of patients. SSc = systemic sclerosis; WHO = World Health Organization; 6MWD = distance on 
the 6- minute walk test; BNP = brain natriuretic peptide; NT- proBNP = N- terminal pro–brain natriuretic peptide; eGFR = estimated glomerular 
filtration rate; FVC = forced vital capacity; TLC = total lung capacity; DLco = lung diffusing capacity for carbon monoxide; BP = blood pressure; PVR 
= pulmonary vascular resistance. 
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Second, the baseline survival function was estimated 
in the validation data set, and then smoothed by fitting as 
a fractional polynomial. Average predicted survival curves 
were then generated for each risk group and plotted against 
observed survival points as estimated by the Kaplan- Meier 
method. Because these calibration plots use the baseline sur-
vival function estimated on the validation data set (instead of 
the derivation data set), this has been termed a partial valida-
tion (20).

All statistical analyses were performed using Stata MP, 
 version 12.1 (Stata Statistical Software release 12; StataCorp).

RESULTS

Patient characteristics. A total of 292 patients were 
included in the validation cohort, 117 from the JHPHP Registry 
and 175 from the PHAROS Registry. The baseline character-
istics of these cohorts are shown in Table 2. In both cohorts, 
patients were predominantly female and white, and had WHO 
functional class II or III disease. The mean age was >60 years. 
There were several key differences between these 2 cohorts; 
as compared to the PHAROS Registry, the patients in the 
JHPHP cohort were older, more likely to have limited SSc, had 
a worse functional class, had a shorter distance on the 6MWT 
(6MWD), had a higher DLco, and had worse hemodynamics 
(lower cardiac output and higher pulmonary vascular resis-

tance [PVR]).
The mean REVEAL risk score was greater in patients in the 

JHPHP cohort than in the PHAROS Registry cohort (mean ± SD 
risk score 9 ± 2 versus 8 ± 2; P = 0.005). However, as the PHAR OS 
Registry does not record heart rate, systolic BP, or RAP, no patients 
in the PHAROS Registry received points for these  variables. No 
patients in the JHPHP had a RAP of >20 mm Hg, and no patients 
in either cohort had a PVR of >32 Wood units (WU).

Results of survival analysis. A total of 36 deaths were 
observed, and the overall 1-year survival rate was 87.4% (95% 
CI 82.9–90.7%). Fourteen patients were lost to follow- up before 
1 year, 6 in the JHPHP cohort and 8 in the PHAROS Registry. 
Figure 1 displays the Kaplan- Meier survival curves for the 5 risk 
groups stratified by the REVEAL prognostic equation (Figure 1A) 
and the REVEAL risk score (Figure 1B).

Estimates of model validation. The calibration slope, or 
regression coefficient of the prognostic index (Z’βγ), was 0.707 
(95% CI 0.400–1.014), and the test for a coefficient of 1 result-
ing in a P value of 0.06 indicated a borderline, but acceptable 
model fit for the prognostic equation. The C- indexes for both the 
prognostic  equation and the risk score are presented in Table 3, 
along with C- indexes in the REVEAL cohorts and 2 other studies 
that evaluated REVEAL model performance (12,13). In predicting 
1- year survival in patients newly diagnosed as having SSc- PAH, 
these estimates with the 2 REVEAL survival prediction tools indi-
cated very good discrimination, and demonstrated that the C- in-
dexes in our validation cohort were similar to those in the REVEAL 
cohorts and the other validation studies.

Hazard ratios for the probability of 1- year survival across 
the 5 risk groups stratified by the prognostic equation and 
the risk score are shown in Table 4. Similar to that shown in 
 Figure 1, patients classified into the high risk group by either 
the prognostic equation or the risk score appeared to have the 
worst survival, although the hazard ratios had large and over-
lapping confidence intervals. This suggests that while overall 
discrimination was very good, discrimination for those patients 

at higher risk may not be as accurate.
In the regression analysis with the prognostic index offset 

(data not shown), the joint test, in which the offset coefficients of 
the 14 covariables included in the model equaled zero, resulted 
in a chi- square value of 25.22 (P = 0.03), indicative of a marginal 

Figure  1. Kaplan- Meier estimates of survival over 1 year in patients with newly diagnosed systemic sclerosis–associated pulmonary 
arterial hypertension in the validation cohort, stratified by Registry to Evaluate Early and Long- term Pulmonary Arterial Hypertension Disease 
Management (REVEAL) risk groups according to the REVEAL prognostic equation (A) and the REVEAL risk score (B). Low risk is defined as a 
predicted probability of 1- year survival of ≥95%, average risk as predicted survival of 90 to <95%, moderately high risk as predicted survival of 
85 to <90%, high risk as predicted survival of 70 to <85%, and very high risk as predicted survival of <70%.

A B
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model fit. The β* for a 6MWD of <165 meters was 1.8012 (95% 
CI −3.3216 to −0.2808; P = 0.02), and the β* for a high BNP 
serum level (BNP >180 pg/ml or NT- proBNP >1,500 pg/ml) was 
1.2763 (95% CI −2.1262 to −0.4263; P = 0.003). These were 
the only 2 covariables whose individual β* values significantly 
differed from 0 in the offset regression model, indicating that the 
model fit of these 2 variables in the validation cohort was poor. 
In both cases, these coefficients were negative, meaning that 
the hazard assigned to these covariables in the original model 
was not seen in this validation data set. Put another way, a lower 
distance on the 6MWT and a higher serum level of BNP or NT- 
proBNP were not as strongly associated with poorer survival in 
the multivariable model in our validation cohort as they were in 
the REVEAL model development cohort.

Calibration curves are presented in Figure 2. Observed ver-
sus predicted survival rates at 1 year are shown for each of the 
risk groups stratified by the prognostic index (Figure 2A) and the 
risk score (Figure 2B). These, along with the “partial validation” 
plots of observed and predicted survival rates (Figures 2C and 

D), show that observed survival was lower than predicted for 
the high risk group, but higher than predicted for the very high 
risk group. These findings are consistent with the hazard ratios 
across groups (Table 4), suggesting that both model discrimina-
tion and calibration were not as accurate for the patients in the 
highest risk groups.

DISCUSSION

Our results show that when applied to a cohort of patients 
with newly diagnosed SSc- PAH, the REVEAL prognostic equation 
and risk score for the probability of 1- year survival offer similar 
measures of overall discrimination as they did in the original model 
development cohort. However, discrimination and calibration 
appear to be less accurate in patients in the highest risk groups, 
indicating that the REVEAL prediction model may not perform 
adequately in separating and predicting survival in the newly diag-
nosed SSc- PAH patients with high- risk features and the lowest 
predicted probabilities of 1- year survival.

Compared to the REVEAL cohort of SSc- PAH patients 
(both newly and previously diagnosed) (8), our validation cohort 
of patients with newly diagnosed SSc- PAH was similar in age, 
sex, WHO functional class, and 6MWD, but had a higher preva-
lence of renal dysfunction. Our cohort had a lower average mPAP, 
lower PVR, and higher cardiac output than the REVEAL SSc- PAH 
patients. Although these differences may be explained by the fact 
that a population of newly diagnosed PAH patients was compared 
to one with both newly and previously diagnosed PAH patients, 
the 1- year survival in our cohort was demonstrably higher than 
that of the newly diagnosed SSc- PAH patients in the REVEAL 
Registry (87% versus 76% [8]). There are several possible expla-
nations for this, including earlier diagnosis of PAH in SSc, differ-
ences in treatment of PAH (21,22), or better exclusion of interstitial 
lung disease (ILD) in our cohort compared to the REVEAL Registry 
cohort. While all of the subjects in our cohort had chest CT scans, 
only 72% of the scans were interpreted using the Goh criteria. 
Thus, it is possible that some patients with significant ILD were 
included. However, with the exclusion criteria for ILD employed in 
the current study, our cohort had a higher FVC, on average, than 

Table  3. Comparison of Harrell’s C- index among the derivation 
and validation cohorts*

Cohort [ref.]

Harrell’s C- index (95% CI)

Prognostic equation Risk score
REVEAL  

(derivation) [9]
0.744 0.735

REVEAL  
(supplemental) [10]

0.726 0.724

FPHN [13] – 0.73 (0.69–0.77)
UCSF [12] 0.765 (0.565–0.965) –
JHPHP 0.727 (0.618–0.836) 0.720 (0.612–0.828)
PHAROS 0.722 (0.593–0.850) 0.748 (0.624–0.872)
Combined 0.734 (0.652–0.816) 0.743 (0.663–0.823)

* Harrell’s C- index represents the proportion of patient pairs in which 
the outcome and the predictions are concordant, and is analogous 
to the area under the receiver operating characteristic curve, except 
that it accounts for time to events. 95% CI = 95% confidence interval; 
REVEAL= Registry to Evaluate Early and Long- term Pulmonary Arte-
rial Hypertension Disease Management; FPHN = French Pulmonary 
Hypertension Network; UCSF = University of Caliifornia San Francis-
co; JHPHP = Johns Hopkins Pulmonary Hypertension Program; PHAR-
OS = Pulmonary Hypertension Assessment and Recognition of Out-
come in Scleroderma. 

Table 4. Hazard ratios for probability of 1- year survival across REVEAL risk groups*

Risk group

Prognostic equation Risk score

No. of 
patients

Hazard ratio 
(95% CI)

No. of 
patients

Hazard ratio  
(95% CI)

Low 105 Referent 116 Referent
Average 73 0.90 (0.21–3.75) 41 0.60 (0.07–5.12)
Moderate 37 2.30 (0.62–8.57) 52 1.79 (0.48–6.68)
High 56 9.89 (3.73–26.25) 59 10.30 (3.88–27.34)
Very high 21 3.15 (0.75–13.18) 24 5.27 (1.53–18.21)

* Using the low risk group as the referent, Cox proportional hazard ratios were calculated 
for each of the risk groups determined by both the prognostic equation and the risk score. 
REVEAL = Registry to Evaluate Early and Long- term Pulmonary Arterial Hypertension Disease 
Management; 95% CI = 95% confidence interval. 
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the SSc- PAH REVEAL cohort (mean ± SD predicted FVC 84 ± 
16% versus 72 ± 18% [8]). As survival is worse in SSc patients 
with PH related to ILD than in patients with SSc- PAH (23), inclu-
sion of SSc patients with ILD in REVEAL may partly explain this 
difference in survival.

Other strengths of our study include the exclusion of 
patients with obstructive lung disease, and our criteria for 
defining SSc. We used the FEV1:FVC ratio to exclude patients 
with obstructive lung disease, which was reported in >20% of 
patients in the REVEAL Registry (24). In our validation cohort, 
the diagnosis of SSc was established by rheumatologists using 
internationally accepted diagnostic criteria. The PHAROS Reg-
istry was developed and is maintained by rheumatologists, 
and requires diagnosis of SSc based on fulfillment of either the 
American College of Rheumatology (ACR) criteria for SSc or the 
LeRoy definitions of limited cutaneous or diffuse cutaneous SSc 
(16). All patients in the JHPHP cohort were diagnosed using the 
ACR criteria by a rheumatologist at the Johns Hopkins Sclero-

derma Center. Given the differences in survival between patients 
with SSc- PAH and other forms of non- SSc CTD- PAH (7,8), 
establishment of a correct rheumatologic diagnosis is important 
for survival  prediction.

In general, validating a prognostic model means establishing 
that the model works satisfactorily for patients other than those 
from which the model was derived (25). However, rather than 
considering validation as a test by which a model passes or fails, 
some have proposed that it is more helpful to view validation as 
an unbiased estimate of the prediction error in a model (25,26). 
Instead of asking, “Are the REVEAL prediction models valid in 
newly diagnosed SScPAH?”, it may be more insightful to ask, 
“What are the errors in prediction for the REVEAL models when 
applied to an external cohort of patients with newly diagnosed 
SScPAH?” When viewed through this lens, the results of our sta-
tistical validation, particularly that of model fit, may be explained 
by some of the clinical differences between SSc- PAH and other 
forms of PAH.

Figure 2. Calibration plots of observed versus predicted survival at 1 year in each of the 5 risk groups stratified by the Registry to Evaluate 
Early and Long- term Pulmonary Arterial Hypertension Disease Management (REVEAL) prognostic index (A) and REVEAL risk score (B), and in 
the partial validation data sets of low, average, and moderate risk groups (C) and high and very high risk groups (D). Predicted survival curves 
were estimated using the baseline hazard function of the validation cohort and smoothed as a fractional polynomial, and average predicted 
survival curves (dashed lines) were generated for each risk group defined by the REVEAL prognostic equation. Observed survival, as estimated 
using Kaplan- Meier methods, is plotted at every month for each of the 5 risk groups. Low risk is defined as a predicted probability of 1- year 
survival of ≥95%, average risk as predicted survival of 90 to <95%, moderately high risk as predicted survival of 85 to <90%, high risk as 
predicted survival of 70 to 85%, and very high risk as predicted survival of <70%. Color figure can be viewed in the online issue, which is 
available at http://onlinelibrary.wiley.com/doi/10.1002/art.40918/abstract.
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Assessment of model fit showed that the risk assigned in 
the REVEAL prediction models to a low 6MWD and a high  
BNP/NT- proBNP serum level was not seen in our validation 
cohort. Patients with SSc can have exercise limitations in the 
absence of known pulmonary involvement (27), and the 6MWD 
has been shown to be correlated with disease activity and quality 
of life in SSc (28). The minimal clinically important difference for 
change in the 6MWD is smaller in CTD- PAH than in other forms of 
PAH (29). Given that there are differences in the 6MWT between 
types of PAH, and that SSc patients can have limitations on the 
6MWT related to musculoskeletal involvement, it is not surprising 
that the risk assigned to a low 6MWD is different in SSc- PAH than 
in PAH in general.

Similarly, there are differences in the serum levels of NT- 
proBNP between SSc- PAH and other types of PAH. Compared 
to patients with IPAH, patients with SSc- PAH have higher NT- 
proBNP levels despite less severe hemodynamics (30), and there-
fore it is perhaps not unexpected that an elevated NT- proBNP 
serum level did not carry the same risk in our validation cohort 
as it did in the REVEAL derivation cohort. Of the 21 patients in 
the very high risk group (based on the prognostic equation), 19 
had an elevated BNP/NT- proBNP serum level, and 9 of the 19 
patients with a low 6MWD were in the very high risk group. Thus, 
the lower- than- predicted mortality seen in the very high risk group 
may be partly attributable to the fact that a low 6MWD and high 
BNP/NT- proBNP serum level were driving the categorization of 
very high risk.

There are a few limitations of our study. First, there were 
important differences in the use of BNP versus NT- proBNP 
between the REVEAL, JHPHP, and PHAROS cohorts. The 
REVEAL Registry was designed to use BNP, for which NT- 
proBNP was substituted only for patients who had missing data 
on BNP levels. In the original derivation cohort, 1,340 patients 
(49.3%) had data on BNP levels, and only 208 patients (7.7%) 
had data on NT- proBNP levels. In the JHPHP, NT- proBNP levels 
are used preferentially over BNP, and thus only 3 patients (2.6%) 
in the JHPHP cohort had data on BNP levels, and NT- proBNP 
levels were used in 81 patients (69.1%). In the PHAROS cohort, 
71 patients (40.3%) had data on BNP levels, and NT- proBNP 
levels were used in 37 patients (21.0%). The more frequent use 
of NT- proBNP in our cohort could explain some of the model 
performance, particularly since the coefficient for a high BNP/
NT- proBNP serum level indicated a poor model fit. However, we 
used the REVEAL model as intended and developed, and thus 
this is likely to be more a limitation of the REVEAL model perfor-
mance than of our validation study.

Second, while current guidelines use PVR in the definition of 
PAH (31,32), we included all patients with an mPAP of ≥25 mm 
Hg and a PAWP of ≤15 mm Hg, regardless of PVR. Our validation 
cohort included 54 patients (18.5%) with a PVR of <3 WU. A sen-
sitivity analysis to assess model validation in only those patients 
with a PVR of >3 WU demonstrated similar C- indexes, as well 

as similar model fit and model calibration. As the REVEAL and 
PHAR OS Registries completed enrollment before the use of PVR 
in the definition of PAH, we elected to include all patients who 
other wise met the diagnostic criteria for PAH apart from PVR.

Third, there were issues with missing data in our valida-
tion cohort, the most concerning of which was the complete 
absence of 3 parameters (RAP, heart rate, and systolic BP) in the 
PHAROS cohort. An RAP of >20 mm Hg was not seen in any 
patients in the JHPHP cohort, and as a rather extreme cutoff, its 
absence is much less problematic than the absences of heart 
rate and systolic BP. All 3 of these variables are associated with 
an increased risk, so it is possible that their systematic absence 
may have biased predictions toward a lower predicted mortality 
in the PHAROS cohort. As a sensitivity analysis, heart rate and 
systolic BP values were imputed into the PHAROS cohort based 
on data from the JHPHP cohort. With this, there was no signif-
icant change in the calibration slope or the C- indexes for either 
the prognostic equation or the risk score. Similarly, there were no 
differences in model fit, the hazard ratios across risks groups, or 
visual inspection of calibration plots with imputed heart rate and 
systolic BP values. Thus, missing data likely did not contribute 
to model performance, mostly because the REVEAL prediction 
models were developed to account for missing data by includ-
ing patients with missing data in the reference group for every 
parameter.

Furthermore, the calibration plots (shown in Figure 3) used 
the baseline survival function from the validation cohort to gener-
ate the predicted survival curves. It is possible that the baseline 
survival functions were different between this validation cohort 
and the REVEAL derivation cohort. That being said, this method 
provided a similar depiction of predicted survival compared to the 
calibration plots of predicted versus observed survival at 1 year 
(see Figures 2A and B).

Finally, this validation was performed only for patients newly 
diagnosed as having SSc- PAH, and examined survival to 1 year. 
Further investigation would be necessary to assess the model’s 
performance for longer- term outcomes or in assessing 1- year sur-
vival from any given time point in prevalent SSc- PAH.

In addition to the REVEAL prediction models, a risk assess-
ment tool was proposed in the 2015 European pulmonary hyper-
tension guidelines (32), and this tool has been validated in several 
cohorts (33–36), of which 2 comprised exclusively patients with 
SSc- PAH (35,36). This European Respiratory Society/European 
Society of Cardiology prediction tool differs from the REVEAL 
models in that it was not as rigorously derived, there is no pre-
scribed way to implement overall risk stratification, and it does not 
provide predicted survival probabilities.

In summary, the REVEAL prognostic equation and risk score 
calculator provided measures of overall discrimination in predicting 
1- year survival in a cohort of newly diagnosed SSc- PAH patients 
with results similar to those in the REVEAL cohort. However, model 
performance was marginal for patients in the highest risk groups, 
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which is partly explained by poor model fit for the risk attributed to 
a low 6MWD and a high BNP/NT- proBNP serum level. Use of the 
REVEAL prediction models for estimating the probability of 1- year 
survival in patients with SSc- PAH should be done with these cave-
ats in mind, and further investigation to better predict survival in 
this unique and distinct disease subtype is warranted.
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A Machine Learning Classifier for Assigning Individual 
Patients With Systemic Sclerosis to Intrinsic Molecular 
Subsets
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Objective. High- throughput gene expression profiling of tissue samples from patients with systemic sclerosis 
(SSc) has identified 4 “intrinsic” gene expression subsets: inflammatory, fibroproliferative, normal- like, and limited. Pri-
or methods required agglomerative clustering of many samples. In order to classify individual patients in clinical trials 
or for diagnostic purposes, supervised methods that can assign single samples to molecular subsets are required. We 
undertook this study to introduce a novel machine learning classifier as a robust accurate intrinsic subset predictor.

Methods. Three independent gene expression cohorts were curated and merged to create a data set covering 
297 skin biopsy samples from 102 unique patients and controls, which was used to train a machine learning algo-
rithm. We performed external validation using 3 independent SSc cohorts, including a gene expression data set gen-
erated by an independent laboratory on a different microarray platform. In total, 413 skin biopsy samples from 213 
individuals were analyzed in the training and testing cohorts.

Results. Repeated cross- fold validation identified consistent and discriminative markers using multinomial elastic 
net, performing with an average classification accuracy of 87.1% with high sensitivity and specificity. In external val-
idation, the classifier achieved an average accuracy of 85.4%. Reanalyzing data from a previous study, we identified 
subsets of patients that represent the canonical inflammatory, fibroproliferative, and normal- like subsets.

Conclusion. We developed a highly accurate classifier for SSc molecular subsets for individual patient samples. 
The method can be used in SSc clinical trials to identify an intrinsic subset on individual samples. Our method pro-
vides a robust data- driven approach to aid clinical decision- making and interpretation of heterogeneous molecular 
information in SSc patients.

INTRODUCTION

Systemic sclerosis (SSc) is a complex autoimmune connec-
tive tissue disease characterized by skin fibrosis, internal organ 
dysfunction, vascular damage, and immunologic abnormalities. 
Patients are classified clinically, according to the extent of skin 
involvement, into limited cutaneous SSc (lcSSc) and diffuse 
cutaneous SSc (1).

To further characterize disease heterogeneity and patho-
genesis, transcriptomics has elucidated common biologic 
processes in subsets of SSc patients using intrinsic gene 

expression analysis. Four intrinsic molecular subsets, iden-
tified through gene expression profiling in skin samples, are 
characterized by distinct molecular signatures and have been 
validated in multiple studies (2–5). The subset is consistent 
across the different skin biopsy sites within a single patient, 
regardless of clinically affected or unaffected status, thereby 
demonstrating the systemic nature of the disease (2–4,6).  
These subsets have also been found across organ systems 
in analyses of multiple tissues (7,8). The inflammatory subset 
is defined by enrichment in immune system response, inflam-
matory response, and vascular development (3). The fibropro-
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liferative subset is characterized by increased expression of 
proliferative processes, including cell cycle, mitosis, and chro-
mosome segregation. The normal- like subset is composed 
of samples from SSc patients whose gene expression most 
closely resembles that of healthy controls. This subset has 
previously been characterized by fatty acid metabolism and 
lipid metabolism, although not consistently (5,9). The limited 
subset consists exclusively of lcSSc patients and is the least 
characterized in terms of unique molecular signatures. Impor-
tantly, lcSSc patients can also be assigned to the inflammatory 
and normal- like subsets.

To date, there are no Food and Drug Administration–
approved disease- modifying treatments for SSc (10). Although 
overall survival and treatment strategies for SSc are improv-
ing, the power in clinical trials is often compromised by 
patient heterogeneity. Following a clinical diagnosis of SSc,  
immunotherapeutic treatment regimens are often intensive 
and exploratory; in addition to delayed relief, patients risk 
adverse side effects throughout this experimental approach. 
Only recently have clinical trials begun to consider molecular 
heterogeneity in the interpretation of outcomes, which may 
explain improvement in a subset of SSc patients and may 
identify patients who will improve naturally as part of their dis-
ease course (11). Thus, SSc is an ideal example of a disease 
in which outcomes may be improved by tools that will aid 
 personalized medicine, especially in the context of molecular 
subsets.

The inflammatory intrinsic gene expression subset has been 
associated with response to immunomodulating therapies. For 
example, Hinchcliff et  al showed that 4 of 7 patients treated 
with mycophenolate mofetil improved, and all 4 were classified 
as being in the inflammatory subset at baseline (4). Addition-
ally, 4 of 5 improvers in a placebo- controlled study of abata-
cept were assigned to the inflammatory subset (12). Gordon 
et  al demonstrated that transitions between intrinsic subsets 
correlated strongly with clinical improvements in a randomized, 
double- blind, placebo- controlled trial of belimumab with myco-
phenolate mofetil background therapy (13). Specifically, move-
ment from the inflammatory or fibroproliferative subsets to the 
normal- like subset strongly correlated with decreases in the 
modified Rodnan skin thickness score (14). The use of genomic 

data and intrinsic subsets may help improve patient outcomes 
by identifying therapies with higher potential for success in each 
individual patient. Furthermore, longitudinal tracking of intrinsic 
subset assignment may provide insight into SSc pathogenesis 
and overall disease trajectory.

Landmark studies that first assigned intrinsic subsets in 
SSc used agglomerative methods, including intrinsic gene anal-
ysis and unsupervised clustering algorithms to determine the 
number of intrinsic subsets and each sample’s membership in 
a subset (2–4,15,16). There are several limitations with these 
methods. First, intrinsic gene analysis requires paired samples 
from each individual (e.g., forearm and back skin biopsies). 
Paired skin samples are often not available in the setting of clin-
ical trials. Second, the most “intrinsic” genes are agnostically 
derived from the samples in each data set, and often the exact 
list differs between studies, although some genes are com-
monly found and biologic processes are consistent (5). Third, 
unsupervised clustering algorithms rely on the assumption that 
at least 2 intrinsic subsets are represented in the data set. This 
often requires a large number of samples (i.e., n ≥70) for all 4 
intrinsic subsets to arise and be distinguishable in a data set.

In order to classify patients in pilot clinical trials or for diag-
nostic purposes, supervised methods that can assign an indi-
vidual sample to an intrinsic molecular subset are required. We 
have developed a method to assign single samples to intrinsic 
gene expression subsets according to carefully curated and 
defined criteria using machine learning. The method utilizes a 
multinomial elastic net classifier and an optimized set of genes 
for assigning samples to intrinsic gene expression subsets using 
objective molecular genomic data.

MATERIALS AND METHODS

Training data set curation and preprocessing. DNA 
microarray data (2–4) (described in Table 1) were collected with at 
least 80% probes passing filter, analyzed as log2 lowess- normalized 
Cy5:Cy3 ratios, and multiplied by −1 to convert them to log2(-
Cy3:Cy5) ratios. Each data set was processed separately using 
the following pipeline from GenePattern (17): missing values were 
imputed using the k- nearest neighbors algorithm with default set-
tings, the CollapseDataset module was run using median collapse 

Table 1. Studies included in the analysis*

Data set
GEO accession  

no.
Samples,  

no. Platform
Arrays  

excluded, no.
Arrays  

included, no. Purpose
Milano et al, 2008 (2) GSE9285 75 Agilent (4 × 44K) 13 62 Training
Pendergrass et al, 2012 (3) GSE32413 89 Agilent (4 × 44K) 13 76 Training
Hinchcliff et al, 2013 (4) GSE59787 165 Agilent (4 × 44K) 6 159 Training
Chakravarty et al, 2015 (12) GSE66321 16 Agilent (8 × 60K) 8 8 Testing
Gordon et al, 2015 (25) GSE65405 12 Agilent (8 × 60K) 6 6 Testing
Assassi et al, 2015 (26) GSE58095 102 Illumina HT- 12 v4 0 102 Testing

* Arrays were excluded if no subset classification was done in the original analysis or if the patient was diagnosed as having morphea and/or 
eosinophilic fasciitis. 

info:ddbj-embl-genbank/GSE9285
info:ddbj-embl-genbank/GSE32413
info:ddbj-embl-genbank/GSE45485
info:ddbj-embl-genbank/GSE66321
info:ddbj-embl-genbank/GSE65405
info:ddbj-embl-genbank/GSE58095
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mode, and genes were median centered. Data sets were com-
bined using only genes present in all 3 sets. Arrays from morphea 
and eosinophilic fasciitis patients were excluded, as well as any 
arrays that were not assigned to a subset in the original analyses. 
All gene expression data have previously been published on Gene 
Expression Omnibus. Altogether, 413 samples, collected from 213 
unique individuals, were used to train and test the classifier.

Classifier training and evaluation. The KernSmooth 
(18), GLMnet (19), random forest (RF) (20), and caret (21) pack-
ages implemented in R were used to train supervised classifiers. 
The support vector machine (SVM) was trained with a linear ker-
nel. GLMnet and RF were run with default parameters. Repeated 
cross- validation (×10, 3- fold) was used to train the model and 
simultaneously assess robustness. Accuracy metrics were mea-
sured across all repeated cross- validated folds.

External validation. We compared subset assignments 
made by our model to those reported in the studies described in 
Table 1. The data sets GSE65405 and GSE66321 were profiled 
using Agilent 8 × 60K array technology, an updated version of the 
platform used in the studies to train the classifier. We calculated 
concordance and Cohen’s kappa coefficient based on the intrin-
sic subset assignment determined by the classifier and compared 
to the intrinsic subset information from the original publication. 

Data set GSE58095 was generated using Illumina HT- 12, ver-
sion 4. We downloaded data set GSE58095 from the NCBI GEO. 
GenePattern (17) was used to impute missing values in the data 
set using the k- nearest neighbors algorithm and collapse probes 
to genes using a Chip description file for Illumina HT- 12, version 4.

SSc subset molecular signatures. Ranked genes with 
positive, non- zero coefficients in the final model for each molec-
ular subtype were analyzed with g:Profiler using default g:SCS 
threshold (22). To further validate the gene signatures, we identi-
fied modules (groups of coexpressed genes) using weighted gene 
coexpression network analyses (WGCNA). We identified modules 
associated with molecular subsets using biweight midcorrelation 
with the bicor function in WGCNA R package (23). Modules were 
annotated with significant biologic processes identified through 
g:Profiler. The entire workflow is shown in Figure 1.

RESULTS

Data set curation. Our goal for this study was to create the 
first validated classifier for the intrinsic molecular subsets of SSc 
using supervised machine learning algorithms. In order to train a 
broadly applicable classifier, we identified large gene expression 
data sets from 3 independent studies (Table 1) and developed a 
machine learning classifier using an optimized scheme (Figure 1).

Figure 1. Schematic depiction of the overall study. Gene expression data from 3 independent studies (A) were merged into a single data 
set used to train a variety of machine learning classifiers (B). A final model was selected (C) and externally validated on other published gene 
expression data (D), then used to further characterize the intrinsic subsets (E).

info:ddbj-embl-genbank/GSE65405
info:ddbj-embl-genbank/GSE66321
info:ddbj-embl-genbank/GSE58095
info:ddbj-embl-genbank/GSE58095
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Many clinical studies are characterized by unique and spe-
cific inclusion criteria, and these criteria lead to limitations for gen-
eralization. While increasing the reliability of results, these criteria 
often result in a data set of patients that does not represent the 
full spectrum of disease. By merging data from 3 studies, we are 
confident that our training data set reflects a broad spectrum of 
SSc (Figure 2). We only included samples with definitive intrinsic 
subset labels, as determined in each respective original analysis 
(Supplementary Table 1, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.40898/ 
abstract). Our final training data set contained gene expression 
data for 11,430 genes across 297 microarrays from 102 unique 
patients. These arrays represent all 4 intrinsic gene expres-
sion subsets (Figure  2A and Supplementary Figure 1, available 
on the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.40898/ abstract), although the limited 
intrinsic subtype is somewhat underrepresented. The other 3 
intrinsic subsets are well- balanced in the number of samples: 71 
inflammatory, 102 fibroproliferative, and 107 normal- like. The 107 
samples in the normal- like intrinsic subset represent both healthy 
controls (n = 49) and SSc patients (n = 58) who had a normal- like 
subset label. The patients in our cohort represent a diverse group 
based on age, sex, disease duration, and extent of skin involve-
ment (Figures 2B and C and Supplementary Table 2, available on 
the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.

com/doi/10.1002/art.40898/ abstract). We used guided principal 
components analysis (gPCA) to determine if a significant batch 
effect existed as a result of combining 3 independent studies (24), 
and we did not see a significant study bias (P = 0.993 by gPCA) 
(Figure 2D).

Training machine learning classifiers. We trained 
supervised classifiers, including multinomial elastic net (GLMnet), 
SVM, and RF, because they represent a popular and diverse set 
of machine learning algorithms. Initial evaluation of the classifiers 
was done using the performance over repeated cross- validation. 
We found that GLMnet outperformed SVM and RF in iterations 
of training in both average accuracy and kappa (Figures 3A and 
B). The overall accuracy and kappa were 87.1% and 0.81 for 
GLMnet, 83.8% and 0.76 for SVM, and 81.1% and 0.72 for RF. 
Therefore, we selected GLMnet as the primary classifier to further 
validate SSc intrinsic subsets using DNA microarray data. 

 GLMnet displayed high overall sensitivity and specificity for 
all intrinsic subsets (Figures  3C and D). Sensitivity and spec-
ificity for each intrinsic subset in the cross- validation of SVM 
and RF are shown in Supplementary Figure 2 (available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.40898/ abstract). Specifically, GLMnet 
attained 83.3% sensitivity and 95.8% specificity for the inflam-
matory subset and 89.7% sensitivity and 94.1% specificity for 

Figure 2. Merge of training data sets. A, Relative proportion and numbers of intrinsic subsets present in the full merged training data set. B and 
C, Representative data showing the range in skin score severity as designated by the modified Rodnan skin thickness score (MRSS) for diffuse 
cutaneous systemic sclerosis (dSSc) and limited cutaneous SSc (lSSc) (B) and a wide range of age for both SSc patients and controls (C). D, First 
and second dimensions of a principal components (PC) analysis, plotted and colored by data set of origin. Symbols represent individual samples.

http://onlinelibrary.wiley.com/doi/10.1002/art.40898/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40898/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40898/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40898/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40898/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40898/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40898/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40898/abstract
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Figure 3. Model selection and validation. A and B, Accuracy (A) and Cohen’s kappa (B) were calculated for each model during repeated 
cross- fold validation. C and D, Sensitivity (C) and specificity (D) for all 4 intrinsic SSc subsets are plotted from repeated cross- fold validation for 
the final model. Data in A–D are presented as box plots, where the horizontal line inside the box shows the median, the box shows the 25th and 
75th percentiles, and bars outside the box show the range. Symbols represent a single cross-fold validation from training. In C and D, symbols 
shown beyond the bars represent statistical outliers. E, In external validations, concordance of intrinsic subset assignment between the original 
publications and the current analysis is plotted in black, and Cohen’s kappa in blue. Bars represent the 95% confidence interval from a 1-sided 
binomial test that assesses whether the accuracy attained is higher than the no-information rate, as calculated by the confusionMatrix function 
in caret (see ref. 21). F, Balanced accuracy (concordance) is shown for each of the intrinsic subsets represented in each data set. Lines show 
the mean. SVM = support vector machine; RF = random forest.
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the fibroproliferative subset. In contrast to the other subsets, the 
limited subset showed a greater range in classification sensitivity 
during training (Figure  3C). This is most likely due to the pres-
ence of fewer samples from this subset in the training set. Addi-
tionally, the limited subset has not been consistently associated 
with specific outcomes in SSc clinical trials and represents only a 
very small proportion of lcSSc patients, because lcSSc patients 
can also be classified as inflammatory or normal- like. Thus, the 
variable classification power for the limited subset is neither sur-
prising nor of great importance. Interestingly, SVM was slightly 
more sensitive in detecting the limited intrinsic subset (Supple-
mentary Figure 2) than GLMnet and RF, but we ultimately selected 
GLMnet as the best model for DNA microarray data due to supe-
rior performance in the remaining 3 subsets. Notably, the SVM 
had slightly better performance on RNA sequencing (RNA- Seq) 
data using a small testing set (Supplementary Table 3, avail able 
on the Arthritis & Rheumatology web site at http://onlin elibr ary. 
wiley.com/doi/10.1002/art.40898/ abstract).

Characterizing molecular signatures. GLMnet, 
through rigorous training, selects the most consistent and dis-
criminative genes to assign intrinsic subsets across multiple 
cohorts. We identified those genes that were important for pre-
diction of SSc intrinsic subsets by selecting genes with positive 
non- zero coefficients from the final model (Table 2 and Supple-
mentary Table 4, available on the Arthritis & Rheumatology web 
site at http://onlin elibr ary.wiley.com/doi/10.1002/art.40898/ 
abstract). These gene lists were used to determine the significant 
biological processes for discriminating SSc molecular subsets. 

A total of 245 genes were positively associated with prediction 
of the inflammatory subset and were annotated to Gene Ontology 
biological processes of immune system response, response to 
stress, and inflammatory response. Importantly, fibrotic processes 
such as angiogenesis, cell adhesion, and response to wounding 
were also up- regulated in the inflammatory subset, consistent with 
typical clinical presentations of early and active SSc. A total of 246 
genes were positively associated with prediction of the fibropro-
liferative subset. Functional terms including metabolic pathways 
and cellular process were up- regulated in the fibroproliferative sub-
set. Although the fibroproliferative subset gene signature was not 
significantly enriched in proliferative processes, it still  successfully 

identified samples previously assigned to this subtype. In the 
normal- like subset, housekeeping processes such as electron 
transport chain and cellular respiration were highly expressed. 
These results validate earlier characterizations of each respective 
subset. We observed very few genes that overlapped gene lists 
for each molecular subset (Supplementary Figure 3 (available on 
the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.40898/ abstract). This further implies that the 
SSc molecular subsets represent distinct biologic states.

External validation of SSc molecular subset classi-
fier. In order to test the predictive accuracy of our classifier, we 
sought validation using additional published DNA microarray data 
from SSc skin samples with assigned molecular subsets (Table 1). 
The studies by Chakravarty et al (12) and Gordon et al (25) were 
small investigator- initiated clinical trials, in which intrinsic subset 
was determined by calculating Spearman’s correlations between 
each sample’s gene expression and the centroid of gene sig-
nature associated with each intrinsic subset from the study by 
Milano et al (2). Unfortunately, the subset labels in these publica-
tions do not represent a true gold standard for assessing classi-
fier accuracy. Thus, for the present study, we used concordance 
of samples being assigned to the same subset as a substitute 
measure of accuracy. We also report Cohen’s kappa coefficient 
as a robust measure of performance, which takes into account 
multiple classes and the possibility of agreement by chance.

The study by Chakravarty et al (12) was an investigator- initiated 
pilot clinical trial of abatacept and contained gene expression data 
(accession no. GSE66321) with intrinsic subset assignments 
for 8 SSc patients. Because it is not completely understood 
how  abatac ept therapy affects intrinsic subset assignment, we 
included only the baseline samples for each patient. Additionally, 
the accuracy metrics from baseline samples are the most relevant 
in the context of analyses for clinical trials and intrinsic subsets as 
potential diagnostic and/or prognostic biomarkers. No significant 
study bias existed between the original training data set and the 
new data (P = 0.989 by gPCA); therefore, no batch correction 
measures were taken. We then assigned intrinsic  subset labels 
to each baseline sample using GLMnet and compared these 
to the intrinsic subset labels reported in the original publication 
 (Supplementary Table 5 and Supplementary Figure 4A, available 

Table 2. Genes for profiling molecular pathways enriched in each intrinsic subset*

Subset
Summary of significant biological processes (g:SCS  

corrected P < 0.05; g:Profiler) Select genes
Inflammatory Response to stress, response to wounding, immune system 

process, inflammatory response, defense response, 
angiogenesis

CD33, CD52, CXCL2, CXCR4, CXCR3, CTGF, FN1, IL6, 
THBS1, COL11A1, COL8A2, VCAM1, SYK, SPHK1

Fibroproliferative Metabolic process, cellular metabolic process, noncoding RNA  
metabolic process, mitochondrial gene expression

CENPV, CXCL1, COMP, POLR1B, SPIN2B, MTOR, ALAD, 
TSFM, ELAC2

Normal- like Electron transport chain, cellular respiration SP5, COX5B, NDUFV3, GPD2, ETFA
Limited Actin filament depolymerization FBLN1, STAT6, TRIM46, SPTBN1, GSN, VILL

* Genes were selected using the ranked positive non- zero coefficients in the final model. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40898/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40898/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40898/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40898/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40898/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40898/abstract
info:ddbj-embl-genbank/GSE66321
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on the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.40898/ abstract). We found that only 
1 sample was classified differently with a change in subset from 
inflammatory to fibroproliferative, giving an overall concordance of 
87.5% and a kappa of 0.7714 (Figure 3E). The balanced accuracy 
for each class was very high for inflammatory (87.5%) and normal- 
like (100%) intrinsic subsets and was lower for the fibroproliferative 
subset (50.0%) in this external validation because only 1 patient 
was classified as in the fibroproliferative subset (Figure 3F).

For a second validation data set, the study by Gordon et al, 
an investigator- initiated clinical trial of nilotinib that contained gene 
expression data (accession no. GSE65405) and intrinsic subsets 
for 6 SSc patients (25), was used. Again, there was no study 
bias between the testing and training data (P = 1.00 by gPCA). 
We found an overall concordance of 83.33% and a kappa of 
0.7391 (Figure 3E). Only 1 sample was classified differently from 
the original analysis, with a change in subset from fibroprolifera-
tive to inflammatory (Supplementary Table 6 and Supplementary  
Figure 4B, available on the Arthritis & Rheumatology web site at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.40898/ abstract). 
There was high balanced accuracy among the 3 intrinsic sub-
sets present in this data set (inflammatory, 83.3%; fibroprolifera-
tive, 87.5%; and normal- like, 100%) (Figure 3F). Overall, GLMnet  
performed consistently well, despite small sample sizes and 
unbalanced classes. Averaging the results from the first and sec-
ond data sets, the external validation classification accuracy of 
GLMnet was 85.4%.

SSc molecular subsets from a different DNA 
microarray platform. We further tested the predictive power 
of our algorithm by classifying samples with gene expression 
data generated by an independent laboratory using a different 
DNA microarray platform, from the study by Assassi et al (26). 
This gene expression data set (accession no. GSE58095) con-
tains 102 samples from 97 individuals. The original study iden-
tified subsets of patients in this cohort, which they labeled as 
“keratin,” “fibro- inflammatory,” and “normal- like” using a different 
subsetting approach. GLMnet assigned intrinsic subsets to each 
of the 102 samples; 22 samples were classified as inflamma-
tory, 27 samples were fibroproliferative, and 53 samples were 
normal- like. Of the 36 healthy control samples, 29 were correctly 
classified as normal- like, giving an accuracy of 80.6%. Addition-
ally, this data set contained paired early and late samples from 
5 patients. For these longitudinal samples, 3 SSc patients were 
assigned to the same intrinsic subset at both time points, and 
2 SSc patients changed from inflammatory or fibroproliferative 
to normal- like (Supplementary Table 7, available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.40898/ abstract). This change to the normal- 
like subset over time may represent natural disease process or 
response to therapy, but more samples and additional studies 
are needed to understand this variation in subset assignment.

Because there were no gold standard intrinsic subset assign-
ments for the Assassi et al cohort with which to compare the GLM-
net classifier labels for a final validation of accuracy, we undertook 
an independent data- driven procedure to infer the underlying 
structure of the raw data. In this analysis, we wanted to identify the 
major gene expression signatures associated with each intrinsic 
subset in order to evaluate agreement with the previous charac-
terizations of the canonical intrinsic gene expression subsets. First, 
we used WGCNA to identify modules of co- expressed genes as 
previously described (5,8,23). Then, the GLMnet molecular classi-
fier was used to assign each sample in the data set to an intrinsic 
subset. We identified gene modules associated with each intrinsic 
subset using biweight midcorrelation of the module eigengenes. 
Further results of this analysis and additional details are shown in 
Supplementary Figure 5 (available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.40898/ 
abstract).

We found that several modules correlated significantly with 
the intrinsic subsets and represented the previously defined dis-
tinct biologic processes (Figure 4). Module 10 correlated highly with 
the inflammatory intrinsic subset, and the module eigenvalues were 
significantly higher for the inflammatory samples compared to the 
other subsets (P = 6.433 × 10−9 by Wilcoxon rank sum test). This 
module contained 739 genes, enriched in Gene Ontology biolog-
ical processes such as inflammatory response, leukocyte activa-
tion, and response to stress. Many of the genes in module 10 have 
been shown to be important for inflammatory processes and in 
SSc, including COL4A1, TGFB3, HLA–DRA, COMP, and IL10RB 
(27–29). Module 6 was highly correlated with the fibroproliferative 
subset, and the module eigenvalues were significantly higher for 
samples labeled fibroproliferative compared to the other subsets 
(P = 1.124 × 10−5 by Wilcoxon rank sum test). Module 6 showed 
enrichment for biological processes including cell cycle, cellular 
process, and chromosome segregation. Among this module’s 
1,431 genes are CDC20, STAT3, CDK10, APOE, IRF3, USP4, 
MYST1, CYC1, and FBRS. Module 5 was highly correlated with the 
normal- like subset, and the module eigenvalues were significantly 
higher for the normal- like samples compared to the other subsets 
(P = 1.458 × 10−9 by Wilcoxon rank sum test). This module was 
enriched for general cellular processes including organelle organ-
ization, RNA processing, and metabolic process. These results 
corroborate the findings of Mahoney et al, who showed that the 
most consistent biologic processes relevant to SSc were enriched 
in genes with increased expression in SSc that were significantly 
correlated with the inflammatory and fibroproliferative subsets (5).

Additionally, we performed unsupervised hierarchical cluster-
ing using the genes from the GLMnet classifier (Supplementary 
Figure 6, available on the Arthritis & Rheumatology web site at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.40898/ abstract). 
The clustering showed distinct gene expression signatures asso-
ciated with the intrinsic subset calls. Interestingly, there were some 
samples (particularly in the fibroproliferative subset) that appeared 

http://onlinelibrary.wiley.com/doi/10.1002/art.40898/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40898/abstract
info:ddbj-embl-genbank/GSE65405
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http://onlinelibrary.wiley.com/doi/10.1002/art.40898/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40898/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40898/abstract
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to also have up- regulated inflammatory signatures, which is 
consis tent with the findings of Assassi et  al (26) and with our 
results from earlier studies.

Finally, we mapped the GLMnet genes to the gene mod-
ules identified in the WGCNA analysis (Supplementary Figure 7, 
available on the Arthritis & Rheumatology web site at http://onlin 
elibr ary.wiley.com/doi/10.1002/art.40898/ abstract). The GLM-
net genes were fairly evenly dispersed throughout many mod-
ules. This indicates that the genes selected in the model provide 
a whole- genome summary of gene expression and include 
important genes with nonredundant information.

Overall, these analyses result in a GLMnet classification method 
that is reproducible across multiple DNA microarray platforms and 
experiments, by which we can assign intrinsic gene expression 
subsets to SSc patients in clinical trials or for diagnostic purposes. 
This tool will allow for the identification of the patients most likely to 
respond to a given therapy using molecular measures.

DISCUSSION

To our knowledge, this is the first published classifier for 
the intrinsic molecular subsets in SSc. This study represents 

Figure 4. Module analysis of Assassi et al (26). A, Expression values are shown for genes annotated to modules 10, 6, and 5. The module 
eigengene of each module is shown in a stem plot below each heatmap. B–D, Module eigenvalues were further compared for the inflammatory 
samples versus all others (B), fibroproliferative samples versus all others (C), and normal- like samples versus all others (D). Data are presented 
as box plots, where the horizontal line inside the box shows the median, the box shows the 25th and 75th percentiles, and bars outside the 
box show the minimum and maximum of the samples. Symbols represent individual samples, and the symbols shown beyond the bars indicate 
statistical outliers. *** = P < 0.0005 by Wilcoxon rank sum test.
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improvement over previous approaches that required paired 
samples from many individuals and rigorous computational 
analyses through unsupervised clustering algorithms to identify 
intrinsic gene expression subsets. Moreover, previous studies 
relied on the assumption that multiple intrinsic subsets were 
present in the cohort. Our classifier uses defined criteria based 
on gene expression signatures trained from a large compendium 
of curated data. It accurately classifies single samples and does 
not make the assumption that all intrinsic subsets are present in 
all data sets. This is particularly important for small, pilot clinical 
trials in SSc.

In the context of immunosuppressive therapy, molecular het-
erogeneity may explain improvement in select SSc patients (11). 
Representing distinct pathway signatures, the intrinsic subsets are 
a logical and meaningful way to interpret the overall picture of global 
gene expression in patients with SSc. Our validated model accu-
rately classifies single samples and will ultimately improve the speed 
and reproducibility of computational analyses and guide interpreta-
tion of clinical response in the context of intrinsic subsets.

The ability to classify a single sample from individual patients, 
as needed, is key to implementing such methods in routine clin-
ical care. Performing genomic assays and assigning subsets in 
a rigorously controlled Clinical Laboratory Improvement Amend-
ments–certified laboratory is also needed to carefully oversee all 
aspects of the process and ensure that accurate results are gen-
erated. We believe the classification model we have developed 
here may allow personalized medicine in SSc by using intrinsic 
subsets to help guide the treatment and management of SSc. 
Our classification model is already being applied in SSc clinical 
trials, and results for each trial will be published separately as part 
of those consortia. The method has been designed to work on a 
wide range of genomic platforms so that it is possible to classify 
any SSc patient with genomic- level messenger RNA expression 
data (see below). We have previously shown that an SSc intrinsic 
subset can predict response in small investigator- initiated clinical 
trials (4,12,13), and we are further testing this prediction in large, 
randomized placebo- controlled clinical trials. If an intrinsic subset 
is shown to predict therapeutic response for a particular treatment 
in a rigorously controlled clinical trial, then intrinsic subset assign-
ment could be done early in a patient’s disease course to deter-
mine the patients most likely to benefit from certain therapies. This 
could have the benefit of getting patients started early with the 
most effective treatment, ultimately leading to faster and improved 
patient outcomes. It may be most impactful for therapies that 
have significant adverse side effects or that are very expensive 
(e.g., stem cell transplant and biologics agents).

Over time, updates in gene expression profiling technology 
have improved overall data detection and quality. Namely, RNA- 
Seq enables detection of novel transcripts as well as better detec-
tion of highly and lowly expressed transcripts, which leads to 
increased sensitivity and specificity. However, due to differences in 
methods of transcript quantification, there are significant  differences 

in data distributions, which violate statistical assumptions impor-
tant for machine learning methods. Thus, several considerations 
should be made in applying our methods to data generated from 
a different platform. Data should be examined for the existence 
of platform- related batch effects. We recommend feature specific 
quantile normalization (FSQN) for eliminating platform- based bias 
and increasing the comparability between 2 platforms (30). FSQN 
is a powerful and robust method that allows for highly accurate 
intrinsic subtype classification even in small data sets, which is an 
important factor for SSc analyses. Additionally, the SVM described 
in this report, which retains all genes in the model, may provide 
more accurate results when assigning samples to intrinsic subsets 
from RNA- Seq data. For additional details, see Supplementary 
Table 3 and Supplementary Discussion (available at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.40898/ abstract).

Intrinsic molecular subsets are a reproducible feature of SSc 
skin gene expression (2–5), and this study further validates the 
previously defined subsets through analysis of an independent 
gene expression data set generated on a different DNA microarray 
platform. Our study is the first to build a classification model for 
accurate intrinsic subset classification of single samples from SSc 
skin. Although most bioinformatics efforts have focused on profil-
ing the gene expression in SSc skin, there is substantial evidence 
to suggest that the intrinsic subsets and the immune– fibrotic axis 
span multiple affected SSc organs (7,8). Further efforts are needed 
to explore molecular heterogeneity and intrinsic subsets in other 
tissues and particularly in peripheral blood, given its accessibility. 
The results of our study are proof of principle that it is feasible to 
identify a common set of genes sufficient for SSc subset classifi-
cation. As with many rare diseases, the amount of gene expres-
sion data is quite limited, and identifying a smaller set of genes 
for a biomarker panel is very difficult. With many more features 
than samples, overfitting the training data is of great concern. 
Additional work, including the integration of more gene expression 
data, will be necessary to further refine a gene expression–based 
biomarker panel for SSc intrinsic subset classification. In conclu-
sion, this body of work represents an important step toward more 
precise diagnostic testing and treatment in SSc.
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Induction of Inflammation and Fibrosis by Semaphorin 4A 
in Systemic Sclerosis
Tiago Carvalheiro,1 Alsya J. Affandi,1 Beatriz Malvar-Fernández,1 Ilse Dullemond,1 Marta Cossu,1 Andrea Ottria,1 
Jorre S. Mertens,1 Barbara Giovannone,1 Femke Bonte-Mineur,2 Marc R. Kok,2 Wioleta Marut,1 Kris A. Reedquist,1 
Timothy R. Radstake,1 and Samuel García1

Objective. To analyze the potential role of semaphorin 4A (Sema4A) in inflammatory and fibrotic processes in-
volved in the pathology of systemic sclerosis (SSc).

Methods. Sema4A levels in the plasma of healthy controls (n = 11) and SSc patients (n = 20) were determined by 
enzyme- linked immunosorbent assay (ELISA). The expression of Sema4A and its receptors in monocytes and CD4+ 
T cells from healthy controls and SSc patients (n = 6–7 per group) was determined by ELISA and flow cytometry. 
Th17 cytokine production by CD4+ T cells (n = 5–7) was analyzed by ELISA and flow cytometry. The production of 
inflammatory mediators and extracellular matrix (ECM) components by dermal fibroblast cells (n = 6) was analyzed 
by quantitative polymerase chain reaction, ELISA, Western blotting, confocal microscopy, and ECM deposition assay.

Results. Plasma levels of Sema4A, and Sema4A expression by circulating monocytes and CD4+ T cells, were sig-
nificantly higher in SSc patients than in healthy controls (P < 0.05). Inflammatory mediators significantly up- regulated 
the secretion of Sema4A by monocytes and CD4+ T cells from SSc patients (P < 0.05 versus unstimulated SSc 
cells). Functional assays showed that Sema4A significantly enhanced the expression of Th17 cytokines induced by 
CD3/CD28 in total CD4+ T cells as well in different CD4+ T cell subsets (P < 0.05 versus unstimulated SSc cells). 
Finally, Sema4A induced a profibrotic phenotype in dermal fibroblasts from both healthy controls and SSc patients, 
which was abrogated by blocking or silencing the expression of Sema4A receptors.

Conclusion. Our findings indicate that Sema4A plays direct and dual roles in promoting inflammation and fibrosis, 
2 main features of SSc, suggesting that Sema4A might be a novel therapeutic target in SSc.

INTRODUCTION

Systemic sclerosis (SSc) is a severe autoimmune inflammatory 
disease of unknown etiology with high morbidity and mortality rates, 
characterized by activation of the immune system, vascular abnor-
malities, and fibrosis. The resultant skin thickening and stiffness and 
loss of internal organ function leads to profound disability and pre-
mature death (1,2). Fibrosis is marked by the excessive deposition 
of extracellular matrix (ECM) proteins, as well as increased numbers 
of fibroblasts expressing the contractile protein α- smooth muscle 
actin (α- SMA) (3,4). Accumulating evidence has also shown that 

immune responses are deregulated in SSc patients, contributing to 
pathology (5,6). One consequence of this immune deregulation is 
the alteration of T cell homeostasis, with an elevated frequency of 
Th17 cells in SSc patient peripheral blood and skin (7–11). Inter-
leukin- 17 (IL- 17) is a cytokine involved in many pathologic features 
contributing to SSc pathology, including proinflammatory cytokine 
secretion, monocyte recruitment, and granulocyte–macrophage 
colony- stimulating factor  production (12–14).

The semaphorin family is a large group of proteins initially 
described as axonal guidance molecules, but now appreciated 
for their roles in other physiologic and pathologic processes, 
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including the regulation of immune responses, angiogenesis, cell 
migration, and tissue invasion (15,16). Semaphorin 4A (Sema4A) 
is a transmembrane protein that can also be cleaved and released 
into circulation. Both transmembrane and soluble Sema4A bind 
to multiple receptors, the best characterized of which are plexin 
B2, plexin D1, and neuropilin 1 (NRP- 1) (17,18). Sema4A is a key 
molecule in the regulation of T cell homeostasis, activation, and 
Th1/2/17 differentiation (18–20). Sema4A deficiency or inhibition 
reduces disease severity in murine models of multiple sclerosis 
(MS) and autoimmune myocarditis, but enhances the severity of 
experimental asthma due to impaired Th1/Th17 differentiation 
and skewing towards a Th2 polarization (19,21–23). Reciprocally, 
serum levels of Sema4A are increased in MS patients and posi-
tively associated with Th17 skewing (23). Thus, Sema4A may play 
a suppressive role in Th2- driven disease while driving Th1-  and 
Th17- dependent diseases. Sema4A might also play a direct role 
in fibrosis, inducing collagen contraction by SSc patient lung fibro-
blasts (24). In this study, we examined whether Sema4A signaling 
might serve to connect altered Th17 behavior with fibrotic pro-
cesses in SSc.

MATERIALS AND METHODS

Patients. Blood from patients and sex-  and age- matched 
healthy controls was obtained from the University Medical Center 
Utrecht and Maasstad Hospital Rotterdam. All subjects provided 
written informed consent approved by the local institutional med-
ical ethics review boards prior to inclusion in this study. Samples 
and clinical information were treated anonymously immediately 
after collection. Patients fulfilled the American College of Rheuma-
tology/European League Against Rheumatism 2013 classification 
criteria for SSc (25), and the demographic and clinical character-
istics of the patients are detailed in Supplementary Tables 1–3, 
available on the Arthritis & Rheumatology web site at http://onlin 
elibr ary.wiley.com/doi/10.1002/art.40915/ abstract.

Cell isolation. Peripheral blood mononuclear cells (PBMCs) 
from healthy controls and SSc patients were isolated by Ficoll gradi-
ent (GE Healthcare). Cells were processed for further isolation using 
magnetic beads and an AutoMACS Pro Separator for monocytes 
and CD4+ T cells, according to the manufacturer’s instructions 
(Miltenyi Biotec). Purity was routinely >95% for CD4+ T cells and 
>90% for monocytes, as assessed by flow cytometry. Total CD4+ 
T cells were stained with allophycocyanin (APC)–eFluor 780–con-
jugated anti- CD4 (eBioscience), BV- 510–conjugated anti- CD27 
(BioLegend), phycoerythrin (PE)–conjugated anti- CD25, Alexa 
Fluor 647–conjugated anti- CD127, and PE–Cy7–conjugated anti- 
CD45RO (BD Biosciences) antibodies. Cell sorting was performed 
on a BD FACSAria III cell sorter (BD Bioscience) to obtain pure pop-
ulations of naive CD4+CD25−CD27+CD45RO−, effector memory 
CD4+CD25−CD27−CD45RO+, and central memory CD4+CD25−
CD27+CD45RO+ T cells (>99% purity).

Flow cytometric analysis. PBMCs were stained with 
Fixable Viability Dye (for dead cell exclusion) (eBioscience), 
antibodies to PE- Cy7–conjugated CD19 (Beckman Coulter), 
APC- conjugated CD1c, APC–eFluor 780–conjugated CD4, PerCP– 
Cy5.5–conjugated CD303, BV785- conjugated CD14, Alexa  
Fluor 700–conjugated CD3 (BioLegend), BV605- conjugated 
HLA–DR, BV711- conjugated CD141, V500- conjugated CD8, 
PE–CF594–conjugated CD56 (BD Biosciences), fluorescein 
isothiocyanate (FITC)–conjugated CD16 (BioConnect), and PE- 
conjugated Sema4A and its isotype control (R&D Systems). For 
intracellular staining, PBMCs were first fixed and permeabilized 
using a FoxP3/Transcription Factor Staining Buffer set (eBiosci-
ence). Cells were acquired on an LSRFortessa (BD Biosciences).

CD4+ T cells were stained with Fixable Viability Dye and anti-
bodies to PE- conjugated NRP- 1 (Miltenyi Biotec), FITC- conjugated 
plexin D1, APC- conjugated plexin B2, and their respective iso-
type controls (R&D Systems). Alternatively, cells were fixed and  
permeabilized using a FoxP3/Transcription Factor Staining Buffer 
set, and stained with FITC- conjugated IL- 17A, APC- conjugated 
IL- 22, PerCP–Cy5.5–conjugated interferon- γ (IFNγ) (all from  
eBioscience), BV711- conjugated IL- 4, PE- conjugated IL- 21, 
and BV421- conjugated tumor necrosis factor (TNF; all from BD  
Biosciences). All data were acquired on an LSRFortessa (BD  
Biosciences). After excluding debris, doublets, and dead cells, 
cell populations were analyzed using FlowJo software (Tree Star). 
(See Supplementary Table 4, available on the Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.40915/ abstract, for gating strategy). All flow cytometry data 
are presented as the percentage of positive cells or the change in 
median fluorescence intensity (ΔMFI), where ΔMFI = MFI of posi-
tive staining − MFI of isotype staining.

Monocyte stimulation. Monocytes were cultured 
for 30 minutes in RPMI GlutaMax (ThermoFisher Scientific)  
supplemented with 10% fetal bovine serum (FBS; BioWest) and 
10,000 IU penicillin–streptomycin (ThermoFisher Scientific), and 
then left unstimulated or stimulated with lipopolysaccharide (LPS; 
100 ng/ml), R848 (1 μg/ml), high molecular weight poly(I- C) (5 μg/
ml) (all from InvivoGen), or CXCL4 (5 μg/ml; PeproTech) for 24 
hours. Cells were lysed for messenger RNA (mRNA) expression 
analysis and cell- free tissue culture supernatants were harvested 
for cytokine analysis.

CD4+ T cell stimulation. CD4+ total, naive, central  
memory, or effector memory T cells were activated with 
Dynabeads Human T- Activator CD3/CD28 (ThermoFisher Scien-
tific) at a bead- to- cell ratio of 1:5 in the absence or presence of 
recombinant human Sema4A (200 ng/ml; R&D Systems) for 2–7 
days. Alternatively, CD4+ T cells were preincubated for 1 hour 
with neutralizing antibodies to anti–plexin D1 or NRP- 1 (R&D 
Systems) before cell activation and stimulation with Sema4A, as 
described above, for 5 days. For intracellular cytokine staining, 
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phorbol 12- myristate 13- acetate (1 μg/ml), ionomycin (50 ng/ml) 
(both from Sigma- Aldrich) and BD GolgiStop (BD Biosciences) 
were added for the final 4 hours of stimulation. For proliferation 
analysis, CD4+ T cells were labeled with CellTrace Violet (1.5 
μM; ThermoFisher Scientific) prior to culture.

CD4+ T cell transfection. CD4+ T cells were trans-
fected by electroporation using a Neon Transfection System 
(ThermoFisher Scientific). CD4+ T cells were activated with 
Dynabeads Human T- Activator CD3/CD28 at a bead- to- cell 
ratio of 1:5 for 48 hours. Before transfection, Dynabeads 
were removed, and activated CD4+ T cells were transfected 
with plexin B2–specific or scrambled (Sc) nontargeting small 
interfering RNAs (siRNAs) (50 nM; Thermo Scientific) in RPMI 
GlutaMax containing 10% FBS in the presence of Dynabeads 
(bead- to- cell ratio of 1:5) for 24 hours, and experiments 
were performed 4 days after transfection. The efficiency of 
the transfection was >60% for both healthy control and SSc 
CD4+ T cells (Supplementary Figures 1A and B, available on 
the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.40915/ abstract).

Dermal fibroblast culture and stimulation. SSc der-
mal fibroblasts (n = 6) were isolated from 3–4- mm skin biopsy 
sections obtained from a clinically affected area. Healthy control 
dermal fibroblasts (n = 6) were obtained from skin biopsy sec-
tions as resected material after cosmetic surgery. Dermal fibro-
blast isolation was performed using a whole skin dissociation 
kit (Miltenyi Biotec) following the manufacturer’s instructions, 
and fibroblasts were routinely maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM; Invitrogen) supplemented with 
10% FBS and 10,000 IU penicillin–streptomycin. Cells were 
used for experiments between passages 3 and 5, and stim-
ulations were performed after overnight starvation in medium 
containing 0.1% FBS. Fibroblasts were left unstimulated or pre-
incubated for 1 hour with neutralizing antibodies to anti–plexin 
D1 or NRP- 1 and afterward left unstimulated or stimulated 
with Sema4A (200 ng/ml) for 24–72 hours. Alternatively, condi-
tioned medium from CD4+ T cells was preincubated for 1 hour 
at 37°C in the presence of a neutralizing anti–IL- 17A antibody 
(secukinumab 100 ng/ml; kindly provided by Dr. Erik Lubberts, 
Erasmus Medical Center, Rotterdam, The Netherlands) or its 
isotype control (IgG1κ; eBioscience) and applied to fibroblasts 
for 24 hours.

Dermal fibroblast transfection. Dermal fibroblasts were 
transfected using Dharmafect 1 (Thermo Scientific). Plexin B2–
specific or Sc nontargeting siRNAs (50 nM; Thermo Scientific) 
were mixed with Dharmafect 1 prior to transfection for 24 hours. 
Experiments were performed 48–72 hours after transfection. 
The efficiency of the silencing was >60% (Supplementary Figures 
1C and D).

Cytokine measurement. Sema4A (Biomatik), IL- 6, IL- 8 
(Sanquin), and IL- 17A (eBioscience) were measured by enzyme- 
linked immunosorbent assay in cell- free supernatants and 
plasma from healthy controls and SSc patients, according to the  
manufacturer’s instructions.

Immunoblotting. Dermal fibroblasts were lysed in Laemmli 
buffer, and protein content was quantified with a BCA Protein 
Assay Kit (Pierce). Equivalent amounts of total protein lysate were 
subjected to electrophoresis on NuPAGE 4–12% Bis- Tris protein 
gels (ThermoFisher Scientific) and proteins were transferred to 
PVDF membranes (Millipore). Membranes were incubated over-
night at 4°C with primary antibodies specific for α- SMA (Sigma), 
vimentin, histone 3 (Cell Signaling Technology), type III collagen 
(Millipore), type VI collagen, and plexin B2 (Abcam). Membranes 
were then washed and incubated in Tris buffered saline–Tween 
containing horseradish peroxidase–conjugated secondary anti-
body. Protein was detected with Lumi- Light Plus Western blot-
ting substrate (Roche Diagnostics) using a ChemiDoc MP System 
(Bio- Rad). Densitometric analysis was performed with Image J 
software. Relative protein expression was normalized to histone 
H3 expression.

Reverse transcriptase–polymerase chain reaction 
(PCR) and quantitative PCR. RNA from monocytes, CD4+ 
T cells, and dermal fibroblasts was isolated using an RNeasy  
kit and RNase- Free DNase set (Qiagen). Total RNA was 
reverse- transcribed using an iScript cDNA Synthesis kit (Bio- 
Rad). Duplicate PCR reactions were performed using SYBR 
Green (Applied Biosystems) with a StepOnePlus Real- Time 
PCR system (Applied Biosystems). Complementary DNA was 
amplified using specific primers (Invitrogen) (see Supplemen-
tary Table 5, available on the Arthritis & Rheumatology web 
site at http://onlin elibr ary.wiley.com/doi/10.1002/art.40915/ 
abstract). Relative levels of gene expression were normalized 
to the housekeeping genes B2M (for monocytes and CD4+ 
T cells) and GAPDH (for fibroblasts). The relative quantity of 
mRNA was calculated using the formula 2−ΔCt × 1,000.

Confocal microscopy. Nunc Lab- Tek II chamber slides 
(ThermoFisher Scientific) were precoated with 0.001% poly- l- 
lysine (Sigma- Aldrich), washed with phosphate buffered saline 
(PBS), and air- dried. Dermal fibroblasts were seeded in DMEM 
containing 10% FBS for 24 hours and then incubated overnight 
in DMEM containing 0.1% FBS. Cells were then stimulated with 
Sema4A (200 ng/ml) in DMEM containing 2% FBS and 50 μg/
ml of l- ascorbic acid, and refreshed 48 hours later. After 72 
hours, cells were fixed with 4% paraformaldehyde, washed with 
PBS–1% bovine serum albumin (BSA), and blocked in 5% nor-
mal donkey serum/1% BSA. Cells were incubated with primary 
antibodies specific for type I collagen (SouthernBiotech), type  VI 
collagen (Abcam), and fibronectin (R&D Systems) for 1 hour at 
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room temperature, washed, and incubated with secondary anti-
bodies conjugated with Alexa Fluor 488, Alexa Fluor 594, and 
Alexa Fluor 647 (ThermoFisher Scientific) for 30 minutes at room 
temperature. Finally, cells were incubated with DAPI (Sigma- 
Aldrich Chemie) and slides mounted with Mowiol (Sigma- Aldrich 
Chemie). Imaging data were acquired on a Zen2009 LSM 710 
confocal microscope (Zeiss).

Extracellular matrix deposition assay. Black/clear flat- 
bottomed imaging plates (96 wells each; Corning) were coated 
with 0.2% gelatin solution for 1 hour at 37°C, washed with  
Dulbecco’s PBS containing 1 mM Ca2+ and 1 mM Mg2+ (DPBS+), 
and incubated with 1% glutaraldehyde for 30 minutes at room 
temperature. Plates were washed again with DPBS+ and incu-
bated for 30 minutes at room temperature with 1M ethanolamine. 
After washing, dermal fibroblasts were seeded, incubated for 24 
hours in complete medium, and starved overnight in DMEM con-
taining 0.1% FBS. Cells were then stimulated with Sema4A (200 
ng/ml) in DMEM containing 2% FBS and 50 μg/ml of l- ascorbic 
acid and refreshed 48 hours later. After 72 hours, cells were lysed 
with 0.5% volume/volume Triton X- 100 containing 20 mM NH4OH 
in PBS, and plates were kept at 4°C overnight. Cellular debris 
was removed, and wells were fixed in ice- cold 100% methanol. 
After washing, the ECM was blocked at room temperature with 
1% normal donkey serum (Jackson ImmunoResearch) and incu-
bated with primary antibodies specific for type I collagen, type 
IV collagen, and fibronectin. Afterward, wells were washed, and 
secondary antibodies (IRDye 800CW and IRDye 680RD; Li- Cor) 
were added for 1 hour at room temperature. Plates were meas-
ured using an Odyssey Sa Infrared Imaging System (Li- Cor Bio-
technology).

Statistical analysis. Correlations were analyzed by  
Spearman’s correlation analysis using SPSS software, version 
25. Statistical analysis was performed using Windows GraphPad 
Prism 6 software. Potential differences between experimental 
groups were analyzed by nonparametric test, Wilcoxon’s test, 
Mann- Whitney test, Kruskal- Wallis test, or Friedman’s test, as 
appropriate. P values less than 0.05 were considered significant.

RESULTS

Elevated expression of Sema4A in plasma and 
immune cells from SSc patients. Plasma levels of Sema4A 
were significantly higher in SSc patients than in healthy con-
trols and, interestingly, positively correlated with the severity of 
skin thickening (r = 0.529, P = 0.016) (Figures 1A and B). Since 
Sema4A is a transmembrane protein that can be cleaved and 
released into the circulation (23), we analyzed the intracellu-
lar expression of Sema4A in monocytes, dendritic cells, and 
B and T cells from healthy control and SSc patient periph-
eral blood, to determine if circulating white blood cells might 

contribute to the increased Sema4A expression observed in 
SSc patients. Sema4A expression was significantly higher in 
monocytes from SSc patients compared to healthy controls, 
as was the percentage of monocytes expressing Sema4A 
(Figures  1C and D and Supplementary Figure 2A, available 
on the Arthritis & Rheumatology web site at http://onlin elibr 
ary.wiley.com/doi/10.1002/art.40915/ abstract). We observed 
similar results in CD4+ T cells, but expression of Sema4A in 
T cells was much lower than that in monocytes. We did not 
find differences in Sema4A expression in the other cell subsets 
analyzed (Supplementary Figures 2B and C). We also analyzed 
the cellular surface expression of Sema4A and found that the 
percentage of Sema4A- positive monocytes was higher in SSc 
patients than in healthy controls. However, CD4+ T cells did 
not express Sema4A on the cell surface and no differences in 
expression were found in the other cell populations (Supple-
mentary Figures 2D and E).

Next, we analyzed whether Sema4A expression was regu-
lated in monocytes by different inflammatory mediators involved in 
the pathogenesis of SSc, namely Toll- like receptor (TLR) agonists 
and CXCL4 (5,26). LPS and R848 did not modulate the expres-
sion of Sema4A (data not shown), but poly(I- C) and CXCL4 sig-
nificantly induced the secretion of Sema4A by monocytes from 
SSc patients (Figure 1E). CD3/CD28- induced CD4+ T cell acti-
vation also induced Sema4A secretion in both healthy controls 
and SSc patients, albeit at lower levels compared to monocytes 
(Figure 1F). Importantly, and consistent with the results of intra-
cellular staining, both basal and stimulated secretion of Sema4A 
were significantly higher in monocytes and CD4+ T cells from SSc 
patients than those from healthy controls. Taken together, these 
data demonstrate that Sema4A expression is deregulated in SSc 
patient monocytes and, to a lesser extent, CD4+ T cells.

Increased frequency of CD4+ T cells expressing 
plexin B2 in SSc patients. Since Sema4A plays a key role in the  
homeostasis and activation of CD4+ T cells (19,20), we deter-
mined the expression of the best- characterized Sema4A receptors 
in healthy control and SSc patient CD4+ T cells. NRP- 1 was not 
expressed by CD4+ T cells (data not shown) and plexin D1 expres-
sion was similar between healthy controls and SSc patients. How-
ever, the percentage of CD4+ T cells expressing plexin B2 protein 
was significantly higher in SSc patients (Figure 1G). CD4+ T cells 
comprise different cell subsets (naive, effector, effector memory, 
and central memory CD4+ T cells) and, consistent with previous 
observations (27), frequencies of naive and central memory subsets  
were  significantly altered in SSc patients (Supplementary Figures 
3A and B, available on the Arthritis & Rheumatology web site at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.40915/ abstract). 
Therefore, we analyzed the expression of Sema4A receptors in 
these cell populations. Again, NRP- 1 was not expressed in any 
population (data not shown) and we did not find differences in the 
expression of plexin D1. However, we observed a higher  frequency 
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of plexin B2–positive cells in the naive and effector memory CD4+ 
T cell populations (Figure 1H).

We next determined the effect of CD4+ T cell activation on 
the expression of the Sema4A receptors. CD3/CD28 stimula-
tion did not affect the expression of plexin D1, but significantly 
increased the percentage of cells expressing plexin B2 and NRP- 1 

(Figures 1I and Supplementary Figures 3C and D). Additionally, we 
found a trend toward a higher frequency of plexin B2–positive and 
NRP- 1–positive cells in SSc patients compared to healthy con-
trols, although the differences were not significant. The induction 
of plexin B2 and NRP- 1 was not specific to any of the CD4+ T cell 
subsets (Supplementary Figure 3E).

Figure 1. Semaphorin 4A (Sema4A) is elevated in plasma, monocytes, and CD4+ T cells from patients with systemic sclerosis (SSc) and is 
induced by inflammatory stimuli. A, Sema4A levels in plasma from healthy controls (HC; n = 11) and SSc patients (n = 20). 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 10th and 90th percentiles. B, Correlation between Sema4A plasma levels and the modified Rodnan skin thickness score (MRSS). C and D, 
Intracellular Sema4A expression in monocytes and CD4+ T cells from healthy controls (n = 6) and SSc patients (n = 6). Data are shown as the 
change in median fluorescence intensity (ΔMFI) (C) or the percentage of positive cells (D). E, Expression of Sema4A protein by monocytes from 
healthy controls and SSc patients (n = 6 per group). Cells were stimulated with poly(I- C) or CXCL4 for 48 hours. F, Expression of Sema4A protein 
by CD4+ T cells from healthy controls and SSc patients (n = 6 per group). Cells were stimulated with CD3/CD28 Dynabeads for 5 days. G, Surface 
expression of plexin D1 and plexin B2 in CD4+ T cells from healthy controls and SSc patients. Circles represent individual subjects; horizontal 
lines and error bars show the mean ± SEM. H, Surface expression of plexin D1 and plexin B2 in CD4+ T cell subsets from healthy controls 
and SSc patients (n = 7 per group). I, Surface expression of plexin D1, plexin B2, and neuropilin 1 (NRP- 1) in total CD4+ T cells from healthy 
controls and SSc patients (n = 7 per group). Cells were stimulated with CD3/CD28 Dynabeads. In C–F, H, and I, bars show the mean ± SEM.   
* = P < 0.05; ** = P < 0.01; *** = P < 0.001 for the indicated comparisons. ## = P < 0.05 versus healthy control samples stimulated with 
poly(I- C); $$ = P < 0.05 versus healthy control samples stimulated with CXCL4.
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Sema4A enhances production of Th17 cytokines 
by CD4+ T cells. Mouse studies have shown that Sema4A is 
involved in Th17 skewing (21–23). We therefore analyzed the 
functional consequences of Sema4A ligation on the human pro-
duction of Th17 cytokines. Sema4A did not affect cell viability 
or proliferation in response to CD3/CD28 stimulation of CD4+ 

T cells from either healthy controls or SSc patients (Supplemen-
tary Figures 4A and B, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.40915/ 
abstract). However, in both healthy controls and SSc patients, 
Sema4A enhanced IL- 17 secretion induced by CD3/CD28 stim-
ulation, as  well the frequency of IL- 17–positive, IL- 21–positive, 

Figure 2. Semaphorin 4A (Sema4A)–induced Th17 cytokine production in CD4+ T cells. A and B, Interleukin- 17 (IL- 17) secretion (A) and 
intracellular levels of IL- 17, IL- 21, and IL- 22 (B) in total CD4+ T cells and different CD4+ T cell subsets from healthy controls (HCs) and patients 
with systemic sclerosis (SSc). Cells were activated with CD3/CD28 Dynabeads in the absence or presence of Sema4A for 5 days (for total CD4+ 
T cells), 7 days (for naive CD4+ T cells), or 2 days (for effector memory and central memory CD4+ T cells). C, Secretion of IL- 17 by total CD4+ T 
cells from SSc patients following 5 days of activation with CD3/CD28 Dynabeads in the absence or presence of Sema4A, which had previously 
been incubated for 1 hour with increasing concentrations of blocking anti–plexin D1 or anti–neuropilin 1 (anti–NRP- 1) antibodies or after plexin B2 
silencing. In A and C, bars show the mean ± SEM of 5–7 independent experiments. In B, symbols represent individual subjects. * = P < 0.05; *** = 
P < 0.001 for the indicated comparisons. $ = P < 0.05 versus CD3/CD28- activated cells from healthy controls; # = P < 0.05; ## = P < 0.01, versus 
CD3/CD28- activated, Sema4A- treated cells from healthy controls in A and versus medium or scrambled (Sc) small interfering RNA (siRNA) in C.
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and IL- 22–positive cells (Figures  2A and B and Supplementary 
Figure 4C). In contrast, Sema4A did not regulate the expression 
of Th1 and Th2 cytokines (Supplementary Figure 5, available on 
the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.40915/ abstract). Effects of Sema4A on T 
cell cytokine production were not due to differences in healthy 
control and SSc patient T cell subset frequencies, since Sema4A 
enhanced the secretion of the production of IL- 17, IL- 21, and IL- 
22 induced by CD3/CD28 in naive, effector memory, and central 
memory T cell subsets from healthy controls and SSc patients 
(Figures 2A and B), while not affecting the production of Th1 and 
Th2 cytokines (Supplementary Figure 5). Importantly, the pro-
duction of IL- 17 was significantly higher in total, naive, and effec-
tor memory CD4+ T cells from SSc patients than in those from 
healthy controls.

We next determined the effect of blocking the expression 
of Sema4A receptors on Sema4A- induced production of Th17 
cytokines in total CD4+ T cells from healthy controls and SSc 
patients. The blocking of plexin D1 and NRP- 1 with specific anti-
bodies, and the silencing of plexin B2 expression with siRNA, 
significantly reduced Sema4A- induced secretion of IL- 17, as well 
Sema4A- enhanced frequency of IL- 17–positive, IL- 21–positive, 
and IL- 22–positive cells in both healthy controls and SSc patients 
(Figure 2C and Supplementary Figures 6 and 7, available on the 

Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.40915/ abstract). Notably, this reduction was also 
observed in the absence of exogenous Sema4A. Since antibody 
blocking and cell transfection did not affect CD4+ T cell viability or 
proliferation (data not shown), this effect is likely due to the endog-
enous secretion of Sema4A by CD4+ T cells (Figure 1F).

Sema4A directs fibroblast activation via IL- 17 
 production by CD4+ T cells. Several studies have implicated 
IL- 17 in SSc inflammatory and fibrotic processes (7–11). To deter-
mine if the enhanced IL- 17 production induced by Sema4A was 
sufficient to induce biologic responses, we stimulated dermal 
fibroblasts from healthy controls with the conditioned medium of 
CD4+ T cells, previously preincubated with an anti–IL- 17 antibody 
or its isotype control, and analyzed fibroblast expression of mRNA 
for ECM components and inflammatory mediators. Compared to 
the conditioned medium of unstimulated CD4+ T cells, the condi-
tioned medium of CD4+ T cells stimulated with CD3/CD28 alone 
or in combination with Sema4A did not modulate the expression 
of mRNA for COL1A1, COL3A1, or FN1 (Figure 3A).  However, 
the conditioned medium of activated CD4+ T cells significantly 
induced expression of mRNA for IL6, IL8, PTGS2, CCL2, CCL20, 
and CXCL2, and the secretion of IL- 6 and IL- 8 proteins, compared 
to the conditioned medium of unstimulated cells. Importantly, the 

Figure 3. Semaphorin 4A (Sema4A) orchestrates fibroblast activation via interleukin- 17 (IL- 17) production by CD4+ T cells. A and B, Expression 
of mRNA for extracellular matrix components (A) and inflammatory mediators (B) in skin fibroblasts from healthy controls. Cells were incubated 
for 24 hours with conditioned medium of activated CD4+ T cells in the absence or presence of Sema4A, which had previously been incubated for 
1 hour with an anti–IL- 17 antibody or its isotype control. C, Expression of IL- 6 and IL- 8 protein (ng/ml) by skin fibroblasts from healthy controls. 
Cells were incubated for 24 hours with conditioned medium of activated CD4+ T cells in the absence or presence of Sema4A, which had 
previously been incubated for 1 hour with an anti–IL- 17 antibody or its isotype control. Bars show the mean ± SEM of 7 independent experiments.  
* = P < 0.05 for the indicated comparisons. # = P < 0.05; ## = P < 0.01; ### = P < 0.001 versus medium.
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expression of these mediators was significantly enhanced by the 
conditioned medium of CD4+ T cells activated in the presence 
of Sema4A and was significantly inhibited when supernatants 
were preincubated with anti–IL- 17 antibody (Figures 3B and C). 
Taken together, these results suggest that Sema4A- induced IL- 17 
expression by T cells is partially responsible for dermal fibroblast 
expression of inflammatory mediators.

Sema4A induces a profibrotic phenotype in 
 dermal fibroblasts. Since Sema4A can modulate collagen 
contraction by lung fibroblasts (24), we analyzed the poten-
tial profibrotic effect of Sema4A on skin fibroblasts. Sema4A 
up- regulated, in a time- dependent manner, the expression 
of mRNA for various ECM components involved in fibrotic 
processes, such as COL1A1, COL1A2, COL3A1, COL4A1, 
COL6A1, VIM, FN1, and ACTA2, the gene that encodes the 
myofibroblast marker α- SMA, in fibroblasts from both healthy 
controls and SSc patients (Figure  4A). Protein analysis 
 confirmed these results, as Sema4A induced the expression 
of type III collagen, type VI collagen, vimentin, and α- SMA 
(Figure  4B). Sema4A also induced the production of type I 
collagen, type IV collagen, and fibronectin by both healthy 

control and SSc dermal fibroblasts (Figure 4C). ECM deposi-
tion analysis confirmed these findings and also demonstrated 
that the deposition of type I collagen and fibronectin was sig-
nificantly higher in SSc fibroblasts than healthy control fibro-
blasts (Figure 4D).

Finally, we analyzed the effect of the inhibition of Sema4A 
signaling on the production of ECM components by SSc 
fibroblasts. Neutralization of NRP- 1 did not affect the expres-
sion of mRNA for these components in Sema4A- stimulated 
fibroblasts (Supplementary Figure 8, available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.40915/ abstract). However, plexin D1 neutrali-
zation or plexin B2 silencing significantly suppressed expres-
sion of mRNA for COL1A1, COL1A2, COL3A1, COL6A1, 
VIM, FN1, and ACTA2 (Figures 5A and D), and the expression 
of type III collagen, type VI collagen, vimentin, and α- SMA 
protein in SSc patient fibroblasts (Figures  5B, C, E, and F).  
The lack of effect of NRP- 1 was not due to differences in the 
expression levels of plexin D1, plexin B2, and NRP- 1, as all 3 
receptors were detected in dermal fibroblasts from both healthy 
controls and SSc patients. We did not find differences in the 
expression of mRNA for these receptors between healthy con-

Figure 4. Semaphorin 4A (Sema4A)–induced expression and deposition of extracellular matrix (ECM) components. A, Expression of mRNA 
for ECM components by skin fibroblasts from healthy controls (HCs) and patients with systemic sclerosis (SSc). Cells were stimulated with 
Sema4A (200 ng/ml) for 24, 48, or 72 hours. Bars show the mean ± SEM of 6 independent experiments. B, Representative immunoblots 
showing expression of type VI collagen (Col VI), type III collagen, vimentin, and α- smooth muscle actin (α- SMA) protein in skin fibroblasts from 
healthy controls and SSc patients. Cells were stimulated with Sema4A for 72 hours. C and D, Type I collagen, type IV collagen, and fibronectin 
1 (FN1) production (C) and deposition (D) by skin fibroblasts from healthy controls and SSc patients. Cells were stimulated with Sema4A for 7 
days. Images in C are representative of 4 independent experiments. Original magnification × 20. Symbols in D represent individual subjects.  
* = P < 0.05; ** = P < 0.01; *** = P < 0.001 for the indicated comparisons. # = P < 0.05 versus unstimulated healthy control fibroblasts.
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trols and SSc patients, but Sema4A up- regulated the expres-
sion of mRNA for PLXND1, PLXNB2, and NRP1 in fibroblasts 
from both healthy controls and SSc patients (Supplemen-
tary Figure 9, available on the Arthritis & Rheumatology web 
site at http://onlin elibr ary.wiley.com/doi/10.1002/art.40915/ 
abstract), suggesting that Sema4A might further enhance its 
profibrotic effect via the up- regulation of its receptors. Taken 
together, these data demonstrate that Sema4A directly induces 
profibrotic gene expression in healthy control and SSc dermal 
fibroblasts, dependent on signaling mediated by plexin D1 and 
plexin B2.

DISCUSSION

Herein, we demonstrated that Sema4A plays an essential 
role in inflammation and fibrosis, 2 main aspects of SSc pathology. 
Sema4A induces inflammation in an IL- 17–dependent manner 
and directly induces a profibrotic phenotype in dermal fibroblasts 
(Figure  6). Abnormal activation of monocytes and T cells con-
tributes to the ongoing inflammation observed in SSc patients 
(1,5,6,28,29). We found that plasma levels of Sema4A were ele-
vated in SSc patients, similar to other autoimmune diseases such 
as rheumatoid arthritis and MS (23,30), and identified periph-

Figure 5. Plexin D1 blocking and plexin B2 silencing abrogate semaphorin 4A (Sema4A)–induced expression of extracellular matrix (ECM) 
components. A and B, Expression of mRNA for ECM components (A) and representative immunoblots showing expression of type VI collagen 
(Col VI), type III collagen, vimentin, and α- smooth muscle actin (α- SMA) protein (B) by skin fibroblasts from patients with systemic sclerosis 
(SSc). Cells were stimulated with Sema4A for 72 hours after 1 hour of preincubation with blocking anti–plexin D1 antibody or its isotype control. 
C, Densitometric analysis of type III collagen, type VI collagen, vimentin, and α- SMA protein expression. Data were normalized to histone H3 
expression. D and E, Expression of mRNA for ECM components (D) and representative immunoblots showing expression of type VI collagen, 
type III collagen, vimentin, and α- SMA protein (E) by skin fibroblasts from SSc patients. Cells were stimulated with Sema4A for 72 hours 
after plexin B2 silencing. F, Densitometric analysis of type III collagen, type VI collagen, vimentin, and α- SMA protein expression. Data were 
normalized to histone H3 expression. In A, C, D, and F, bars show the mean ± SEM of 5–6 independent experiments. In B and E, results 
are representative of 5–6 independent experiments. * = P < 0.05; ** = P < 0.01; *** = P < 0.001 for the indicated comparisons. # = P < 0.05;  
## = P < 0.01; ### = P < 0.001, versus isotype control or unstimulated scrambled (Sc) small interfering RNA (siRNA)–transfected cells.
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eral blood monocytes and CD4+ T cells as potential sources of 
Sema4A in SSc patients. Importantly, poly(I- C), a TLR- 3 agonist, 
(31) and CXCL4, both important to the pathology of SSc (26), 
induced Sema4A secretion by circulating monocytes. CD3/CD28- 
mediated activation of CD4+ T cells also induced the secretion of 
Sema4A, as well as the surface expression of its receptors plexin 
B2 and NRP- 1. Taken together, these results demonstrate that 
regulated expression of Sema4A and its receptors is disrupted in 
circulating SSc patient immune cells.

Previous mouse studies have demonstrated that Sema4A 
mediates Th17 skewing, and elevated serum levels of Sema4A in 
MS patients are positively associated with Th17 skewing (21–23). 
In this study we directly demonstrated a requisite role for Sema4A 
in the production of Th17, but not Th1 or Th2 cytokines, by 
human CD4+ T cells. In contrast with our observation, Sema4A 
was recently reported to induce proliferation and Th2 polarization 
in human CD4+ T cells (32). These differences may be attributed 
to the different recombinant Sema4A protein used, the different 
manner of CD4+ T cell activation and proliferation, and the use of 
CD4+ T cells from adult blood buffy coats. The effect of Sema4A 
on Th17 cytokine production was not considered in that study 
and therefore cannot be directly compared with our results. The 
effect of Sema4A on Th17 cytokine production was not restricted 
to a specific CD4+ T cell population, as we observed a similar 
induction of Th17 cytokines in naive, central memory, and effector 

memory populations. Importantly, Sema4A- induced IL- 17 secre-
tion was significantly higher in SSc patients, likely due to elevated 
expression of the receptors plexin B2 and NRP- 1 by resting and 
activated SSc patient CD4+ T cells.

Inhibition of Sema4A signaling, through the blocking of 
the receptors NRP- 1 and plexin D1, or the silencing of plexin 
B2, drastically reduced Th17 cytokine secretion. Notably, 
this effect was also observed in the absence of exogenous 
Sema4A, suggesting that CD4+ T cell production of Sema4A 
induces the expression of Th17 cytokines in an autocrine/ 
paracrine manner. Sema4A can bind to different receptors in a 
cell type–dependent manner. Plexin D1 is the Sema4A recep-
tor in macrophages, while Sema4A binds to plexin B2 in CD8+ 
T cells and to NRP- 1 in Treg cells (33–35). Our results show 
that all 3 of these receptors are involved in Sema4A signaling 
in CD4+ T cells, although the highest inhibition of Sema4A- 
induced Th17 cytokine production was observed after the 
blocking of plexin D1. This finding might be explained sim-
ply by the fact that the percentage of CD4+ T cells express-
ing plexin D1 is much higher than those expressing plexin 
B2 and NRP- 1, but we cannot rule out the potential differ-
ential blocking efficiency of antibodies used, residual expres-
sion of plexin B2 following gene silencing, or involvement of 
immunoglobulin- like transcript 4, a recently identified Sema4A 
receptor in CD4+ T cells (32).

Figure 6. Schematic overview of the inflammatory and fibrotic roles of semaphorin 4A (Sema4A) in the pathogenesis of systemic sclerosis 
(SSc). Sema4A is elevated in the plasma of SSc patients, due to increased production by monocytes and, to a lesser extent, CD4+ T cells. 
In CD4+ T cells, Sema4A enhances the production of Th17 cytokines induced by CD3/CD28, and secreted interleukin- 17 (IL- 17) induces 
the production of inflammatory mediators and chemokines in dermal fibroblasts. Sema4A also plays a direct role in fibrosis by inducing the 
production of extracellular matrix components and the expression of the myofibroblast marker α- smooth muscle actin (α- SMA) in dermal 
fibroblasts. NRP- 1 = neuropilin 1; Col I = type I collagen; COX- 2 = cyclooxygenase 2.
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To date, the role of IL- 17 in SSc fibrotic processes has 
been uncertain, as mouse studies have shown that IL- 17 
plays a profibrotic role that was not observed in isolated 
human fibroblasts (36–39). In this study, we observed that 
IL- 17 failed to modulate fibroblast expression of the ECM 
components examined, confirming that IL- 17 does not 
induce a fibrotic phenotype in SSc fibroblasts. Instead, IL- 
17 can enhance dermal fibroblast expression of inflamma-
tory mediators that are elevated in SSc patients and play 
an important role in disease pathology, including IL- 6, IL- 
8, cyclooxygenase 2 (COX- 2), CCL2, CCL20, and CXCL2 
(1,40,41). Neutralization of IL- 17 did not completely abrogate 
fibroblast production of inflammatory mediators in response 
to conditioned T cell supernatants, suggesting that other T 
cell cytokines are also involved in fibroblast activation. In this 
regard, IL- 22 enhances TNF- induced expression of chemok-
ines by healthy control and SSc dermal fibroblasts (42,43). 
Also, other mediators not regulated by Sema4A, such as TNF 
and IFNγ, are strong activators of dermal fibroblasts (43–45). 
However, this effect was not due to the Sema4A present in 
the supernatants, as the blocking of plexin D1 did not influ-
ence the expression of inflammatory mediators (Supplemen-
tary Figure 10, available on the Arthritis & Rheumatology web 
site at http://onlin elibr ary.wiley.com/doi/10.1002/art.40915/ 
abstract).

Our results suggest that Sema4A plays a role in SSc 
pathology, through the induction of IL- 17 by CD4+ T cells, 
which promote fibroblast expression of inflammatory media-
tors. Fibroblasts are also key contributors to fibrosis in SSc, and 
their activation in affected tissue leads to their differentiation into 
α- SMA–expressing myofibroblasts and excessive deposition 
of ECM components (4,46–48). In the present study, we found 
that Sema4A induced the expression of ECM components 
and α- SMA by healthy control and SSc patient dermal fibro-
blasts, effects mediated by the receptors plexin D1 and plexin 
B2. In conclusion, in this study we have identified Sema4A as 
a key mediator of Th17 production and fibrosis, and blocking 
Sema4A signaling might suppress both pathologic processes in 
SSc, a complex and heterogeneous disease for which currently  
available therapies can only treat organ manifestations and no 
antifibrotic drugs have yet to be approved (49,50).
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B R I E F  R E P O R T

Use of Proprotein Convertase Subtilisin/Kexin Type 
9 Inhibitors in Statin- Associated Immune- Mediated 
Necrotizing Myopathy: A Case Series
Eleni Tiniakou,1 Erika Rivera,1 Andrew L. Mammen,2 and Lisa Christopher-Stine1

Objective. To determine the safety of proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors in patients 
with statin- associated anti–3- hydroxy- 3- methlyglutaryl coenzyme A reductase (anti- HMGCR)–positive immune- 
mediated necrotizing myopathy (IMNM).

Methods. Muscle strength was assessed in anti- HMGCR–positive patients at each visit before and after initiation 
of PCSK9 inhibitors. The trends in creatine kinase (CK) levels and serum anti- HMGCR antibody titers were monitored 
over time.

Results. Among 122 anti- HMGCR–positive patients, we identified 8 patients who were receiving PCSK9 inhibitors 
for hyperlipidemia. Patients were followed up for an average of 1.5 years (range 3–37 months), and none exhibited 
reduction in muscle strength. The mean ± SD CK level prior to the initiation of PCSK9 inhibitors was 956 ± 1,137 IU/
liter, which was reduced to 419 ± 393 IU/liter at their last visit. Anti- HMGCR antibody titers followed a similar trend. 
Notably, in 2 patients, the initiation of the lipid- lowering medication was followed by unanticipated spontaneous clin-
ical improvement and reduction in immunosuppression.

Conclusion. PCSK9 inhibitors are safe for long- term use as a cholesterol- lowering agent in patients with statin- 
associated IMNM.

INTRODUCTION

Statins, which reduce cholesterol levels by inhibiting 
3- hydroxy- 3- methlyglutaryl coenzyme A reductase (HMGCR), 
are the cornerstone of current lipid- lowering strategies. Although 
musculoskeletal side effects occur in some statin- treated patients, 
these are typically mild and reversible with discontinuation of the 
medication. However, immune- mediated necrotizing myopathy 
(IMNM) has been known to develop in statin- treated patients in 
rare cases (1,2). This form of myositis is associated with proximal 
muscle weakness, elevated creatine kinase (CK) levels, and the 
presence of autoantibodies recognizing HMGCR. Since statins are 
known to up- regulate HMGCR expression, it has been proposed 
that the overexpression of HMGCR may play a role in breaking 

tolerance and initiating autoimmunity (2). Statin- associated IMNM 
can be successfully treated by discontinuing the statin and start-
ing immunosuppressive therapy. However, reintroduction of stat-
ins is avoided as this may lead to disease flares, possibly by the 
up- regulation of HMGCR levels (3,4).

As patients with statin- triggered IMNM commonly have a 
high risk for cardiovascular disease, physicians face a conun-
drum on how to manage the cholesterol levels in these patients. 
Proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibi-
tors have been shown to effectively lower cholesterol levels by 
increasing the cellular uptake of low- density lipoprotein (LDL) (5). 
Since these agents may actually lower HMGCR levels (6,7), we 
hypothesized that they might be tolerated by patients with statin- 
triggered IMNM.

mailto:lchrist4@jhmi.edu
mailto:lchrist4@jhmi.edu
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PATIENTS AND METHODS

Patients included in this study were enrolled in the longitu-
dinal cohort at the Johns Hopkins Myositis Center. All patients 
provided written informed consent as approved by the Johns 
Hopkins Institutional Review Board. Among the 122 anti- 
HMGCR–positive patients available from the cohort, 8 were 
receiving PCSK9 inhibitors for hyperlipidemia. Arm abduc-
tion and hip flexion strength were evaluated using the Medical 
Research Council Muscle scale, which has a range of 0 to 5 
for each muscle group. Data on serum CK levels were available 
from the most proximal visits before and after the initiation of 
PCSK9 inhibitors. Serum titers of anti- HMGCR were measured 
by specific enzyme- linked immunosorbent assay, as described 
previously (8).

RESULTS

Among 122 patients with anti- HMGCR IMNM evaluated at 
the Johns Hopkins Myositis Center, we identified 8 patients with 
severe cardiovascular disease and/or diabetes who began treat-
ment with a PCSK9 inhibitor (Table 1). One patient (patient 3) had 
previously been rechallenged with a statin, leading to a disease 
flare. The mean age at initiation of PCSK9 inhibitors was 69.75 
years, and the mean ± SD duration of statin- associated anti- 
HMGCR myositis was 7 ± 5.73 years. Five patients were started 
on evolocumab, and 3 were started on alirocumab. The aver-
age duration of follow- up with PCSK9 inhibitor treatment was 18 

months (range 3–37 months).
In 1 patient (patient 6), the initiation of PCSK9 inhibitor treat-

ment was concurrent with the escalation of immunosuppressive 
regimens due to active disease; the remaining patients were receiv-
ing stable doses of immunosuppressive agents. The mean ± SD 
CK level prior to the initiation of PCSK9 inhibitors was 956 ± 1,137 
IU/liter, which had declined to 876 ± 1,140 IU/liter at the next fol-
low- up visit and which, at the most recent evaluation, was further 
reduced to 419 ± 393 IU/liter. During the follow- up period, there 
was no decrease in hip flexion or arm abductor muscle strength, 
except in 1 patient who was not receiving immunosuppressive 
treatment due to noncompliance. Remarkably, 1 patient receiving 
PCSK9 inhibitors exhibited CK and muscle strength improvement 
without the addition of immunosuppressive agents (patient 4), and 
in another patient, prednisone monotherapy could be tapered from 
70 mg to 4 mg (patient 8).

DISCUSSION

While there are 2 previous case reports addressing the role of 
statin use in IMNM (9,10), our case series represents the largest 
cohort of patients with statin- associated anti- HMGCR–positive 
IMNM with the longest time of follow- up. In addition, we provide 
longitudinal data on HMGCR autoantibody titers. We present data 

on 8 patients with statin- associated IMNM who received PCSK9 
inhibitors, with 1 patient experiencing a myositis flare upon sta-
tin rechallenge. All patients tolerated this class of cholesterol- 
lowering agent without exacerbation of their underlying myopathy.  
Of interest, 2 patients had unanticipated spontaneous clinical 
improvement following initiation of PCSK9 inhibitor treatment, 
which allowed tapering of immunosuppressive therapy. Although 
the mechanism underlying clinical improvement in myositis fea-
tures remains unclear, we postulate that PCSK9 inhibitors may 
ameliorate autoimmunity in these patients by reducing HMGCR 
levels.

This study is limited by its retrospective nature. Nonethe-
less, our experience to date suggests that PCSK9 inhibitors 
are safe in anti- HMGCR–positive IMNM patients who would 
benefit from cholesterol- lowering therapy due to high cardio-
vascular risk.
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The patient, a 51- year- old Chinese woman with asthma, presented with sudden- onset chest pain and shortness of breath. An early dia-
stolic murmur was auscultated over the precordium. Twelve- lead electrocardiography revealed ST segment elevation in V2–V4. Emergency 
cardiac catheterization showed no coronary artery abnormality. Echocardiography revealed a left ventricular (LV) ejection fraction of 50%, 
akinesia, ballooning of the apex (arrows in A) with hyperkinesia of the basal segments suggestive of takotsubo cardiomyopathy (TC), and 
dilated aortic root and ascending aorta with moderate aortic regurgitation (AR) (1). Computed tomography angiography of the aorta was 
performed, revealing abnormal diffuse concentric wall thickening involving the thoracic aorta (arrows in B and C), and right brachiocephalic 
trunk, left common carotid, left subclavian (arrowheads in B and C), and main and bilateral pulmonary arteries (broken arrow in C) with 
areas of stenosis and aneurysm formation, suggestive of Takayasu arteritis (TAK). The patient had decreased left brachial pulse and a blood 
pressure (BP) difference of >10 mm Hg (in systolic BP between arms), fulfilling the 1990 classification criteria for TAK (2). The erythrocyte 
sedimentation rate (ESR) was elevated (67 mm/hour), but the C- reactive protein level was normal. Despite the patient’s age and elevated 
ESR, the absence of polymyalgia and cranial symptoms made a diagnosis of giant cell arteritis with large vessel involvement unlikely (3). 
Cardiovascular magnetic resonance imaging later revealed resolution of LV apical ballooning, with faint myocardial edema at the LV apical 
segments (arrows in D), compatible with temporal evolution of TC. TAK was evident in the diffuse wall thickening of the imaged aorta, 
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resulted in severe AR. Symptoms improved after initiation of treatment with valsartan (for TC), prednisolone, and pulse cyclophosphamide 
(for the multifaceted cardiac involvement in TAK). To our knowledge, coexistence of TC and TAK has not been reported previously (4).
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sedimentation rate (ESR) was elevated (67 mm/hour), but the C- reactive protein level was normal. Despite the patient’s age and elevated 
ESR, the absence of polymyalgia and cranial symptoms made a diagnosis of giant cell arteritis with large vessel involvement unlikely (3). 
Cardiovascular magnetic resonance imaging later revealed resolution of LV apical ballooning, with faint myocardial edema at the LV apical 
segments (arrows in D), compatible with temporal evolution of TC. TAK was evident in the diffuse wall thickening of the imaged aorta, 
arch vessels, and main and proximal branch pulmonary arteries. Inflammatory ascending aortitis with secondary aortic annular dilatation 
resulted in severe AR. Symptoms improved after initiation of treatment with valsartan (for TC), prednisolone, and pulse cyclophosphamide 
(for the multifaceted cardiac involvement in TAK). To our knowledge, coexistence of TC and TAK has not been reported previously (4).
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Long- Term Outcome of Ustekinumab Therapy for  
Behçet’s Disease
Adrien Mirouse,1 Stéphane Barete,2 Anne-Claire Desbois,1 Cloé Comarmond,1 Damien Sène,3 Fanny Domont,1 
Bahram Bodaghi,4 Yasmina Ferfar,1 Patrice Cacoub,1  and David Saadoun,1 for the French Behçet’s Network

Objective. Oral ulcers, the hallmark lesion of Behçet’s disease (BD), can be disabling and resistant to convention-
al treatment, and there is a need for safe and effective treatment. We undertook this study to investigate the long- term 
safety and efficacy of ustekinumab therapy for BD- related oral ulcers that are resistant to colchicine.

Methods. This multicenter, prospective, open- label study included 30 patients who fulfilled the criteria of the 
 International Study Group for BD and who were diagnosed as having active oral ulcers resistant to colchicine. Pa-
tients were treated subcutaneously with ustekinumab 90 mg at inclusion, at week 4, and then once every 12 weeks. 
Each patient was assessed longitudinally for the presence and number of oral ulcers, and median numbers of oral 
ulcers (with interquartile range [IQR]) were calculated. The primary efficacy end point was the proportion of patients 
at week 12 who experienced complete response, defined as having no oral ulcers.

Results. The median number of oral ulcers per patient during ustekinumab therapy was significantly lower at 
week 12 compared to baseline (0 [IQR 0–1] versus 2 [IQR 2–3]; P < 0.0001). Complete response was achieved in 
60.0% and 88.9% of patients at weeks 12 and 24, respectively. The median Behçet’s Syndrome Activity Score (in 
which higher scores indicate more active disease) was significantly lower at weeks 12 and 24 (17.5 [IQR 10–42.5] and 
10 [IQR 8–11], respectively) versus baseline (70 [IQR 50–70]; P < 0.0001). After a median follow- up of 12 months (IQR 
6–16 months), 26 patients (86.7%) were still receiving ustekinumab treatment. Reasons for ustekinumab discontinu-
ation included BD flare (n = 3) and side effects (n = 1). Seven patients (23.3%) experienced adverse events, including 
headaches (n = 4) and asthenia (n = 2), with no serious side effects.

Conclusion. Ustekinumab seems to be effective in treating BD- related oral ulcers that are resistant to treatment 
with colchicine.

INTRODUCTION

Behçet’s disease (BD) is a form of vasculitis of unknown eti-
ology, characterized by mucocutaneous, ocular, articular, vascular, 
and central nervous system (CNS) manifestations (1,2). Mucocu-
taneous lesions of BD include oral ulcers, genital ulcers, and 
papulopustular and nodular lesions. Recurrent oral ulcers can be 
disabling and have a substantial effect on quality of life. If topical ther-
apy alone is unsuccessful, colchicine treatment is recommended, 
though there is not clear evidence for its efficacy in managing oral 
ulcers (3). Immunosuppressive drugs such as azathioprine, thalido-
mide, interferon- α (IFNα), and tumor necrosis factor (TNF) inhibitors 

may be used. However, these drugs may be associated with some 
serious adverse events. There is still an unmet need for an efficient, 
safe, and well- tolerated treatment for mucocutaneous manifesta-
tions of BD. Recently, apremilast proved effective in treating BD- 
related oral ulcers in a phase II controlled study (4).

Ustekinumab is a humanized monoclonal antibody against 
interleukin 12 (IL- 12) and IL- 23 (5). IL- 23 is critical for the differen-
tiation of Th17 lymphocytes, and previous studies have demon-
strated the key role of Th1 and Th17 in the pathogenesis of BD 
and the correlation of these cytokines with disease activity (6–8). 
Genome- wide association studies conducted in Japan and  Turkey 
showed IL23R and IL12RB2 loci variations to be  associated 
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with BD (9,10). Taken together, these findings provide a strong 
ratio nale for the use of ustekinumab in BD. We have previously 
reported that ustekinumab treatment is safe and is associated 
with a decrease in circulating IL- 12 and IL- 17 levels in a small 
cohort of patients with BD- related oral ulcers (11).

The purpose of the present study was to further investigate 
the therapeutic efficacy of ustekinumab in a cohort of 30 BD 
patients with refractory oral ulcers, including those described in 
our earlier report (11). This study examined clinical features, thera-
peutic tolerance, and long- term findings in patients with BD.

PATIENTS AND METHODS

Patients. We conducted an open- label, multicenter, prospec-
tive study between 2014 and 2018. All patients were adults residing 
in France who met the criteria of the International Study Group for 
Behçet’s Disease (12) and had ≥1 oral ulcer within 28 days before 
inclusion and ≥2 oral ulcers at the time of inclusion despite colchi-
cine treatment. The study was performed according to the Dec-
laration of Helsinki, and informed consent was obtained from all 
patients. Demographic features and past medical history of BD were 
recorded. Data on the number of oral ulcers and other BD man-
ifestations including genital ulcers, skin manifestations, vasculitis, 
uveitis, and vascular and CNS manifestations were collected. Joint 
involvement was assessed using tender and swollen joint counts. 
Behçet’s disease activity was determined using the Behçet’s Syn-
drome Activity Score (BSAS), a scale that ranges from 0 to 100, with 
higher scores indicating more active disease (13). Clinical parame-
ters, safety assessment, daily steroid use, and laboratory findings 
were collected at inclusion, at week 4, at week 12, and then once 
every 12 weeks until treatment discontinuation or end of follow- up.

Design. Enrolled patients received 90 mg of ustekinumab 
subcutaneously at weeks 0 and 4 and then once every 12 
weeks, as recommended in France for maintenance therapy in 
Crohn’s disease (French Ministry of Health approval, Novem-
ber 2015). The ustekinumab injection interval could be reduced 
to once every 8 weeks in the case of end- of- dose effect, as 
has been described in Crohn’s disease and psoriasis (14–16). 
Prednisone, colchicine, and other immunosuppressive ther-
apies could be taken simultaneously, if given at a stable dose 
during the month prior to inclusion and during the study period. 
Patients who needed temporary increases in prednisone dose 
or any additional immunomodulatory therapy during the study 
period were considered to be nonresponders to ustekinumab.

End points. The primary efficacy end point was the propor-
tion of patients with a complete response (i.e., no oral ulcers) at 
week 12. Secondary end points at week 12 included 1) proportion 
of patients with a partial response (those who had a reduction of 
≥50% in the number of oral ulcers); 2) proportion of nonrespond-
ers (patients who had neither partial nor complete responses 

and/or patients who needed a temporary increase in prednisone 
dose or additional immunomodulatory therapy during the study 
period); 3) efficacy of ustekinumab for other BD manifestations 
(i.e., genital ulcers, pyoderma gangrenosum, pseudofolliculitis, 
and articular, ocular, vascular, neurologic, or gastrointestinal tract 
involvement); 4) BSAS score between day 0 and week 12; 5) 
relapse rate while receiving ustekinumab; 6) steroid- sparing effect 
of ustekinumab between day 0 and week 12; and 7) safety, as 
all adverse events were recorded prospectively during follow- up.

Statistical analysis. Data are presented as the median 
(interquartile range [IQR]) for continuous variables and as a percent-
age for qualitative variables. Wilcoxon’s test was used to compare 
continuous variables and Fisher’s exact test to compare categori-
cal variables. P values less than 0.05 were considered significant. 
Statistical analyses were performed using GraphPad Prism 6.0.

RESULTS

Characteristics of the BD patients. During the study 
period, we included 30 patients (16 men) from 3 French centers. 
Baseline characteristics are summarized in Table 1. The median 
age at treatment initiation was 39 years (IQR 33–45 years). All 
patients had refractory oral ulcers with for which colchicine treat-
ment was ineffective. The most common previous manifesta-
tions of BD were genital ulcers (90%), joint involvement (73%), 
pseudofolliculitis (50%), deep vein thrombosis (DVT) (20%), uve-

Table 1. Demographic and clinical features of the enrolled patients 
(n = 30)*
Age, median (IQR) years 39 (33–45)
Male sex 16 (53)
Disease duration, median (IQR) years 8 (1–16)
BD manifestations at inclusion

Oral ulcers 30 (100)
No. of lesions, median (IQR) 2 (2–3)

Genital ulcers 8 (27)
Joint involvement 16 (53)

Tender joint count, median (IQR) 6 (4–8)
Swollen joint count, median (IQR) 0 (0–0.3)

Pseudofolliculitis 8 (27)
Thrombosis 0 (0)
Uveitis 2 (7)
CNS involvement 0 (0)

BSAS at baseline, median (IQR) 70 (50–70)
Previous treatments

Steroids 23 (77)
Colchicine 30 (100)
No. of DMARDs, median (IQR)† 1 (1–2)
No. of biologic agents, median (IQR)‡ 0 (0–1)

* Except where indicated otherwise, values are the number (%) of 
patients. IQR = interquartile range; BD = Behçet’s disease; CNS = 
central nervous system; BSAS = Behçet’s Syndrome Activity Score. 
† Disease- modifying antirheumatic drugs (DMARDs) included tha-
lidomide, hydroxychloroquine, methotrexate, cyclophosphamide, 
azathioprine, mycophenolate mofetil, and everolimus. 
‡ Biologics agents included apremilast, tumor necrosis factor in-
hibitors, tocilizumab, and interleukin- 1inhibitors. 
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itis (20%), and CNS involvement (13%). In addition to colchicine 
treatment, 23 patients (77%) had already been treated with ster-
oids for BD. Before ustekinumab treatment, patients received a 
median of 1 course of disease- modifying antirheumatic drugs 

(IQR 1–2) and 0 courses of biologics agents (IQR 0–1).
During the 6 months prior to inclusion, the median number 

of oral ulcers was 3 (IQR 2–3). At inclusion, the median numbers 
of oral and genital ulcers were 2 (IQR 2–3) and 0 (IQR 0–1) per 
patient, respectively (Table 1). Joint manifestations were present 
in 16 patients (53%) at inclusion, with a median tender and swol-
len joint count of 6 (IQR 4–8) and 0 (IQR 0–0.3), respectively. The 
median BSAS at inclusion was 70 (IQR 50–70).

All patients received ustekinumab treatment as scheduled. 
At inclusion, 16 patients (53%) were receiving a stable steroid 
dose, with a median daily dose of 11 mg (IQR 10–16). Colchi-
cine treatment was continued in 15 patients (50%). A patient 
with pyoderma gangrenosum was also undergoing adjunctive 
therapy with tocilizumab, and another patient with heart allo-
graft was taking mycophenolate mofetil and everolimus.

Efficacy. Oral ulcers. Twelve weeks after treatment initi-
ation, 18 patients (60%) met the complete response criteria, 
9 (30%) met the partial response criteria, and 3 (10%) had no 
response (Table 2). The median number of oral ulcers declined 
from 2 (IQR 2–3) to 0 (IQR 0–1) between day 0 and week 12 (P 
< 0.0001). After a median follow- up of 12 months (IQR 6–16 
months), 23 patients fulfilled the complete response criteria, 

and 3 patients fulfilled the partial response criteria. No patient 

met the no response criteria.
Other BD manifestations and disease activity. The number 

of patients with genital ulcers at baseline compared to week 12 
decreased from 8 (27%) to 2 (7%) (Table  3). At week 12, ar-
thralgia was reported in 9 patients (30%), with a median ten-
der joint count of 4 (IQR 3–4). Four patients (25%) were able to 
discontinue ste roid treatment. Median BSAS at week 12 was 
17.5 (IQR 10–42.5), compared to 70 (IQR 50–70) at inclusion  
(P < 0.0001) , and the median BSAS at week 24 was 10 (IQR 

8–11).
At the end of follow- up, 1 patient (4%) still had a genital 

ulcer. Four patients (15%) still reported arthralgia, with a median 
tender joint count of 2 (IQR 1–2). No patient experienced arthritis 
during the treatment period. One patient was able to discontinue  
morphine treatment for arthralgia during ustekinumab treat-
ment. Of the 16 patients receiving prednisone at inclusion, 6 
(38%) were able to discontinue it by the end of follow- up (P = 
0.006) (Table 4). The median prednisone daily dose decreased 
significantly between baseline and end of follow- up (11 mg [IQR 

10–16] and 7.5 mg [IQR 5–10]; P = 0.04) (Table 4).

Safety. While receiving treatment, 7 patients (23.3%) 
reported adverse events. The most common adverse event 
was headache after treatment injection, reported in 4 patients 
(13.3%). Other adverse events are listed in Table 5. There were 

Table 2. Efficacy of ustekinumab for BD- related oral ulcers*

Baseline 
(n = 30)

Week 12 
(n = 30)

Week 24 
(n = 27)†

Week 36 
(n = 20)

Week 48 
(n = 16)

End of 
follow- up 
(n = 26)†

Active lesions 30 (100) 12 (40) 3 (11) 1 (5) 1 (6) 3 (12)
No. of lesions, 

median (IQR)
2 (2–3) 0 (0–1) 0 (0–0) 0 (0–0) 0 (0–0) 0 (0–0)

Response
Complete – 18 (60) 24 (89) 19 (95) 15 (94) 23 (88)
Partial – 9 (30) 3 (11) 1 (5) 1 (6) 3 (12)
None – 3 (10) 0 (0) 0 (0) 0 (0) 0 (0)

* Except where indicated otherwise, values are the number (%) of patients. BD = Behçet’s disease; IQR = 
interquartile range. 
† Patients who discontinued ustekinumab treatment were removed from the analysis. 

Table 3. Efficacy of ustekinumab for BD- related skin and joint involvement*

Baseline 
(n = 30)

Week 12 
(n = 30)

Week 24 
(n = 27)†

Week 36 
(n = 20)

Week 48 
(n = 16)

End of follow- up 
(n = 26)†

Genital ulcers 8 (27) 2 (7) 1 (4) 1 (5) 0 (0) 1 (4)
Joint involvement 16 (53) 9 (30) 6 (22) 2 (10) 0 (0) 4 (15)

Tender joint count, 
median (IQR)

6 (4–8) 4 (3–4) 2 (1–4) 1.5 (1.25–1.75) – 2 (1–2)

Swollen joint count, 
median (IQR)

0 (0–0.3) 0 (0–0) 0 (0–0) 0.5 (0.25–0.75) – 0 (0–0)

Pseudofolliculitis 8 (27) 2 (7) 0 (0) 1 (5) 0 (0) 1 (4)
BSAS, median (IQR) 70 (50–70) 17.5 (10–43) 10 (8–11) 10 (10–23) 10 (5–10) 10 (5–10)

* Except where indicated otherwise, values are the number (%) of patients. See Table 1 for definitions. 
† Patients who discontinued ustekinumab treatment were removed from the analysis. 
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no serious adverse events. One patient stopped ustekinumab 
treatment because of headaches (Figure 1). At the end of fol-
low- up, 26 patients (86.7%) were still receiving ustekinumab. 
Four patients stopped ustekinumab treatment prior to study 
completion, at a median of 3 months (IQR 1.8–4.5) after inclu-
sion. Reasons for treatment discontinuation included adverse 
events in 1 patient (headaches) and a BD flare during treat-
ment in 3 patients (scleritis [n = 1], DVT [n = 1], and pseudofol-

liculitis and arthralgia [n = 1]) (Figure 1).

End-of-doseeffect. End- of- dose effect was reported in 4 
patients (13.3%), which included development of oral ulcers (n = 
1) and arthralgia (n = 3) 8–10 weeks after the most recent usteki-
numab injection. Ustekinumab injection intervals were shortened in 
these patients, resulting in better disease control (Figure 1).

DISCUSSION

In this prospective study, we investigated the long- term 
outcome of ustekinumab treatment in BD patients with active 
oral ulcers that were resistant to colchicine. The main con-
clusions of this study are as follows: 1) ustekinumab seems 
to be effective, as complete response had been achieved in 
60% and 88.9% of patients at weeks 12 and 24, respectively; 
2) ustekinumab seems to be efficacious in treating BD joint 
manifestations; and 3) ustekinumab is safe, with no serious 
adverse effects reported.

Oral ulcerations represent the hallmark lesion of BD. In 
this study, ustekinumab proved effective in achieving 95% 
complete remission of refractory ulcers at weeks 36 and 48. 
It had a significant steroid- sparing effect, allowing treatment 
withdrawal in more than one- third of cases. BD activity dra-
matically improved, with a 7- fold reduction in median BSAS. 
Onset of action was quick, as 60% of patients showed com-
plete remission at week 12 (i.e., after 2 injections of usteki-
numab). After a median follow- up of 12 months, 23 patients 
were still complete responders and 86.7% were still receiving 
ustekinumab. However, we observed an end- of- dose effect in 
13.3% of patients. These relapses appeared 8–10 weeks after 
ustekinumab injection. Similar effects have been reported in 
other diseases treated with ustekinumab, including Crohn’s 
disease (15,16). With dose interval reduction, treatment 
response was restored in all BD cases.

Although this study was not designed to analyze drug 
efficacy for BD manifestations other than oral ulcers, we 
observed improvement in BD- related joint involvement. This 
is likely to be clinically meaningful, since the main symptom 

Table 5. Adverse events during ustekinumab therapy*
≥1 adverse event 7 (23)
Serious adverse events 0 (0)
Events leading to treatment discontinuation 1 (3)
Reported events

Headaches 4 (13)
Asthenia 2 (7)
Nausea 1 (3)
Diarrhea 1 (3)
Local reaction 1 (3)

* Values are the number (%) of patients (n = 30). Figure 1. Disposition of the patients.

Table 4. Use of steroids and DMARDs during ustekinumab therapy*

Baseline 
(n = 30)

Week 12 
(n = 30)

Week 24 
(n = 27)†

End of 
follow- up 
(n = 26)† P‡

Prednisone 16 (53) 12 (40) 10 (37) 10 (38) 0.006
Prednisone dose, median (IQR) 

mg
11 (10–16) 10 (8–13) 10 (7–15) 7.5 (5–10) 0.04

Colchicine 15 (50) 15 (50) 15 (56) 15 (58) 0.60

Adjunctive therapy§ 5 (17) 5 (17) 3 (11) 3 (12) 0.71
* Except where indicated otherwise, values are the number (%) of patients. DMARDs = disease- modifying 
antirheumatic drugs; IQR = interquartile range. 
† Four patients discontinued ustekinumab due to side effects (n = 1) or inefficacy (n = 3). 
‡ Wilcoxon’s test was used to compare continuous variables, and Fisher’s exact test was used for categori-
cal variables, between inclusion (baseline) and the end of follow- up. 
§ Adjunctive therapy included azathioprine (n = 2), tocilizumab (n = 1), mycophenolate mofetil (n = 2), and 
everolimus (1 patient with heart allograft). 
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cluster in BD involves both skin and joints (17). The disease 
distribution with this cluster was confirmed in a study com-
paring BD patients who had family members with BD to those 
who did not, which showed a significantly higher frequency 
of the papulopustular lesion and joint involvement cluster in 
the familial group versus the nonfamilial group (39.2% ver-
sus 21.5%; P < 0.001) (18). Treatment of BD- related joint 
involvement is challenging and has mainly focused on col-
chicine, steroids, and sometimes immunosuppressive drugs 
(3). In psoriatic arthritis, ustekinumab treatment has already 
been reported to be effective compared to placebo, with 
better achievement of response according to the American 
College of Rheumatology criteria for 20% improvement and 
with less radiographic progression (19–21). Ustekinumab was 
additionally reported to be effective in treating a patient with 
Crohn’s disease and knee arthritis who also had psoriasis, 
and in a patient with BD, psoriasis, and distal interphalangeal 
joint arthritis (22,23). In contrast, in a recent phase III placebo- 
controlled trial, ustekinumab did not demonstrate significant 
efficacy in treating spondyloarthritis (24).

Psoriasis and BD share common inflammatory pathways, 
including IL- 23 receptor gene polymorphisms (9,10,25). Usteki-
numab is a therapy targeting the p40 IL- 12 and IL- 23 subunit. 
These cytokines and the associated Th17 pathway play a cen-
tral role in BD. Targeting the Th17 pathway with other treatments 
for BD- related oral ulcers (e.g., apremilast) has been reported 
as effective (4). Apremilast has also been shown to be effective 
in treating psoriasis and psoriatic arthritis by increasing intracel-
lular cAMP levels, which results in an antiinflammatory state by 
inhibiting the activity of TNF, IFNγ, IL- 12, and IL- 23 (26). However, 
its efficacy in treating other BD manifestations, including articu-
lar manifestations, remains unknown, and arthralgia has been 
reported as an adverse event with apremilast treatment (27).

In the present study, the main adverse event was headache 
after ustekinumab injection. There were no serious adverse events. 
Only 1 patient had to stop the treatment because of headaches. 
Due to the limited number of patients in our study, less frequent 
adverse events might have been missed. In a larger controlled 
study of psoriasis and Crohn’s disease, adverse events included 
headaches (3–16%), upper respiratory tract infections (7.6–16%), 
and injection site erythema (0.5–2%), with no differences com-
pared to the placebo group (14,15,28).

Our study had several limitations. This was an open- label 
study, and treatment was not compared to placebo. As the natu-
ral course of BD includes exacerbations and remissions of disease 
activity, a decrease in oral ulcers could simply be part of this nor-
mal course. However, oral ulceration flares during the 6 months 
prior to inclusion were recorded, and the decrease in oral ulcer-
ations was maintained during long- term follow- up in our study. 
Although steroids, colchicine, and immunosuppressive therapies 
were allowed, they were given at stable doses during the month 
prior to inclusion and during the study period. The number of 

patients in this study was limited, and there is a need to confirm 
these results in larger studies.

In conclusion, ustekinumab seems to be an effective and 
safe treatment option for BD patients with colchicine- resistant 
oral ulcers. Further prospective, placebo- controlled studies are 
warranted.
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Associations of Gout and Baseline Serum Urate Level With 
Cardiovascular Outcomes: Analysis of the Coronary Disease 
Cohort Study
Lisa K. Stamp,1  Christopher Frampton,2 Jill Drake,2 Robert N. Doughty,3 Richard W. Troughton,2 and  
A. Mark Richards2

Objective. To determine whether gout and serum urate (SU) levels are associated with increased risk of death, 
time to first readmission for any cardiovascular event, or incident heart failure in individuals with cardiovascular 
 disease.

Methods. Individuals presenting with an acute coronary syndrome (ACS) were enrolled in the Coronary Disease 
Cohort Study. Clinical data were collected from the medical records at the index hospital admission, and clinical, 
echocardiographic, and biochemical data were collected postdischarge. Gout was defined by self- report, use of 
urate- lowering therapy, or use of colchicine with evidence of gout on review of the medical record. The primary end 
points were all- cause mortality, time to readmission for a cardiac ischemic event, and time to readmission for heart 
failure.

Results. Data from 1,514 participants were available. During the follow- up period, 53 of 160 participants with 
gout (33.1%) and 298 of 1,354 participants without gout (22.0%) died. After adjustment for other factors known to 
be associated with mortality, there was no gout- specific increase in risk of mortality (adjusted hazard ratio 0.98 [95% 
confidence interval 0.69–1.38]). Time to readmission for heart failure was significantly briefer in those with, compared 
to those without, gout (adjusted hazard ratio 1.42 [95% confidence interval 1.02–1.97]). Irrespective of whether a 
participant had gout or not, as SU level increased, there was an increased risk of death and readmission for either a 
cardiovascular event or heart failure.

Conclusion. Survival post- ACS is similar with and without the presence of gout. People with gout are at an in-
creased risk of readmission for heart failure and have longer hospital stays. Risk of these events increases in parallel 
with increases in SU levels.

INTRODUCTION

It has long been recognized that there is an association 
between serum urate (SU) level, gout, and cardiovascular dis-
ease (CVD). However, whether there is a cause- and- effect rela-
tionship between these features is difficult to assess due to 
confounding by shared comorbidities. Mendelian randomization 
studies have confirmed that SU level is a causal factor in gout (1), 
but there is currently no consistent evidence available using this 
method indicating that increased SU is causal of coronary heart 

disease (1–3). In individuals with an acute coronary syndrome 
(ACS), increasing SU levels have been associated with an ele-
vated risk of CV events over 1 year, irrespective of whether there 
is a concomitant diagnosis of gout (4). There is some evidence 
that hyperuricemia may contribute to worse outcomes in CVD 
(5). Gout has also been associated with increased risk of death, 
primarily due to CVD (6). The risk of death in persons with gout 
and coexisting CVD has been highlighted in the recent Cardi-
ovascular Safety of Febuxostat and Allopurinol in Patients with 
Gout and Cardiovascular Morbidities (CARES) clinical trial (7). 
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However, the absence of a placebo arm in that study made inter-
pretation challenging due to the lack of comparison with back-
ground risk in an untreated population or a population treated 
with a uricosuric agent.

In individuals with an ACS, a number of specific CV varia-
bles, including brain natriuretic peptide (BNP), N- terminal pro–
brain BNP (NT- proBNP), and left ventricular ejection fraction 
(LVEF), have previously been associated with poorer outcomes 
(8). Whether gout and SU levels are associated with worse out-
comes in individuals with an ACS independent of these and other 
demographic, clinical, and CV variables has not been examined.

The aims of this study were to determine whether gout and 
SU levels are associated with an increased risk of death, time to 
first readmission for a CV event, or time to first readmission for 
heart failure independent of other established CV risk factors in 
individuals with CVD.

PATIENTS AND METHODS

Study participants and data collection. Individuals 
presenting with an ACS (see Supplementary Materials, available 

Table 1. Baseline demographic and clinical features in subjects with and subjects without gout*

Total 
(n = 1,514)

Subjects 
without 

gout 
(n = 1,354)

Subjects 
with gout 
(n = 160) P

Age, years 67.9 ± 12.1 67.6 ± 12.1 71.0 ± 11.2 0.001
Male sex, no. (%) 1,063 (70.2) 930 (68.7) 133 (83.1) <0.001
Ethnicity, no. (%) <0.001

NZ European 1,360 (89.8) 1,220 (90.1) 140 (87.5)
Maori 37 (2.4) 23 (1.7) 14 (8.8)
Pacific Island 6 (0.4) 4 (0.3) 2 (1.3)
Asian 10 (0.7) 10 (0.7) 0 (0)
Other 101 (6.7) 97 (7.2) 4 (2.5)

Admission reason, no. (%) 0.004
NSTEMI 767 (50.7) 676 (49.9) 91 (56.9)
STEMI 289 (19.1) 274 (20.2) 15 (9.4)
Unstable angina 458 (30.3) 404 (29.8) 54 (33.8)

Comorbidities, no. (%)†

Hypertension 800 (53.3) 689 (51.3) 111 (70.7) <0.001
CVA 208 (13.8) 167 (12.4) 41 (25.8) <0.001
Heart failure 166 (11.0) 127 (9.4) 39 (24.5) <0.001
Lung disease 296 (19.6) 261 (19.3) 35 (21.9) 0.44
Type 2 diabetes 243 (16.1) 201 (14.9) 42 (26.3) <0.001

Treatment, no. (%)
Diuretic 471 (31.2) 389 (28.8) 82 (51.3) <0.001
ACE inhibitor/ARB 900 (59.4) 788 (58.2) 112 (70.0) 0.004
Allopurinol 156 (10.3) 0 (0) 156 (97.5) <0.001
Colchicine 19 (1.25) 3 (0.2) 16 (10) <0.001

SU level, mmoles/liter 0.37 ± 0.10 0.37 ± 0.09 0.42 ± 0.13 <0.001
SU level, no. (%) <0.001

<0.36 mmoles/liter 584 (38.6) 535 (39.5) 49 (30.6)
0.36–0.42 mmoles/liter 319 (21.1) 299 (22.1) 20 (12.5)
0.43–0.55 mmoles/liter 272 (17.9) 227 (16.6) 45 (28.1)
>0.55 mmoles/liter 63 (4.2) 43 (3.2) 20 (12.5)

Creatinine, ml/minute 98.7 ± 41.8 96.3 ± 38.3 119.6 ± 60.9 <0.001
eGFR, ml/minute/1.73 m2 (n = 1,470) 70.2 ± 17.9 71.2 ± 17.3 61.5 ± 20.7 <0.001
Troponin T, ng/liter 1.8 ± 0.40 1.80 ± 0.40 1.76 ± 0.43 0.16
NT- BNP, pmoles/liter 141 ± 192 138 ± 190 170 ± 212 0.009
CRP, mg/liter 27.3 ± 52.0 28.6 ± 54.3 20.5 ± 37.4 0.47
LVEF, % 56.2 ± 12.1 56.8 ± 11.6 51.3 ± 14.3 <0.001
E/e′ 12.3 ± 6.41 12.2 ± 6.07 13.1 ± 8.83 0.12

* Except where indicated otherwise, values are the mean ± SD. NZ European = New Zealand 
 European; NSTEMI = non–ST- segment elevation myocardial infarction; ACE = angiotensin- converting 
enzyme; ARB = angiotensin receptor blocker; SU = serum urate; eGFR = estimated glomerular filtra-
tion rate; NT- BNP = N- terminal pro–brain natriuretic peptide; CRP = C- reactive protein; LVEF = left 
ventricular ejection fraction.
†For hypertension, data were available for 1,501 subjects (1,344 without gout and 157 with gout). 
For cerebrovascular accident (CVA), data were available for 1,509 subjects (1,350 without gout and 
159 with gout). For heart failure, data were available for 1,508 subjects (1,349 without gout and 159 
with gout). 
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on the Arthritis & Rheumatology web site at http://onlin elibr ary. 
wiley.com/doi/10.1002/art.41007/ abstract) were enrolled in 
the Coronary Disease Cohort Study (CDCS) (ANZCTR no.: 
ACTRN12605000431628) at Christchurch or Auckland city hos-
pitals (New Zealand). Participants were divided into groups by 
those with ST- segment elevation myocardial infarction (STEMI), 

non–STEMI (NSTEMI), or unstable angina. The study was 
approved by the New Zealand Multi- Region Ethics Committee, 
and all participants provided written, informed consent. Details 
of the CDCS design have been previously published (9) and are 
briefly summarized in the Supplementary Materials, available at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41007/ abstract.

Figure 1. Effect of gout (A, C, and E) and different levels of serum urate (B, D, and F) on cumulative (cum) survival (A and B), cardiovascular 
disease (CVD) events (C and D), and heart failure–related hospital admissions (E and F).

http://onlinelibrary.wiley.com/doi/10.1002/art.41007/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41007/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41007/abstract


STAMP ET AL 1736       |

Clinical data were collected from the index hospital admis-
sion, and comprehensive clinical, echocardiographic, biochemi-
cal, and neurohormonal data were collected at a postdischarge 
visit (baseline visit; median of 32 days post- ACS). Baseline was 
deliberately delayed post- ACS per protocol to allow assess-
ment of markers during the post- acute phase. Baseline data 
included blood pressure; height; weight; family and personal 
medical history; alcohol, exercise, and smoking history; medica-
tions; creatinine level; and SU level. Standardized transthoracic 
echocardiography was performed using a GE Vivid 3 Ultrasound 
System (GE Medical Systems). Circulating BNP and NT- proBNP 
were assayed as previously described (9). Estimated glomeru-
lar filtration rate (eGFR) was calculated using the Modification of 
Diet in Renal Disease Study equation. Troponin T was assayed 
using Roche fourth- generation kits.

For the present analysis, the primary end points were all- 
cause mortality, time to readmission for a cardiac ischemic 
event, or heart failure. Gout was defined by self- report, use of 
urate- lowering therapy, or use of colchicine with evidence of 
gout on review of the medical record.

Statistical analysis. Demographic characteristics and 
clinical features at index admission were compared between indi-
viduals with gout and those without gout, using t- tests and chi- 
square tests as appropriate. Cox proportional regression models 
were used to generate hazards ratios (HRs) with 95% confidence 
intervals (95% CIs) for the 3 time- to- event outcomes: time to 
death, time to first readmission for a CV event, and time to first 
readmission for heart failure. HRs were estimated to compare the 
outcomes between individuals with and those without gout and 
between those with SU levels of <0.36 mmoles/liter and those with 
SU levels of 0.36–0.42 mmoles/liter (upper limit of normal in the 
Canterbury Health Laboratory assay), 0.43–0.55 mmoles/liter, and 
>0.55 mmoles/liter. Kaplan- Meier curves were used to portray the 
time to each of these outcomes according to gout and baseline 
SU groups. Adjusted HRs were also generated comparing the 
group with and the group without gout after adjustment for other 
risk factors for each of the 3 outcomes. These factors included 
age; sex; baseline eGFR; LVEF; the ratio of early diastolic trans-
mitral velocity to septal annular relaxation velocity (E/e′, a marker 
of LV diastolic function); NT- proBNP; troponin T; and a history of 
myocardial infarction, heart failure, type 2 diabetes, cerebrovascu-
lar accident, pulmonary disease, or hypertension, and/or treatment 

with a diuretic or angiotensin- converting enzyme (ACE) inhibitor. P 
values (2- sided) less than 0.05 were considered significant.

RESULTS

Of the 2,129 individuals enrolled in the CDCS, data from 
1,514 (71.1%) enrolled at Christchurch Hospital were available. 
The median follow- up was 4.93 years (interquartile range 3.65–
6.74). Of these 1,514 individuals, 160 (10.6%) had gout. Those 
with gout were older, had more comorbidities, and had higher SU 
and creatinine levels than those without gout (Table 1). There was a 
significant difference in diuretic and ACE inhibitor use between the 
groups with and without gout (Table 1), but no significant difference 
in use of statins (P = 0.44) or beta blockers (P = 0.95). In addition, 
the group with gout had higher NT- proBNP levels and lower LVEF 
at baseline (Table 1). The majority of those with gout were receiving 
allopurinol; no other urate- lowering therapies were used.

Association of gout with survival, time to readmis-
sion for first CVD- related event, and time to readmis-
sion for heart failure. During the follow- up period, 53 of 160 
individuals with gout (33.1%) and 298 of 1,354 without gout 
(22.0%) died. There was an increase in all- cause mortality among 
the group with gout compared to those without (unadjusted HR 
1.63 [95% CI 1.22–2.18]) (Figure 1A). However, this effect was 
lost after adjustment for other factors known to be associated 
with mortality (adjusted HR 0.98 [95% CI 0.69–1.38]). Time to 
readmission for a CV event was shorter among the group with 
gout compared to those without gout in the unadjusted model 
(HR 1.62 [95% CI 1.34–1.95]) (Figure 1C), but not in the adjusted 
model (HR 1.22 [95% CI 0.99–1.51]). Time to readmission for 
heart failure was shorter among those with gout compared to 
those without gout in both the unadjusted model (HR 2.21 [95% 
CI 1.64–2.96]) (Figure 1E) and the adjusted model (adjusted HR 
1.42 [95% CI 1.02–1.97]). Participants with gout had more days 
in hospital due to any cause over the follow- up period com-
pared to those without gout (median 12 days versus 7 days; 
P = 0.001). Similarly, participants with gout had more days in 
hospital due to CV events over the follow- up period compared 
to those without gout (median 7 days versus 3 days; P < 0.001).

Effect of baseline SU level on all- cause mortality.  
Baseline SU values are presented in Table  1. Irrespective of 

Table 2. Effect of different serum urate concentrations on cardiovascular disease (CVD) outcomes*

Serum urate, 
mmoles/liter

All- cause mortality Heart failure Any CVD

Unadjusted Adjusted Unadjusted Adjusted Unadjusted Adjusted
<0.36 1 (reference) 1 (reference) 1 (reference) 1 (reference) 1 (reference) 1 (reference)
0.36–0.42 1.13 (0.84–1.54) 0.99 (0.72–1.38) 1.04 (0.73–1.46) 0.79 (0.54–1.16) 0.91 (0.77–1.09) 0.88 (0.74–1.05)
0.43–<0.55 1.81 (1.36–2.93) 1.11 (0.81–1.51) 2.23 (1.65–3.01) 1.22 (0.86–1.72) 1.44 (1.21–1.70) 1.23 (1.03–1.47)
>0.55 5.04 (3.53–7.20) 2.03 (1.34–3.08) 7.65 (5.24–11.18) 2.29 (1.43–3.66) 2.25 (1.70–2.99) 1.42 (1.04–1.94)

* Values are the hazard ratio (95% confidence interval). 
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whether a participant had gout or not, as baseline SU level 
increased there was an increased risk of death (Figure 1B) and 
readmission for either a CV event (Figure  1D) or heart failure 
(Figure 1F), in adjusted and unadjusted analyses (Table 2). Using 
the adjusted model, for every 0.1- mmole increase in SU level, 
the HR of death was 1.18 (95% CI 1.05–1.33).

DISCUSSION

Herein, we have shown that survival post- ACS is similar 
between individuals with gout and those without gout. However, 
those with gout are at increased risk of readmission for a CV event 
or heart failure and have longer hospital stays.

It is of interest to note that all study participants with gout 
(except 4) were receiving allopurinol. The effect of urate- lowering 
therapies and, in particular, the xanthine oxidase inhibitors 
allopurinol and febuxostat, on CV events has been the subject 
of much investigation. A recent meta- analysis of the results of 
randomized controlled trials of xanthine oxidase inhibitors versus 
placebo or no treatment (10) included 10,684 patients with 6,434 
patient- years and showed no reduced risk of major adverse CV 
events (MACEs) (Peto odds ratio [ORp] 0.71 [95% CI 0.46–1.09]) 
or death (ORp 0.89 [95% CI 0.59–1.33]).  However, there was a 
reduced risk of MACEs in those with previous ischemic events 
(ORp 0.42 [95% CI 0.23–0.76]), and allopurinol reduced the risk 
of myocardial infarction (ORp 0.38 [95% CI 0.17–0.83]) (10). In 
the recent CARES clinical trial, 6,190 participants with gout and 
CVD were randomized to receive either allopurinol or febuxostat 
(7). There was no increased risk with febuxostat compared to 
allopurinol for the primary end point (composite of MACEs: 
CVD- related death, nonfatal myocardial infarction, nonfatal 
stroke, and unstable angina with urgent revascularization) (HR 
1.03 [95% CI 0.87–1.23]). However, the prespecified second-
ary analyses revealed an increased risk of death from any cause 
and an increased risk of CVD- related death with febuxostat (7). 
Whether this represents a protective effect of allopurinol or a true 
increased risk with febuxostat remains unclear. The risk of death 
in the CARES study was lower than in our study, which may be 
due to difference in study design and the period in which the 
studies were undertaken. Due to the small number of subjects 
with gout who were not receiving urate- lowering therapy in our 
cohort, whether allopurinol was protective cannot be determined 
from our data.

Further, irrespective of whether an individual has gout, 
there is an increased risk of adverse outcomes as the SU level 
increases. Currently, there are insufficient data to support treat-
ing hyperuricemia in those without clinical manifestations of 
gout (11). Whether urate- lowering therapy reduces the risk of 
CV events remains to be determined. However, our data would 
suggest that the lower the SU level, the lower the risk of CV 
events, and if allopurinol is shown to reduce the risk of CVD, a 
specific target SU level may need to be achieved. The literature 

examining the relationships between gout, SU level, and CVD is 
conflicting.

The strengths of this study include the prospective study 
design in contrast to many other studies, which had retrospec-
tive or case- controlled designs (12). In addition, we have included 
multiple specific CV variables known to affect outcomes in the 
models, including LVEF, the ratio of early diastolic transmitral 
velocity to septal annular relaxation velocity (E/e′, a marker of 
LV diastolic function), NT- proBNP, and troponin T, which have 
not previously been included in outcome models for individuals 
with gout. Further, the clear association between post- ACS SU 
levels and outcomes provides strong evidence that a target SU 
level may be required. Data from current interventional trials will 
hopefully be able to answer this question.

There are also some limitations to this study. First, ascertain-
ment of gout cases was based on self- report, use of urate- lowering 
therapy, or use of colchicine with evidence of gout in the medical 
record. It is possible that some individuals with gout not receiving 
urate- lowering therapy or colchicine were missed. Second, the 
majority of those with gout were receiving allopurinol, so we are 
unable to comment on the background mortality of untreated gout. 
For those with gout, management using the treat- to- target urate 
strategy was not part of the study protocol, and gout manage-
ment was undertaken by the participant’s primary care physician. 
We do not have serial data on urate concentrations to determine 
whether there was a change over the study period. However, as 
noted above, there is not currently a CVD- specific SU target level. 
Finally, this is a survivor cohort, which was designed as such to 
determine outcomes in those who survived an ACS- related event.

In conclusion, gout is common in individuals with CVD. 
Survival post- ACS is similar among individuals with gout and 
those without. However, those with gout are at increased  
risk of readmission for heart failure and have longer hospital 
stays. Risk of these events increases in parallel with SU level, 
regardless of whether gout is present. Whether urate- lowering 
treatment improves these outcomes remains to be determined.
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Effects of Allopurinol Dose Escalation on Bone Erosion 
and Urate Volume in Gout: A Dual- Energy Computed 
Tomography Imaging Study Within a Randomized, 
Controlled Trial
Nicola Dalbeth,1  Karen Billington,2 Anthony Doyle,3 Christopher Frampton,4 Paul Tan,1 Opetaia Aati,1 
Jordyn Allan,1 Jill Drake,4 Anne Horne,1 and Lisa K. Stamp4

Objective. To examine whether allopurinol dose escalation to achieve serum urate (SU) target can influence bone 
erosion or monosodium urate (MSU) crystal deposition, as measured by dual- energy computed tomography (DECT) 
in patients with gout.

Methods. We conducted an imaging study of a 2- year randomized clinical trial that compared immediate allopu-
rinol dose escalation to SU target with conventional dosing for 1 year followed by dose escalation to target, in gout 
patients who were receiving allopurinol and who had an SU level of ≥0.36 mmoles/liter. DECT scans of feet and ra-
diographs of hands and feet were obtained at baseline, year 1, and year 2 visits. DECT scans were scored for bone 
erosion and urate volume.

Results. Paired imaging data were available for 87 patients (42 in the dose- escalation group and 45 in the control 
group). At year 2, the progression in the CT erosion score was higher in the control group than in the dose- escalation 
group (+7.8% versus +1.4%; P = 0.015). Changes in plain radiography erosion or narrowing scores did not differ 
between groups. Reductions in DECT urate volume were observed in both groups. At year 2, patients in the control 
group who had an SU level of <0.36 mmoles/liter and patients in the dose- escalation group had reduced DECT  urate 
volume (−27.6 to −28.3%), whereas reduction in DECT urate volume was not observed in control group patients with 
an SU level of ≥0.36 mmoles/liter (+1.5%) (P = 0.023).

Conclusion. These findings provide evidence that long- term urate- lowering therapy using a treat- to-SU-target 
strategy can influence structural damage and reduce urate crystal deposition in gout.

INTRODUCTION

Monosodium urate (MSU) crystal deposition is the central 
pathologic feature of gout (1). MSU crystals can deposit in 
joints or soft tissue structures and induce an acute inflamma-
tory arthritis (gout flare) (2) or present as tophi, which represent 
organized collections of MSU crystals with surrounding chronic 
granulomatous inflammatory tissue (3). MSU crystals also 
contribute to the development of bone erosion in tophaceous 

gout; advanced imaging studies have demonstrated a very 
close relationship between tophi and bone erosion in patients 
with gout (4–7), and laboratory studies have demonstrated 
that MSU crystals can influence bone cells (osteoclasts, oste-
oblasts, and osteocytes), both directly and indirectly, toward a 
proresorptive state (8–10).

Dual- energy computed tomography (DECT) represents a 
major advance in gout imaging; this technique uses a specific dis-
play algorithm that assigns different colors to various materials of 
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chemical composition (11). A protocol has been developed that 
color- codes urate based on its typical spectral dual- energy proper-
ties. DECT has excellent reproducibility in the assessment of MSU 
crystal burden in people with gout (12). Through visualization of 
conventional CT images generated at the time of scanning, DECT 
also provides gold standard visualization of bone erosion (5,13).

Previous clinical and ultrasound observational studies have 
demonstrated that long- term urate- lowering therapy to a target 
serum urate (SU) level of <0.36 mmoles/liter (6 mg/dl) can lead 
to the dissolution of deposited MSU crystals (14–17). The effects 
of urate- lowering therapy on structural joint damage and on MSU 
crystal deposition, detected using DECT, have not been previously 
tested in a randomized clinical trial setting. The aim of this study 
was to examine whether dose escalation of urate- lowering ther-
apy to achieve a target SU level can influence bone erosion or 
MSU crystal deposition, as measured by DECT, in gout patients.

PATIENTS AND METHODS

We conducted a prespecified imaging study within the “Safety 
and Efficacy of High Dose Allopurinol in the Management of Gout” 
trial. Detailed methods and results of the full trial have been previ-
ously reported (18,19). Briefly, this was a 2- year randomized clinical 
trial that included 183 patients with gout and an SU level of ≥0.36 
mmoles/liter and compared conventional allopurinol dosing with 
dose escalation to a target SU level (ACTRN: 12611000845932). 
The dose- escalation group received an immediate dose escala-
tion of allopurinol in order to achieve and maintain the target SU 
level of <0.36 mmoles/liter. The control group had no change in 
allopurinol dose in year 1 and then received a dose escalation to 
achieve and maintain SU <0.36 mmoles/liter in year 2. All of the 
125 patients at 1 of the 2 study sites (Auckland) were invited to 
participate in the imaging study, which included DECT scans of 
both feet and plain radiographs of the hands and feet at the base-
line, year 1, and year 2 visits. Ethical approval for the clinical trial, 
including the imaging study, was obtained from the Multi- Regional 
Ethics Committee, New Zealand. Written informed consent was 
obtained from each participant.

DECT of the feet was performed on a Somatom Definition 
Flash, a dual–X- ray tube 128–detector row scanner (Siemens) 
(20). Patients were positioned feet- first in a supine position, with 
the feet in a plantar- flexed position. The scan was acquired in 
a craniocaudal direction, starting ~5 cm from the ankle joint to 
the distal big toe. Both ankles and feet were scanned axially in 1 
acquisition at 128 × 0.6 mm, field of view 30 cm, and pitch of 0.7. 
X- ray tube 1 was operated at 80 kV/260 mA and tube 2 at 140 
kV/130 mA. The images were reconstructed on a bone algorithm, 
512- pixel matrix, to a 0.75- mm slice with 0.5- mm increment. The 
images were viewed as both 0.75- mm slices and reconstructed 
3- mm slices on a picture archiving and communication system. 
All imaging data were analyzed at the end of the study by 2 inde-
pendent readers who were blinded with regard to each other’s 

scores and treatment allocation (paired scans from baseline, year 
1, and year 2 visits, with order known).

The conventional CT images were scored for bone erosion 
volume according to a gout CT bone erosion scoring method 
based on the Rheumatoid Arthritis Magnetic Resonance Imaging 
Score system for erosion (21) and validated for gout (22) by 2 
musculoskeletal radiologists (KB and AD). The gout CT bone ero-
sion scoring system included the following 7 bones for erosion on 
a semi quantitative scale (0–10, maximum score 140): 1st metatar-
sal (MT) head, 2nd–4th MT base, cuboid, middle cuneiform, and 
distal tibia. The interreader intraclass correlation coefficient (ICC) 
for CT bone erosion score was 0.89. The minimum measurable 
difference was a score of 1, representing a 10% difference in bone 
volume in 1 of 140 bones.

DECT urate volume in both feet was measured by 2 inde-
pendent experienced readers (OA and ND) using automated 
volume assessment on a Siemens workstation with proprietary 
software (syngo MMWP VE 36A) (23). Nail bed, skin, submilli-
meter, motion, and beam- hardening artifacts were excluded from 
the analysis and from volume measurement (24). For the 80- kV 
images, fluid was set at 50 HU, the ratio for urate at 1.36, mini-
mum HU of 150, and smoothing range 4. For the 140- kV images, 
fluid was set at 50 HU, and a maximum HU of 500. DECT urate 
volume for both feet was measured using automated assessment 
software on the volume application of the Siemens workstation, 
with an upper evaluation limit of −1 HU and lower evaluation limit 
of −1024 HU (Figure 1). The minimum recorded volume was 0.01 
cm3. The interreader ICC for DECT urate  volume was 0.99.

Plain radiographs of the hands and feet were scored by an 
experienced rheumatologist (ND) and musculoskeletal radiologist 
(KB). The films were scored for erosion and joint space narrowing 
using a modification of the Sharp/van der Heijde scoring method 
(25) that was validated for gout (26). The interreader ICC for plain 
radiography erosion score was 0.90 and for plain radiography joint 
space narrowing was 0.76.

The prespecified primary end point of the imaging study 
was change from baseline in CT bone erosion score measured 
at years 1 and 2. Secondary end points included change from 
baseline in MSU crystal burden using automated DECT volume 
assessment software, change from baseline in plain radiography 
erosion score, and change from baseline in plain radiography joint 
space narrowing score. All patients with paired imaging results 
at baseline and year 2 were included in the analysis. The mean 
score from both readers for each end point was used in the anal-
ysis. All dependent variables were loge- transformed prior to anal-
ysis to normalize distributions. The dose- escalation and control 
groups were compared by analysis of covariance (ANCOVA). For 
ANCOVA, the dependent variable was change from baseline, 
the randomized group was a fixed factor, and baseline level was 
included as a covariate in the analysis. A further fixed factor based 
on achievement of the target SU level (<0.36 mmoles/liter) at the 
corresponding study visit was included in additional prespecified 
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analyses. The interaction between this factor and the randomized 
group was tested as part of these analyses and in the presence of 
testing of the main effects. In unplanned exploratory analyses, a 
lower target SU level of <0.30 mmoles/liter was included as a fixed 
factor, and the relationships of gout flares with different measures 
of joint damage and urate burden were analyzed using Pearson’s 
correlation coefficients. All tests were 2- tailed, and P values less 
than 0.05 were considered significant, with no adjustment for mul-
tiple comparisons.

RESULTS

Patient characteristics. Of the 125 patients recruited at 
the Auckland site, 87 (70%) consented to participate in the imaging 
study and had paired imaging data at the baseline and year 2 vis-
its. Of those 87 patients, 85 also had imaging assessments at the 
year 1 visit. The clinical characteristics of these patients at base-
line and during the study period are shown in Table 1. The base-
line clinical characteristics of patients at the study site who were 
and were not included in the imaging study analysis are shown in 
Supplementary Table 1 (available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.40929/ 
abstract). Participants were predominantly middle-aged men 
with a mean disease duration of >15 years. Patients in the dose- 
escalation group received higher allopurinol doses and had lower 
SU concentrations at year 1, compared with the control group. 
Both groups had similar allopurinol doses and SU concentrations 

at year 2.

CT erosion scores. CT erosion scores obtained at each 
study visit are shown in Table 2. Overall, there was an increase 
in CT erosion scores over time (P = 0.001 from baseline to year 
2). Examples of bones with increased CT erosion scores during 

the 2- year study period are shown in Supplementary Figure 1 
(http://onlin elibr ary.wiley.com/doi/10.1002/art.40929/ abstract). 
No difference between the randomized groups was observed for 
CT erosion scores from baseline to year 1 (P = 0.16). However, 
differences between groups were observed from baseline to 
year 2; over the 2- year study period, the progression of CT ero-
sion scores was higher in the control group compared with that 

Figure 1. Percentage change in imaging scores according to randomization group. Bars show the mean ± SEM. CT = computed tomography; 
DECT = dual- energy computed tomography; XR = radiographic.

Table 1. Characteristics of the gout patients in the study*

Control group 
(n = 45)

Dose- escalation 
group (n = 42)

Age, years 61 ± 13 60 ± 13
Male sex, no. (%) 41 (91) 39 (93)
Ethnicity, no. (%)

Asian 2 (4) 0 (0)
European 20 (44) 16 (38)
Māori 7 (16) 7 (17)
Pacific Island 16 (36) 19 (45)

Disease duration, years 21 ± 12 17 ± 13
≥1 subcutaneous 

tophus, no. (%)
19 (42) 14 (33)

Allopurinol dose, mg/day
Baseline 301 ± 122 265 ± 108
Year 1 303 ± 142 400 ± 135
Year 2 370 ± 152 404 ± 159

SU level, mmoles/liter
Baseline 0.40 ± 0.09 0.42 ± 0.09
Year 1 0.38 ± 0.10 0.33 ± 0.06
Year 2 0.33 ± 0.07 0.33 ± 0.07

SU level <0.36 mmoles/
liter, no. (%)

Year 1 23 (51) 30 (71)
Year 2 31 (69) 31 (74)

SU level <0.30 mmoles/
liter, no. (%)

Year 1 6 (13) 15 (36)
Year 2 14 (31) 15 (36)

* Except where indicated otherwise, values are the mean ± SD.  
SU = serum urate. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40929/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40929/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40929/abstract
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in the dose- escalation group (+7.8% versus +1.4%; P = 0.015) 
(Figure 1 and Table 2). Consistent with the changes observed in 
CT erosion scores over time, plain radiography erosion scores 
also increased during the study period (P = 0.021 from baseline 
to year 2). However, significant differences between randomized 
groups were not observed in plain radiography erosion scores 
or plain radiography joint space narrowing scores (Figure 1 and 

Table 2).
In an analysis that included the area under the curve (AUC) 

of the SU time- plot from baseline to year 2, the differences 
between groups in CT erosion scores were observed (P = 0.023 
for comparison between randomized groups, P = 0.47 for urate 
AUC). Similarly, when the groups were subdivided according to 
achievement of target SU level (<0.36 mmoles/liter) at the corre-
sponding study visit, changes in CT erosion scores did not differ 
depending on the SU target (P = 0.15), and no interaction was 
observed between randomized groups and subgroups accord-
ing to target SU level (P = 0.47) (Figure 2, Table 3, and Sup-
plementary Table 2, http://onlin elibr ary.wiley.com/doi/10.1002/
art.40929/ abstract). Similar findings were observed when the 
lower target SU (<0.30 mmoles/liter) was included in the analysis 
(P = 0.023 for randomized groups, P = 0.55 for target SU level, 
P = 0.88 for interaction between randomized group and target 
SU level) (Supplementary Table 3, http://onlin elibr ary.wiley.com/

doi/10.1002/art.40929/ abstract).

DECT urate volume. DECT urate volumes at each study 
visit are shown in Table 2. Overall, there were  substantial reduc-
tions in DECT urate volume over time (P < 0.001 from baseline to 
year 2). Examples of scans with reduced DECT urate volume dur-
ing the 2- year study period are shown in Supplementary Figure 2  

(http://onlin elibr ary.wiley.com/doi/10.1002/art.40929/ abstract). Dif-
ferences in DECT urate volume between randomized groups were 
not observed from baseline to year 1 or from baseline to year 2 
(P > 0.13). During the study period, the reduction in DECT urate 
volume was similar in the control group and the dose- escalation 
group (−20.5% versus −28.3%, respectively; P = 0.14) (Figure 1 
and Table 2).

When the randomized groups were subdivided based 
on achievement of target SU, patients who reached the tar-
get level at year 2 had significantly greater reduction in  

Table 2. Imaging results according to randomized group*

Imaging feature and  
time point

Control group (n = 45) Dose- escalation group (n = 42)

Geometric mean 
(95% CI)

Mean change from 
baseline, % (95% CI) 

Geometric 
mean (95% CI)

Mean change from 
baseline, % (95% CI)

CT erosion score
Baseline 4.8 (3.4, 6.5) – 5.6 (3.9, 7.9) –
Year 1 5.2 (3.7, 7.2) 3.0 (1.3, 4.8) 5.6 (3.9, 7.9) 1.2 (−0.5, 3.0)
Year 2 5.5 (4.0, 7 .4) 7.8 (4.3, 11.5) 5.6 (3.9, 7.9) 1.4 (−2.2, 5.1)†

DECT urate volume, cm3

Baseline 0.64 (0.28, 1.11) – 0.67 (0.23, 1.26) –
Year 1 0.50 (0.23, 0.84) −11.5 (−18.0, −4.5) 0.36 (0.12, 0.64) −17.7 (−24.0, −10.8) 
Year 2 0.36 (0.17, 0.58) −20.5 (−27.5, −12.7) 0.22 (0.07, 0.40) −28.3 (−35.0, −20.8)

Plain radiography erosion 
score

Baseline 13.5 (8.9, 20.3) – 10.7 (6.9, 16.4) –
Year 1 15.3 (10.1, 22.8) 8.1 (0.9, 15.9) 12.3 (7.9, 18.8) 8.8 (1.4, 16.6)
Year 2 14.9 (9.9, 22.3) 8.8 (−1.6, 20.0) 11.9 (7.7, 18.2) 5.4 (−4.8, 16.9)

Plain radiography joint 
space narrowing score

Baseline 13.5 (9.5, 19.2) – 10.4 (6.9, 15.3) –
Year 1 14.8 (10.3, 20.9) 8.0 (−5.4, 23.2) 12.6 (8.9, 17.5) 8.0 (−5.5, 23.4)
Year 2 13.5 (9.2, 19.6) 2.8 (−12.9, 21.6) 13.4 (9.4, 18.8) 14.6 (−3.6, 36.2)

* 95% CI = 95% confidence interval; CT = computed tomography; DECT = dual- energy computed tomography. 
† P = 0.015 versus control group, by analysis of covariance. 

Figure  2. Percentage change in imaging scores according to 
randomization group and target serum urate level (<0.36 mmoles/
liter) at each time point. Bars show the mean ± SEM. See Figure 1 
for definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.40929/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40929/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40929/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40929/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40929/abstract
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DECT urate volume during the study period (P = 0.020). There 
was a significant interaction between the SU level and ran-
domized group in the year 2 analysis (P = 0.023) (Figure  2, 
Table  3, Supplementary Table 2, http://onlin elibr ary.wiley.com/
doi/10.1002/art.40929/ abstract). This interaction was largely a 
consequence of the patients in the control group who had both 
an SU level above the target at year 2 and an increased DECT 
urate volume of +1.5%, compared with ≤−25% in the 3 other 
groups. No difference between groups was observed when sub-
divided according to the binary variable of the lower SU target 
(<0.30 mmoles/liter versus ≥0.30 mmoles/liter) (Supplementary 
Table 3).

Relationship between DECT urate volume, radi-
ographic damage scores, and gout flares. Additional 
unplanned correlation analyses showed that at all study 
visits, DECT urate volume correlated with measures of  
CT and plain radiographic joint damage (Supplementary  
Table 4, http://onlin elibr ary.wiley.com/doi/10.1002/art.40929 
/ abstract). Overall, there was a higher correlation between 
DECT urate volume and CT erosion scores (r = 0.58–0.65, P 
< 0.001 for all visits) and between DECT urate volume and 

plain radiography erosion scores (r = 0.54–0.57, P < 0.001 
for all visits), compared with the correlation between DECT 
urate volume and plain radiography joint space narrowing 
(r = 0.25–0.38, P < 0.02 for all visits). There were no sig-
nificant correlations between change in DECT urate volume 
and change in CT erosion scores, plain radiography erosion 
scores, or plain radiography joint space narrowing scores at 
the year 1 or year 2 visits (r < 0.12, P > 0.17 for all compari-
sons) (Supplementary Table 5, http://onlin elibr ary.wiley.com/
doi/10.1002/art.40929/ abstract). There was no relationship 
between gout flares and imaging findings at year 1. How-
ever, at the year 2 visit, patients who had experienced a 
gout flare in the preceding year showed higher CT erosion 
scores, DECT urate volume, and plain radiography erosion 
(Supplementary Table 6).

DISCUSSION

Our imaging study of a randomized controlled trial has 
demonstrated that an allopurinol dose- escalation strategy to 
achieve a target SU level of <0.36 mmoles/liter (6 mg/dl) can pre-
vent CT erosion progression in patients with gout during a 2- year 

Table 3. Percentage change from baseline according to randomized group and SU target group*

Imaging feature, SU level, 
and group

Year 1 (n = 85) 
mean change from 
baseline, % (95% CI)

Year 2 (n = 87)  
mean change from 
baseline, % (95% CI)

Year 1 
P for randomization/ 

P for urate/P for urate 
× randomization inter-

action, by ANCOVA

Year 2 
P for randomization/ 

P for urate/P for urate 
× randomization inter-

action, by ANCOVA
CT erosion score 0.17/0.11/0.13 0.014/0.15/0.47

SU level <0.36 mmoles/liter
Control group 5.2 (2.7, 7.8) 6.0 (1.9, 10.2) 
Dose- escalation group 1.1 (−1.0, 3.3) 0.8 (−3.3, 5.1) 

SU level ≥0.36 mmoles/liter
Control group 0.8 (−1.5, 3.2) 12.7 (5.8, 20.2) 
Dose- escalation group 1.0 (−2.6, 4.7) 3.0 (−4.0, 10.6) 

DECT urate volume 0.16/0.83/0.37 0.017/0.020/0.023
SU level <0.36 mmoles/liter

Control group −13.6 (−23.1, −2.9) −27.6 (−24.7, −19.8)
Dose- escalation group −16.6 (−24.6, −7.6) −28.3 (−35.7, −20.1)

SU level ≥0.36 mmoles/liter
Control group −9.8 (−19.1, 0.7) 1.5 (−14.0, 19.8) 
Dose- escalation group −22.4 (−34.5, −7.9) −28.0 (−39.9, −13.7) 

Radiography erosion score 0.49/0.16/0.12 0.30/0.57/0.23
SU level <0.36 mmoles/liter

Control group 8.9 (−1.4, 20.1) 6.8 (−4.9, 20.1) 
Dose- escalation group 3.6 (−4.9, 12.8) 8.4 (−4.1, 22.5) 

SU level ≥0.36 mmoles/liter
Control group 7.9 (−2.2, 19.1) 12.6 (−6.3, 35.3) 
Dose- escalation group 22.4 (5.3, 42.4) −6.2 (−23.2, 14.8) 

Radiography joint space 
narrowing score

0.23/0.32/0.11 0.52/0.78/0.24

SU level <0.36 mmoles/liter
Control group 11.0 (−6.9, 32.1) −2.5 (−19.0, 17.4) 
Dose- escalation group 6.4 (−8.3, 23.5) 23.2 (1.8, 49.3) 

SU level ≥0.36 mmoles/liter
Control group 4.4 (−12.2, 24.1) 17.6 (−12.0, 57.2) 
Dose- escalation group 28.0 (6.0, 79.8) 9.9 (−19.9, 50.7) 

* SU = serum urate (see Table 2 for other definitions). 

http://onlinelibrary.wiley.com/doi/10.1002/art.40929/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40929/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40929/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40929/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40929/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40929/abstract
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period. This is the first randomized controlled trial to show that 
structural modification can be achieved in people with gout. The 
trial also demonstrated that intensive SU lowering with allopurinol 
leads to substantial reductions in MSU crystal volume as meas-
ured by DECT.

Although significant differences in CT erosion progression 
were observed between randomized groups, it is noteworthy that 
the changes over time were small, a finding consistent with those 
of prior studies describing structural damage progression in gout 
(27–29). The effects of the allopurinol dose- escalation strategy on 
CT erosion were observed only after 2 years of treatment, which 
supports the need for long- term therapy to achieve clinical benefit 
in gout management. No differences in plain radiography erosion 
or joint space narrowing scores were observed between groups. 
These findings highlight the challenges of studies in structural 
joint damage in gout due to slow rates of change as well as the 
role of advanced imaging tools with greater sensitivity to change. 
Although the study showed improvements in CT erosion progres-
sion with allopurinol dose escalation, the long- term clinical rele-
vance of these findings with regard to outcomes such as patient 
function or the need for joint surgery has not been determined, 
and large studies of longer duration will be needed to understand 
the impact on these outcomes.

In contrast to our previous case series of gout patients 
receiving pegloticase, which demonstrated that very intensive SU 
lowering led to improvement in plain radiography erosion scores 
(30), allopurinol dose escalation led to prevention of CT erosion 
progression, rather than improvement in CT erosion scores or 
plain radiography erosion scores. The mean SU level following 
allopurinol dose escalation was 0.33 mmoles/liter, in contrast to 
the undetectable levels observed in pegloticase responders (31). 
Taken together, these findings suggest that even lower SU levels 
may be needed to reverse, rather than arrest progression of, bone 
erosion in people with gout.

In this study, substantial reductions in DECT urate volume 
were observed during the 2- year study period. Improvements in 
urate volume were observed in patients in the dose- escalation 
group and those in the control group who had achieved the tar-
get SU level at year 2. These findings are consis tent with those 
of prospective studies of gout patients receiving urate- lowering 
therapy (32–34), but ours is the first clinical trial to demon-
strate that a treat-to-SU-target approach has clinical benefit on 
MSU crystal burden measured by DECT. Patients in the dose- 
escalation group experienced a reduction in DECT urate volume 
irrespective of whether they had reached the target SU level at 
the relevant time point; some patients may have had SU levels 
very close to the treatment target at the relevant time point or 
may have had a low SU level in the prior year but not at the year 
1 or year 2 visit. Although substantial reductions in DECT urate 
deposits were observed with SU level lowering to a target <0.36 
mmoles/liter, some crystal deposition persisted even after 2 years 
of therapy.

It is noteworthy that the slowing of CT erosion progression 
observed in the allopurinol dose- escalation group was not restricted 
to patients who had achieved an SU level of <0.36 mmoles/liter at 
the yearly imaging assessment time points, and that these differ-
ences were observed even after including the AUC of the SU time 
curve in the analysis. There are a number of potential explana-
tions for this observation. The study may not have been powered 
to detect a true difference in these subgroups (if present). Some 
patients may have experienced an SU level close to the target at 
the yearly imaging assessment time point or had a mean SU level 
below it at various times prior to the yearly visit. It is also possible that 
allopurinol at higher doses may have benefits for bone remodeling, 
regardless of achieving the target SU level in this time frame. Recent 
experimental studies have shown that allopurinol and oxypurinol can 
promote osteoblast differentiation and increase bone formation (35).

Patients in the control group who received allopurinol dose 
escalation in the second year of the study had ongoing CT ero-
sion progression at the year 2 visit, despite improvements in DECT 
urate volume. Furthermore, despite strong correlations between 
erosion scores and urate volume at each time point, consist-
ent with findings of prior studies (36), there was little correlation 
between the change in radiologic damage scores (erosion or joint 
space narrowing) and the change in DECT urate volume. Overall, 
the reductions in urate volume were large, compared with stabi-
lization of CT erosion progression in the dose- escalation group. 
These findings suggest a lag between MSU crystal dissolution 
and stabilization or improvement of radiographic damage.

The main limitation of our study was incomplete partici-
pation. It is possible that patients who declined participation 
in the imaging study differed from those who completed it. 
Nevertheless, the clinical features of patients who participated 
in the imaging study were broadly similar to the patients at the 
same study site who did not complete the imaging study. The 
data offer a unique opportunity to fully explore DECT assess-
ments and SU data over an extended period within the robust 
structure of a randomized controlled trial. We acknowledge 
that the findings are largely hypothesis- generating and will 
require further validation in other studies. The sample size may 
not have allowed detection of small differences between sub-
groups. The target SU level for all patients undergoing dose 
escalation was <0.36 mmoles/liter, and few patients had an 
SU level of <0.30 mmoles/liter at either time point. Clinical 
improvement in joint space narrowing was not observed in any 
of the groups; joint space narrowing is a nonspecific finding 
and may not be amenable to change with urate- lowering ther-
apy, even when the SU level is very low (31). Strengths of our 
study include the relatively high number of Māori and Pacific 
Island participants, blinded scoring using imaging instruments 
that had been validated for gout, assessment of both joint 
damage and urate volume during a long study duration, and 
systematic imaging assessments within a randomized con-
trolled trial setting.
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In summary, this is the first randomized controlled trial to 
demonstrate that progression of bone erosion can be slowed 
and potentially prevented using a treat- to–SU-target strategy. The 
study has also demonstrated that achieving a target SU level of 
<0.36 mmoles/liter and dose escalation of urate- lowering therapy 
leads to substantial reduction of MSU crystal burden, as mea-
sured by DECT. These findings support the concept that long- 
term urate- lowering therapy using a treat- to–SU-target strategy 
can influence structural damage in gout.
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Pediatric Vasculitis
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Objective. Individuals with deficiency of adenosine deaminase 2 (DADA2), a recently recognized autosomal re-
cessive disease, present with various systemic vascular and inflammatory manifestations, often with young age at 
disease onset or with early onset of recurrent strokes. Their clinical features and histologic findings overlap with those 
of childhood- onset polyarteritis nodosa (PAN), a primary “idiopathic” systemic vasculitis. Despite similar clinical 
presentation, individuals with DADA2 may respond better to biologic therapy than to traditional immunosuppression. 
The aim of this study was to screen an international registry of children with systemic primary vasculitis for variants 
in ADA2.

Methods. The coding exons of ADA2 were sequenced in 60 children and adolescents with a diagnosis of PAN, 
cutaneous PAN, or unclassifiable vasculitis (UCV), any chronic vasculitis with onset at age 5 years or younger, or 
history of stroke. The functional consequences of the identified variants were assessed by ADA2 enzyme assay and 
immunoblotting.

Results. Nine children with DADA2 (5 with PAN, 3 with UCV, and 1 with antineutrophil cytoplasmic antibody– 
associated vasculitis) were identified. Among them, 1 patient had no rare variants in the coding region of ADA2 and 
8 had biallelic, rare variants (minor allele frequency <0.01) with a known association with DADA2 (p.Gly47Arg and 
p.Gly47Ala) or a novel association (p.Arg9Trp, p.Leu351Gln, and p.Ala357Thr). The clinical phenotype varied widely.

Conclusion. These findings support previous observations indicating that DADA2 has extensive genotypic and 
phenotypic variability. Thus, screening ADA2 among children with vasculitic rash, UCV, PAN, or unexplained, early- 
onset central nervous system disease with systemic inflammation may enable an earlier diagnosis of DADA2.

INTRODUCTION

Deficiency of adenosine deaminase 2 (DADA2) is a recently 
characterized autosomal recessive genetic disease that was first 
reported in 2 independent cohorts of children with early- onset 
vasculopathy resembling polyarteritis nodosa (PAN) (1,2). All 

 children in the described cohorts harbored rare, biallelic variants in 
the adenosine deaminase 2 (ADA2) locus (formerly known as Cat 
Eye Syndrome candidate region 1, or CECR1), which encodes 
the enzymatic protein ADA2. The absence of ADA activity in the 
plasma of all patients substantiated the notion of a damaging 
effect of the identified variants.
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The most prevalent mutation in the first reports of DADA2 
was the p.Gly47Arg variant, having an estimated carrier frequency 
of 10% in the Georgian- Jewish population—a population known 
to have high rates of PAN (1). More than 60 disease- causing vari-
ants, mostly missense single- nucleotide variants, have now been 
described across the entire coding region of ADA2, including the 
catalytic, dimerization, and secretion domains (3). The most fre-
quently reported variants, in addition to p.Gly47Arg, are p.Gly-
47Ala, p.Arg169Gln, Tyr453Cys, and p.Thr360Ala, with the latter 
being most common in Italian patients (4).

Despite conservation across species (5), there is consider-
able variation within the human ADA2 locus. In parallel, there is 
large phenotypic heterogeneity associated with DADA2. Initial 
cases were notable for early- onset disease as well as recurrent 
strokes, fever, and livedo reticularis rash associated with vascu-
lopathy; more recent case descriptions have been extended to 
include an autoimmune phenotype (6–8), bone marrow deficien-
cies (4,9), and adult- onset disease (2,10,11). With accumulating 
reports, the characteristic phenotypic spectrum of DADA2 is 
widening and there appears to be little correlation between these 
widening phenotypic clinical features and ADA2 genotype (4). 
Patients with DADA2, including those with life- threatening dis-
ease, may respond more favorably to treatment with anti–tumor 
necrosis factor (anti- TNF) blocking agents (12) than with the “tra-
ditional” treatments for chronic primary vasculitides (CPVs). It is 
critical to distinguish patients with DADA2 from those with other 
types of CPV to enable earlier and more effective interventions; 
identifying all of the deleterious ADA2 gene variants and the asso-
ciated pathogenic mechanisms may further guide both prognos-
tication and therapy.

Because vasculitis remains a predominant feature in most 
cases of DADA2 described to date (3), we retrospectively and 
selectively screened an international cohort of children with CPV 
for DADA2 by targeted Sanger sequencing and assessment of 
ADA2 enzyme activity in the patients’ serum. We identified 9 chil-
dren with DADA2 with known pathogenic and novel variants in 
ADA2. Based on our observations, we propose additional clin-
ical features that should be considered in screening criteria for 
DADA2.

PATIENTS AND METHODS

Participants. Patients described in this study were 
enrolled in the Pediatric Vasculitis Initiative (PedVas), an inter-
national study on pediatric CPV. Eligibility criteria for PedVas 
have been described previously (13). The study protocol was 
approved by the Children’s and Women’s Research Ethics 
Board of the University of British Columbia (approval no. H12- 
00894) and the respective ethics committees or IRBs at partic-
ipating PedVas sites. Written informed consent was obtained 
between February 2013 and July 2018 from children or ado-
lescents age 18 years and younger who were diagnosed as 

having a systemic CPV, including PAN, cutaneous PAN (cPAN), 
granulomatosis with polyangiitis (GPA), microscopic polyangi-
itis, eosinophilic granulomatosis with polyangiitis, Takayasu 
arteritis, unclassified vasculitis (UCV), or suspected DADA2. 
Study visits coincided with times of routine clinical care (13). 
Healthy children with sleep apnea (n = 4), who were enrolled 
in the BCCH BioBank, were used as pediatric controls for the 
ADA2 activity assay (approval no. H13- 03111).

Clinical data. At each study visit, as described previously, 
patients contributed data that included demographics, clinical 
features, medical history, diagnostic data, treatment, and clinical 
laboratory results (14). Data were entered by participating sites 
into A Registry of Childhood Vasculitis (ARChiVe), the RedCap (15) 
data collection platform for PedVas. Clinical data were reviewed 
in Vancouver for errors and completeness. Patients were formally 
classified into CPV subtypes by the on- site rheumatologist as well 
as by using a pediatric- modified algorithm of the European Med-
icines Agency. Generation of a pediatric vasculitis activity score 
(PVAS) (16) was a component of data entry to ARChiVe; active 
and inactive disease was defined as a PVAS of >2 and PVAS of 
≤2, respectively.

Biosample collection and processing. Participants 
contributed blood in serum separation tubes and/or K2 EDTA 
vacutainers (BD Biosciences) and Tempus RNA tubes (Applied 
Biosystems). RNA tubes and serum/plasma aliquots were stored 
at −80°C upon receipt in Vancouver. DNA was isolated from 
whole blood (collected in K2 EDTA tubes) or saliva (collected in 
OG- 500, OG- 575, or OCR- 100 Oragene•DNA collection kits; 
DNA Genotek Inc.) using QIAsymphony SP, in accordance with 
the manufacturer’s protocol (Qiagen). Isolated DNA was quanti-
tated using a Quant- iT PicoGreen double- stranded DNA assay kit 
(ThermoFisher) and stored at −20°C prior to sequencing.

Sanger sequencing of ADA2. Targeted Sanger sequenc-
ing was implemented for the coding exons of ADA2 (exons 2–10) 
(for primer sequences, see Supplementary Table 1, available on 
the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.40913/ abstract). Total genomic DNA (50 ng) 
was combined with 1× AmpliTaq Gold 360 buffer, 2.0 mM magne-
sium chloride, 3 μl of 360 GC Enhancer, 200 μM dNTPs, 0.5 μM 
forward primer, 0.5 μM reverse primer, and 0.625 units/reaction 
AmpliTaq Gold 360 DNA Polymerase in a total volume of 20 μl 
in a 96- well plate. Initial denaturation was at 95°C for 5 minutes, 
followed by 40 cycles at 95°C for 50 seconds, 59°C for 35 sec-
onds, 72°C for 60 seconds, and a final extension step at 72°C for 
7 minutes. Polymerase chain reaction products were cleaned with 
ExoSAP- IT Express (ThermoFisher) and analyzed using an ABI 
Genetic Analyzer (Applied Biosystems). Sequences were aligned 
to the ADA2 transcript (ENST00000399839.1, Ensembl GRCh37) 
and analyzed using CodonCode Aligner version 3.03.

http://onlinelibrary.wiley.com/doi/10.1002/art.40913/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40913/abstract
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Assay for ADA2 enzyme activity. Extracellular ADA2 
enzyme activity was quantified in the patients’ serum (patients 1, 
2, 4, 6, 7, 8, 10, and 11) and plasma (patient 3) using an ADA 
assay (Diazyme Laboratories) with some modification to the man-
ufacturer’s protocol. Briefly, 10 μl of serum/plasma was incubated 
with 5 μl of an ADA1- specific inhibitor, erythro- 9- (2- hydroxy- 3- 
nonyl) adenine- HCl (100 μM; Millipore Sigma), for 5 minutes at 
37°C. Reagent 1 (180 μl) and Reagent 2 (90 μl) were added (reac-
tion volume of 285 μl), and the absorbance at 556 nm was read 
every 10 minutes over 3 hours, using an Infinite M200 microplate 
reader and Magellen analysis software (TECAN).

ADA2 enzyme activity in the samples was calculated using a 
calibrator of known ADA activity and using 0.9% saline as a blank. 
ADA2 activity in patient 9 was quantified at the local site, using 
a dried plasma spot analysis. No serum samples were reserved 
from patient 5 prior to death.

Western blot analysis of ADA2 protein. ADA2 pro-
tein in the patients’ serum (patients 1, 2, 4, 6, 7, 8, 10, and 11) 
and plasma (patient 3) was analyzed by immunoblotting. Briefly, 
nonreduced samples (1:50 dilution) and prestained protein lad-
der (no. 26619; PageRulerPlus) were resolved on a 10% NuPage 
sodium dodecyl sulfate–polyacrylamide electrophoresis gel. Sep-
arated proteins were transferred to a 0.45- μm PVDF membrane 
(Immobilon- P; Millipore Sigma) that was blocked with phosphate 
buffered saline/5% skim milk and probed with an anti- CECR1 
polyclonal antibody (1/1,000 dilution, PA5- 30635) followed by a 
horseradish peroxidase–conjugated goat anti- rabbit IgG (H+L) 
antibody (1/10,000 dilution, A16104) and SuperSignal West Pico 

PLUS Chemiluminescent Substrate. The membrane was exposed 
to autoradiography film (Diamed) and imaged with an AlphaIm-
ager 2200 (Alpha Innotech). All reagents were from ThermoFisher, 
unless specified otherwise.

Statistical analysis. Analysis of variance, followed by a 
2- tailed Tukey’s test, was used to analyze group differences, and 
the results were analyzed using GraphPad Prism statistical soft-
ware version 7.0. For all analyses, 95% confidence intervals were 
used, and P values less than or equal to 0.05 were considered 
significant.

RESULTS

Identification of novel and rare variants in ADA2. 
Among 542 pediatric CPV patients in our ARChiVe registry, 
DNA was available from 138 individuals. Of these, Sanger 
sequencing for variants in the splice- site and coding regions 
(exons 2–10) of ADA2 was performed on samples from 60 
patients classified as having PAN, cPAN, or UCV (n = 44), sus-
pected DADA2 (n = 2), a disease onset at age ≤5 years (n = 22),  
and/or stroke- like episodes (n = 7) (see Supplementary Table 2,  
available on the Arthritis & Rheumatology web site at http://
onlin elibr ary.wiley.com/doi/10.1002/art.40913/ abstract). For 3 
individuals (patients 5, 6, and 9), ADA2 variants were identified 
by whole exome sequencing that was initiated at their respec-
tive health care center, and results in 2 samples (patients 6 and 
9) were confirmed by Sanger sequencing. Eight individuals car-
ried novel or rare variants in ADA2 with a minor allele  frequency 

Table 1. Pediatric vasculitis patients with rare ADA2 mutations*

Patient Ethnicity† Sex Age at onset‡
Age at  

diagnosis§ Initial diagnosis ADA2 mutation (coding sequence)

1 South Asian F 11 years 12 years PAN c.[139G>C];[139G>C]
2 South Asian F 11 years 12 years PAN c.[139G>A];[139G>A]
3 East Asian M 16 years 16 years Unclassified vasculitis c.[25C>T];[140G>C]¶
4 South Asian M 11 years 12 years PAN c.[1069G>A];[1069G>A]¶
5 White F 1 week NA# Undiagnosed c.[1052T>A];[1052T>A]¶
6 White F 10 months 3 years# Undiagnosed  (suspected 

DADA2)
c.[1052T>A];[1052T>A]¶

7 East Asian F 4 years 4 years PAN c.[139G>A];[139G>A]
8 South Asian F 3 years 5 years GPA No identified variants in 

coding or splice- site regions
9 White F 6 months 8 months Unclassified vasculitis c.[139G>C]; deletion
10 South Asian M 11 years 11 years cPAN c.927G>A
11 White F 2 years NA Undiagnosed c.1252G>T

* PAN = polyarteritis nodosa; NA = not applicable; GPA = granulomatosis with polyangiitis; cPAN = cutaneous PAN. 
† Self- reported. 
‡ At first associated symptoms. 
§ At diagnosis of systemic vasculitis. 
¶ Variant showing a novel association with deficiency of adenosine deaminase 2 (DADA2). 
# In sibling patients 5 and 6, a diagnosis of systemic vasculitis was not made; the diagnosis of DADA2 was made at age 3 years in patient 6 
and postmortem in patient 5. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40913/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40913/abstract
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of <0.01, as defined by the Exome Aggregation Consortium 
(Tables 1 and 2, and Supplementary Figure 1 available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.

com/doi/10.1002/art.40913/ abstract).
Three patients (patients 1, 2, and 7) carried the known 

pathogenic variant within the dimerization domain of ADA2, 
p.Gly47Arg. Patient 3 was compound heterozygous (confirmed 
by targeted sequencing of the affected exons in the parents) for 
a known pathogenic variant, p.Gly47Ala, and a variant show-
ing a novel association with DADA2, p.Arg9Trp, that is located 
in the signal sequence domain of ADA2 (see Supplementary 
Figures 1 and 2 at http://onlin elibr ary.wiley.com/doi/10.1002/
art.40913/ abstract). Patient 4 was homozygous for a variant 
of novel association, p.Ala357Thr, within the catalytic domain 
of ADA2 (Supplementary Figure 2). Patients 5 and 6 were sib-
lings; in patient 5, whole exome sequencing (GeneDx) identi-
fied a novel variant of unknown significance, p.Leu351Gln, that 
was subsequently identified in patient 6 through this study. 
Both parents were heterozygous for the p.Leu351Gln vari-
ant (Supplementary Figure 1). Patient 8 had no rare variants 
in the splice- site or coding regions of ADA2. Patient 9 was 
compound heterozygous (confirmed by trio sequencing [data 
not shown]) for the known pathogenic variant, p.Gly47Arg, 
and for a deletion that has not yet been fully characterized. 
Patients 10 and 11 were heterozygous for rare variants, a 
known one, p.Met309Ile, and one predicted to be pathogenic, 
p.Val418Leu. The identified variants showing a novel associa-

tion with DADA2 (p.Arg9Trp, p.Leu351Gln, and p.Ala357Thr) 
were predicted to be damaging, by computational modeling  
(Table 2).

Compromising effects of biallelic ADA2 variants 
on ADA2 enzyme activity. The impact of the identified var-
iants on ADA2 enzyme function was quantified in the patients’ 
serum (patients 1, 2, 4, 6, 7, 8, 10, and 11) and plasma (patient 
3) using an ADA assay. Samples obtained from patients with 
rare, biallelic ADA2 variants (patients 1, 2, 3, 4, 6, and 7) had a 
significant loss of ADA2 enzyme activity (Figure 1B) compared 
to healthy children (n = 4; P < 0.0001) and other children with 
vasculitis that met ADA2 screening criteria but did not carry 
rare ADA2 variants, which included children with PAN (n = 4; 
P < 0.0001) and children with Takayasu arteritis (n = 7; P < 
0.0001), a large- vessel vasculitis that may or may not be asso-
ciated with stroke (Figure 1A). ADA2 enzyme activity was also 
diminished in patient 8 despite a lack of rare variants in the 
coding and splice- site regions of ADA2, suggesting that this 
patient may harbor damaging noncoding or structural variants. 
ADA2 enzyme activity in the serum from patients with a single, 
rare, known pathogenic variant (patient 10) or a single, rare, 
predicted pathogenic variant (patient 11) was similar to that in 
the control groups (Figures 1A and B).

To confirm that ADA2 protein was present in patient sam-
ples (thereby confirming that loss of ADA2 enzyme activity could 
not be attributable to the absence of ADA2 protein), samples of 

Table 2. Characteristics of the identified ADA2 variants and the predicted consequence in silico*

rsID
Coding 

sequence
Predicted  

consequence ExAC MAF
ExAC 
GMAF CADD

PolyPhen  
predicted  

consequence ClinVar annotation

rs202134424 c.139 G>C Missense 
(p.Gly47Arg)

0.001 <0.01 26 Probably 
damaging

Pathogenic

rs202134424 c.139G>A Missense 
(p.Gly47Arg)

7.40 × 10−5 <0.01 26 Probably 
damaging

Pathogenic

rs200930463 c.140G>C Missense 
(p.Gly47Ala)

6.60 × 10−5 <0.01 26 Probably 
damaging

Pathogenic

rs753994372 c.25C>T† Missense 
(p.Arg9Trp)

8.20 × 10−6 <0.01 18 Benign NA

rs374974565 c.1069G>A† Missense 
(p.Ala357Thr)

1.20 × 10−4 <0.01 31 Probably 
damaging

NA

NA c.1052>A† Missense 
(p.Leu351Gln)

NA NA 25 Probably 
damaging

NA

rs146597836 c.927G>A Missense 
(p.Met309Ile)

0.002 <0.01 3 Benign Pathogenic in Behçet’s 
syndrome; likely 
benign in PAN

rs142726959 c.1252G>T Missense 
(p.Val418Leu)

7.52 × 10−5 <0.01 29 Probably 
damaging

NA

* For each variant, the predicted consequence is shown, along with the following characteristics: ethnicity- matched minor allele frequen-
cy (MAF) as reported by the Exome Aggregation Consortium (ExAC), global MAF (GMAF) as reported by the ExAC, combined annotation- 
dependent depletion score (CADD) based on the conservation and consequence of the affected amino acid, consequence of the amino acid 
substitution as predicted by PolyPhen, and the ClinVar annotation. NA = not applicable; PAN = polyarteritis nodosa. 
† Variant showing a novel association with deficiency of adenosine deaminase 2 (DADA2). 

http://onlinelibrary.wiley.com/doi/10.1002/art.40913/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40913/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40913/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40913/abstract


ADA2 VARIANTS IN PEDIATRIC VASCULITIS |      1751

patients’ serum/plasma were resolved by gel electrophoresis, 
and ADA2 protein was detected by immunoblotting. ADA2 pro-
tein in all serum/plasma samples was detected at levels similar 
to those in a patient without variants in ADA2 (a patient with 
PAN) and was detected in the dimeric form (~120 kd), even in 
those patients carrying pathogenic variants in the dimerization 
domain (patients 1–3 and patient 7) (Figure 1C). Furthermore, 
using paired serum samples from patients with PAN who were 
negative for rare ADA2 variants (n = 3), we confirmed that dis-
ease activity did not influence the results, as ADA2 activity was 
similar in samples obtained at a time when the disease was 
active (PVAS scores of 7, 12, and 17 in the 3 patients) and in 
samples obtained when it was inactive (PVAS scores of 0 in 
each patient) (P = 0.2324) (data not shown).

Variation in clinical phenotypes associated with 
rare, biallelic ADA2 variants. The age range at the time of 
symptom onset in patients in our cohort with rare or novel ADA2 
variants was 1 week to 16 years (Table 1). Clinical manifestations 
in the 9 patients with DADA2 are summarized in Table 3. Cutane-
ous involvement was present in 8 of the 9 patients and included 
livedo reticularis/racemosa, nodular lesions, soft tissue/subcuta-
neous edema, and ulcers. Neurologic involvement, a common 
cardinal feature that has been reported in other DADA2 patient 
cohorts (1,2,4), was also present in 8 of 9 patients. Five of these 
patients had central nervous system (CNS) involvement in the 
form of stroke (patients 3, 4, 6, 7, and 9) and 1 had stroke along 
with diffuse cerebral atrophy (patient 5) (Figure 2A), while 4 had 
peripheral nervous system (PNS) involvement, of whom 1 had 

mononeuritis multiplex (patient 2) and 3 had cranial nerve involve-
ment (patients 6, 7, and 9).

Sibling patients 5 and 6 had severe disease. Both had gas-
trointestinal disease resulting in bowel perforations, and significant 
hematologic disease. Patient 5 at age 1 week was diagnosed as 
having presumed Diamond- Blackfan anemia, but subsequent 
testing excluded the diagnosis. She later developed severe neu-
tropenia, with the absence of neutrophils on a complete blood cell 
count, and had a bone marrow biopsy that showed no neutrophils 
or precursors (Figure 2B). She died at the age of 17 months due to 
complications of the bowel perforation. Patient 6, the older sister 
of patient 5, was treated for urosepsis at age 4 months and was 
noted to have persisting, unexplained elevated liver transaminase 
levels. At age 10 months, she developed a third nerve palsy. She 
was asymptomatic until age 3 years, when she presented, shortly 
after the death of her younger sibling, with fevers, raised levels of 
inflammation markers, neutropenia, and evidence of prior stroke.

Four patients had low IgM levels despite having normal levels 
of IgA and IgG. Blurred vision (defined in the registry as “altered 
measurement of best visual acuity from previous or baseline, 
requiring specialist opinion for further evaluation”) was noted in 
4 patients, in the absence of other diagnoses such as ocular 
inflammation (uveitis, scleritis, episcleritis) or any underlying retinal 
pathology. No patient with PAN who was not later diagnosed as 
having DADA2 had this symptom. All patients were negative for 
antinuclear antibodies. One patient (patient 8) who was positive 
for antineutrophil cytoplasmic antibodies (ANCAs), specifically 
anti–proteinase 3 ANCAs, was diagnosed as having GPA (fulfill-
ing classification criteria), having both multiple pulmonary nodules 

Figure 1. A, Adenosine deaminase 2 (ADA2) activity (measured in units/liter) in the serum or plasma of healthy children (controls; n = 4), 
children with vasculitis and overlapping clinical symptoms (polyarteritis nodosa [PAN] n = 4; Takayasu arteritis [TA] n = 6), and children with 
biallelic variants in ADA2 (patients P1–4 and P6–8; n = 7) or with single, heterozygous variants in ADA2 (patients P10 and P11; n = 2). B, ADA2 
activity in the serum or plasma of children with biallelic variants in ADA2 (patients P1–P4, P6, and P7), children with no identified variants in 
ADA2 (patient P8), children with a single variant in ADA2 (patients P10 and P11), and pediatric controls (n = 4). Results in A and B are the mean 
± SD. C, Immunoblot analysis of ADA2 protein in the serum of pediatric patients with diminished ADA2 enzyme activity (patients P1–4, P6–8, 
P10, and P11) compared to a pediatric patient with PAN who had no rare ADA2 variants and to 10 ng recombinant human ADA2 (rhADA2). 
**** = P < 0.0001.
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on imaging and renal histopathologic findings showing necrotiz-
ing fibrinoid necrosis and pauci- immune glomerulonephritis with 
crescents.

Variation in the clinical treatment response. Dis-
ease severity at presentation ranged from mild and limited to 
the skin, to severe and lethal. All patients were initially treated 
with immune- suppressing medications and glucocorticoids 
(GCs). Initial treatments and the response to treatments are 
summarized in Table  4. Patients 1 and 2 had the mildest 

phenotype, with primarily skin disease. Patient 1 responded 
well to treatment with GCs, methotrexate, and colchicine. 
Patient 2 was treated with GCs, methotrexate, and intrave-
nous (IV) immunoglobulin; IV cyclophosphamide was added 
at 6 months for ongoing disease activity. Five patients had 
moderate- to- severe disease: patient 3 had mild stroke, 
patient 4 had ulcerating skin disease and aneurysms of the 
vertebral and splanchnic arteries, patient 7 had stroke and 
cranial nerve involvement, patient 8 had renal disease, and 
patient 9 had stroke and cranial nerve involvement. Patient 
3 was treated with GCs and 1 dose of rituximab, and then 
switched to etanercept 1 month later when DADA2 was diag-
nosed. He responded well to etanercept. Patient 4 and patient 
7 were treated with GCs and IV cyclophosphamide. Patient 4 
switched to mycophenolate mofetil after 6 months due to poor 
response. Patient 8 responded well to GCs and methotrexate. 
Patient 9 was treated with GCs and azathioprine but switched 
to IV cyclophosphamide due to lack of response. After several 
years of poorly controlled disease, the patient was started on 

etanercept, achieving an excellent response.
As previously described, sibling patients 5 and 6 had very 

severe disease. Patient 5 was initially treated successfully with 
GCs for the presumed Diamond- Blackfan anemia. At age 14 
months, she developed fevers, severe neutropenia, anemia, 
elevated levels of inflammation markers, and transient rash. 
GCs and etanercept were initiated after the diagnosis of DADA2 
was made; however, she died (due to bowel perforation) after 
receiving only 1 dose of etanercept. Pathologic examination of 
a section of the bowel revealed multifocal ischemia with severe 
bacterial overgrowth, suggesting neutropenic enterocolitis but 
no definitive evidence of vasculitis. A complete autopsy was 

Figure  2. P5 magnetic resonance imaging of the brain (A) 
and bone marrow aspirate (B) from representative children with 
deficiency of adenosine deaminase 2 (DADA2). A, T2- weighted axial 
image of the brain of a patient with DADA2 demonstrates diffuse 
white matter volume loss. The myelination pattern is appropriate for 
the age of the patient, indicating no evidence of dysmyelination or 
demyelination. B, Bone marrow aspirate from a patient with DADA2 
at age 17 months, in whom the complete white blood cell count 
was 1.5 × 109/liter, with a neutrophil count of 0.0 × 109/liter and 
monocyte count of 0.0 × 109/liter, the hemoglobin level was 88 gm/
liter (with hypochromia and microcytosis), and the platelet count was 
901 × 109/liter. The aspirate is dilute and aparticulate, with a marked 
decrease in granulopoiesis.

Table 4. Initial treatment and response*

Initial treatment Response to treatment

Patient 1 GC, methotrexate, 
colchicine

Improved on initial treatment; flared at 12 months and restarted on GCs

Patient 2 GC, methotrexate, 
IVIG

IV cyclophosphamide added 6 months after diagnosis due to ongoing disease 
activity; improved on cyclophosphamide

Patient 3 GC, rituximab (one 
dose)

Switched to etanercept 1 month after presentation (after diagnosis of DADA2 
was made); inactive disease at 6 months without GC treatment

Patient 4 GC, IV 
cyclophosphamide

Switched to mycophenolate mofetil at 6 months due to ongoing disease activity 
and difficult IV access

Patient 5 GC Etanercept started 1 year after presentation (when diagnosis of DADA2 was 
made); only received 1 dose of etanercept prior to death

Patient 6 GC, etanercept Good response to initial treatment; relapse at 4 months; anakinra added to no 
benefit; underwent bone marrow transplantation

Patient 7 GC, IV 
cyclophosphamide

Improved on initial treatment; inactive disease at postinduction visit (6 months 
after diagnosis); switched to azathioprine for maintenance

Patient 8 GC, methotrexate Improved on initial treatment
Patient 9 GC, azathioprine Switched to IV cyclophosphamide 3 months after diagnosis, for ongoing disease 

activity; poor disease control for several years until etanercept started 5 years 
after diagnosis, with prompt and stable response to etanercept

* GC = glucocorticoid; IVIG = intravenous immumoglobulin; DADA2 = deficiency of adenosine deaminase 2. 
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declined by the family. Patient 6 was diagnosed as having 
DADA2 shortly after the death of her sibling and was promptly 
treated with GCs and etanercept, achieving a good response. 
After 4 months, the disease relapsed with a recurrence of the 
fevers and severe neutropenia. As she continued to deterio-
rate despite an increase in the GC dose and the addition of 
anakinra to the etanercept regimen, a hematopoietic stem cell 
transplantation was performed. Currently, at 6 months post-
transplantation, she requires only low- dose GCs for treatment 
of mild graft- versus- host disease.

DISCUSSION

Herein we describe 9 patients with DADA2, of whom 8 
had rare, biallelic variants in ADA2 and 1 had abrogated ADA2 
enzymatic activity but no rare variants in the splice- site or cod-
ing regions of ADA2. The identified variants included 2 variants 
showing a novel association with DADA2, Arg9Trp (c.25C>T) 
and Ala357Thr (c.1069G>A), and 1 novel variant, Leu351Gln 
(c.1052>A). An additional 2 patients carried a single, rare vari-
ant in ADA2. ADA2 enzyme activity assay and immunoblotting 
confirmed that patients with biallelic variants had circulating 
ADA2 protein with severely compromised enzyme activity as 
compared to that in patients with a single variant, in whom the 
ADA2 enzyme activity was similar to that in healthy children and 
children with other vasculitides. These data are consistent with 
the autosomal recessive mode of inheritance for DADA2 (1,2).

The clinical phenotype of the earliest described cohorts of 
DADA2 patients included young age at disease onset, early- onset 
stroke, and livedo reticularis/racemosa rash (1,2). Similarly, vascu-
litic skin rash (especially livedo reticularis and nodular lesions) and 
an initial diagnosis of PAN was characteristic of most of our cohort. 
In contrast, 4 of 9 patients were older than age 10 years at the time 
of symptom onset. In view of this onset of disease in adolescence 
and the high frequency of the disease (1 in 8) among the PAN 
cohort, DADA2 should be considered in the differential diagnosis 
of patients of all ages with a PAN phenotype. Our data also sug-
gest that DADA2 should be considered in the differential diagnosis 
of patients outside of the PAN phenotype. The siblings were the 
youngest patients in our cohort and had the most severe disease, 
although there were no signs of overt clinical vasculitis (for example, 
persistent skin rash). Patient 6 had a history of early- onset stroke, 
while patient 5 had cerebral atrophy without evidence of stroke. 
Both patients had evidence of a systemic inflammatory response 
(fever, elevated levels of inflammation markers). Given the disease 
severity in these patients, DADA2 should be considered in the dif-
ferential diagnosis of all patients with unexplained early- onset CNS 
disease (not limited to stroke) with systemic inflammatory features, 
even in the absence of “vasculitic” rash.

The earlier diagnosis of DADA2 in patient 5 may have been 
life- saving, and in patient 6, the earlier diagnosis may have enabled 
earlier treatment with etanercept or hematopoietic stem cell trans-

plantation. Even patients in our cohort with predominantly skin 
disease required treatment with immune- suppressing medications 
and GCs—earlier diagnosis of DADA2 in such patients may have 
prompted alternative, more effective treatments and might have 
reduced the need for GCs. Several of the patients in our cohort 
required medication changes due to ongoing disease or flares of 
disease. Caorsi et al described a similar poor or partial response 
to conventional immunosuppression in their cohort of DADA2 
patients, while patients who received anti- TNF therapy had high 
rates of remission (17). In our cohort, anti- TNF treatment was used 
in only 4 patients (patients 3, 5, 6, and 9), in whom disease onset, 
persisting disease activity, or flare occurred after the DADA2 entity 
was uncovered (Table 4). In 2 patients (patients 3 and 9), there was 
an excellent response. Patient 5 died but had only received 1 dose 
of anti- TNF medication, and patient 6 had an initial response fol-
lowed by disease relapse. Both patient 5 and patient 6 had severe 
neutropenia and IgM immunodeficiency, and there is recent evi-
dence that patients with DADA2 who have this phenotype may 
respond better to hematopoietic stem cell transplantation (18).

As reports of DADA2 cases accumulate, the clinical pheno-
type continues to evolve and expand. In our cohort, 3 patients 
were of South Asian descent and 1 was of East Asian descent. 
Few cohorts have described DADA2 patients of these ethnicities, 
and it is possible that they are underdiagnosed and underreported. 
The symptom of blurred vision in 4 patients is interesting. Other 
patients with PAN in our cohort did not have this reported symp-
tom. The etiology of the blurred vision (either ocular, neurologic, 
or perhaps thrombotic) remains unclear, as no other ocular diag-
noses were reported in any of these patients, no other neurologic 
abnormalities were identified in 2 of the patients, and none had 
thromboses at other sites. Additional retrospective elucidation in 
these patients is not feasible; however, prospective surveillance of 
this symptom in other patients may clarify its significance.

As the spectrum of DADA2 manifestations unfolds and 
the age range at the time of disease presentation is clarified, it 
will likely be increasingly included in the differential diagnosis 
for a spectrum of unexplained “vasculopathies” and systemic 
inflammatory diseases with CNS and PNS manifestations 
beyond the PAN phenotype. Our current inability to correlate 
genotype to phenotype and the absence of an identifiable 
genetic abnormality in 1 patient suggest that other factors are 
involved in the pathogenesis of DADA2, which may include 
modifying alleles, epigenetic modifications, or environmental 
exposures. For DADA2 patients with an autoimmune or bone 
marrow–deficient phenotype, hematopoietic stem cell trans-
plantation may be an effective therapy (18,19). In addition, 
there is clinical evidence that patients with DADA2 elicit a pos-
itive response to biologic therapy, particularly anti- TNF therapy 
(2), but there is little mechanistic evidence for particular treat-
ment choices. A deeper understanding of all of the factors 
contributing to the pathogenesis of DADA2 will be crucial to 
predict its disease course in individuals, inform clinical treat-
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ment decisions, and improve the outcomes in patients with 
DADA2.
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Regulation of Fatty Acid Oxidation by Twist 1 in the 
Metabolic Adaptation of T Helper Lymphocytes to Chronic 
Inflammation
Kristyna Hradilkova,1 Patrick Maschmeyer,1 Kerstin Westendorf,1 Heidi Schliemann,1 Olena Husak,1  
Anne Sae Lim von Stuckrad,2 Tilmann Kallinich,2 Kirsten Minden,3 Pawel Durek,1 Joachim R. Grün,1  
Hyun-Dong Chang,1 and Andreas Radbruch1

Objective. Inflamed tissue is characterized by low availability of oxygen and nutrients. Yet CD4+ T helper lym-
phocytes persist over time in such tissue and probably contribute to the chronicity of inflammation. This study was 
undertaken to analyze the metabolic adaptation of these cells to the inflamed environment.

Methods. Synovial and blood CD4+ T cells isolated ex vivo from patients with juvenile idiopathic arthritis (JIA) and 
murine CD4+ T cells were either stimulated once or stimulated repeatedly. Their dependency on particular metabolic 
pathways for survival was then analyzed using pharmacologic inhibitors. The role of the transcription factor Twist 1 
was investigated by determining lactate production and oxygen consumption in Twist1- sufficient and Twist1- deficient 
murine T cells. The dependency of these murine cells on particular metabolic pathways was analyzed using pharma-
cologic inhibitors.

Results. Programmed death 1 (PD- 1)+ T helper cells in synovial fluid samples from patients with JIA survived 
via fatty acid oxidation (mean ± SEM survival of 3.4 ± 2.85% in the presence of etomoxir versus 60 ± 7.08% in the 
absence of etomoxir on day 4 of culture) (P < 0.0002; n = 6) and expressed the E- box–binding transcription factor 
TWIST1 (2–14- fold increased expression) (P = 0.0156 versus PD- 1− T helper cells; n = 6). Repeatedly restimulated 
murine T helper cells, which expressed Twist1 as well, needed Twist1 to survive via fatty acid oxidation. In addition, 
Twist1 protected the cells against reactive oxygen species.

Conclusion. Our findings indicate that TWIST1 is a master regulator of metabolic adaptation of T helper cells to 
chronic inflammation and a target for their selective therapeutic elimination.

INTRODUCTION

CD4+ T lymphocytes are considered a driving force and 
relevant therapeutic target in chronic inflammatory rheumatic 
diseases. In the inflamed synovial tissue of patients, CD4+ T lym-
phocytes persist despite low levels of oxygen and nutrients, and 
they are refractory to conventional immunosuppressive therapies 
(1,2). With respect to nutrients qualifying as a metabolic energy 

source, there is little glucose (3) and glutamine (4) in inflamed 
tissue, while fatty acids are readily available (5,6). Herein, we 
describe the metabolic adaptation of CD4+ T lymphocytes to this 
inflamed environment.

Among the CD4+ T lymphocytes present in inflamed tissues, 
CD4+ T cells expressing programmed death 1 (PD- 1) protein (7) 
are a subpopulation of potential relevance for pathogenesis (8). In 
this study, we show that PD- 1+ Th1 cells isolated from the synovial 
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fluid of patients with juvenile idiopathic arthritis (JIA) are dependent 
on fatty acid oxidation for survival. Their survival is blocked by the 
carnitine palmitoyltransferase 1 inhibitor etomoxir (9), which inhib-
its the transport of fatty acids from the cytoplasm into the mito-
chondria. We show that CD4+ PD- 1+ T cells in inflamed synovia 
express the E- box–binding transcription factor TWIST1, a hall-
mark of T lymphocytes persisting in chronically inflamed human 
tissue (2).

Twist1 expression is selective for repeatedly activated murine 
Th1 cells, as compared to other types of T helper cells and Th1 
cells activated only once. Twist1 expression by murine Th1 cells 
has been shown to dampen immunopathology in an autoregula-
tory, cell- intrinsic manner (2). At the same time, Twist1 supports 
the persistence of repeatedly activated Th1 cells by inducing 
expression of microRNA- 148a (miR- 148a), which in turn regulates 
expression of the proapoptotic protein Bim (10). We previously 
demonstrated that selective depletion of Twist1- expressing Th1 
cells through blockade of miR- 148a, a Twist1- induced miRNA, 
in vivo with antagomirs ameliorates inflammation, identifying 
Twist1- expressing T helper cells as those driving inflammation 
(11). Conditional inactivation of Twist1 in repeatedly activated Th1 
lymphocytes relieves their dependency on fatty acid oxidation and 
allows them to survive alternatively on glycolysis, demonstrating 
that Twist1 forces T helper cells into fatty acid oxidation, and thus 
regulates their proinflammatory activity (12,13). Twist1 thus qual-
ifies as an essential regulator of the metabolism of T helper lym-
phocytes in chronic inflammation, inhibiting glycolysis, and thus 
limiting immunopathology, while at the same time stimulating fatty 
acid oxidation, allowing the cells to persist in and contribute to the 
chronification of inflammation.

MATERIALS AND METHODS

Mice. C57BL/6J mice were purchased from Charles River. 
OT- II × Twist1fl/fl × CD4Cre+/− and OT- II × Twist1wt/wt × CD4Cre+/−, 
Twist1fl/fl × CD4Cre+/−, and Twist1wt/wt × CD4Cre+/− mice were bred 
in the Deutsches Rheuma- Forschungszentrum animal facility 
under specific pathogen–free conditions in individually ventilated 
cages. Mice were handled in accordance with good animal prac-
tice as defined by the German animal welfare bodies, and killed by 
cervical dislocation. All experiments were approved by the State 
Office for Health and Social Affairs (Berlin, Germany).

Human patient samples. Peripheral blood and synovial 
fluid samples were collected at the Department of Pediatrics, 
Pediatric Rheumatology Section of Charité–Universitätsmedizin 
Berlin as approved by the ethics committee of Charité–Universi-
tätsmedizin Berlin (approval no. EA2/069/15).

Human T cell phenotyping and cultivation. Mono-
nuclear cells from peripheral blood were isolated by Ficoll 
density- gradient centrifugation. Synovial fluid cells were 

depleted of CD14+ granulocytes by magnetic cell sorting 
using CD14 microbeads (Miltenyi Biotec). CD4+ T helper 
lymphocytes were isolated using CD4 microbeads (Miltenyi 
Biotec). For analysis of cytokine expression, synovial CD4+ 
T cells were stimulated with phorbol 12- myristate 13- acetate 
(PMA) (10 ng/ml) and ionomycin (1 μg/ml) (both from Sigma- 
Aldrich) for a total of 5–6 hours in medium. After 1 hour, 5 
μg/ml brefeldin A (BioLegend) was added to block the secre-
tion of cytokines. Cells were fixed with Cytofix/Cytoperm (BD 
Biosciences) for 20 minutes at 4°C and stained intracellularly 
with anti–interferon- γ (anti- IFNγ) (4SB3; BioLegend), anti–
interleukin- 17a (anti–IL- 17a) (BL168; BioLegend), anti–tumor 
necrosis factor (anti- TNF) (cA2; Miltenyi Biotec), anti–IL- 2 
(MQ1- 17H12; BioLegend), anti–IL- 10 (JES3- 9D7; Miltenyi 
Biotec), anti–IL- 4 (8D48; BioLegend), and anti–IL- 21 (7H20- 
I19- M3; BioLegend) according to published guidelines (14). 
For intracellular T- bet staining (4B10; BioLegend), cells were 
additionally permeabilized with 0.01% Triton X- 100 for 10 min-
utes on ice. PD- 1+ and PD- 1− CD3+CD4+CD14−CD45RO+ T 
lymphocytes were sorted by fluorescence- activated cell sort-
ing (FACS) using a FACSAria cell sorter (BD Biosciences) and 
plated in RPMI medium containing human AB serum (Sigma), 
100 units/ml penicillin, and 100 μg/ml streptomycin (Life Tech-
nologies). Etomoxir was added to the final concentrations as 
indicated. The numbers of viable CD4+ T cells were monitored 
over time by flow cytometry, using DAPI to exclude dead cells.

In vitro cultivation and differentiation of murine 
T helper cells. Murine CD4+CD62L+ (naive) T helper cells 
were isolated as previously described (15) and cultured at a 
concentration of 2.5 × 106 cells/5 ml in 6- well plates in RPMI 
medium supplemented with 10% fetal calf serum (Merck), 300 
μg/ml glutamine (Invitrogen), 100 units/ml penicillin, 100 μg/ml 
streptomycin (Life Technologies), and 50 μM β- mercaptoetha-
nol (Sigma- Aldrich) at 37°C in 5% CO2 and 4.2% oxygen. The 
T helper cells were stimulated polyclonally with plate- bound 
anti- CD3 antibody (145- 2C11; 3 μg/ml) and soluble anti- CD28 
antibody (37.51; 1.5 μg/ml). For Th1 polarization, 5 ng/ml 
recombinant IL- 12, 10 ng/ml recombinant IL- 2, and 10 μg/ml 
anti–IL- 4 antibody (11B11) was added. To induce Th17 polar-
ization, 10 μg/ml anti- IFNγ (AN18.17.24), 10 μg/ml anti–IL- 4 
(11B11), 20 ng/ml recombinant IL- 6, 20 ng/ml recombinant 
IL- 23, and 1 ng/ml recombinant transforming growth factor β 
(all from R&D Systems) were added. After 48 hours of stimula-
tion, the cells were removed from the antibody- coated culture 
dishes and cultured for an additional 3–4 days. T cell recep-
tor–transgenic OT- II lymphocytes were activated with 1 μg/ml 
of ovalbumin 327–339 peptide in the presence of irradiated 
(30 Gy) CD90- depleted splenocytes from C57BL/6 mice. For 
repeated activation, viable T helper cells were isolated using 
Ficoll density- gradient centrifugation and stimulated again 
under the original conditions.
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Figure 1. Synovial fluid (SF) T cells from patients with juvenile idiopathic arthritis (JIA) have a Th1 phenotype and express programmed death 
1 (PD- 1). A, Left, Flow cytometric analysis indicating the frequencies of CD45RA+ and CD45RO+ cells among CD3+CD4+ T cells in synovial 
fluid and blood from patients with JIA. Results are representative of 5 experiments. Right, Percentage of CD3+CD4+ cells expressing CD45RO 
in blood and synovial fluid from patients with JIA (n = 5). * = P < 0.05 by 2- tailed t- test. B, Left, Expression of interferon- γ (IFNγ), tumor necrosis 
factor (TNF), interleukin- 10 (IL- 10), and IL- 2 in ex vivo-isolated synovial T cells after stimulation with phorbol 12- myristate 13- acetate (PMA) 
and ionomycin (iono), as analyzed by intracellular cytokine staining. Results are representative of 5 experiments. Right, Frequencies of synovial 
fluid CD4+ T cells expressing IFNγ, TNF, IL- 2, IL- 10, IL- 4, IL- 21, and IL- 17A after 5 hours of restimulation with PMA and ionomycin. Bars show 
the mean ± SEM (n = 5). C, T- bet expression in CD4+CD45RO− and CD4+CD45RO+ T cells in blood and CD4+CD45RO+ T cells in synovial 
fluid from a patient with JIA. Results are representative of 3 experiments. D, PD- 1 expression in CD4+CD45RO− and CD4+CD45RO+ T cells 
isolated from blood stimulated with PMA and ionomycin and synovial fluid from a patient with JIA. Results are representative of 5 experiments. 
E, Percentage of CD4+CD45RO+ cells expressing PD- 1 in blood and synovial fluid from patients with JIA (n = 5). *** = P < 0.001 by 2- tailed 
t- test. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40939/abstract.
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Quantitative RNA expression analysis. Total RNA 
was isolated using an RNeasy kit (Qiagen) or a Direct- zol RNA 
kit (Zymo Research) according to the manufacturer’s instruc-
tions. RNA concentration and quality were determined by 
NanoDrop spectrometry. RNA (200 ng to 1 μg) was reverse 
transcribed using a TaqMan Reverse Transcription kit (Ther-
moFisher Scientific) according to the manufacturer’s recom-
mendations. Real- time quantitative polymerase chain reaction 
was used to quantify the messenger RNA of interest with the 
following primer sets (TIB Molbiol Berlin): for murine hypox-
anthine guanine phosphoribosyltransferase (Hprt), forward 
5′-TCCTCCTCAGACCGCTTTT-3′ and reverse 5′- CATAA 
CCTGGTTCATCATCGC- 3′; for human HPRT, forward 5′- ACCC 
TTTCCAAATCCTCAGC- 3′ and reverse 5′- GTTATGGCGACC 
CGCAG- 3′; for murine Twist1, forward 5′- CGCACGCAGTCGC 
TGAACG- 3′ and reverse 5′- GACGCGGACATGGACCAGG- 3′; 
for human TWIST1, forward 5′- GGCACCCAGTCGCTGAACG- 3′ 
and reverse 5′- GACGCGGACATGGACCAGG- 3′; for murine 
Pdcd1, forward 5′- CGTCCCTCAGTCAAGAGGAG- 3′ and 
reverse 5′- GTCCCTAGAAGTGCCCAACA- 3′. Prior to Twist1 
analysis, cultured cells were restimulated with PMA (10 ng/ml) 
and ionomycin (1 μg/ml) for 5 hours.

Glucose uptake assay. Murine naive CD4+ T helper cells 
were stimulated with 3 μg/ml of plate- bound anti- CD3 and 1.5 μg/
ml of soluble anti- CD28 antibodies at 3 × 105 cells per well under 
Th1- inducing conditions for 5 hours. Medium was then aspirated, 
and 100 μl of glucose- free medium with 1.5 μg/ml of soluble 
anti- CD28 antibody was added to the cells. Following incubation 
for 60 minutes, 100 μl of glucose- free RPMI with 300 μM 2- ([7- 
nitro- 2,1,3- benzoxadiazol- 4- yl]amino)- 2 deoxyglucose (2- NBDG) 
was added to the well, to reach a final concentration of 150 μM 
2- NBDG. Cultures with no 2- NBDG added and cultures with 150 
μM 2- NBDG and 30 μM cytochalasin B were used as controls. 
Cells were incubated for 30 minutes at 37°C. After incubation, 
cells were washed twice in cold phosphate buffered saline (PBS) 
and maintained at 4°C. Uptake of 2- NBDG was determined by 
flow cytometry using a MACSQuant analyzer. Dead cells were 
excluded by propidium iodide staining.

Determination of lactate production and oxygen 
consumption. Glycolysis, as determined by extracellular acid-
ification, and oxidative phosphorylation, as determined by oxygen 
consumption, were measured using a Seahorse XP analyzer (Agi-
lent). Prior to the assay, T lymphocytes were starved in glucose- 
free RPMI assay medium and equilibrated in 5% CO2 at 37°C, 
under normoxic conditions.

T cell survival assay. CD4+ T helper cells were seeded 
in a 96- well plate coated with 3 μg/ml anti- CD3 antibodies and 
1.5 μg/ml soluble anti- CD28 antibodies under Th1-  or Th17- 
polarizing conditions. The inhibitors 2- deoxy- d- glucose (2- DG; 

2 mM), 6- diazo- 5- oxo- l- norleucine (50 μM), oligomycin (2 μM), 
or etomoxir (150 μM) were added. Dead cells were excluded by 
staining with 100 ng/ml propidium iodide or 100 ng/ml DAPI. 
Numbers of viable cells were determined by flow cytometry using 
a MACSQuant analyzer.

Lipid peroxidation. BODIPY 581/591 C11 was added to 
CD4+ T lymphocytes in a 96- well plate at a final concentration of 3 
μM in RPMI without serum and 2- mercaptoethanol. Cells were incu-
bated for 40 minutes at 37°C and then washed with PBS/bovine 
serum albumin. Viable cells were quantified using a MACSQuant 
analyzer, and dead cells were excluded by DAPI staining.

RESULTS

Survival of PD- 1+CD4+ T helper lymphocytes in 
inflamed synovia via fatty acid oxidation. CD4+ T 
helper lymphocytes were isolated from the synovial fluid of 
patients with JIA. More than 70% of the CD3+CD4+ cells were 
CD45RO+CD45RA− (Figure 1A). Upon stimulation with PMA and 
ionomycin ex vivo, ~50% of them expressed IFNγ, 70% expressed 
TNF, 50% expressed IL- 2, and 10% expressed IL- 10. IL- 4, IL- 17, 
and IL- 21 were each expressed by <10% of the cells (Figure 1B). 
Consistent with the cytokine expression pattern, almost all JIA 
synovial T helper cells expressed the T- box–binding transcription 
factor T- bet, identifying them as bona fide Th1 cells (Figure 1C). 
A significantly higher proportion of synovial T helper cells than 
peripheral blood T helper cells expressed PD- 1 (Figures 1D and E).

PD- 1+ and PD- 1− synovial T helper cells were separated by 
FACS (Figure 2A and Supplementary Figure 1, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.40939/ abstract), and their dependency on fatty 
acid oxidation was analyzed. CD4+CD45RO+ T cells isolated 
from the blood of healthy donors did not survive when cultured 
in vitro under hypoxic conditions (4.2% O2), with >90% of them 
dying within 2 days. Of the PD- 1− T helper cells isolated from 
synovial fluid, a mean ± SEM of 24.6 ± 2.29% survived until day 2 
of culture and 19 ± 1.31% survived until day 4. Their survival was 
not affected by the addition of etomoxir, an inhibitor of fatty acid 
oxidation. In the presence of etomoxir, 20% of the cells survived 
until day 2 and 15.6 ± 4.5% survived until day 4 (Figure 2B). Of 
the PD- 1+ synovial T helper cells, 39.85 ± 7.35% survived until 
day 2, and these surviving cells expanded again to 60 ± 7.08% 
of the original number on day 4. Survival and expansion of these 
cells was entirely dependent on fatty acid oxidation, since they 
could be blocked with etomoxir, reducing cell numbers to a mean 
± SEM of 3.4 ± 2.85% on day 4 (Figure 2B).

We have previously shown that the E- box–binding transcrip-
tion factor TWIST1 is a hallmark of T helper lymphocytes isolated 
from the inflamed joints of patients with rheumatic diseases (2). In 
this study, we found that PD- 1+ synovial T cells isolated from the 
inflamed joints of patients with JIA expressed significantly higher 

http://onlinelibrary.wiley.com/doi/10.1002/art.40939/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40939/abstract
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levels of TWIST1 than PD- 1− T helper cells isolated from the same 
synovia (Figure 2C).

Upon repeated activation, murine Th1 cells shift 
from glycolysis to fatty acid oxidation. To investigate the 
role of Twist1 in the regulation of the metabolism of T helper 

 lymphocytes, we used a murine model of repeatedly activated 
Th1 lymphocytes, which was previously used as a model to 
study transcriptional adaptations of chronic activation and in 
which we had previously demonstrated up- regulated Twist1 
expression (2). Naive CD4+CD62L+ T cells were stimulated 
with anti- CD3 and anti- CD28 antibodies 4 times at 6- day inter-

Figure 2. Survival of synovial CD4+CD45RO+PD- 1+ T cells in patients with JIA is dependent on fatty acid oxidation. A, Representative gating 
strategy for sorting PD- 1+ and PD- 1− CD4+CD45RO+ T cells from synovial fluid and blood. B, Frequency of viable cells relative to the number 
of initially seeded cells determined on day 2 and day 4 after stimulation with anti- CD3 and anti- CD28 antibodies in the presence or absence 
(control) of 200 μM etomoxir. Bars show the mean ± SEM. Data were pooled from 2 experiments (n = 3 blood and synovial fluid samples per 
experiment). *** = P < 0.0002 by unpaired 2- tailed t- test. NS = not significant. C, TWIST1 mRNA expression relative to HPRT in PD- 1+ and 
PD- 1− CD4+CD45RO+ T cells directly isolated from synovial fluid from patients with JIA (n = 6). * = P = 0.016 by Wilcoxon’s 1- tailed paired 
rank test. See Figure 1 for other definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/
doi/10.1002/art.40939/abstract.
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vals. We then compared the capacity of these cells to take 
up glucose and perform glycolysis, the latter reflected by the 
production of lactate, as outlined in Figure 3A. Uptake of the 
fluorescent glucose analog 2- NBDG was monitored by flow 
cytometry. Repeatedly activated mouse Th1 cells took up 2.3- 

fold less 2- NBDG than mouse Th1 cells that were activated one 
time (Figure 3B).

Repeatedly activated murine Th1 cells were also less 
efficient in glycolysis, compared to Th1 cells activated once. 
Murine Th1 cells activated once produced 1.4- fold more lac-

Figure 3. Repeatedly stimulated (stim) murine Th1 cells switch their metabolism from glycolysis to fatty acid oxidation. A, Experimental design. 
Naive CD4+CD62L+ T cells isolated from C57BL/6 mice were stimulated once or stimulated 2 additional times at 6- day intervals with anti- CD3/
anti- CD28 antibodies under Th1- differentiating conditions. Cells were analyzed for energy metabolism. OXPHOS = oxidative phosphorylation. 
B, Glucose uptake in murine Th1 cells stimulated once and repeatedly stimulated murine Th1 cells, measured by flow cytometry using the 
fluorescent glucose analog 2- ([7- nitro- 2,1,3- benzoxadiazol- 4- yl]amino)- 2 deoxyglucose (2- NBDG). Th1 cells were restimulated for 6 hours with 
anti- CD3 and anti- CD28 antibodies prior to analysis. Cytochalasin B (CytB) was used to determine background fluorescence. Bars show the 
mean ± SEM. Results are representative of 3 independent experiments. *** = P < 0.0006 by Mann- Whitney 2- tailed test. C, Glycolytic activity, 
measured by extracellular acidification rate (ECAR), in murine Th1 cells stimulated once and repeatedly stimulated murine Th1 cells before and 
after restimulation with phorbol 12- myristate 13- acetate (PMA) and ionomycin (iono). Values are the mean ± SEM (n = 4 samples per group).  
*** = P < 0.0001 at 14 minutes, P = 0.0027 at 30 minutes, and P = 0.0027 at 50 minutes after glucose addition, by 2- tailed t- test. D, Frequency 
of viable murine CD4+ T cells stimulated once and murine CD4+ T cells stimulated repeatedly after restimulation with anti- CD3/anti- CD28 
antibodies in the presence of the glycolysis inhibitor 2- deoxy- d- glucose (2- DG; 2 mM) for 72 hours, relative to cells cultivated without inhibitor 
(untreated control). Symbols represent individual samples; horizontal lines and error bars show the mean ± SEM. *** = P = 0.0005 by t- test. E 
and F, Absolute number of repeatedly stimulated murine Th1 cells (E) and murine Th1 cells stimulated once (F) and restimulated with anti- CD3/
anti- CD28 antibodies in the presence or absence of 150 μM etomoxir. Viability and cell count were determined by propidium iodide exclusion 
using flow cytometry. Values are the mean ± SEM. Results are representative of 3 experiments. MFI = mean fluorescence intensity.
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tate than repeatedly activated murine Th1 cells in the pres-
ence of glucose, before and after stimulation with PMA and 
 ionomycin (Figure  3C). Lactate production remained signifi-
cantly lower in repeatedly activated murine Th1 cells thereafter. 
Of the Th1 cells that had been activated once, inhibition of gly-
colysis with 2- DG killed 85% within 72 hours after activation, 
suggesting that such Th1 cells were dependent on glycolysis. 
In contrast, 50% of the repeatedly stimulated murine Th1 cells 
survived when glycolysis was inhibited by 2- DG (Figure 3D), 
demonstrating that repeatedly stimulated T helper cells have 
alternative metabolic options, i.e., fatty acid oxidation. Block-
ing fatty acid oxidation with etomoxir for up to 8 days after 
a third reactivation showed that repeatedly stimulated murine 
Th1 cells use and are dependent on fatty acid oxidation, in 
particular in the late phase of expansion, between days 3 and 
5 (Figure 3E). This was not the case for murine Th1 cells dur-
ing the first week after the first reactivation (Figure 3F), which 
survived and proliferated even in the presence of etomoxir. The 

metabolism of repeatedly restimulated murine Th1 cells thus 
corresponds to that of PD- 1high human T helper cells isolated 
from inflamed synovia, in that they are dependent on fatty acid 
oxidation.

Inhibition of glycolysis of Th1 lymphocytes by Twist1. 
To analyze the role of Twist1 in regulating the metabolism of T 
helper cells functionally, we used mice with a conditional, cell 
type–specific knockout of Twist1 (CD4Cre × Twist1fl/fl) (10) (Sup-
plementary Figure 2, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.40939/ 
abstract). Both the Twist1-deficient mouse Th1 cells that had 
been stimulated once and those that had been stimulated repeat-
edly showed an increased rate of glycolysis, as reflected by an 
increased production of lactate, when compared to their wild- type 
counterparts (Figures  4A and B), indicating that Twist1 inhibits 
glycolysis. Twist1 selectively regulated the glycolysis of Th1, but 
not of repeatedly stimulated Th17 cells (Supplementary Figure 3, 

Figure 4. Twist 1 inhibits glycolysis in murine Th1 cells stimulated once and murine Th1 cells stimulated repeatedly. A and B, Glycolytic 
activity, measured by extracellular acidification rate (ECAR) of Twist1-deficient (Twist1fl/fl) and Twist1-sufficient (wild-type [WT]) OT-II TCR-
transgenic mouse Th1 cells stimulated once (A) or stimulated repeatedly (B) with ovalbumin peptide before and after the addition of glucose 
and restimulation with 12-myristate 13-acetate (PMA) and ionomycin (iono). **** = P < 0.0001 at all time points following glucose addition in A 
and at all time points from glucose addition to 120 minutes in B, by paired t-test. C, Absolute number of viable repeatedly stimulated Twist1-
deficient and Twist1-sufficient mouse Th1 cells treated with inhibitors of glycolysis (2-deoxy-d-glucose [2-DG]) and glutaminolysis (6-diazo-5-
oxo-L-norleucine [DON]). Viable cells were determined every 2 days by propidium iodide (PI) exclusion using flow cytometry. Values are the 
mean ± SEM. Results are representative of 2 experiments.
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available on the Arthritis & Rheumatology web site at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.40939/ abstract).

Requirement of Twist1 for the survival of Th1  
lymphocytes via fatty acid oxidation. Twist1 is indispen-
sable for the survival of repeatedly stimulated Th1 cells via fatty 
acid oxidation. When glycolysis and glutaminolysis were blocked 
by 2- DG and 6- diazo- 5- oxo- L- norleucine, respectively, Twist1- 
deficient mouse T helper cells did not survive (Figure 4C). In this 
situation, when fatty acid oxidation is the only metabolic pathway 
available, the competence to survive on this pathway depends 
on Twist1.

Twist1 protects Th1 cells against reactive oxygen 
species (ROS). Consistent with fatty acid oxidation being 
the major energy source for repeatedly stimulated murine Th1 
cells, these cells show a higher degree of oxidative phospho-
rylation than murine Th1 cells stimulated once, both in the rest-

ing phase and after reactivation ex vivo (Figure 5A). Oxidative 
phosphor ylation is associated with the generation of ROS. 
ROS promote peroxidation of lipids in cell membranes, an 
effect that has been suggested to be involved in the pathogen-
esis of rheumatoid arthritis (16,17). In T helper lymphocytes, 
lipid peroxides of the membrane, as detected by BODIPY C11 
staining, were more abundant in T helper cells that had been 
stimulated 3 times, 8 days after reactivation, compared to T 
helper cells that had been stimulated once (Figure 5B). Com-
pared to Twist1- deficient mouse Th1 cells, Twist1- sufficient 
(wild- type) mouse Th1 cells, both those stimulated once and 
those stimulated repeatedly, showed significantly reduced 
lipid peroxidation (P = 0.002 for cells stimulated once and P = 
0.0323 for cells stimulated repeatedly) (Figure 5B). These data 
suggest that in addition to promoting oxidative phosphorylation 
through fatty acid oxidation, Twist1 protects murine Th1 cells 
against harmful lipid peroxides, presumably by enhancing lipid 
peroxide scavenging.

Figure 5. Repeatedly stimulated Th1 cells have increased oxidative phosphorylation. A, Oxidative phosphorylation (OXPHOS), measured 
by oxygen consumption rate (OCR) in Th1 cells stimulated once and Th1 cells stimulated repeatedly, before and after addition of glucose and 
restimulation with 12- myristate 13- acetate (PMA) and ionomycin (iono). Values are the mean ± SEM. *** = P < 0.0001 at 15 minutes; P = 0.0009 
at 28 minutes; and P = 0.64 at 52 minutes, by paired t- test. Results are representative of 3 independent experiments. B, Levels of lipid peroxides 
in wild- type (WT) and Twist1- deficient (knockout [KO]) mouse Th1 cells stimulated once or stimulated repeatedly. Levels were determined by 
BODIPY 581/591 C11 (2 μM) staining 7 days after the last reactivation with anti- CD3/anti- CD28 antibodies. Bars show the mean ± SEM.  
* = P = 0.0323; ** = P = 0.002, by paired 2- tailed t- test. MFI = mean fluorescence intensity.
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DISCUSSION

Acute, protective immune reactions are characterized by  
the apparent elimination of the antigen triggering them. The  
lymphocytes involved are either eliminated as well, or they develop 
into memory lymphocytes, resting in terms of activation and prolif-
eration (18–20). Persistent antigens, whether they be pathogens, 
tumor antigens, or autoantigens, are a challenge to the immune 
system. Lymphocytes involved in chronic immune responses have 
to adapt to chronic inflammation and in doing so may become 
refractory to physiologic and conventional immunosuppression, 
resulting in chronic inflammatory diseases. CD4+ T helper lym-
phocytes in chronic inflammation express the E- box–binding 
transcription factor TWIST1, which limits their ability to induce 
immunopathology (2) and promotes their resistance to apoptosis 
(10). In this study, we demonstrated that T helper lymphocytes 
in chronic inflammation also adapt their metabolism to become 
entirely dependent on fatty acid oxidation. These findings are con-
sistent with the findings of 13C- glucose tracing studies showing 
that chronically activated splenocytes in mice with lupus, and also 
chronically activated human T cells, have reduced lactate produc-
tion, i.e., down- regulate their glycolysis rate (21).

Reasoning that persistent antigen would lead to repeated re -
stimulation of the T lymphocytes recognizing it, we previously com-
pared the transcriptomes of murine T helper lymphocytes activated 
once with those activated 3 or 4 times. We identified transcription 
factors like Hopx (22) and Twist 1 (2) and miRNAs like miR- 182 and 
miR- 148a (10,23) as selectively expressed in repeatedly activated T 
helper cells. Of particular interest is the E- box–binding transcription 
factor Twist1, originally identified as an anticachectic gene, with a 
strong dose dependency (24), since mice that are haploinsufficient 
for Twist1 and its isologue Twist2 are already prone to die young of 
cachexia (24). Expression of Twist1 is induced in activated T helper 
lymphocytes by STAT4 signaling, and thus a characteristic of Th1 
lymphocytes, and its expression increases upon subsequent reac-
tivations (2). The comparison of Twist1- deficient and - sufficient, 
repeatedly activated T helper cells shows that Twist1 controls the 
ability of the cells to survive on fatty acid oxidation.

We previously showed that up- regulation of the expres-
sion of Twist1, upon restimulation ex vivo, is a hallmark of 
CD4+ T lymphocytes isolated from the inflamed joints of 
patients with inflammatory rheumatic diseases, or from the 
inflamed intestinal mucosa of patients with inflammatory 
bowel diseases (2). Twist1 expression apparently is a hallmark 
of pathogenic CD4+ T cells, as selective targeting of such 
cells via the Twist1- induced miR- 148a ameliorates inflamma-
tion without affecting memory CD4+ T cells induced by vac-
cination (11). In this study we confirm the observation that 
TWIST1 is highly expressed in CD4+ T lymphocytes isolated 
from the synovia of patients with JIA. We compared PD- 1high 
and PD- 1low synovial T helper cells, since PD- 1 expression by 
these cells has been invoked as a correlate of their involve-

ment in chronic inflammation (7,25–28). PD- 1high cells from the 
synovial fluid of patients with JIA indeed showed a significant 
up- regulation of expression of TWIST1, directly ex vivo. Like 
the repeatedly activated murine Th1 cells, the PD- 1high syno-
vial human T helper cells were dependent on fatty acid oxi-
dation for their survival, as evidenced by the fact that they 
could be killed by etomoxir, an inhibitor of fatty acid oxidation, 
unlike their PD- 1low synovial counterparts. This result points 
to an interesting therapeutic option to ablate PD- 1high CD4+ 
T lymphocytes selectively in chronic inflammatory diseases. 
Moreover, in preclinical models this would allow the determi-
nation of whether these cells indeed are the driving force of 
chronic inflammation, substantiating evidence that is thus far 
only correlative.
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Senescence signature in skin biopsies from systemic 
sclerosis patients treated with senolytic therapy: 
potential predictor of clinical response?

Accumulation of senescent cells has been implicated in 
the pathogenesis of organ fibrosis and might be therapeutically 
 targeted using senolytic agents. A recent first- in- humans, open- 
label trial of senolytic therapy using dasatinib plus quercetin in 
idiopathic pulmonary fibrosis (IPF) showed that functional clinical 
improvement was associated with reduced levels of circulating 
proteins, microRNAs, and cytokines related to senescence- 
associated secretory phenotype (SASP) (1). Similarly to IPF, 
systemic sclerosis (SSc) is commonly complicated by fibrotic 
interstitial lung disease (ILD) and presently lacks approved ther-
apies. To address the potential pathogenic role of cellular senes-
cence in SSc- associated ILD (SSc- ILD), we reexamined our 
results from a recent single- arm clinical trial of dasatinib (2), in 
which 12 patients with SSc- ILD received treatment for 169 days. 
We sought to investigate changes in skin SASP gene signature 
across clinical improvers (defined as a decrease of >5 points 

or >20% from baseline in the modified Rodnan skin thickness 
score (3), a validated measure of SSc skin involvement) and in 
non- improvers.

For this analysis, we retrieved a set of 77 genes annotated 
to SASP from Reactome (4), 66 of which were present in our skin 
biopsy–based gene expression data set. While a hallmark data-
base (5) was previously used, in the present analysis we used 
the Reactome as a more appropriate database, since the for-
mer does not contain SASP and senescence gene sets. Despite 
using different databases, we found that the SASP gene set sig-
nificantly overlapped (false discovery rate [FDR] <5%) with several 
hallmarks we identified previously, such as HYPOXIA, TNFA_
SIGNALING_VIA_NFKB, P53_PATHWAY, INFLAMMATORY_ 
RESPONSE, PI3K_AKT_MTOR_SIGNALING, and IL6_JAK_
STAT3_SIGNALING. For each gene from the Reactome SASP 
gene set, we created its centroid by averaging its expression 
across baseline and posttreatment biopsies from 3 dasatinib 
improvers and 9 non- improvers. The results showed that the 
SASP gene signature was significantly decreased from baseline 
in dasatinib- treated improvers; in marked contrast, no change 

Figure  1. Skin senescence- associated secretory phenotype (SASP) gene signature across dasatinib improvers and non- improvers.  
A, Centroids of genes in the Reactome SASP gene set, created by averaging expression values for component genes across baseline (base) 
and posttreatment (post) biopsy samples from improvers and non- improvers. P values were determined by Kruskal- Wallis test with Dunn’s 
multiple comparison test. B, Gene expression heatmap of 28 SASP pathway genes that significantly contributed to SASP enrichment in 
baseline biopsy samples from improvers. Genes are ordered by rank metric score (i.e., IL1A was the largest contributor to SASP enrichment). 
Color bar shows the log2- transformed median- centered fold change represented by each color in the heatmap. C, Comparison of the degree 
of change (calculated as posttreatment minus baseline expression level) for 28 SASP pathway core enrichment genes between improvers and 
non- improvers. P value was determined by Mann- Whitney test. In A and C, each symbol represents a specific gene; bars show the median 
and interquartile range.
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from baseline was seen in non- improvers. We also found that 
SASP levels were significantly higher at baseline, and significantly 
lower posttreatment, in improvers compared to non- improvers 
(Figure 1A). Among the 66 SASP signature genes, 53 (80.3%) 
showed a decrease in expression posttreatment in improvers, 
compared to only 35 (53.0%) in non- improvers (P = 0.0015 by 
Fisher’s exact test).

Next, in order to characterize whole-genome transcriptional 
changes in an unbiased manner, we performed a gene set enrich-
ment analysis (GSEA) (6,7) using the entire Reactome pathway 
gene set database. The SASP gene set was significantly enriched 
in baseline biopsy samples (FDR 1.5%; top 3 result in terms of 
statistical significance), and decreased posttreatment in improv-
ers. Core enrichment genes from SASP (28 of 66) followed the 
same trends as the overall SASP pathway (Figure 1B), and their 
degree of change (calculated as posttreatment minus baseline 
expression level) was significantly lower in improvers compared to 
non- improvers (Figure 1C).

Four additional senescence- related gene sets were sig-
nificantly enriched in baseline biopsy samples from improvers 
and decreased posttreatment (cellular senescence, DNA dam-
age/telomere stress–induced senescence, oncogene- induced 
senescence, and oxidative stress–induced senescence; all 
FDRs <5%). In fact, these gene sets were overrepresented 
among gene sets significantly enriched in improvers at base-
line, compared to all other gene sets enriched in improvers 
(5 of 23 gene sets with FDR <5% versus 0 of 755 gene sets 
with FDR > 5%; P < 0.0001 by Fisher’s exact test). In contrast, 
we found that in non- improvers the senescence- related gene 
sets showed no change from baseline to posttreatment (low-
est FDR for senescence- related gene set 26.9%, FDR for SASP 
78.0%). Baseline GSEA comparison between improvers and 
non- improvers revealed that while SASP was nonsignificantly 
enriched in baseline biopsy specimens from improvers (FDR 
11.7%), the DNA damage/telomere stress- induced senescence 
gene set was very significantly enriched in improvers compared 
to non- improvers (FDR 0.6%; top 2 result in terms of statistical 
significance).

In summary, a reanalysis of the results from a recent open- 
label trial of the senolytic agent dasatinib in patients with SSc- 
ILD demonstrated that a decrease in skin expression of SASP 
and other senescence- related gene sets was associated with 
treatment, and correlated with clinical improvement. Additionally, 
baseline skin biopsy specimens from clinical improvers showed 
higher expression of these senescence- associated gene sets. 
These results can be viewed as consistent with a clinically 
beneficial senolytic effect, suggesting that dasatinib- mediated 
clearance of pathogenic senescent cells in lesional tissue and 
consequent reduction in the systemic senescence burden may 
have mitigated the fibrotic process and led to clinical improve-

ment. Indeed, this mechanistic scenario closely parallels recent 
experimental observations in an animal model of bleomycin- 
induced lung fibrosis, where pharmacologic clearance of senes-
cent cells using dasatinib plus quercetin resulted in functional 
attenuation of the lung fibrosis (8). While the potential of a tis-
sue SASP gene signature as a biomarker of clinical response 
to  antifibrosis therapy requires further study, the present results 
provide conceptual support for senolytic therapy in SSc- ILD.
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Overrepresentation of elderly subjects in a population- 
based study of antiphospholipid syndrome: comment 
on the article by Duarte- García et al

To the Editor:
Duarte- García and colleagues conducted an epidemiologic 

study of antiphospholipid syndrome (APS) in Olmsted County, Min-
nesota, focusing on annual incidence, prevalence, and mortality (1). 
They estimated a prevalence of 50 per 100,000 inhabitants and an 
overall annual incidence of 2 per 100,000. Certainly, as the authors 
noted, there is a lack of studies evaluating the “real” prevalence 
of APS in a community setting. Durcan and Petri, for example, 
reported an annual incidence of APS of ~5 per 100,000 individuals 
and a prevalence of 40–50 cases per 100,000 individuals (2). Most 
published information about the prevalence and mortality of APS is 
from studies of patients at academic medical centers, collaborative 
multicenter studies (3–5), and systematic reviews (6).

We believe the information provided by Duarte- García et al 
is relevant but should be interpreted with caution. The data are 
significantly influenced by the fact that patients >75 years of age 
constituted 25% of the cohort. This large proportion of older indi-
viduals cannot be explained by the demographic distribution of 
the population of Olmsted County; according to the most recent 
census data, persons ≥65 years of age comprise only 15% of its 
population (United States Census Bureau; online at http://www.
census.gov/quick facts/ olmst edcou nty.minne sota).

Although the authors used the current Sydney criteria for the 
classification of APS (7), antiphospholipid antibody (aPL) testing 
was performed at a centralized laboratory, and the presence of 
either venous or arterial thrombosis was confirmed using medical 
records, the clinical picture in 10 of the 40 patients >75 years of 
age included in the study is not typical of the APS seen in clinical 
inpatient and outpatient settings in different parts of the world.

The Olmsted County APS cohort was predominantly white 
(97%) and mostly included patients with primary APS (82%); the 
mean ± SD age was 55.7 ± 19 years. The Euro- Phospholipid 
cohort was also predominantly white and consisted of 1,000 
patients (3); the mean ± SD age at diagnosis was 34 ± 13 years, 
and primary APS accounted for 53% of cases. In that cohort, only 
12.7% of patients were >50 years of age. In a multicenter cohort 
of patients with primary APS followed up at 4 different centers, the 
median age was 42 years (range 16–79) (4). Further, in a cohort of 
patients with aPL associated with malignancies, the mean ± SD 
age was 56 ± 17 years (8).

To the best of our knowledge, only Grimaud and colleagues 
have examined the clinical characteristics of elderly- onset APS (9). 

They evaluated a cohort of 44 elderly- onset APS patients from 
different French centers. Sixty- eight percent of the patients were 
women, 72% were diagnosed as having primary APS, and the 
mean age ± SD at diagnosis was 68.7 ± 7 years. Clinically, elderly- 
onset patients did not differ from the general Euro- Phospholipid 
cohort, except for having a higher proportion of male patients and 
a higher frequency of primary APS.

As Duarte- García et al noted, their data are not generaliz-
able to more diverse populations because the large majority of 
the population studied was white and most patients had primary 
APS. More data are needed from other regions with different race/
ethnic backgrounds (especially African American, Hispanic, and 
Asian populations) and different socioeconomic characteristics.

The prevalence of aPL positivity increases with age, especially 
among elderly patients with chronic disease(s), with up to 50% of 
elderly individuals reported as being positive for aPL (10). In addi-
tion, elderly individuals have a higher prevalence of other traditional 
cardiovascular risk factors for arterial and venous thrombosis, 
explaining in part why this group accounts for a high proportion 
of cases in the cohort analyzed by Duarte- García and colleagues.

In conclusion, we suggest that new prevalence estimates 
are needed and that at least a subgroup analysis excluding those 
patients >75 years of age would be helpful in future studies of APS 
prevelance.
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Reply

To the Editor:
We thank Dr. Gómez- Puerta and colleagues for their interest 

in our study on the epidemiology of APS. Gómez- Puerta et al state 
that 25% of our population- based APS inception cohort was >75 
years of age. This figure is taken from our secondary analysis; in 
fact, the primary analysis was performed using the Sydney classifi-
cation criteria (1), in which ~20% of the subjects were >75 years of 
age. There are several reasons why the results of our population- 
based study differ from findings based on referral cohorts.

Gómez- Puerta et al argue that the age distribution in our 
study is not the same as the one encountered in specialized 
centers. Cases identified in a clinic or hospital, particularly those 
that specialize in a specific condition, are not representative of 
the general population. Those patients have undergone selec-
tion by referring physicians and patients themselves (2). As a 
consequence, patients seen in tertiary care centers differ sig-
nificantly from population- based studies of incident cases. This 
type of selection is known as referral bias or Berkson’s bias (3).

Patients seen in tertiary care centers generally have more severe 
forms of the disease of interest. Additionally, older patients are under-
represented in studies based at tertiary care centers, and therefore 
subjects in population- based studies have a higher mean age than 
subjects in referral center studies (4). Another example of this under-
representation is seen in lupus studies. Compared to referral center–
based cohorts, the mean age at incidence of lupus in US Centers for 

Disease Control and Prevention–funded population- based inception 
cohorts was consistently higher (in some racial/ethnic groups, by 
close to 10 years) (5–8). Population studies including all patients with 
the disease of interest are much less likely to be affected by referral 
bias since they include all of the individuals with the disease of inter-
est in a defined geographic area, across the care continuum.

APS, like other autoimmune conditions, has systemic mani-
festations that can be heterogeneous. Classification criteria were 
designed to identify a homogeneous group of patients using a 
standardized definition of a disease that will capture subjects with 
the basic features of the disease of interest (9). In our study, we strin-
gently applied the Sydney criteria. These criteria do not have an age 
restriction, but the authors noted, “the association of aging and of 
common risk factors for cardiovascular disease with thrombosis may 
cause classification bias. No published data provides a valid estima-
tion of an age boundary for  diagnosing APS” (1). Our study provides 
evidence that the classification criteria capture older patients.

The results of our study provide useful information about the 
epidemiology of APS using an accepted disease definition rather 
than relying on physician identification of disease features for diag-
nostic criteria that may vary from clinician to clinician. If the current 
accepted definition is considered insufficient, then new criteria for 
disease classification and diagnosis need to be developed. For 
this reason, we have chosen to present results using the accepted 
Sydney criteria and not undertake a reestimation of epidemiologic 
parameters. Further population- based studies in other settings 
using comparable criteria are needed to gain a better understand-
ing of the demographic characteristics and clinical features of APS.
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Where does denosumab stand in the treatment of 
glucocorticoid- induced osteoporosis? Comment on the 
article by Saag et al

To the Editor:
We read with interest the article by Dr. Saag et al in which 

they compared the efficacy and safety of denosumab versus rise-
dronate in glucocorticoid- induced osteoporosis (GIOP) (1). Osteo-
porosis in the setting of GIOP can be challenging to treat because 
of issues with drug adherence (due to pill burden) and the pres-
ence of multiple comorbidities. Denosumab is a welcome addition 
to the treatment regimens for this disease due to its once per 6 
months dosing schedule, which is associated with better adher-
ence than bisphosphonates (2), and its renal safety (3). However, 
certain clarifications may further help readers to understand its 
applicability when choosing it as an alternative therapy.

First, the basis of using risedronate as an active comparator in 
the study by Saag et al is not clear. According to the available data on 
different bisphosphonates, risedronate appears to be less effective 
than alendronate in treating vertebral fractures (36% versus 44%) 
and hip fractures (26% versus 40%) per a recent meta- analysis (3). 
The results of the current study may be partially biased due to the 
utilization of a weak comparator. Indeed, alendronate remains the 
gold- standard oral bisphosphonate for most physicians.

Second, the primary concern regarding the use of deno-
sumab is postwithdrawal rebound decline in bone mineral density 
and increased risk of multiple and severe vertebral fractures (4), 
which was not addressed in the study by Saag and colleagues.

Third, the external validity of the study may be limited in the 
young population, few of whom were included, as was also the 
case for patients with systemic lupus erythematosus.

Fourth, of particular concern is the long- term use of denosumab 
on a background of other multiple immunosuppressive drugs. Deno-
sumab is known to affect various aspects of the immune system. 
RANK/RANKL is linked with generation and induction of T cell tol-
erance (5). A significant concern is the numerically higher incidence 
of malignancy in the study by Saag et al. As in most randomized 
controlled trials, the study was not powered for adverse events, and 
hence, long- term postmarketing surveillance will be important.

Finally, despite significant bone mineral density changes at 24 
months, the occurrence of nonvertebral fractures was numerically 

higher in the denosumab- treated group. It would be of interest to 
know the sites of these nonvertebral fractures, which was  previously 
provided by Saag and colleagues in their 12- month follow- up data (6).

Arghya Chattopadhyay, MD
Shefali K. Sharma, MD
Aman Sharma, MD
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Bisphosphonates as a first- line treatment for 
glucocorticoid- induced osteoporosis: comment on the 
article by Saag et al

To the Editor:
We read with interest the article by Dr. Saag and colleagues 

(1). This 24- month randomized trial demonstrated the efficacy and 
safety of denosumab compared with risedronate. The discussion 
did not address 3 major concerns regarding denosumab discon-
tinuation that could affect the conclusions reached in the study.

First, in postmenopausal women with osteoporosis, deno-
sumab discontinuation is associated with a severe rebound effect 
that lasts <2 years (2–4), which combines an increase in bone 
turnover markers, complete loss of gained bone density, and an 
increased risk (from >1% to <10%) of multiple vertebral fractures. 
In 70 women with multiple vertebral fractures after denosumab 
discontinuation, the median number of vertebral fractures was 5 
within 7–20 months following the last denosumab injection (4). The 
post hoc analysis of the Fracture Reduction Evaluation of Deno-
sumab in Osteoporosis Every 6 Months (FREEDOM) trial evaluated 
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1,001 women 9–12 months after the last denosumab injection 
(5). The annualized risk of vertebral fractures was 7.1%, of which 
60.7% were multiple vertebral fractures. This risk was likely an 
underestimate due to insufficient follow- up in relation to duration of 
the rebound effect. In the FREEDOM trial placebo group, the annu-
alized risk of radiologic vertebral fractures was between 2.22 and 
3.15% (6). The majority of these vertebral fractures were isolated 
and without clinical consequence. The multiple vertebral fractures 
after denosumab discontinuation negatively affects quality of life 
and should have been addressed in Saag and colleagues’ analysis.

Second, treatment with a potent bisphosphonate (alendro-
nate, zoledronic acid) is mandatory for 2 years following deno-
sumab discontinuation (4,5). This strategy reduces bone loss but 
whether it prevents vertebral fractures is not known. Thus, the 
benefit of denosumab may be attenuated, with a partial loss of 
bone density increase obtained with denosumab.

Third, glucocorticoid treatment and denosumab discon-
tinuation are both major risk factors for vertebral fractures. The 
increased vertebral fracture risk associated with glucocorticoids 
persists 1 year after discontinuation. The vertebral fracture risk 
after denosumab discontinuation may rise further if a severe 
increase in rebound effect–related bone turnover markers occurs 
with the glucocorticoid effect.

Two conclusions can be reached. First, bisphosphonates 
remain the first- line treatment for glucocorticoid- induced osteo-
porosis, due to the uncertainty regarding denosumab discontinu-
ation. Second, studies with denosumab should include a 2- year 
follow- up after its discontinuation before conclusions can be 
made in terms of bone density or fracture risk.

Elena Gonzalez-Rodriguez, MD, PhD
 Bérengère Aubry-Rozier, MD
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Reply

To the Editor:
We thank Drs. Chattopadhyay, Gonzalez- Rodriguez, and their 

respective colleagues for their interest in defining optimal treatment 
approaches in GIOP. They noted previous findings of increased 
bone turnover and heightened fracture risk upon discontinuation of 
denosumab in postmenopausal women enrolled in the FREEDOM 
extension study following 3–10 years of denosumab treatment (1,2). 
Patients in our study on denosumab versus risedronate in GIOP did 
not have an extended follow- up after the study to inform this question 
directly. The circumstance in GIOP is somewhat different because 
many patients receive denosumab only during concomitant use of 
glucocorticoids, leading to a potentially shorter course of denosumab.

A phase II study of individuals with rheumatoid arthritis 
receiving denosumab therapy (3) included a subgroup of patients 
(n = 82) who were also receiving glucocorticoids at baseline and 
were followed up for 12 months after denosumab discontinua-
tion. In a recent subgroup analysis of these patients, investiga-
tors secondarily examined the effects of denosumab cessation 
on bone turnover and bone mineral density (4). In that analysis 
of short- term denosumab use, bone turnover was reduced with 
denosumab and gradually returned to baseline upon discontin-
uation, without a clear increase to above- baseline levels in the 
off- treatment period. However, the study was underpowered 
to address the question comprehensively, and there are very 
limited data available overall to inform treatment after limited 
denosumab doses, such as for patients concurrently receiving 
glucocorticoids. It is nonetheless prudent to have an “exit strat-
egy” when initiating denosumab in all indications.

Questions were also raised about the best timing to initiate 
treatment with an alternate antiresorptive agent after denosumab 
is stopped. There may be differences in timing the initiation of 
a pulsatile bisphosphonate such as zoledronic acid (which, 
possibly, would be initiated at least a few months after the next 
denosumab dose would have been due) compared with alendro-
nate (which likely should begin immediately after stopping deno-
sumab) (5).

Chattopadhyay et al questioned the use of risedronate as the 
active comparator in our study. We noted this limitation in the orig-
inal report describing 12- month primary outcome data (6), and we 
agree that additional comparisons of denosumab with other bis-

https://orcid.org/0000-0001-6512-6008
https://orcid.org/0000-0003-3684-2376


LETTERS 1772       |

phosphonates or osteoporosis therapies are warranted in future 
studies. At the time of our study design, the goal was to conduct 
a study similar to the zoledronic acid GIOP trial, which also used 
risedronate as the active comparator (7).

Regarding the generalizability of our findings to younger 
patients receiving glucocorticoids, no past GIOP studies have 
included large populations of these patients due to difficulties of 
finding such patients, who often have more severe and active 
inflammatory diseases. In relatively small studies with only 2 years of 
observation such as ours, trying to disentangle differences between 
treatment arms in a small number of low- prevalence adverse 
events of interest is very difficult. Larger, more pragmatic designs 
or postmarketing pharmacovigilance provide alternate approaches 
to safety questions in general. While there were no significant dif-
ferences in fracture rates between treatment arms in our study, 
numerical imbalances were noted both for vertebral fractures (fewer 
with denosumab) and nonvertebral fractures (fewer with risedro-
nate). Nonvertebral fracture locations are summarized in Table 1. 
Conclusions cannot be drawn on preferential benefit or risk of such 
fracture events by study arms; such a comparison would require 
a much larger sample size to have adequate power to detect very 
small differences in fracture incidence in an active comparator trial.

Malignancies were numerically imbalanced between the 
treatment arms, but no particular cancer type explained this dif-
ference. There was a small numerical imbalance in basal cell skin 
cancers, with events occurring in 4 patients receiving denosumab 
and 0 patients receiving risedronate.

Gonzalez- Rodriguez and colleagues recommend that bis-
phosphonates be used first in the treatment of GIOP. We agree 
with this recommendation for many (if not most) patients, and this 
is consistent with the American College of Rheumatology GIOP 
guidelines (8), which were prepared before we published the 
results of our study (6). However, some patients have contraindi-

cations to (oral) bisphosphonates, poor adherence to such regi-
mens, or are at severe risk for osteoporosis, leading to a clinical 
decision to first use drugs such as teriparatide or denosumab that 
have been shown to have better efficacy in GIOP compared with 
an oral bisphosphonate (6,9). As Chattopadhyay et al note, and 
we strongly echo, it is always helpful to have an expanded thera-
peutic armamentarium in a disease state, since one size does not 
fit all in our collective efforts toward more personalized medicine.
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and Takeda (more than $10,000 each) and has received research sup-
port from Amgen and Radius. Dr. Geusens has received honoraria from 
Amgen and Eli Lilly (less than $10,000 each) and research support from 
Abbott, Amgen, Bristol-Myers Squibb, Celgene, Janssen, Eli Lilly, MSD, 
Novartis, Pfizer, Roche, UCB, and Will-Pharma. Dr. Lems has received 
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Table  1. Number of nonvertebral fractures occurring though 
month 24, by site

Site

Risedronate  
5 mg/day 
(n = 397)

Denosumab  
60 mg every 6 months 

(n = 398)

Total 16 24
Sternum 1 0
Rib 3 7
Humerus 3 3
Radius 2 1
Pelvis 2 4
Hip 1 2
Fibula 2 1
Femur distal 0 1
Tibia 1 0
Foot 1 3

Metatarsus 0 2
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