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involvement. The investigators also identifi ed 
novel features of DADA2, including pancre-
atic infarction, focal myocarditis, and diffuse 
alveolar hemorrhage.

The researchers treated 25 of the patients 
with tumor necrosis factor inhibitors and 
found that all of the identifi ed disease mani-
festations improved markedly after initiation 
of the treatment. Moreover, they were able to 
achieve disease remission in 19 patients. Two 
cases, however, were complicated by tuber-
culosis infection, and 2 deaths were reported.

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

Multiomics and Machine Learning Predict Response to 
Anti-TNF in RA Patients
Although rheumatologists consider meth-
otrexate to be the mainstay of treatment for 
rheumatoid arthritis (RA), some patients do 

not respond to the drug. 
These patients are often 
prescribed tumor necrosis 

factor inhibitors (TNFi). In this issue, Tao et 
al (p. 212) report the results of their efforts to 
predict the response of RA patients to anti-TNF 
prior to treatment. They also sought a better 
understanding of the mechanism of how indi-
vidual RA patients respond differently to anti-
TNF treatment. Their fi ndings not only shed 
light on the mechanism behind the responses 
but also suggest that machine learning models 
based on molecular signatures can accurately 
predict response prior to treatment with adali-
mumab (ADA) and etanercept (ETN). 

The investigators found that the transcrip-
tion signatures in peripheral blood mononu-
clear cells (PBMCs), monocytes, and CD4+ 
cells diverged in ADA and ETN responders, 
such that CD4+ T cells from ADA responders 
were enriched in the TNF signaling pathway. 
These results differ from those of previous 
studies of TNFi, in which relatively little 
overlap in differentially expressed genes was 
found. In the current study, the researchers 

noted very few differences in the monocyte 
differentially expressed gene pathways. 

An analysis of the differentially meth-
ylated positions (DMPs) revealed that the 
DMPs of responders to ETN were hyper-
methylated, unlike those of responders to 
ADA. The investigators found divergent gene 
signatures associated with response to ADA 
and ETN and reproduced this divergence 
in multiple cell populations, a fi nding that 
suggests a potentially different mechanism 
of action between these 2 anti-TNF agents. 

p.  212

Presentation of DADA2 in Adults in India

Figure 1. Machine learning prediction of 6-month response to ADA and ETN treatment using the best 
model based on gene expression data (left) and DNA methylation data (right).

Rheumatologists fi rst identifi ed defi ciency 
of adenosine deaminase 2 (DADA2) as a 
monogenic syndrome of early-onset stroke 

and systemic vasculitis 
that mimics polyarter-
itis nodosa. In this issue, 

Sharma et al (p. 276) report the fi rst case 
series of 33 patients from India diagnosed 
with DADA2 by adult and pediatric care 
providers. They intend for the case series to 
raise awareness about the syndrome and its 
presentation, particularly in adults. In their 

article, the authors emphasize that nearly 
half of their confi rmed cases presented 
during adulthood and, therefore, conclude 
that the onset of DADA2 is not restricted to 
young children.

The subjects in the cohort were diagnosed 
with DADA2 between April 2017 and March 
2020. Eighteen subjects had experienced ≥1 
stroke. While all symptomatic patients exhib-
ited features of vasculitis, children were more 
likely to experience constitutional symp-
toms, anemia, and cutaneous and neurologic 

p.  276

When they input the differential genes into 
machine learning models, the investigators 
were able to predict response to ADA and 
ETN with an overall accuracy of 85.9% and 
79%, respectively. When they input DMPs 
into the models, they were able to reach an 
overall accuracy of 84.7% for ADA and 88% 
for ETN. The team performed a follow-up 
study that validated the high performance of 
the models and led them to conclude that their 
work can be used to pave the way for person-
alized anti-TNF therapy.



Obesity represents a state of low-grade inflammation in the 
human body and has been investigated as a risk factor for 
rheumatoid arthritis (RA) in prior population-based studies. 
However, it remains challenging to determine whether obesity 
causes RA, mainly owing to confounding and reverse causality, 
which prevail in conventional observational studies. To under-
stand the underlying causal relationship, Tang and colleagues 
conducted a 2-sample Mendelian randomization (MR) study 
as well as a genetic correlation analysis, leveraging the largest 
genetic data set for 3 obesity-related traits (body mass index 
[BMI], waist-to-hip ratio [WHR], and WHR adjusted for BMI; 
n = ~800,000 participants) and RA (14,361 RA cases). 

Linkage disequilibrium score regression and ρ-HESS, 
a statistical method to quantify local genetic correla-
tion between pairs of traits, were applied to quantify the 
shared genetic components among 3 obesity phenotypes 
and RA, both globally (across the whole genome) and locally 
(restricted to a specific genomic region). Local genetic corre-
lation enabled the authors to identify genomic regions that 
contribute to both traits when the overall genetic correla-
tion is minimal. Mendelian randomization is a novel statis-
tical tool that uses genetic variants as instrument variables 
to allow for causal inference between exposure and outcome. 

Because genetic variants allocate randomly at conception and 
antecede disease occurrence, it is believed that MR is less 
susceptible to confounding and reverse causality than other 
observational epidemiologic methods. 

Questions

1. What is currently known about the relationship between 
obesity and RA? 

2. What is genetic correlation, how should the genetic correla-
tion between pairs of traits be interpreted, and what is the 
difference between whole-genome genetic correlation and 
local genetic correlation? 

3. Why did the authors choose MR to elucidate the relationship 
between obesity and RA? What are the advantages of MR over 
population-based studies? 

4. What are the 3 basic assumptions for MR? How did the authors 
validate the model assumptions?

5. Do you think these genetic methods allow for a less biased 
inference regarding the potential causal relationship between 
obesity and RA?  

Obesity-Related Traits and the Development of Rheumatoid 
Arthritis: Evidence from Genetic Data

Assessment of a New Approach to Imaging-Based  
Uveitis Surveillance in JIA
Children with juvenile idiopathic arthritis 
(JIA) must be regularly examined for uveitis to 
avoid visual morbidity from the most common 
extraarticular manifestation of the disease. 
Undiagnosed and untreated, the resulting poor 

vision can have a signifi-
cantly negative effect on 
the child and on the adult 

they become. In this issue, Akbarali et al (p. 330)  
report the findings of their investigation into 
the feasibility, acceptability, and perfor-
mance of optical coherence tomography 
(OCT) imaging–based diagnosis of uveitis. 
The investigators found that non-contact, 

high-resolution imaging for JIA uveitis surveil-
lance is feasible and acceptable for patients, 
and that it holds the promise of transforming 
pediatric practice. The imaging captures ante-
rior chamber images, and although manual 
analysis of images is subject to interobserver 
and intraobserver variability, acquired images 
can be used to diagnose active inflammation 
with high levels of sensitivity and specificity.

This study was conducted in a quaternary 
care center and included 26 children 3–15 
years of age, 12 of whom had active inflam-
mation. All of the patients rated the accept-
ability of image acquisition as ≥8.5 on a scale 

of 0–10. The time to acquire images ranged 
from 1.5 to 22 minutes. The researchers 
found a positive correlation between clinical 
assessment and image-based cell quantifi-
cation. Sensitivity of anterior segment OCT 
manual image cell count for diagnosis of 
active inflammation was 92%, specificity was 
86%, and negative predictive value was 92%. 
The authors acknowledge that further work is 
needed to determine the analytic and clinical 
validity of anterior segment OCT quantifi-
cation of active inflammation and the clin-
ical and cost-effectiveness of imaging-based 
disease monitoring.

p.  330

Journal Club

Tang, et al. Arthritis Rheumatol. 2021;85:203–211

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



Clinical Connections
Cancer in Systemic Sclerosis: Analysis of 
Antibodies Against Components of the  
Th/To Complex
Mecoli et al, Arthritis Rheumatol 2021;85:315–323

CORRESPONDENCE 
Livia Casciola-Rosen, PhD: lcr@jhmi.edu

KEY POINTS  
•  The majority of SSc 

patients with antibodies 
against Th/To have 
autoantibodies that 
recognize multiple  
protein components of  
this complex.

•  The anti-Th/To clinical 
phenotype is characterized 
by limited cutaneous 
disease and pulmonary 
involvement.

•  The presence of any  
Th/To autoantibody may 
have a protective effect 
against contemporaneous 
cancer.

SUMMARY  
Important insights into the relationship between systemic sclerosis (SSc; scleroderma) and cancer have emerged 
over the past decade, demonstrating that both time and autoantibodies are critical filters in risk-stratifying SSc 
patients for malignancy.  Anti-Th/To antibodies, which target at least 9 individual proteins of the complex (human 
POP1 [hPOP1], hPOP4, hPOP5, RPP14, RPP20, RPP21, RPP25, RPP30, and RPP40), are a less common specificity 
in SSc cohorts. 

In this study,  Mecoli et al focused on the 4 most common autoantibodies of the Th/To complex (hPOP1, RPP25, 
RPP30, and RPP40). Their data shows that the clinical phenotype of this subgroup is characterized by limited 
cutaneous disease and pulmonary involvement.  Interestingly, patients with autoantibodies to any of these 4 Th/
To complex components are protected from cancer-associated SSc. Beyond a potential tool to use for cancer 
risk stratification in the clinical setting, these findings fur ther expand the knowledge of the interface between 
autoimmunity and cancer.   



Clinical Connections

An Autoimmunogenic and Proinflammatory 
Profile Defined by the Gut Microbiota of 
Patients With Untreated Systemic  
Lupus Erythematosus
Chen et al, Arthritis Rheumatol 2021;85:232–243

CORRESPONDENCE 
Xuan Zhang, MD: zxpumch2003@sina.com

KEY POINTS  
•  Non-treated patients with SLE harbor specific gut microbiota which 

partially originates from the oral cavity.

•  Microbial peptides defined by SLE-dominant species share molecular 
mimicry with human Sm and Fas epitopes. 

•  Metabolic products and molecular mimicry most probably contribute to 
disease pathogenesis and offer therapeutic opportunities.

SUMMARY  
Distinct patterns of gut microbiome dysbiosis have 
been reported in patients with systemic lupus 
erythematosus (SLE). However, it is not known 
why this disease-specific intestinal dysbiosis exists 
in people with SLE or how it contributes to disease 
pathogenesis.  In a study by Chen et al,  profiling of fecal 
metagenomes in lupus-prone mice and untreated 
SLE patients revealed disturbed gut microbiota and a 
dominant presence of several disease-specific species 
including Atopobium rimae,  Actinomyces massiliensis, 
Bacteroides fragilis, Clostridium leptum, Clostridium 
species ATCC BAA-442, and Shuttleworthia satelles. 
Treatment with steroids and/or immunosuppressants 
resulted in suppression of these dominant species. 

The observed changes in metabolic pathways, 
including branched chain amino acid (BCAA) and 
lipopolysaccharide (LPS) biosynthesis, suggest a role 
of gut microbiota–derived metabolites in disease 
development. Single-nucleotide polymorphism 
(SNP)–based analyses revealed that some SLE 
gut-enriched species originated from the oral 
cavity. Finally, peptides derived from SLE-dominant 
species mimic autoantigens. Specifically, the peptide 
YLYDGRIFI, from Odoribacter splanchnicus, mimics 
human SLE–specific autoantigen Sm B/B and the 
peptide DGQFCM, from Akkermansia muciniphila, 
mimics human Fas.  These data provide an in-depth 
understanding of the gut microbiota characteristics 
in SLE patients and support microbiota-based 
interventions in the diagnosis and treatment of 
patients with SLE.



181  

Arthritis & Rheumatology
Vol. 73, No. 2, February 2021, pp 181–193
DOI 10.1002/art.41417
© 2020, American College of Rheumatology

R E V I E W

Rheumatoid Arthritis Pathogenesis, Prediction, and 
Prevention: An Emerging Paradigm Shift
Kevin D. Deane  and V. Michael Holers

Rheumatoid arthritis (RA) is currently diagnosed and treated when an individual presents with signs and 
symptoms of inflammatory arthritis (IA) as well as other features, such as autoantibodies and/or imaging findings, 
that provide sufficient confidence that the individual has RA-like IA (e.g., meeting established classification 
criteria) that warrants therapeutic intervention. However, it is now known that there is a stage of seropositive RA 
during which circulating biomarkers and other factors (e.g., joint symptoms) can be used to predict if and when 
an individual who does not currently have IA may develop future clinically apparent IA and classifiable RA. Indeed, 
the discovery of the “pre-RA” stage of seropositive disease has led to the development of several clinical trials 
in which individuals are studied to identify ways to delay or prevent the onset of clinically apparent IA/RA. This 
review focuses on several issues pertinent to understanding the prevention of RA. These include discussion of 
the pathogenesis of pre-RA development, prediction of the likelihood and timing of future classifiable RA, and a 
review of completed and ongoing clinical trials in RA prevention. Furthermore, this review discusses challenges 
and opportunities to be addressed to effect a paradigm shift in RA, where in the near future, proactive risk 
assessment focused on prevention of RA will become a public health strategy in much the same manner as 
cardiovascular disease is managed today.

Introduction

Rheumatoid arthritis (RA) is a common chronic autoimmune 
disease (1) that causes substantial morbidity and decreased qual-
ity of life as well as increased mortality and annual costs of billions 
of dollars (1). The current clinical management of seropositive RA 
(e.g., abnormalities of rheumatoid factor [RF] and/or antibodies to 
citrullinated protein antigens [ACPAs]) is focused on initiating treat-
ment once an individual develops symptomatic and clinically iden-
tifiable inflammatory arthritis (IA) that may also be classifiable as RA 
by established criteria (2–4). Importantly, however, due to factors  
including an individual’s delay in seeking care for symptoms, 
and delays of a referral to a specialist, the time between onset of 
symptoms and initiation of disease-modifying antirheumatic drug 
therapy is often increased beyond what is ideal, especially given 
that earlier diagnosis and treatment improves outcomes (5,6). 

Furthermore, while new drugs and treat-to-target strategies have 
improved disease control, for many individuals, treatment does 
not return them to a “pre-RA” state (7). These factors, along with 
the high costs of managing RA, side effects of medication, and 
growing limits to access to rheumatologists worldwide (8), make 
RA a disease that in principle would benefit from preventive 
approaches.

Pathogenesis of RA: detectable autoimmunity 
before clinically apparent IA

For most individuals who develop seropositive RA, there is a 
period characterized by systemic elevations in RA-related autoan-
tibody levels prior to the development of clinically apparent IA/RA, 
which is typically identified on physical examination as a swollen 
joint consistent with synovitis (9–15). A model of this development, 
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and a series of key case–control and prospective studies that 
have supported this model are included in Figure 1 and Table 1, 
respectively. These autoantibodies include multiple isotypes of RF 
and ACPAs, ACPA fine specificities (e.g., antibodies to citrullinated 
fibrinogen), and antibodies to carbamylated proteins and peptidy-
larginine deiminases (16–18).

Based on current data, it appears that this early stage of RA 
is characterized by early reactivity with a limited number of self- 
antigens, and limited systemic inflammation, that is followed by 
evolution over time of expanding innate and adaptive responses 
and tissue injury until some threshold is crossed and clinically 
apparent IA/RA develops. This model has been supported by 
findings of increases over time in the numbers and type of ACPAs 
(18–21), as well as expansion of other autoantibody systems and 
increasing systemic inflammation (e.g., cytokines) (22–24). Other 
processes that occur during this period include altered autoanti-
body glycosylation (25) and changes in cellular phenotypes such 
as T cell subsets (26). While not consistent across all studies, it 
appears that in many individuals, ACPAs precede RF and other 
autoantibodies (e.g., anti–carbamylated protein), which may 
indicate that ACPAs are reflective of the earliest breaks in toler-
ance (16,21), and that development of multiple types of autoanti-
bodies is fundamentally related to a transition to clinically apparent 
disease.

Importantly, while expansion of autoimmunity and inflam-
mation characterize this period, the key biologic pathways that 
drive initial autoimmunity and then a transition to a more patho-
genic state and clinically identifiable IA/RA are not known. Moreo-
ver, many purported risk factors for RA have been identified only in 
individuals with clinically apparent articular RA; therefore, the role 
of these factors in the initiation and propagation of autoimmunity 

and inflammation prior to clinically apparent IA/RA is not well 
understood. However, some risk factors that are associated with 
future risk of RA have been prospectively identified in pre-RA (for 
review, see ref. 27) (Table 2). In particular, for some individuals, 
interactions between tobacco smoke and the shared epitope may 
play an important role in these early processes and in increas-
ing the risk of a transition from autoantibody positivity to clinically 
apparent IA/RA (20,28). In addition, many individuals with systemic  
elevations of RA-related autoantibodies have no evidence of  
synovitis on physical examination, imaging, or synovial biopsy 
(29,30). This finding strongly suggests that autoimmunity in 
these individuals is generated outside of the joints, with emerging  
evidence suggesting that this site may be mucosal (e.g., lungs, 
periodontium, or intestine) and related to the microbiome, and is 
an active area of investigation (for review, see ref. 31).

Nomenclature

Several terms, including “pre-RA,” “preclinical RA,” and 
“at-risk,” are commonly used to describe the period of develop-
ment of RA before clinically apparent IA. Of these terms, “pre-RA” 
was suggested by a European League Against Rheumatism 
(EULAR) study group in 2014 (32). As such, we will use that term 
within this review. However, there are some caveats with regard 
to this term, including that the EULAR study group suggested it 
be applied only when individuals were later known to progress to 
clinically apparent RA. It is also not clear how to apply the term 
to individuals who may have clinically apparent IA even if it is not 
classifiable as RA, since those individuals are typically clinically 
treated as having RA. Additionally, as discussed in more detail 
below, as the understanding of pre-RA evolves, it is likely that 

Figure 1. Model of rheumatoid arthritis (RA) development. In this model, genetic and environmental factors lead to the initiation and expansion 
of autoimmunity, which may progress to clinically apparent inflammatory arthritis (IA)/RA and classifiable RA. There is some controversy over 
whether the term “pre-RA” should be applied once clinically apparent IA is present if it is not classifiable as RA. ACPAs = antibodies to 
citrullinated protein antigens; RF = rheumatoid factor.
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different terms to describe stages of RA will be needed that will 
facilitate research and clinical care, align with the biology of dis-
ease, and facilitate communication with individuals who may be 
evaluated for prevention.

Current prediction models for future RA

Multiple case–control studies have demonstrated that serum 
elevations of ACPAs and/or RF have high (often >80%) positive 
predictive values (PPVs) for future IA/RA (12,13,24) (Table 1). 
Moreover, while retrospective case–control studies may overes-
timate PPVs, in prospective studies that include ACPAs (with or 
without RF), symptoms, and other factors, PPVs for the develop-
ment of IA/RA within 2–6 years ranged from ~30% to >70%, with 
the highest PPVs in subjects with high levels of autoantibodies, or 
dual positivity for ACPAs and RF (15,33).

As an example, in a Dutch study of 374 subjects with RF 
and/or ACPA positivity and joint symptoms but no IA on baseline  
physical examination, 131 individuals (35%) developed IA in 
a median of 12 months (29); furthermore, among individuals with 
a baseline high-risk score comprised of ACPAs, RF, and other fac-
tors, 74% developed IA/RA within 3 years. In addition, in a study 
in the UK of 100 ACPA-positive subjects with arthralgia, 50 (50%) 
developed IA/RA after a median of 7.9 months (33); furthermore, 
among individuals with a baseline high-risk score comprising 
examination findings, symptoms, genetic and autoantibody test-
ing, and an abnormal power Doppler ultrasound finding, ~68% 
developed IA within 24 months.

Importantly, those 2 studies included 2 aspects of prediction: 
likelihood (i.e., will someone get IA?) and timing (i.e., when will 
they get IA?). As discussed below, these aspects can be used to 
counsel individuals who are facing decisions regarding their future 
risk of IA/RA, timing of clinical follow-up, and participating in a trial. 
Furthermore, these aspects support clinical trial design where it is 
essential to have accurate estimates of the expected number of 
“events” (i.e., incident IA/RA) within a given time frame.

Of note, markers of inflammation such as C-reactive pro-
tein level have been demonstrated to be elevated in pre-RA, 
although they have not been consistently helpful in improving pre-
diction models (24,29,33); furthermore, while in conjunction with 
autoantibodies, cytokine/chemokine abnormalities have been 
shown to be useful in prediction (18,24), this has not yet been 
extensively validated.

Prevention: rationale, design, and existing  
studies

Rheumatologists are familiar with many “preventive” 
approaches in the care of individuals with RA. These include the 
prevention of worse joint damage in individuals with established 
RA, osteoporotic fractures, or future flares in individuals who 
have had acute gouty arthritis. Nevertheless, it is a relatively novel  

concept to consider prevention of the first onset of clinically appar-
ent manifestation of a disease.

Several factors have underpinned the development of clin-
ical trials that have the “intent to prevent” (phrase courtesy of 
Marvin Fritzler) the onset of clinically apparent IA/RA. These fac-
tors include the predictive ability of autoantibodies, especially 
ACPAs, and improved identification of individuals with biomarker 
elevations through clinical care as well as approaches such 
as screening in populations at higher risk of RA, such as first- 
degree relatives (FDRs) of individuals with RA (15,34–36). It has 
also been observed that antimalarials may prevent future flares 
in palindromic rheumatism (37). Furthermore, findings of a “win-
dow of opportunity” in RA where earlier treatment in individuals 
with established IA may lead to improved outcomes and per-
haps increases in drug-free remission suggest that the immune  
system may be more amenable to “normalization” if treated early (5).

Building on these factors, 2 clinical trials to prevent the 
first onset of clinically apparent IA have been completed. In 
one, 83 ACPA- and/or RF-positive individuals with arthralgia 
but without IA on physical examination were randomized (1:1) 
to receive either 2 doses of dexamethasone 100 mg intra-
muscularly 6 weeks apart or placebo (38). IA rates were not 
different between the study arms (20% versus 21%), although 
there was a decrease in autoantibody levels in treated indi-
viduals. In the Prevention of Clinically Manifest Rheumatoid 
Arthritis by B Cell–Directed Therapy in the Earliest Phase of 
the Disease (PRAIRI) study (39), 81 subjects with baseline 
ACPA and RF positivity and elevated C-reactive protein level 
(>0.6 mg/liter) were randomized (1:1) to receive either one dose 
of 1,000 mg rituximab or placebo, and all subjects received meth-
ylprednisolone 100 mg intravenously. The rates of IA were not  
significantly different between arms (34% in the treatment arm 
versus 40% in the placebo arm); however, the onset of IA was 
delayed such that 25% of the subjects in the treatment arm 
developed IA ~12 months later than those in the placebo group.

There are several other prevention studies underway. The 
Strategy for the Prevention of the Clinically Apparent Onset 
of RA (StopRA) study (40) in the US is randomizing individuals 
with ACPA levels ≥2 times normal to receive hydroxychloroquine  
versus placebo for 1 year; subjects are then followed up for an 
additional 2 years to assess the durability of response as well as to 
evaluate if treatment may result in a less aggressive form of IA/RA. 
Arthritis Prevention in the Preclinical Phase of RA with Abatacept 
(APPIPRA) in the UK and Europe is randomizing individuals with 
ACPA levels >3 times normal or ACPAs plus RF, and inflammatory 
joint symptoms/arthralgia, to receive abatacept subcutaneously 
weekly versus placebo for 1 year, with an additional 1 year of fol-
low-up (41). Other studies that have been launched include one 
using statins in autoantibody-positive subjects (42), and one using 
glucocorticoids and methotrexate in individuals with arthralgia and 
no evidence of IA on examination but who have “subclinical” IA 
on magnetic resonance imaging (43).
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Paradigm shift to RA prevention: challenges and 
opportunities

While it represents a great advance that several clinical  
prevention trials in RA have been completed or are underway, 
challenges and opportunities remain in further advancing preven-
tion (Table 3), and several of these are discussed below.

Improving prediction. Accurate prediction of future IA/RA 
is a critical aspect of prevention. While models to date have sup-
ported clinical trials, there are several important challenges. First, 
not all subjects with abnormalities of RA-related autoantibodies, 
even ACPAs, or other factors (e.g., articular symptoms) develop 
IA/RA within the time periods of prospective study (Table 1). This 
could be because retrospective studies have shown that autoan-
tibodies may be elevated >10 years prior to RA diagnosis (12,21), 
and few prospective studies have been conducted that long. How-
ever, this also suggests that some individuals may develop RA-re-
lated autoimmunity and even some articular symptoms, yet never 
develop clinically apparent IA. Moreover, there is a growing under-
standing that RA-related autoantibody positivity may be lost over 

time in at-risk individuals (35) (although in one study some individ-
uals lost autoantibody positivity pre-RA yet still developed RA later 
[21]), or that autoantibodies may only be detectable after IA has 
developed (44). Furthermore, while there are multiple commercial 
assays for ACPAs available, they do not have the same diagnostic 
accuracies in established RA, and these differences may be more 
pronounced in pre-RA (45). Also, given that most biomarkers in 
RA have been developed in established disease, there may be 
additional discovery of biomarkers that are more appropriate for 
understanding pre-RA and in particular to identify transitions from 
benign to pathogenic autoimmunity.

Some additional challenges in prediction are that most pro-
spective studies include autoantibody-positive subjects identified 
because they sought care for joint symptoms; therefore, studies are 
needed to understand prediction in individuals who have minimal 
joint symptoms, or who are asymptomatic, because these are the 
types of individuals who might be identified if population-based test-
ing for RA biomarkers was performed. In addition, while most pre-
dictive models have primarily focused on autoantibodies, an entity 
termed “clinically suspect arthralgia” has been identified that uses a 
combination of self-reported symptoms and examination findings 
and has a PPV for future RA of ~30%, although in some scenar-
ios, the PPV is much lower (~3%) (46). Furthermore, some models 
have used genetic factors instead of autoantibodies to estimate the 

Table 3. Key challenges and opportunities in implementing preven -
tion in RA*

1. Completion of ongoing clinical trials to learn the efficacy of the 
agents and approaches that are evaluated

2. Development of improved prediction models (including for 
seronegative RA)

3. Identification of relevant biologic pathways for prevention that 
may be unique to the pre-RA period

May be from ongoing or future trials and observational studies 
and include biology of nonarticular sites (e.g., mucosal sites)

Includes understanding of the pathophysiology of 
autoimmunity and joint symptoms in the absence of clearly 
definable IA

4. Effective strategies to identify individuals who are at sufficiently 
high risk of RA that preventive approaches may be considered

Incorporates accurate prediction models and individuals’ 
preferences

May include public health awareness campaigns and broad 
population screening

5. Clear understanding of the role of imaging in diagnosis and 
management in pre-RA

6. Development of clear and informative nomenclature
Aligns with biology of disease
Effective in communicating with stakeholders

7. Optimization of stakeholder participation in prevention
Individuals at risk
Clinical rheumatologists
Research community
Funding agencies
Pharmaceutical, biotechnology, and diagnostic industries
Health care and insurance agencies
Governmental agencies that can implement policy around 

prevention
* RA = rheumatoid arthritis; IA = inflammatory arthritis. 

Table 2. Purported genetic, environmental, and other risk and 
protective factors for future RA development evaluated in prospective 
studies or cross-sectional studies of at-risk individuals or individuals 
with pre-RA*

1. Genetic and familial risk factors
Shared epitope is associated with a higher risk of transition to RA 

in ACPA-positive individuals at baseline (33)
First-degree relative status increases the risk of progression to 

articular RA in an arthralgia cohort (29)
Certain populations are at high risk of RA, including populations 

indigenous to the Americas who have an ~5–7-fold increased 
risk of RA compared to non-indigenous populations (81)

2. Sex-related factors
Female sex, given that women have a 2–3-fold higher risk of RA 

compared to men (27)
Longer duration of breastfeeding and higher parity are protective 

(82)
Oral contraceptive use is associated with decreased 

autoantibody positivity in at-risk individuals without RA  
(first-degree relatives) (83)

3. Environmental (and potentially modifiable) factors (for review, 
see refs. 27 and 56)
Increased risk of RA

Tobacco exposure, especially long-duration and high-intensity 
smoking

Obesity
Inflammatory diet

Protective against RA
Moderate alcohol consumption
High fatty fish intake and intake of omega-3 fatty acids

4. Other
Lung disease (airways, parenchymal) is present in RA-related 

autoantibody–positive individuals and in some cases preceding 
articular RA (84)

Periodontal inflammation is present in RA-related autoantibody–
positive individuals, and increased in comparison to controls 
(73)

* RA = rheumatoid arthritis; ACPA = antibodies to citrullinated protein 
antigen. 
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risk of seropositive as well as seronegative RA (47). As such, going 
forward, if diagnostic accuracy is sufficiently high, symptoms and 
other non-autoantibody factors may be used to identify individuals 
at sufficiently high risk of future RA that preventive interventions may 
be considered; importantly, these approaches may be especially 
helpful for the prediction of se  ronegative RA.

Physical examination has been the primary method to identify 
clinically apparent IA/RA; however, imaging is playing an increasing 
role in RA management to identify IA when examination findings 
are uncertain, as well as to follow up on response to therapy (48). 
Furthermore, imaging has been used to predict the development 
of future IA apparent on physical examination (33,48). However, if 
imaging is used to define IA that is not identifiable on examination 
(i.e., subclinical IA), that may change the approach to prevention 
where “treatable” IA is identified by imaging earlier than is possible 
by physical examination. While potentially beneficial, that approach 
could also lead to overtreatment, in particular because of the known 
high variability in interpreting images, and also because “synovitis” 
on imaging can be detected in symptom-free individuals from the 
general population (49,50). As such, it may be some time before 
the appropriate role of imaging is understood for use in defining the 
presence of current “actionable” disease in the absence of findings 
of IA on examination, as well as prediction and prevention in IA/RA.

In summary, prediction is a critical part of prevention, and it is 
important that existing clinical trials, ongoing natural history stud-
ies (e.g., of FDRs, indigenous North Americans, and the Dutch 
Lifelines study [15,34–36,51]) as well as future studies, optimize 
diagnostic accuracies of models for the likelihood and timing of 
future RA. These models should also account for cross-test inter-
pretation, with consideration of a standardization of testing, similar 
to that done in autoantibody testing in type 1 diabetes mellitus 
(DM) (52,53). Specifically, one could envision a model, perhaps 
developed through advanced analytic techniques such as artifi-
cial intelligence/machine learning (54), that incorporates multiple 
dimensions including demographic characteristics, family history/
genetics, environmental factors, autoantibodies and other bio-
markers, symptoms, examination findings, and imaging to give 
accurate and clear information about an individual’s likelihood and 
timing of future RA. This could even be a 2-step model where a 
relatively inexpensive test (e.g., serum ACPA) could be evaluated 
first to determine an overall risk, and additional factors could then 
be assessed during follow-up to determine current clinical sta-
tus, more specific level of risk, as well as potential timing of onset 
of disease (24). Furthermore, as discussed in more detail below, 
such a model could potentially identify what specific pathways 
should be targeted to prevent disease.

Novel targets for prevention. The current clinical trials 
in RA prevention are evaluating agents that have been used in 
established RA. This is in part because these agents have known 
efficacy, safety, and tolerability profiles in RA, and have regulatory 
agency support. These agents may also successfully be able to 

alter antigen presentation, innate and adaptive responses (e.g., B 
and T cell interactions), expansion of autoantibodies (e.g., ACPA 
fine specificities and RF), and expansion of inflammation that 
appear critical in pre-RA development. However, these agents 
have been studied to determine their efficacy in established RA; 
therefore, it may be that they do not address key biologic pathways 
in pre-RA. Indeed, it may be that novel pathways, even mucosal-
based ones, need to be targeted for effective prevention (31).

As such, it will be important to explore biologic pathways 
in pre-RA in conjunction with the existing (and future) clinical tri-
als and other studies so that the next round of trials will target 
the most relevant pathways. To that end, a growing interest in 
using animal models to understand the mechanisms of “pre- 
disease” may provide the means to validate pathways identified in 
human studies, as well as potentially identify novel targets for pre-
vention. For example, Jubair and colleagues have demonstrated 
in a murine model of arthritis that microbiome-directed interven-
tions prior to the onset of IA can greatly diminish arthritis, even 
if administered after systemic autoimmunity has developed (55).

While results are conflicting and have not been evaluated in a 
randomized, prospective manner, there are a growing number of 
studies identifying lifestyle factors that may reduce the risk of RA. 
These include smoking cessation, a healthy diet (and likely one 
enriched in fish consumption and omega-3 fatty acids), weight 
loss, and increased exercise (for review, see ref. 56) (Table 2). 
Because these interventions may take years to yield beneficial 
effects, they may never be formally studied alone in interventional 
prevention trials. However, given the potentially broad benefi-
cial effects, these factors may need to be included as “general” 
preventive recommendations in conjunction with other interven-
tions; furthermore, they may be important to optimize risk/benefit 
ratios of interventions in individuals with only modest autoimmune 
abnormalities and risk of future RA.

Importantly, while precision/personalized medicine in the  
management of established RA has not yet reached fruition, one 
could envision that in pre-RA there may be an ability to identify a 
specific pathway for an individual that could be optimal to target, 
either pharmacologically and/or through lifestyle modifications, to 
optimize prevention.

Prevention trial design and duration of interven-
tion. The current and completed trials for RA prevention are 
relatively simple—1:1 randomization comparing active drug and 
placebo. Furthermore, the interventions are of limited duration 
(e.g., in PRAIRI a single dose of rituximab was given). In addition, 
the primary outcome for these trials is the development of clas-
sifiable RA.

These approaches are appropriate in these early days of 
prevention to address safety and ethical concerns, costs, and 
the preferences of individuals who are participating in trials. The 
outcome of classifiable RA is also a clinically meaningful and 
agreed-upon disease state. In addition, the use of placebo is 
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important because the prediction of future RA is not perfect, and it 
is expected that a number of individuals, even those with high-risk 
features, may still not progress to clinically apparent IA/RA during 
the time period of a study, and therefore one needs to know if the 
study drug truly resulted in benefit.

However, for several reasons, the next round of prevention 
trials will likely have different designs. First, RA is a relatively rare 
disease and there are difficulties in finding individuals with pre-RA; 
furthermore, there are multiple possible pathways that may be 
addressed to delay or halt the development of RA. As such, adap-
tive trials may be considered, where multiple interventions can be 
tested within a single trial that can optimize small subject num-
bers (57). Second, instead of classifiable RA, trials may need to 
use other informative outcomes, such as levels of autoantibodies 
or cytokines/chemokines, especially since these outcomes may 
be able to shorten clinical trials given that outcomes of classifia-
ble RA may take years to develop. Specifically, it appears that an 
important feature of the pathogenesis of pre-RA is expansion of 
ACPAs and new antibody formation (e.g., RF) and inflammation; 
as such, of interest for prevention is the efficacy of approaches to 
arrest the expansion of autoimmunity and inflammation, as well 
as to use biomarker levels to provide insights into the success of 
an intervention. For example, an intervention may be considered 
a success in an ACPA-positive individual who does not develop 
future abnormalities of RF.

Furthermore, it is important to consider whether there are 
symptoms and other impactful medical issues that have been 
identified prior to IA/RA and are potentially related to autoimmunity. 
Some of these features may be termed an “RA prodrome” and 
include arthralgia (the etiology of which in the absence of definable 
IA is as of yet unclear), functional limitations, fatigue, sleep abnor-
malities, work absences, mental health disorders, and potentially 
other nonarticular manifestations of autoimmunity such as lung 
and cardiovascular disease, and sicca symptoms (58–61). Under-
standing these potential non-IA manifestations of RA could impact 
the development of prevention approaches in RA, resulting in 
treatment of a current “autoimmune-opathy” and also prevention 
of future IA/RA—similar to the concept of treating a “diagnosis” of 
hypertension to prevent a future heart attack. These non-IA fea-
tures could also be used as end points themselves. Nomenclature  
pertaining to pre-RA could also be expanded to include non-
articular manifestations of disease.

Finally, it would be ideal if a time-limited intervention had  
lasting benefit for prevention; however, the development of IA/RA  
was only delayed in the rituximab-treated group in the PRAIRI 
study. As such, while the ongoing trials will further inform this 
issue, it may be that longer-term interventions are needed to more 
effectively delay or prevent IA/RA. This would be akin to statin 
treatment in hypercholesterolemia where the drug is continued 
indefinitely to provide long-term benefit. However, even if it takes 
a prolonged intervention to delay or halt the first appearance of 
IA, there may be substantial benefit in improved symptoms, and 

reduced long-term damage and disability. Furthermore, while the 
issue of lead-time bias needs to be considered, it could be ben-
eficial if the IA/RA that develops is a less-aggressive form that 
ultimately requires less expensive or toxic interventions for control; 
furthermore, earlier diagnosis and treatment of clinically apparent 
IA/RA enabled by closely following at-risk individuals could lead to 
improved outcomes. These issues should be evaluated as part of 
studies going forward.

Participation of individuals at risk of future RA. The 
current trials in RA prevention have used criteria to select indi-
viduals who are at high risk of RA within a relatively short time 
and combinations of autoantibody elevations and symptoms, with 
those subjects largely identified through clinics, although some 
studies include recruitment from FDR and general populations.

Selecting such high-risk individuals largely from clinics is rea-
sonable for the first round of prevention trials to meet trial design 
and ethical requirements; furthermore, a trial can be spared from 
having to develop costly infrastructure to identify at-risk indivi-
duals through population-based approaches such as broad testing  
for autoantibodies. However, such approaches may identify  
individuals who are so far along in the development of RA that 
prevention is difficult to attain, as well as miss high-risk individuals 
who have few symptoms or lack access to clinical care. As such, 
in future trials additional inclusion criteria may be considered that 
have perhaps a lower (yet still definable and accurate) risk of RA, 
but also identify a stage of RA development that is more amena-
ble to halt or a change to a more benign state. This could entail 
study design and enrollment strategies, such as broad popula-
tion-based autoantibody testing, to identify individuals who may 
be asymptomatic and/or have only modest elevations of autoan-
tibodies (Figure 2). Such trials may use “safer” interventions, such 
as low toxicity medications or lifestyle changes, yet still be effective 
if indeed the immune system is at stages of RA where only mod-
est dysregulation is present and it is more amenable to remaining 
in or returning to a “normal” state. Importantly, RA would benefit 
from efforts similar to those in type 1 DM where networks such as 
Trialnet have been developed. Such networks include FDR and 
general population screening to create a pool of type1 DM–related 
autoantibody–positive individuals who can readily be recruited for 
type 1 DM prevention trials such as the teplizumab study (62,63).

Another consideration is that individuals who seek clinical 
care for joint symptoms and are found to be in a pre-RA state may 
be more interested in participating in a prevention trial than some-
one who is at risk but is asymptomatic and/or has little understand-
ing of what RA is—which may be the type of individual identified if 
broad population-based screening for RA risk was implemented. 
Informing these issues to some extent, there are studies that have 
explored “preferences” for prevention in at-risk individuals (64,65). 
General themes that have emerged include that at-risk individuals 
would like clarity around what RA is as a disease, their absolute 
risk of IA/RA, and to know that interventions are highly likely to 
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be successful as well as well-tolerated and safe. Following this, 
if prevention is to be implemented in asymptomatic individuals, 
or those who are unaware of RA, there will need to be additional 
efforts to educate these populations about RA, and what screen-
ing and prevention may mean to their health. This will require 
broad public education about RA. These educational activities 
could be encompassed under a “rheumatology preventionist” 
(term courtesy of Frederick Miller). Importantly, a collateral benefit 
of increased prevention-related public awareness programs may 
be a reduction in delays in treatment for clinically apparent IA/RA 
(6). Notably, the aforementioned prevention trial of statins termi-
nated early due to slow enrollment, which was in part due to  
subject reluctance to participate (ref. 42, and van Schaardenburg 
D: personal communication). This highlights the importance of 
fully understanding and addressing subjects’ preferences in order 
to complete robust clinical trials.

Importantly, having clear and informative nomenclature 
regarding pre-RA would help facilitate education of individu-
als who are at risk of RA as well as health care providers and 
other stakeholders (66). This may ultimately include nomencla-
ture pertaining to nonarticular manifestations of RA. An example 
that may provide insights for RA is from type 1 DM where autoan-
tibody-positive states, even in the absence of a need for insulin 
therapy, are now considered disease (67), with this designation 
facilitating education of individuals at risk of type 1 DM and the 
performance of interventional studies. Notably, International Sta-
tistical Classification of Diseases and Related Health Problems, 
Tenth Revision codes already exist for some aspects that could be 
applied to pre-RA, including ACPA positivity (R79.89) and family 
history of RA (Z82.61). A caveat is that naming a condition, or risk 

of a future condition, may also have implications on an individual’s 
ability to obtain insurance coverage.

Participation of rheumatologists. Rheumatology 
practitioners will play a key near and long-term role in pre-
vention because of their expertise in RA; furthermore, they 
are currently best positioned to identify individuals with joint 
symptoms and autoantibody abnormalities yet no clinically 
identifiable IA who are likely to be “first in line” for prevention. 
In addition, if “standard” RA medications are used in preven-
tion, rheumatologists are best situated to work with individuals 
around the use, risks, and benefits of these agents. However, 
given that most rheumatology practices now entail treating 
individuals who have substantial illness and are already lim-
ited by provider shortages and long wait times (8), practice 
patterns may have to change to accommodate prevention. 
Furthermore, it may be that some aspects of prevention would 
ultimately be supported by primary care.

In addition, there will need to be new ways to evaluate 
and follow up individuals with pre-RA to gauge the effective-
ness of an intervention, or even to know when an intervention 
could be tapered or stopped. These approaches have yet to 
be determined but will likely include joint examination although 
that may be less informative with regard to responses in indi-
viduals who have never developed clinically apparent IA; as 
such, follow-up may be more reliant on careful imaging, and 
assessment of informative biomarkers as well as subject- 
reported outcomes that quantify symptoms such as pain, 
stiffness, and swelling as well as nonarticular disease such as 
fatigue. These assessments could be accomplished through 

Figure 2. Strategies for identification and intervention for rheumatoid arthritis (RA) prevention. Differing approaches are needed based on the stage 
of RA development. There is some controversy over whether the term “pre-RA” should be applied once clinically apparent inflammatory arthritis (IA) is 
present if it is not classifiable as RA. PRAIRI = Prevention of Clinically Manifest Rheumatoid Arthritis by B Cell–Directed Therapy in the Earliest Phase 
of the Disease; APIPPRA = Arthritis Prevention in the Preclinical Phase with Abatacept; StopRA = Strategy for the Prevention of the Clinically Apparent 
Onset of RA.
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wearables, mobile app or web-based (e.g., telemedicine), 
especially given the growing use of these platforms in RA 
(68).

Participation of other stakeholders. Other stakeholders 
critical to advancing prevention include epidemiologists, trialists 
and outcomes researchers, and translational and basic science 
researchers who can help discover new targets and implement 
informative clinical trials. Support from governmental funding and 
regulatory agencies is needed to promote prevention research. 
Similarly, pharmaceutical industry involvement is essential to 
support target identification and drug development, trials, and, 
importantly, to create sustainable business models that include 
prevention. The biotechnology and diagnostic industries will also 
need to support the development of platforms and biomarkers 
useful in predicting RA, as well as measuring outcomes. Finally, 
stakeholders need to include health care and insurance systems, 
and health economists and governmental agencies (e.g., US Pre-
ventive Services Taskforce) that can help enact screening and 
prevention into routine clinical care, and convince payors to imple-
ment prevention (69,70).

Current management of pre-RA

In terms of what can be done now for individuals with 
pre-RA, if an individual has sufficient symptoms and is autoan-
tibody positive, there is a tendency to treat, even if clinically 
apparent IA is not identified. However, given that a number of 
individuals with symptoms and autoantibodies may not prog-
ress to IA, it is critical to perform trials to help guide the type 
and duration of interventions. If available, clinicians should con-
sider referring appropriate individuals to clinical trials. If such 
referral is not possible, while not well-proven, recommenda-
tions for risk reduction could include tobacco cessation, exer-
cise, a healthy body weight, and a Mediterranean-type diet 
that may also be broadly beneficial to other aspects of health 
(e.g., cardiovascular disease) (56,71). Recommendations on 
supplements should be avoided until more data are available; 
however, as several studies have shown that omega-3 lev-
els and supplement intake are inversely associated with risk 
of increased autoantibody levels and progression to IA, this 
particular approach deserves additional study (72). In addi-
tion, while periodontal disease has been identified in pre-RA 
(73), and higher levels of perceived stress have been associ-
ated with incident IA/RA (60), more data are needed before 
interventions such as dental care and stress reduction are 
recommended as preventive interventions. Finally, and most 
importantly, subjects at risk of IA/RA should be counseled to 
seek medical attention if joint symptoms develop or worsen, 
and it is reasonable to advise periodic follow-up (perhaps 
annually) with a rheumatologist to evaluate the joints and offer 
ongoing counseling.

Conclusions

The understanding of pre-RA, and an ability to predict the 
development of future IA/RA, has advanced to where trials to 
prevent IA/RA have been completed, with others underway. The 
findings from these trials, and other studies evaluating the nat-
ural history of RA, will provide important knowledge for future 
preventive trials as well as potentially clinical care, moving the 
field in the near future to a paradigm where RA, and soon other 
autoimmune rheumatic diseases, may follow similar models 
where an at-risk state can be identified and approached with an 
“intent to prevent.”
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Urinary Biomarkers in Lupus Nephritis: Are We There Yet?
Chi Chiu Mok1  and Chandra Mohan2

Lupus nephritis (LN) is a major cause of end-stage renal 
disease (ESRD) in the younger population (1). There is marked 
ethnic disparity in the burden of renal disease in patients with 
systemic lupus erythematosus (SLE), with the highest prevalence 
observed in Africans, Hispanics, and Asians (2). In a US regis-
try study, 73% of patients with LN who developed ESRD were 
African Americans and Hispanic Americans (3). Early identifica-
tion of renal disease in SLE is important. Current screening for 
LN relies on urine tests for proteins (determination of the urinary 
protein-to-creatinine [P/Cr] ratio) and the presence of active sedi-
ments, along with calculation of the estimated glomerular filtration 
rate (eGFR). Albeit simple and noninvasive, these urine tests are 
neither sensitive nor specific for differentiating LN from other glo-
merulopathies or distinguishing active inflammation from chronic 
scarring in the kidneys. The gold standard for the diagnosis and 
prognostic stratification of LN remains a renal biopsy, which is 
invasive and contraindicated in a proportion of patients.

Urinary biomarkers appear to be more promising than 
serum markers, because they arise directly from the inflamed kid-
ney tissue. An ideal urinary biomarker for LN activity should be 
specific for SLE and for renal involvement in the disease. It should 
be sensitive to change and show good correlation with renal activ-
ity as assessed serially on the basis of histologic features. More-
over, it should be more sensitive than conventional measures of 
the urinary P/Cr and urinary sediments in detecting a renal flare, 
surfacing before the development of proteinuria, and should be 
able to distinguish renal disease activity from chronicity. Finally, the 
assay test must be easy to perform, inexpensive, and have a short 
turnaround time to aid in therapeutic decisions.

Candidate proteins that include urinary cytokines, chemok-
ines, adhesion molecules, and growth factors have been identi-
fied based on their relationship to the pathophysiology of LN and 
have been studied in cross-sectional and longitudinal studies (4). 
Examples are monocyte chemoattractant protein 1, neutrophil 
gelatinase B–associated lipocalin, tumor necrosis factor–like weak 
inducer of apoptosis, and interferon-γ–inducible protein 10. More 

recently, utilization of nonbiased, high-throughput proteomics 
screening techniques offer the feasibility of carrying out simulta-
neous evaluation of a large number of proteins (5). In a system-
atic review, more than 28 candidate biomarker proteins in SLE 
were identified using mass spectrometry (MS)–based nontargeted 
proteomics approaches, which typically uncover high-abundance 
proteins (6). Affinity-based techniques, such as antibody-based 
or aptamer-based arrays, enable simultaneous interrogation of 
>1,000 low-abundance candidate proteins. In recent studies, pro-
teins whose urinary levels were significantly elevated in patients 
with SLE when compared to healthy controls were verified by 
enzyme-linked immunosorbent assay (ELISA) in independent 
cohorts, involving multiple ethnicities (7,8).

Although these proteomics screening techniques have 
sped up the discovery of potential biomarkers for LN, we 
are not far away from the starting line. No urinary biomarkers 
have been extensively validated to justify their routine clinical 
use in LN (9). An important clinical dilemma is the differentia-
tion between residual activity and damage in LN, manifesting 
as persistent proteinuria without overt symptoms or serologic 
evidence of active lupus. When a renal biopsy is not feasible, 
clinical judgment relies on circumstantial evidence, such as 
observed trends in the urinary P/Cr, serum albumin level, renal 
function, and other clinical parameters, which often do not cor-
relate with histologic features (9). As new biomarkers require 
validation in terms of their sensitivity and specificity for predict-
ing a renal flare, a large number of longitudinal samples, with 
short follow-up intervals, from LN cohorts are needed, because 
flares are difficult to predict. Moreover, the assay for candidate 
proteins has to be standardized and validated across differ-
ent cohorts for attainment of consistent cutoff values bearing 
clinical relevance. The cost and time investment for collecting 
substantial numbers of samples at closely timed intervals over 
years is a major challenge. Markers for prognostic stratification 
require rigorous validation of their additive value in predicting 
renal response to therapy.
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In a study reported in this issue of Arthritis & Rheuma-
tology, Wang et al (10) investigated the association of uri-
nary matrix metalloproteinase 7 (MMP-7) levels with renal flares 
in LN. In a cross-sectional analysis of 88 patients with active 
LN, it was demonstrated that the urinary MMP-7 level was sig-
nificantly higher than that in patients with active extrarenal SLE, 
non-SLE glomerular diseases, or healthy controls. The levels 
of urinary MMP-7 correlated better with renal histologic activity 
than with conventional lupus serologic measurements or levels 
of proteinuria. Although deposition of MMP-7 protein predom-
inantly in tubular cells was demonstrated in LN kidney biopsy 
samples, there was no relationship between the urinary MMP-7 
level and renal histologic chronicity index. These data suggest 
that the urinary MMP-7 level is a specific marker for LN and a 
good surrogate for LN activity. An added merit of this study is 
the demonstration in a longitudinal cohort of LN patients that a 
rise in urinary MMP-7 level occurred earlier than did an increase 
in proteinuria.

A closer look at the fluctuation in the urinary P/Cr and uri-
nary MMP-7/Cr levels in individual patients who had renal flares 
revealed a higher sensitivity of the novel urinary MMP-7 marker in 
predicting a flare in the majority of patients. However, there were 
several patients in whom the urinary MMP-7 level either did not 
increase with a flare or rose only during or after a renal flare. Given 
the small number of patients who experienced a flare (n = 15) and 
the fixed 2-month interval of urine sampling, several uncertain-
ties remain, including the optimal cutoff value for urinary MMP-7, 
absolute or percentage increase in its level, the duration of its ele-
vation that warrants close monitoring or even preemptive treat-
ment, and the clinical utility of the urinary MMP-7 measurement in 
patients of other ethnicities.

In this same issue of Arthritis & Rheumatology, Mejia-Vilet 
et al (11) reported on their study of the relationship between the 
urinary epidermal growth factor (EGF) level and progression of 
chronic kidney disease in several cohorts of patients with LN. This 
biomarker was identified by MS-based proteomics screening in 
a discovery cohort and validated by immunoblotting and ELISA. 
In a cross-sectional analysis, urinary EGF levels were significantly 
lower in patients with active LN than in patients with nonrenal SLE, 
patients with inactive SLE, and non-SLE controls. In the 3 groups 
of SLE patients, there was a trend toward lower urinary EGF levels 
in patients with a history of LN. Coupled with the inverse correla-
tion between the urinary EGF level and renal histologic chronic-
ity index instead of activity index, the lower levels of urinary EGF 
appear to be related to underlying kidney damage attributable to 
LN rather than to active glomerular inflammation. Longitudinal 
analysis showed that a lower level of urinary EGF, which correlated 
positively with the eGFR, at the time of renal flare was associated 
with further renal function decline at 2 years.

The study by Mejia-Vilet and colleagues (11) is a pilot study 
that validates the urinary EGF level as a biomarker for kidney 
reserve in LN. Although the urinary EGF level is not specific for 

SLE, it may be a surrogate marker for residual nephron mass in 
patients with kidney diseases. However, the study was limited by 
a lack of analytic data to show an earlier decline in urinary EGF  
levels in advance of the eGFR, partly because of the long  
sample-collection interval (6 months) between visits in the longi-
tudinal cohorts. While it is reasonable to not augment treatment 
in LN patients who have low nephron reserve, the flip side of the 
argument is to treat those with residual activity more aggressively, 
with the aim of retarding progression to ESRD. As a reduced 
 urinary EGF level does not reflect LN activity, it still has to be inter-
preted in conjunction with other clinical parameters. Nevertheless, 
the urinary EGF level is a potential outcome biomarker for assess-
ing the efficacy of novel antifibrotic and nephroprotective strate-
gies in future clinical trials of chronic kidney disease (12). Again, 
the optimal cutoff value and the amount of change in urinary EGF 
level over time that would prove clinically useful for guiding treat-
ment decisions requires further evaluation in prospective  clinical 
trials of LN and other glomerular diseases.

These 2 studies in this issue of Arthritis & Rheumatology 
advance our repertoire of potential urinary biomarkers in LN. 
Combining biomarkers of active glomerular inflammation and renal 
scarring may strengthen their utility in reflecting concurrent renal 
histopathologic features and in predicting treatment responses 
and outcomes in patients with LN. Taking into account all of the 
recent insights from MS-based and affinity-based proteomics, as 
well as the burgeoning list of urinary biomarkers reported in the LN 
literature, we are now faced with several dozen biomarker candi-
dates. These studies have been executed in independent silos, 
utilizing limited sample sizes with patients of 1 or 2 ethnicities, 
and with varying definitions for “active” LN, renal flare, and metrics 
for tracking disease longitudinally in LN. Given these variances, 
whether biomarkers identified in 1 study will successfully translate 
to other cohorts remains unknown.

As a field, advances are warranted in 2 dimensions. From the 
technical perspective, both targeted and nontargeted proteomics 
are still evolving disciplines that have yet to attain the capacity to 
scan the human proteome exhaustively (in contrast to the opti-
mal performance of contemporary genomics and transcriptom-
ics). Until this happens, new, and hopefully better, biomarkers will 
continue to be reported in the coming years, which would require 
rigorous validation.

Second, efforts are needed to standardize the definitions of 
the metrics used to define disease progression in LN that should 
be used when the relative performance of different biomarker 
candidates are being compared. Having defined these standard-
ized metrics, biomarker candidates and panels constructed using 
these proteins warrant systematic testing in well-characterized 
patient cohorts drawn from multiple ethnicities. The statistical 
approaches to construct biomarker panels are not limiting. Like-
wise, current technical approaches to devise point-of-care testing 
kits to quickly assay urinary biomarkers are also not limiting (13). 
The steady trickle of newer protein biomarkers that outperform 
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proteinuria in predicting LN flares raises hope that LN diagnostics 
will morph substantially in the coming decade.
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Health Assessment Questionnaire at One Year Predicts 
All-Cause Mortality in Patients With Early Rheumatoid 
Arthritis
Safoora Fatima,1 O. Schieir,2 M. F. Valois,3 S. J. Bartlett,3 L. Bessette,4 G. Boire,5 G. Hazlewood,6   
C. Hitchon,7  E. C. Keystone,2  D. Tin,8 C. Thorne,8 V. P. Bykerk,9 and J. E. Pope,10  on behalf of the 
CATCH Investigators

Objective. Higher self-reported disability (high Health Assessment Questionnaire [HAQ] score) has been associated 
with hospitalizations and mortality in established rheumatoid arthritis (RA), but associations in early RA are unknown.

Methods. Patients with early RA (symptom duration <1 year) enrolled in the Canadian Early Arthritis Cohort who 
initiated disease-modifying antirheumatic drugs and had completed HAQ data at baseline and 1 year were included 
in the study. Discrete-time proportional hazards models were used to estimate crude and multi-adjusted associations 
of baseline HAQ and HAQ at 1 year with all-cause mortality in each year of follow-up.

Results. A total of 1,724 patients with early RA were included. The mean age was 55 years, and 72% were 
women. Over 10 years, 62 deaths (3.6%) were recorded. Deceased patients had higher HAQ scores at baseline 
(mean ± SD 1.2 ± 0.7) and at 1 year (0.9 ± 0.7) than living patients (1.0 ± 0.7 and 0.5 ± 0.6, respectively; P < 0.001). 
Disease Activity Score in 28 joints (DAS28) was higher in deceased versus living patients at baseline (mean ± SD  
5.4 ± 1.3 versus 4.9 ± 1.4) and at 1 year (mean ± SD 3.6 ± 1.4 versus 2.8 ± 1.4) (P < 0.001). Older age, male sex, lower 
education level, smoking, more comorbidities, higher baseline DAS28, and glucocorticoid use were associated with 
mortality. Contrary to HAQ score at baseline, the association between all-cause mortality and HAQ score at 1 year 
remained significant even after adjustment for confounders. For baseline HAQ score, the unadjusted hazard ratio (HR) 
was 1.46 (95% confidence interval [95% CI] 1.02–2.09), and the adjusted HR was 1.25 (95% CI 0.81–1.94). For HAQ 
score at 1 year, the unadjusted HR was 2.58 (95% CI 1.78–3.72), and the adjusted HR was 1.75 (95% CI 1.10–2.77).

Conclusion. Our findings indicate that higher HAQ score and DAS28 at 1 year are significantly associated with   
all-cause mortality in a large early RA cohort.

INTRODUCTION

Rheumatoid arthritis (RA) is a common progressive inflam-
matory condition affecting 1% of the population (1,2). It causes 
damage to the synovial joints but also has several systemic mani-
festations and sequelae of disease (3). It may affect several organ 

systems, including cardiac, pulmonary, ocular, skin, and hemato-
logic, thereby increasing the risk of multiple associated compli-
cations. RA is associated with poor physical function, worsening 
quality of life, and increased morbidity and mortality, especially 
due to cardiovascular disease complications (4–12). Several 
studies have found patients with RA to have a higher mortality 
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risk than the general population (13,14). Recognizing predictors 
of mortality and morbidity is important from a clinical, research, 
and public health perspective as it provides valuable informa-
tion to help make decisions, whether it be monitoring treatment 
responses, analyzing outcomes in research studies, or assessing 
the burden of disease.

The Health Assessment Questionnaire (HAQ) disability index 
is a tool commonly used in RA to measure disability using the 
patient’s self-reported functional assessment (15). The HAQ has 
8 categories, scored on a scale of 0 (no problem) to 3 (unable to 
perform) per category, leading to a final score between 0 and 3, 
with 0 representing no self-reported functional impairment and 3 
representing severe functional impairment. It is a valid and reliable 
tool used to monitor the impact of disease severity and activity and 
assess change in function with treatment. In older studies, HAQ 
was found to be associated with hospitalizations and  mortality in 
established RA (16–21). Another study by Farragher et al in 2007 
found that early functional disability as measured by HAQ pre-
dicted cardiovascular and all-cause mortality, though that study 
included patients with any inflammatory polyarthritis (22). In the 
present study, we analyzed how well the HAQ predicted future all-
cause mortality specifically in patients with early RA.

PATIENTS AND METHODS

Data were obtained from the Canadian Early Arthritis Cohort 
(CATCH). CATCH is a multicenter, prospective incident cohort 
study of patients with early RA who have follow-up assessments 
at fixed intervals, including disease activity measures (Disease 
Activity Score in 28 joints using the erythrocyte sedimentation rate 
or C-reactive protein level [DAS28-ESR/CRP] [23]), comorbidity 
profile, and laboratory testing. Ethics approval was previously 
obtained from each of the 19 participating CATCH sites across 
Canada. Written informed consent was obtained from participants 
at study enrollment, and the study was conducted in accordance 
with the Declaration of Helsinki. See Appendix A for a list of the 
CATCH investigators.

The study inclusion criteria consisted of the following: adults 
with early RA, defined as a duration of symptoms of fixed swell-
ing of <1 year, who were enrolled between 2007 and 2017, ini-
tiated treatment with ≥1 disease-modifying antirheumatic drug 
(DMARD), and had completed HAQ data at baseline and at 1 year. 
Patients were excluded from analysis for the following reasons: 
age <18 years, missing age, no completed HAQ at baseline or 
12 months, or no treatment with ≥1 DMARD/biologic agent in the 
first year of follow-up. Patients who were lost to follow-up were 
recorded, and forms completed for deceased patients included 
the date and cause of death.

Baseline characteristics, including sociodemographic var-
iables, RA characteristics, treatment, and comorbidities were 
obtained and compared between patients who died over the 
follow-up period (deceased patients) and living patients. Data 

on comorbidities were collected using the Rheumatic Disease 
Comorbidity Index (RDCI), which has been validated for RA, as 
well as for osteoarthritis, systemic lupus erythematosus, and fibro-
myalgia (24). The RDCI weighs co-existing medical conditions and 
yields a final score of 0–9, where higher scores indicate a higher 
burden of disease (25). Baseline characteristics were expressed 
using descriptive statistics, t-tests, and chi-square tests. Sur-
vival analyses were conducted using discrete-time proportional 
hazards models where crude and multi-adjusted associations of 
baseline HAQ and HAQ at 1 year with all-cause mortality were 
calculated in each year of follow-up.

RESULTS

This study included 1,724 patients with early RA. Their mean 
age was 55 years, and 72% were women. Initially, the cohort 
included a total of 3,195 study participants. Seventy-one patients 
were excluded due to age <18 years or missing age, 1,334 
were excluded due to missing completed HAQ at baseline or at 
12 months, and an additional 66 patients were excluded because 
they did not receive ≥1 DMARD/biologic agent in first year of treat-
ment (Figure 1). Thus, the total number of participants in the study 
was 1,724.

There were 62 deaths (3.6%) recorded over the 10-year follow 
up period. Baseline characteristics comparing deceased and living 
patients are outlined in Table 1. There were statistically significant 
differences in age (older age in the deceased group), sex (lower 

Figure 1. Flow chart of study participants included and the 
reasons for exclusion. HAQ = Health Assessment Questionnaire; 
DMARDs = disease-modifying antirheumatic drugs.
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Table 1. Baseline characteristics of the patients with early RA*

All 
(n = 1,724)

Living 
(n = 1,662)

Deceased 
(n = 62) P

Length of follow-up, years 5.2 ± 2.7 5.2 ± 2.7 4.9 ± 2.4 0.3119
Sociodemographic and lifestyle factors

Age, years 55 ± 15 54 ± 15 68 ± 9 <0.0001
Sex, no. (%) female 1,242 (72) 1,210 (73) 32 (52) 0.0003
Race, no. (%)

White or European 1,467 (85) 1,412 (85) 55 (89) 0.4154
Aboriginal 74 (4) 70 (4) 4 (6) 0.3929

Education higher than high school degree, no. (%) 950 (55) 927 (56) 23 (37) 0.0127
No. (%) employed/no. (%) retired 938 (54)/476 (28) 924 (56)/435 (26) 14 (23)/41 (66) <0.0001/<0.0001
Income <$50,000, no. (%)†‡ 367 (38) 352 (37) 15 (60) 0.0046
Current smoker, no. (%) 304 (18) 287 (17) 17 (27) 0.0402

Rheumatic Disease Comorbidity Index (range 0–9) 1.2 ± 1.3 1.2 ± 1.3 2.2 ± 1.6 <0.0001
RA characteristics

Symptom duration, months 5.8 ± 3.0 5.8 ± 3.0 6.0 ± 3.3 0.5955
Met RA criteria, no.(%) 1,542 (89) 1,485 (89) 57 (92) 0.5154
Seropositivity in first year, no. (%)§ 1,121 (75) 1,078 (75) 43 (78) 0.6000
TJC68 12 ± 9 12 ± 9 12 ± 10 0.6139
SJC66 9 ± 8 9 ± 8 11 ± 8 0.1532
TJC28 8 ± 7 8 ± 7 9 ± 6 0.5507
SJC28 7 ± 6 7 ± 6 9 ± 6 0.0581
ESR, mm/hour 26.5 ± 22.1 26.1 ± 21.9 37.3 ± 25.8 0.0002
CRP, mg/dl 14.6 ± 18.7 14.3 ± 18.6 22.7 ± 20.3 0.0009

DAS28-ESR/CRP
Baseline 4.9 ± 1.4 4.9 ± 1.4 5.4 ± 1.3 0.0119
1 year 2.8 ± 1.4 2.8 ± 1.4 3.6 ± 1.4 <0.0001

CDAI 26.1 ± 14.3 26.1 ± 14.3 28.4 ± 13.3 0.2152
HAQ (range 0–3)

Baseline 1.0 ± 0.7 1.0 ± 0.7 1.2 ± 0.7 0.0364
1 year 0.5 ± 0.6 0.5 ± 0.6 0.9 ± 0.7 <0.0001

RA treatment, no. (%)
Baseline

Any DMARDs 1,534 (89) 1,478 (89) 56 (90) 0.6814
MTX 1,210 (70) 1,164 (70) 46 (74) 0.4823
MTX in combination 696 (40) 670 (40) 26 (42) 0.7982
Biologics 36 (2) 34 (2) 2 (3) 0.5234
MTX route of administration 0.2373

Oral 741 (61) 709 (61) 32 (70)
Subcutaneous 469 (39) 455 (39) 14 (30)

Oral glucocorticoids 480 (28) 454 (27) 26 (42) 0.0117
1 year

Any DMARDs 1,624 (94) 1,567 (94) 57 (92) 0.4373
MTX 1,343 (78) 1,299 (78) 44 (71) 0.1803
MTX in combination 814 (47) 792 (48) 22 (35) 0.0595
Biologics 206 (12) 196 (12) 10 (16) 0.3014
MTX route of administration 0.5431

Oral 672 (50) 648 (50) 24 (55)
Subcutaneous 671 (50) 651 (50) 20 (45)

Oral glucocorticoids 221 (13) 205 (12) 16 (26) 0.0018
* Except where indicated otherwise, values are the mean ± SD. RA = rheumatoid arthritis; TJC68 = tender joint count in 68 joints; SJC66 = 
swollen joint count in 66 joints; ESR = erythrocyte sedimentation rate; CRP = C-reactive protein; DAS28-ESR/CRP = Disease Activity Score 
in 28 joints using the ESR or CRP; CDAI = Clinical Disease Activity Index; HAQ = Health Assessment Questionnaire; DMARDs = disease-
modifying antirheumatic drugs; MTX = methotrexate. 
† Includes “Do not wish to answer” response and uncombined income. 
‡ Data were missing for 44% of the patients. 
§ Data were missing for 14% of the patients. 

percentage of women in the deceased group),  education (lower 
education level and less employment in the deceased group), 
smoking (higher percentage of smokers in the deceased group) 
and RDCI (higher comorbidity index in the deceased group). 
Treatments given were similar between the 2 groups, except that 
 glucocorticoid use was higher in the deceased group.

HAQ scores and DAS28 scores were higher in deceased 
patients compared to living patients, both at baseline and at 1 
year. These differences were statistically significant at 1 year with 
P < 0.001. Patients in the deceased group had a mean ± SD 
baseline HAQ score of 1.2 ± 0.7 and a 1-year HAQ score of 
0.9 ± 0.7. In comparison, living patients had a mean ± SD HAQ 
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score of 1.0 ± 0.7 at baseline and 0.5 ± 0.6 at 1 year. Mean ± SD 
DAS28 scores in deceased patients were 5.4 ± 1.3 at baseline 
and 3.6 ± 1.4 at 1 year, whereas DAS28 scores in living patients 
were 4.9 ± 1.4 at baseline and 2.8 ± 1.4 at 1 year.

In an unadjusted survival model, the following covariates were 
associated with all-cause mortality: older age, male sex, lower edu-
cation level, smoking, more comorbidities, higher baseline DAS28, 
higher HAQ scores, and glucocorticoid use (Tables 2 and 3). HAQ 
scores at both baseline and at 1 year were significantly associated 
with all-cause mortality, with an unadjusted hazard ratio (HR) of 
1.46 (95% confidence interval [95% CI] 1.02–2.09) and 2.58 (95% 
CI 1.78–3.72), respectively (model 1 in Table 3).

In a multivariate discrete-time survival model, HAQ scores 
at baseline and at 1 year were compared to all-cause mortality 
adjusting for age, sex, comorbidities, disease activity, smoking, 
education level, seropositivity, symptom duration, and glucocor-
ticoid use (Table 3). Contrary to HAQ at baseline, the association 

between all-cause mortality and HAQ at 1 year remained signif-
icant after adjusting for the variables listed above (for baseline 
HAQ, adjusted HR 1.32 [95% CI 0.85–2.04]; for HAQ at 1 year, 
adjusted HR 1.87 [95% CI 1.6–3.02]).

DISCUSSION

This study showed that in patients with early RA, HAQ scores 
adjusted for confounders at 1 year but not at baseline were signifi-
cantly associated with all-cause mortality. The literature shows that 
higher disease activity, as reflected by the DAS28, is associated 
with increased disability, as measured by the HAQ. Taken together, 
this association and the findings of the present study suggest that 
poorer disease control (high DAS28) within the first year of treat-
ment of RA may lead to increased disability (high HAQ scores), 
which in turn may contribute to higher mortality. This finding may 
indicate that RA patients who do not have a good response to 
treatment in the first year have higher subsequent mortality.

Additionally, this study showed that in RA patients, mortal-
ity was independently associated with older age, male sex, lower 
education level, smoking, more comorbidities, higher baseline 
disease activity, glucocorticoid use, and higher HAQ scores. 
These findings are helpful in a clinical setting, as they can guide 
 physician–patient discussions with regard to risk factors associ-
ated with prognosis, prescribing glucocorticoids, counselling on 
smoking cessation, monitoring treatment responses, and focusing 
on patient education. However, these interventions would need to 
be tested to determine if they change the risk of mortality. With 
regard to glucocorticoid use, although it is independently asso-
ciated with mortality, higher disease activity often requires more 
 glucocorticoids; thus, both factors may drive higher mortal-
ity. From a physician perspective, this would mean prescribing 
as much glucocorticoids as necessary (as an adjunct to other 
treatments) to better control disease activity but also prescribing 
as little as possible to avoid adverse effects.

This study has several strengths. It has good power given 
a large sample size consisting of 1,724 patients with early RA, 
even though only 3.6% of the patients died during the follow-up 

Table 2. Unadjusted survival model: association of each covariate 
with all-cause mortality in the patients with early RA*

Baseline variable
Unadjusted HR 

(95% CI)
Sociodemographic and lifestyle factors

Age (years)† 1.10 (1.07–1.13)
Female† 0.37 (0.22–0.62)
White 1.01 (0.46–2.24)
Aboriginal 1.71 (0.61–4.76)
Education level higher than high school 

degree†
0.48 (0.28–0.82)

Current smoker† 1.81 (1.01–3.24)
Comorbidity (RDCI 0–9)† 1.60 (1.36–1.87)

RA characteristics
Symptom duration (months) 0.99 (0.91–1.08)
Seropositivity in first year 1.11 (0.55–2.23)
DAS28-ESR/CRP† 1.26 (1.06–1.51)
Oral glucocorticoid use† 1.75 (1.03–2.98)

* RA = rheumatoid arthritis; HR = hazard ratio; 95% CI = 95% confi -
dence interval; RDCI = Rheumatic Disease Comorbidity Index; 
DAS28-ESR/CRP = Disease Activity in 28 joints using the erythrocyte 
sedimentation rate or C-reactive protein level. 
† Age, male sex, lower education level, smoking, more comorbidities, 
higher baseline disease activity, and glucocorticoid use were 
associated with all-cause mortality in unadjusted survival models. 

Table 3. Multivariable discrete-time survival models: comparing baseline HAQ versus HAQ at 1 year with all-cause 
mortality in the patients with early RA*

Baseline HAQ, 
HR (95% CI)

HAQ at 1 year, 
HR (95% CI)†

Model 1: crude (time + HAQ) 1.46 (1.02–2.09) 2.58 (1.78–3.72)
Model 2: adjusted for age and sex 1.37 (0.96–1.95) 2.40 (1.63–3.52)
Model 3: adjusted for model 2 + DAS28 and RDCI 1.25 (0.81–1.94) 1.75 (1.10–2.77)
Model 4: adjusted for model 3 + education, smoking, seropositivity, 

symptom duration, and oral glucocorticoid use
1.32 (0.85–2.04) 1.87 (1.16–3.02)

Model 5: adjusted for model 3 + smoking and symptom duration only 1.30 (0.84–2.00) 1.73 (1.09–2.74)
* HAQ = Health Assessment Questionnaire; HR = hazard ratio; 95% CI = 95% confidence interval; DAS28 = Disease
Activity Score in 28 joints; RDCI = Rheumatic Disease Comorbidity Index. 
† All-cause mortality was associated with high HAQ score at 1 year even after adjusting for age, sex, comorbidities, 
disease activity, smoking, education, seropositivity, symptom duration, and glucocorticoid use in adjusted survival 
models. 
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period. Moreover, it had a long duration (from 2007 to 2017) with 
variable length of follow-up, which is helpful to capture deaths 
over time, as is important in a mortality study. There was very little 
loss to follow up. Death summaries were completed at each site. 
Furthermore, CATCH has 19 study sites across Canada, and the 
demographic characteristics of the patients in CATCH are similar 
to those in population-based studies, suggesting good external 
validity and generalizability (2,26). From a methods perspective, 
the use of multivariate analysis models adjusted for potential con-
founders produced more accurate models with adjustment for 
important factors associated with mortality, such as age and sex.

Some potential confounders may not have been adjusted 
for. Examples of these could include variable access to advanced 
therapies, other comorbidities not included in the standardized 
comorbidity questionnaire, and the severity of comorbidities. 
Other important factors associated with mortality may not have 
been collected, as this is not the primary reason for the CATCH 
cohort. Finally, we recognize that though HAQ score predicts mor-
tality, this could be true for poor function in the general population 
without RA. It is noted that in both the groups who eventually 
died during the observational period and the ones who were still 
alive, the HAQ score improved on average, but to a lesser extent 
in the deceased group. Also, the interplay between disease 
activity and self-reported function may be complex (27). Disease 
activity may be associated with the reversible component of the 
HAQ, while damage and other comorbidities are associated with 
the irreversible component of the HAQ. Patients with higher HAQ 
scores who have other conditions, such as fibromyalgia and 
osteoarthritis, do worse, and the measure is subjective, in that a 
patient may report marked impairment of activities of daily living 
despite a lack of disease activity and damage. We did not adjust 
for pain and depression, which may alter mortality risk (27–30).

There are several reasons high HAQ scores are associated 
with increased mortality. Disease activity and damage could be 
important associations. However, comorbidities could be the 
cause of death, and patients with early RA with comorbidities 
have less chance of remission and more functional impairment at 
1 year than those without any comorbidities, as has been shown 
in the CATCH early RA cohort (31).

In summary, this study showed that higher HAQ scores at 1 
year were significantly associated with all-cause mortality in early 
RA. Future research can separate the interplay between disease 
activity, which is also associated with mortality both at baseline 
and after treatment (at 1 year), and other factors, such as damage 
and patient perceptions of function and comorbidities.
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Obesity-Related Traits and the Development of 
Rheumatoid Arthritis: Evidence From Genetic Data
Bowen Tang,1  Huwenbo Shi,2 Lars Alfredsson,1 Lars Klareskog,1 Leonid Padyukov,1 and Xia Jiang3

Objective. To investigate the association between obesity-related traits and risk of rheumatoid arthritis (RA).
Methods. We conducted genetic correlation analysis and a 2-sample Mendelian randomization (MR) study, using 

genome-wide genetic data based on >850,000 individuals of European ancestry. Summary statistics were collected 
from the largest genome-wide association study conducted to date for body mass index (BMI; n = 806,810), waist-
to-hip ratio (WHR; n = 697,734), WHR adjusted for BMI (WHRadjBMI; n = 694,649), and RA (ncase = 14,361, ncontrol = 
43,923). We conducted cross-trait linkage disequilibrium score regression and ρ-HESS analyses to quantify genetic 
correlation between pairs of traits (causal overlap). For each obesity-related exposure, we utilized independent, 
genome-wide significant single-nucleotide polymorphisms (P < 5 × 10−9) as instruments to perform MR analysis (causal 
relationship). We interrogated the causal relationship both in the general population and in a sex-specific manner and 
calculated odds ratios (ORs) and 95% confidence intervals (95% CIs). Sensitivity analyses were performed to validate 
MR model assumptions.

Results. Despite a negligible overall genetic correlation between the 3 obesity-related traits and RA, we found 
significant local genetic correlations at several regions on chromosome 6 (positions 28–29M, 30–35M, and 50–52M), 
highlighting a shared genetic basis. We further observed an increased risk of RA per SD increment (4.8 kg/m2) in 
genetically predicted BMI (OR 1.22 [95% CI 1.09–1.37]). The effect was consistent across sensitivity analyses and 
comparable between sexes (OR 1.22 [95% CI 1.04–1.44] in male subjects and 1.19 [95% CI 1.04–1.36] in female 
subjects). However, we did not find evidence supporting a causal role of either WHR (OR 0.98 [95% CI 0.84–1.14]) or 
WHRadjBMI (OR 0.90 [95% CI 0.79–1.04]) in RA.

Conclusion. Genetically predicted BMI significantly increases RA risk. Future studies are needed to understand 
the biologic mechanisms underlying this link.

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune inflamma-
tory joint disease that is more prevalent in Nordic countries and 
among women (1). Although genome-wide association study  
meta-analysis (meta-GWAS) has revealed >100 RA-associated  
genetic loci and large-scale epidemiologic investigations have 
identified several environmental risk factors, the mechanistic devel-
opmental processes of RA remain incompletely understood (2).

Obesity represents a state of low-grade inflammation 
and has been considered as a potential risk factor for RA (3). 
Three meta-analyses of longitudinal studies based on >400,000 
subjects have jointly demonstrated higher body mass index (BMI) 

to be significantly associated with a 3–12% increased risk of RA 
(4–6). A sex-specific effect has also been observed, in which BMI 
heightens RA risk to a greater extent in women, with an odds ratio 
(OR) of 1.12 per 5 kg/m2 increment (95% confidence interval [95% 
CI] 1.07–1.18) than in men (OR 0.90 per 5 kg/m2 increment [95% 
CI 0.81–1.01]) (4). In addition to BMI, researchers have proposed 
that abdominal obesity, commonly measured by waist circumfer-
ence (WC) and/or waist-to-hip ratio (WHR), can serve as more 
appropriate indicators of RA risk (7). A significant yet modest  
elevation of RA risk (2–5%) among individuals with higher WC has 
been reported (7,8).

Unlike genetic components, environmental triggers are  
usually difficult to pinpoint. Results from epidemiologic studies  
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can be affected by measurement error, confounding, and 
reverse causality. For example, chronic inflammation during the 
long preclinical course of RA may lead to lifestyle changes that 
result in altered body composition (9), complicating efforts to 
elucidate the observed obesity–RA relationship. Mendelian ran-
domization (MR) is a novel statistical tool that uses genetic var-
iants as instrumental variables (IVs) to make causal inferences 
between exposure(s) and outcome(s), based on the fact that 
allocation of genetic variants at meiosis is independent of con-
founders and always prior to disease onset; results are there-
fore less susceptible to confounding and reverse causation 
(10). Three important model assumptions need to be satisfied 
for MR to yield unbiased estimates, i.e., that IVs are robustly 
associated with exposure (relevance), affect outcome only 
through exposure (exclusion restriction), and are not associ-
ated with confounders in the exposure–outcome relationship 
(exchangeability) (10).

To date, only 1 MR study of BMI and RA has been reported 
(11). This study used a small number of index single-nucleotide  
polymorphisms (SNPs) (nIV = 65), had limited samples for out-
come (nRA = 7,480), and lacked sensitivity analyses to ver-
ify model assumptions. Recent genetic discoveries related to 
several obesity-related traits including BMI, WHR, and WHR 
adjusted for BMI (WHRadjBMI), involving hundreds of thousands 
of participants (12), have provided an unprecedented opportunity 
to explore a causal relationship between these factors and RA. In 
the current study, we substantially extended previous findings by 
incorporating summary statistics from the largest meta-GWAS 
conducted on exposures (n > 699,000; nIV > 600) and outcome 
(nRA = 14,361; ncontrol = 43,923) to date. We performed the anal-
ysis both in the general population and in male and female pop-
ulations separately. In addition, to explore a causal relationship, 
we quantified genetic correlation, a measure of shared genetic 
overlap, between obesity-related traits and RA.

MATERIALS AND METHODS

We carried out the current study using a 2-sample MR design, 
which extracts IV–exposure and IV–outcome associations from 2 
independent non-overlapping populations (13) (for a conceptual 
framework, see Supplementary Figure 1, on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41517/ abstract).

IV–exposure. We selected index SNPs from the largest  
meta-GWAS conducted to date on human anthropometric 
traits, meta-analyzing UK Biobank (UKB) and Genetic Investiga-
tion of Anthropometric Traits Consortium data totaling ~700,000 
individuals (806,810 participants for BMI, 697,734 for WHR, and 
694,649 for WHRadjBMI), all of European ancestry (12). In the 
original meta-GWAS, to identify independent genetic associa-
tion signals, a clumping strategy of P < 5 × 10−9 and a linkage 

dis equilibrium window of ±5 Mb (r2 > 0.05) were first applied to 
obtain clumping-based loci, followed by a proximal joint and con-
ditional analysis to determine primary and secondary hits (addi-
tional independent signals conditioning on the primary signals) 
within each clumping-based locus. The GWAS was conducted 
both in the general population and by sex.

We performed MR analyses using primary signals only (670 
BMI-associated index SNPs, 316 WHR-associated index SNPs, 
and 346 WHRadjBMI-associated index SNPs) as well as primary 
and secondary signals combined (806, 382, and 463 index SNPs 
for BMI, WHR, and WHRadjBMI, respectively). We further extracted 
IV–exposure associations in men and women separately.

IV–outcome. IV–outcome associations were obtained from 
a meta-GWAS of 18 cohorts totaling 14,361 RA cases and 43,923 
controls of European ancestry (14) (Supplementary Table 1, on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41517/ abstract). To our knowledge, none of the 
participants in these 18 studies overlapped with participants in the 
exposure meta-GWAS.

We matched our IVs (primary and secondary SNPs for the 
3 obesity-related exposures) with summary data from outcome 
GWAS (RA meta-GWAS). Finally, 793 SNPs for BMI, 372 SNPs 
for WHR, and 445 SNPs for WHRadjBMI were available (Supple-
mentary Tables 2–4, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41517/ abstract). Overall, we were able to capture >96% of 
IVs, a virtually complete coverage.

Genome-wide genetic data. MR leverages information 
on a small number of index SNPs. To quantify genetic correlation 
between exposures and outcome, we further obtained full sets of 
summary-level genome-wide genetic data (~10 million SNPs) for 
each of the 3 obesity-related exposures and for RA.

Statistical analysis. Genetic correlation analyses. To 
investigate causal overlap, we first assessed genome-wide 
pairwise genetic correlation for each exposure and outcome, 
using linkage disequilibrium score regression (LDSC), an 
approach that leverages GWAS summary association statis-
tics and LD to estimate genetic correlation (15). Genome-wide 
genetic correlations estimated by LDSC measure correlation of 
SNP effect sizes across all SNPs in the genome. It is possible 
that even though 2 traits show negligible overall genetic cor-
relation, specific genomic regions contribute to both traits. We 
therefore examined local genetic correlation using ρ-HESS, an 
algorithm that partitions the whole genome into 1,703 regions 
based on LD patterns in European populations and quanti-
fies correlation between pairs of traits due to genetic variation 
restricted to specific regions (16). Taking into account mul-
tiple tests, P values of 1.1 × 10−3 (0.05/45) and 2.9 × 10−5 
(0.05/1,703) were applied as significant thresholds for LDSC 
and ρ-HESS, respectively.

http://onlinelibrary.wiley.com/doi/10.1002/art.41517/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41517/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41517/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41517/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41517/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41517/abstract
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Mendelian randomization analyses. To investigate a causal 
relationship between obesity and RA, we conducted a 2-sample  
MR applying several approaches. A random-effects inverse  
variance–weighted method (IVW), an MR-Egger regression, and 
an MR pleiotropy residual sum and outlier (MR-PRESSO) test 
were used. The random-effects IVW pools the estimate from 
each genetic variant (IV) and calculates a precise causal esti-
mation assuming all genetic variants are valid, or are invalid in 
such a way that the overall pleiotropy is balanced to be zero (17). 
MR-Egger regression is robust even if all variants are invalid, and 
its intercept can be adopted as a test of unbalanced pleiotropy 
(17). MR-PRESSO detects pleiotropic outlier variants and pro-
vides outlier-corrected estimations (18). Given the major role of 
the HLA region in immunity, inflammation, and RA etiology (19) 
and to control for potential pleiotropy, we performed all analysis 
excluding SNPs from this region (chromosome 6: 2.9–3.3M).

Sensitivity analyses. To verify MR model assumptions, we 
performed additional sensitivity analyses. For each index SNP, 
we searched the National Human Genome Research Institute– 
European Bioinformatics Institute Catalog of Human Genome-Wide 
Association Studies for potential associations with confounding traits 
and conducted analyses with these SNPs excluded. To ascertain 
whether our estimation was driven by any individual SNP with a large 
effect, we carried out leave-one-out analysis in which we removed 
one SNP at a time and performed IVW on the remaining SNPs.

The statistical power of our study was calculated using an 
algorithm described by Brion et al (20). After correction for tests on 
3 exposures, associations with P values of <0.017 (0.05/3) were 
considered statistically significant; P values between 0.017 and 
<0.05 were considered to be suggestive of significance. All analy-
ses were performed using LDSC software (15), ρ-HESS software 
(16), and TwoSampleMR in R 3.6.0 software (21).

Figure 1. Cross-trait genetic correlation between obesity-related traits and rheumatoid arthritis (RA). The point estimate of genetic correlation 
is shown within each box, with the color of the box representing the magnitude of correlation. * = P < 0.05 (suggestive for statistical significance); 
** = P (Bonferroni-corrected) < 1.1 × 10−3. WHRadjBMI = waist-to-hip ratio adjusted for body mass index.
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RESULTS

Our results indicated that obesity-related traits were strongly 
genetically correlated with one another. Within each trait, there 
was a high degree of shared genetic similarity between men and 
women (rg 0.92 [95% CI 0.90–0.94] for BMI, 0.73 [95% CI 0.69–
0.77] for WHR, and 0.66 [95% CI 0.62–0.70] for WHRadjBMI). 
Across traits, BMI and WHR shared a common genetic basis, with 
an overall correlation of 0.59 (95% CI 0.55–0.63) (rg 0.46 [95% 
CI 0.41–0.51] in women and 0.69 [95% CI 0.66–0.72] in men). 
However, for WHRadjBMI, in which the effect of BMI was removed 
from WHR, we observed minimal correlation with BMI (rg rang-
ing from −0.09 to 0.01), as expected. These results illustrate the 
challenge of studying obesity-related traits alone and without a 
genetic context, as their effects are difficult to dissect. We did not 

find evidence of a shared genetic basis of BMI, WHR, or WHRad-
jBMI with RA either overall or in the male or the female population. 
All estimates were close to 0 (rg ranging from −0.01 to 0.08, all 
P > 0.05), suggesting negligible genetic correlations (Figure 1).

Despite an absence of genome-wide genetic correlation, 
obesity-related exposures and RA might still share pleiotropic 
risk loci. As shown in Figure 2, when partitioning the genome 
into 1,703 regions, we observed significant local genetic correla-
tion in several regions of chromosome 6 (positions 28.0–29.0M, 
30.7–35.5M, and 50.3–52.3M) and chromosome 19 (positions 
9.2–11.3M). When performing separate analyses by sex, we 
found additional shared regions on chromosomes 8 (positions 
75.4–76.5M) and 16 (positions 27.4–29.1M) in women.

Motivated by the findings of local genetic correlations, we 
explored the causal relationships between different measures of 

Figure 2. Local genetic correlation between obesity-related traits and rheumatoid arthritis (RA). Plots show region-specific P values for the 
local genetic covariance between RA and body mass index (BMI), waist-to-hip ratio (WHR), and WHR adjusted for BMI (WHRadjBMI) overall 
(both) and in female and male subjects analyzed separately. Each dot presents a specific genomic region. Red indicates significance after 
multiple corrections (P < 3 × 10−5 [0.05/1,703 regions compared]); blue indicates nominal significance under an arbitrary threshold of P < 5 
× 10−5.
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obesity and RA through MR analysis. With our current sample 
size for outcome (n = 58,284; 24% cases) and assuming phe-
notypic variance of the exposures explained by IVs to be 4–8% 
(Supplementary Table 5, on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41517/ abstract), 
our study had sufficient power to detect associations of 15% 
increase in risk of RA with BMI (98% power), WHR (86% power), 
and WHRadjBMI (96% power). The power remained acceptable 
in an analysis restricted to women (which had 80% power to 
detect a 15% increase in risk of RA associated with BMI or WHR 
or a 10% increase in risk of RA associated with WHRadjBMI) 
and decreased only slightly in an analysis restricted to men (80% 
power to detect a 15% increase in risk of RA associated with BMI 
or a 25% increase in risk of RA associated with WHR or WHRad-
jBMI). Since results from our ρ-HESS analysis revealed significant 
correlations with the HLA region and given the complexity of that 
region (19), we performed all MR analysis excluding SNPs from 
the HLA region.

We found strong evidence supporting the notion of a causal 
relationship between BMI and RA. As shown in Table 1, we 
observed a 20% increased risk of RA per SD increment (4.8 kg/m2) 
in BMI (OR using random-effects IVW 1.22 [95% CI 1.09–1.37). 
The effect was not altered in analyses using MR-PRESSO (OR 
1.20 [95% CI 1.07–1.34 excluding 1 outlier) and was only slightly 
attenuated in analyses using MR-Egger (OR 1.13 [95% CI 0.83-
1.54), but without any apparent sign of pleiotropy (P for MR-Egger 
intercept = 0.43). Sensitivity analysis with additional removal of 
SNPs associated with potential confounding traits, including 
smoking, education level, type 2 diabetes, and others (Sup-
plementary Table 2, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41517/ abstract) revealed similar results of even more 

pronounced magnitude (Table 2) (OR [95% CI] 1.27 [1.12–1.45], 
1.44 [0.94–2.22], and 1.24 [1.10–1.41] in analyses using IVW, 
MR-Egger, and MR-PRESSO, respectively). Leave-one-out 
analysis demonstrated that the observed risk effect was not 
driven by outlying variants (Supplementary Table 6, http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41517/ abstract).

In contrast, we did not find any association between genet-
ically predicted WHR and RA, with overall effects that were 
close to 1.00 and nonsignificant (OR [95% CI] 0.98 [0.84–1.14], 
0.91 [0.60–1.37], and 0.93 [0.81–1.07] by IVW, MR-Egger, and 
MR-PRESSO, respectively) (Table 1). Results from sensitivity 
analyses removing IVs associated with potential confounders 
remained consistent (OR [95% CI] 1.05 [0.87–1.26], 0.94 [0.54–
1.63], and 1.02 [0.87–1.21] by IVW, MR-Egger, and MR-PRESSO, 
respectively) (Table 2). Leave-one-out analysis did not identify any 
outlying variant (Supplementary Table 7, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41517/ abstract).

Our findings imply a causal role of BMI, but not WHR, in 
the development of RA. Given the complex interrelationships 
between obesity-related measurements and to validate our 
results, we investigated WHRadjBMI, a residual component 
of WHR in which the effect of BMI is removed. We anticipated 
observing a null or even reduced effect of WHRadjBMI on RA 
after eliminating the positive association of BMI from the null 
association of WHR. As expected, we did not observe any 
increased effect of WHRadjBMI on RA, with effect sizes that 
were either close to or slightly lower than 1.00 (OR [95% CI] 
0.90 [0.79–1.04] by IVW, 0.92 [0.68–1.25] by MR-Egger, and 
0.86 [0.77–0.97] by MR-PRESSO) (Table 1 and Supplementary 
Table 8, on the Arthritis & Rheumatology website at http://onlin 
elibr ary.wiley.com/doi/10.1002/art.41517/ abstract).

Table 1. Association between genetically predicted obesity-related traits and risk of rheumatoid arthritis in a primary analysis excluding SNPs 
located in the HLA region*

Parameter, MR approach

SNPs at P < 5 × 10−9 (primary +  
secondary GWAS hits) SNPs at P < 5 × 10−9 (primary GWAS hits)

OR 
(95% CI) P

P for 
heterogeneity 
or pleiotropy

OR 
(95% CI) P

P for 
heterogeneity 
or pleiotropy

BMI (n = 790/660)
Random-effects IVW 1.22 (1.09–1.37) 6.1 × 10−4 <0.001 1.21 (1.08–1.37) 1.6 × 10−3 <0.001
MR-Egger 1.13 (0.83–1.54) 0.43 0.60 1.11 (0.81–1.54) 0.51 0.57
MR-PRESSO (detected outliers 1/NA) 1.20 (1.07–1.34) 1.5 × 10−3 – 1.21 (1.08–1.37) 1.7 × 10−3 –

WHR (n = 369/310)
Random-effects IVW 0.98 (0.84–1.14) 0.78 <0.001 0.96 (0.82–1.13) 0.62 <0.001
MR-Egger 0.91 (0.60–1.37) 0.66 0.71 0.96 (0.62–1.49) 0.85 0.99
MR-PRESSO (detected outliers 2/2) 0.93 (0.81–1.07) 0.31 – 0.92 (0.79–1.08) 0.32 –

WHRadjBMI (n = 441/335)
Random-effects IVW 0.90 (0.79–1.04) 0.15 <0.001 0.85 (0.73–0.98) 0.02 <0.001
MR-Egger 0.92 (0.68–1.25) 0.60 0.90 0.99 (0.71–1.38) 0.95 0.31
MR-PRESSO (detected outliers 5/3) 0.86 (0.77–0.97) 0.01 – 0.83 (0.72–0.94) 5.6 × 10−3 –

* N values (number of single-nucleotide-polymorphisms [SNPs]) for body mass index (BMI), waist-to-hip ratio (WHR), and WHR adjusted for BMI 
(WHRadjBMI) and numbers of detected outliers in the Mendelian randomization pleiotropy residual sum and outlier (MR-PRESSO) analyses are 
for the analysis of primary + secondary genome-wide association study (GWAS) hits/analysis of primary SNPs only. OR = odds ratio; 95% CI = 95% 
confidence interval; IVW = inverse variance–weighted method; NA = not applicable. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41517/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41517/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41517/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41517/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41517/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41517/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41517/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41517/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41517/abstract
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RA occurs in women 2–3 times more frequently than 
in men. To better understand this sex disparity, we performed 
sex-specific analyses that were restricted to BMI and WHR. As 
shown in Table 3, we found comparable effects of BMI between  
men and women, by IVW (OR 1.22 [P = 1.5 × 10−2] and 1.19 
[P = 1.2 × 10−2], respectively) and MR-PRESSO (OR 1.19 
[P = 1.4 × 10−2] and 1.19 [P = 1.2 × 10−2] respectively), with 
no indications of pleiotropy (P for MR-Egger intercept = 0.62 
in men and 0.40 in women). The results were consistent in 
sensitivity analyses in which IVs associated with potential con-
founders were removed (OR 1.29 [P = 9.2 × 10−3] and 1.28 
[P = 3.0 × 10−3], respectively) (Table 4). For WHR, we found an 
increased but nonsignificant effect of WHR among men and a 
slightly reduced effect among women. Our sex-specific results 
for WHR should be interpreted with caution given the large var-
iations in point estimates of results from the main and sensi-
tivity analyses (only 79 IVs for WHR in men), and substantial 

pleiotropy indicated in women (P for MR-Egger intercept = 0.08 
in main analysis, 0.04 in sensitivity analysis).

We performed additional sensitivity analyses with restric-
tion to only primary association signals (which are believed to be 
stronger IVs) (Tables 1 and 2). The results were not substantially 
different when different sets of IVs were used.

DISCUSSION

In the present study, we leveraged the largest genetic data 
set for 3 obesity-related traits (BMI, WHR, and WHRadjBMI) pub-
lished to date, together with the largest GWAS addressing the 
outcome of interest, to understand causal overlaps and causal 
relationships between obesity and risk of RA. We found a mod-
est but significant shared genetic basis between obesity-related 
exposures and RA on several genomic regions. We further iden-
tified a pronounced causal effect of BMI in the development of 

Table 2. Association between genetically predicted obesity-related traits and risk of rheumatoid arthritis in a sensitivity analysis excluding 
genetic instruments in the HLA region or associated with confounding traits*

Parameter, MR approach

SNPs at P < 5 × 10−9 (primary +  
secondary GWAS hits) Primary SNPs at P < 5 × 10−9

OR 
(95% CI) P

P for 
heterogeneity 
or pleiotropy

OR 
(95% CI) P

P for 
heterogeneity 
or pleiotropy

BMI (n = 696/582)
Random-effects IVW 1.27 (1.12–1.45) 2.4 × 10−4 <0.001 1.28 (1.11–1.46) 4.5 × 10−4 <0.001
MR-Egger 1.44 (0.94–2.22) 0.10 0.55 1.44 (0.88–2.33) 0.14 0.62
MR-PRESSO (detected outliers 1/2) 1.24 (1.10–1.41) 6.9 × 10−4 – 1.30 (1.14–1.49) 1.2 × 10−4 –

WHR (n = 307/255)
Random-effects IVW 1.05 (0.87–1.26) 0.61 <0.001 1.03 (0.86–1.24) 0.75 2.0 × 10−3

MR-Egger 0.94 (0.54–1.63) 0.82 0.68 1.13 (0.61–2.11) 0.70 0.76
MR-PRESSO (detected outliers 2/1) 1.02 (0.87–1.21) 0.77 – 1.05 (0.88–1.26) 0.58 –

WHRadjBMI (n = 348/258)
Random-effects IVW 0.92 (0.78–1.09) 0.34 <0.001 0.85 (0.71–1.01) 0.06 0.01
MR-Egger 0.98 (0.66–1.46) 0.93 0.74 1.19 (0.72–1.97) 0.49 0.16
MR-PRESSO (detected outliers 4/2) 0.85 (0.74–0.97) 0.02 – 0.80 (0.68–0.94) 0.01 –

* N values (number of SNPs) for BMI, WHR, and WHRadjBMI and numbers of detected outliers in the MR-PRESSO analyses are for the analysis of 
primary + secondary GWAS hits/analysis of primary SNPs only. See Table 1 for definitions. 

Table 3. Association between genetically predicted obesity-related traits and risk of rheumatoid arthritis by sex, excluding genetic instruments 
in the HLA region*

Parameter, MR approach

SNPs at P < 5 × 10−9 (primary + secondary  
GWAS hits) in men

SNPs at P < 5 × 10−9 (primary + secondary 
GWAS hits) in women

OR 
(95% CI) P

P for 
heterogeneity 
or pleiotropy

OR 
(95% CI) P

P for 
heterogeneity 
or pleiotropy

BMI (n = 237/299)
Random-effects IVW 1.22 (1.04–1.44) 1.5 × 10−2 <0.001 1.19 (1.04–1.36) 1.2 × 10−2 <0.001
MR-Egger 1.11 (0.71–1.72) 0.65 0.62 1.03 (0.71–1.48) 0.89 0.40
MR-PRESSO (detected outliers 4/NA) 1.19 (1.04–1.37) 1.4 × 10−2 – 1.19 (1.04–1.36) 1.2 × 10−2 –

WHR (n = 7/249)
Random-effects IVW 1.22 (0.94–1.59) 0.13 0.001 0.86 (0.76–0.97) 1.4 × 10−2 0.01
MR-Egger 1.11 (0.41–2.97) 0.84 0.84 1.08 (0.81–1.44) 0.59 0.08
MR-PRESSO (detected outliers 1/2) 1.16 (0.90–1.49) 0.25 – 0.83 (0.74–0.93) 2.0 × 10−3 –

* N values (number of SNPs) for BMI, WHR, and WHRadjBMI and numbers of detected outliers in the MR-PRESSO analyses are for the analysis of 
primary + secondary GWAS hits/analysis of primary SNPs only. See Table 1 for definitions. 
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RA and observed that the effect of obesity on risk of RA is similar 
between women and men.

The present results are in accordance with findings from ear-
lier epidemiologic investigations. Reports from 3 meta-analyses 
have described a dose-response relationship between BMI and 
RA (4–6). Specifically, a linear relationship with risk ratio for RA 
of 1.13 per 5-kg/m2 increment in BMI has been described (4), 
a result that is strongly supported by our finding of an increased 
risk of RA with genetically predicted BMI fitting a linear model. 
However, studies exploring the association of WC/WHR with RA 
are lacking. To our knowledge, only 2 population-based studies 
have examined WC and RA risk. One prospective study based 
on the Danish Diet, Cancer and Health cohort of 55,037 subjects 
has shown a modestly increased RA risk per 5-cm WC increment 
in both men (OR 1.04 [95% CI 0.69–1.57]) and women (OR 1.05 
[95% CI 1.01–1.09]) (8). Similar results were found in a case– 
control study of 557 RA cases and 1,671 controls (OR 1.02 per 
1-cm increase [95% CI 1.01–1.04]) (7). However, these findings 
are not supported by our current MR study, which showed no evi-
dence of a causal relationship between WHR and RA. When we 
assessed the association of RA risk with WHRadjBMI-RA, thus 
removing the effect of BMI from WHR, our finding of a negative 
WHRadjBMI–RA association further confirmed the validity of our 
results. It is thus reasonable to assume that conventional epide-
miologic settings could not eliminate the confounding of BMI from 
WC/WHR, and the findings of studies exploring a relationship of 
WC/WHR to RA are likely to be confounded by the effect of BMI.

Our results extend findings from a previous MR study that also 
demonstrated a positive association between genetically predicted 
BMI and RA (11). However, compared to that study, which utilized 
68 SNPs as instruments and 7,480 RA cases as outcomes, our 
current study has several advantages. We significantly improved 
statistical power by incorporating >600 index SNPs as IVs based 
on a sample of >600,000 individuals for the exposure, as well as the 
largest meta-GWAS on the outcome RA. We carefully checked and 

controlled for bias arising from population stratification by restricting 
participants to individuals of European ancestry. We interrogated not 
only BMI but also an indicator of abdominal fat distribution (WHR) 
and did not find compelling evidence of a causal role of WHR. Finally, 
we conducted additional sensitivity analyses to verify MR model 
assumptions. We selected the most significant independent SNPs 
identified by the largest GWAS on obesity (primary signals at a strin-
gent GWAS P threshold of 5 × 10−9), so all were robustly associated 
with the exposure of interest, guaranteeing the “relevance” assump-
tion. We excluded SNPs located in the HLA region or associated 
with potential confounders of the exposure–outcome relationship, 
to satisfy “exclusion restriction” assumptions. The consistent results 
observed across different approaches lend further support for a 
putative causal relationship between BMI and RA.

Biologic mechanisms linking BMI to RA remain largely 
unknown, though with several well-documented assumptions. 
Obesity, especially the accumulation of visceral fat, contrib-
utes to a chronic low-grade proinflammatory state (22). Adipo-
cytes act as an active endocrine/paracrine organ that secretes 
a number of adipokines involved in the regulation of inflamma-
tion and autoimmunity (9,23). For example, leptin, an adipokine 
produced by adipocytes, up-regulates phagocytic function and 
secretion of  proinflammatory cytokines, such as tumor necrosis 
factor,  interleukin-6 (IL-6), and IL-12, in monocyte/macrophages 
and modifies T cell  differentiation toward a proinflammatory 
state (24). Thus, leptin has been suggested to play a role in the 
 pathogenesis of RA (25). Although we hypothesized the inflamma-
tory nature of adiposity as an underlying etiology for RA risk, we 
did not identify an association with WHR. BMI has been found to 
be highly correlated with excess fat mass (r = 0.94) and abdom-
inal visceral fat (r = 0.71) (26), while WHR poorly predicted the 
accumulation of visceral fat (27,28), which may account for our 
significant findings with BMI but not with WHR. Moreover, studies 
have suggested that local adipose, such as articular adipose or 
infrapatellar fat pad, plays a pivotal role in the pathologic process 

Table 4. Association between genetically predicted obesity-related traits and risk of rheumatoid arthritis by sex, in a sensitivity analysis 
excluding genetic instruments in the HLA region or associated with confounding traits*

Parameter, MR approach

SNPs at P < 5 × 10−9 (primary + secondary 
GWAS hits) in men

SNPs at P < 5 × 10−9 (primary + secondary 
GWAS hits) in women

OR 
(95% CI) P

P for 
heterogeneity 
or pleiotropy

OR 
(95% CI) P

P for 
heterogeneity 
or pleiotropy

BMI (n = 198/247)
Random-effects IVW 1.29 (1.06–1.55) 9.2 × 10−3 <0.001 1.28 (1.09–1.50) 3.0 × 10−3 <0.001
MR-Egger 1.25 (0.73–2.12) 0.42 0.90 1.83 (1.01–3.32) 0.05 0.22
MR-PRESSO (detected 

outliers 4/NA)
1.25 (1.06–1.46) 6.9 × 10−3 – 1.28 (1.09–1.50) 3.0 × 10−3 –

WHR (n = 59/203)
Random-effects IVW 1.23 (0.92–1.63) 0.16 0.02 0.87 (0.75–1.01) 0.06 0.01
MR-Egger 0.94 (0.34–2.64) 0.91 0.61 1.28 (0.86–1.93) 0.23 0.04
MR-PRESSO (detected 

outliers 1/2)
1.14 (0.88–1.49) 0.32 – 0.83 (0.72–0.95) 8.1 × 10−3 –

* N values (number of SNPs) for BMI, WHR, and WHRadjBMI and numbers of detected outliers in the MR-PRESSO analyses are for the analysis of 
primary + secondary GWAS hits/analysis of primary SNPs only. See Table 1 for definitions. 
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of RA. Articular adipose tissue secretes a large amount of inflam-
mation-related factors (e.g., IL-6, IL-8, adipokines) and intensifies 
pathogenic activities of rheumatoid fibroblast-like synoviocytes 
(29). Finally, higher BMI is associated with an increased level of 
estradiol (30,31), and estrogens are suggested to have proinflam-
matory effects (32). Although the exact role of sex hormones in the 
development of RA remains to be elucidated, their involvement 
has been confirmed (33).

Overall, our study demonstrates a putative causal relation-
ship between BMI and risk of RA, which provides novel insights 
into the disease mechanism of RA and suggests an actionable 
prevention strategy. However, the study had some limitations that 
should be taken into account. First, due to limited data, we were 
not able to examine RA subtypes characterized by anti–citrulli-
nated antibody status. The current RA GWAS summary statistics 
were based on a mix of 88.1% seropositive, 9.3% seronegative, 
and 2.6% unknown-status cases. Studies have demonstrated 
differing effects of BMI in the 2 distinct RA subtypes (34,35), and 
future MR analyses should be designed to explore these.

Moreover, explaining and understanding the sex disparity 
underlying RA remains challenging, as confounding by sex and 
by interaction of sex with the underlying genetics in both RA 
and obesity is likely. Obesity-related traits are highly correlated 
across men and women, with most IVs shared by both sexes. 
It is thus difficult to obtain sex-specific IVs. For RA, unfortu-
nately, the meta-GWAS was performed without adjustment for 
sex to maximize statistical power; in that large-scale genotyp-
ing collaboration across multiple countries and institutions (14), 
additional covariates besides blood samples were not collected 
(Okada Y: personal communication). Our sex-specific analysis 
should be interpreted with caution.

Additionally, because the genetic code is fixed at conception, 
MR typically compares groups of the population having different 
trajectories in their distribution of exposure over time. Our analy-
ses can therefore be interpreted as assessing the impact of long-
term elevated BMI. However, we acknowledge that incomplete 
information about how genetic variant changes the distribution of 
exposure across the life course may bias the results: if genetic 
associations with exposure vary over time, then MR estimates 
based on genetic associations with the exposure measured at a 
single time point can be unreliable. This was, however, a minor 
issue in our study; although an earlier age-stratified GWAS iden-
tified 15 loci with age-specific effects, these SNPs, which exert 
time-varying effects on BMI, were small in amount and with mod-
est variations across age groups (36).

Of note, despite the many solutions proposed to satisfy 
MR model assumptions, these falsification strategies can only 
detect that an assumption is violated but cannot ever confirm 
that it holds. For example, current identification of IV–confounder 
associations relies heavily on conventional techniques (genome-
wide scan) and established knowledge (through literature review 
and the National Human Genome Research Institute–European 

Bioinformatics Institute GWAS catalog). We can never be certain 
that all IVs associated with confounders of the exposure–outcome 
relationship were excluded; the association might remain to be 
identified or the SNP may be associated with an underlying risk 
factor that is unrecognized.

Future studies may include individual-level data to investigate 
genetic risk score–based approaches and to test, for example, the 
imbalance in measured covariates across levels of the proposed 
instruments. Finally, there should be additional efforts to increase 
generalizability as almost all current MR studies in RA have been 
conducted in European adult populations (age >18 years). Future 
investigations should also use MR analysis to explore treatment strat-
egy and prognosis of RA, in addition to disease onset.
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Multiomics and Machine Learning Accurately Predict 
Clinical Response to Adalimumab and Etanercept Therapy 
in Patients With Rheumatoid Arthritis
Weiyang Tao, Arno N. Concepcion, Marieke Vianen, Anne C. A. Marijnissen, Floris P. G. J. Lafeber, 
Timothy R. D. J. Radstake, and Aridaman Pandit

Objective. To predict response to anti–tumor necrosis factor (anti-TNF) prior to treatment in patients with 
rheumatoid arthritis (RA), and to comprehensively understand the mechanism of how different RA patients respond 
differently to anti-TNF treatment.

Methods. Gene expression and/or DNA methylation profiling on peripheral blood mononuclear cells (PBMCs), 
monocytes, and CD4+ T cells obtained from 80 RA patients before they began either adalimumab (ADA) or etanercept 
(ETN) therapy was studied. After 6 months, treatment response was evaluated according to the European League 
Against Rheumatism criteria for disease response. Differential expression and methylation analyses were performed 
to identify the response-associated transcription and epigenetic signatures. Using these signatures, machine learning 
models were built by random forest algorithm to predict response prior to anti-TNF treatment, and were further 
validated by a follow-up study.

Results. Transcription signatures in ADA and ETN responders were divergent in PBMCs, and this phenomenon 
was reproduced in monocytes and CD4+ T cells. The genes up-regulated in CD4+ T cells from ADA responders 
were enriched in the TNF signaling pathway, while very few pathways were differential in monocytes. Differentially 
methylated positions (DMPs) were strongly hypermethylated in responders to ETN but not to ADA. The machine 
learning models for the prediction of response to ADA and ETN using differential genes reached an overall accuracy 
of 85.9% and 79%, respectively. The models using DMPs reached an overall accuracy of 84.7% and 88% for ADA 
and ETN, respectively. A follow-up study validated the high performance of these models.

Conclusion. Our findings indicate that machine learning models based on molecular signatures accurately predict 
response before ADA and ETN treatment, paving the path toward personalized anti-TNF treatment.

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune  disease 
leading to joint inflammation and destruction (1,2). To date, 
conventional synthetic disease-modifying antirheumatic drugs 
 (csDMARDs), such as methotrexate, are typically given as a first-
line treatment to patients with RA in an attempt to achieve a state of 
low disease activity. Upon failure or loss of efficacy of csDMARDs, 
patients are switched to biologic DMARDs (bDMARDs), such as 
tumor necrosis factor inhibitors (TNFi) (3). Currently, there are dif-
ferent biologic TNFi, including adalimumab (ADA) and etanercept 

(ETN), available for clinical use (4). ADA is the first fully human 
therapeutic anti-TNF monoclonal antibody, while ETN is a recom-
binant human TNF receptor (p75)–Fc fusion protein that competi-
tively inhibits TNF (5). Although these TNFi have revolutionized the 
treatment of RA, ~30% of patients do not respond well to their 
initial anti-TNF therapy (4). Treatment failure elevates the risk of 
adverse events such as infections and puts additional socioeco-
nomic burden on the patients (3,6). Thus, there is a strong unmet 
need to predict response to TNFi.

To predict treatment response, it is crucial to identify reliable 
predictors. Katchamart et al (1) and Callaghan et al (4) reviewed 18 
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and 154 studies, respectively, and identified several potential pre-
dictors of RA remission and response to biologic therapy, includ-
ing age, sex, disease duration, disease activity, smoking status, 
and concomitant methotrexate therapy, among others (1,4). Vas-
tesaeger et al (7) developed a matrix tool based on 6 predictors 
(sex, Health Assessment Questionnaire, presence of comorbidi-
ties, age, tender joint count, and erythrocyte sedimentation rate) 
to predict remission and low disease activity in RA patients treated 
with golimumab (anti-TNF) therapy. More recently, Ganhão et al 
(8) examined this matrix tool in real-world RA patients receiving 
anti-TNF therapy and corroborated the idea of this tool for the pre-
diction of remission. Those studies, however, 1) did not illustrate 
the biologic mechanisms that underlie this differential response to 
the TNFi, and 2) did not examine potential treatment responses to 
different TNFi.

At the cellular and tissue level, RA is characterized by the 
chronic infiltration of immune cells in the synovial membrane 
(9). To understand biologic processes associated with anti-TNF 
response, several transcriptomic and epigenetic studies have 
been conducted using the synovium and blood from patients with 
RA (10–19). Those studies have demonstrated that transcriptomic 
and epigenetic profiling have the potential to predict response to 
anti-TNF therapies before treatment. Despite the promising pre-
dictive potential, we still lack molecular insights into the predictive 
power of different cell types involved in the anti-TNF response. 

Most studies focus on predicting response to one TNFi, and 
cannot predict if the patients who fail to respond to one TNFi will 
respond to another known TNFi (20). The gene signature used for 
predicting response has been shown to be unique for different 
TNFi (17). Thus, it is crucial to investigate the role of different cell 
types, especially immune cells, in RA patients receiving different 
anti-TNF therapies to reveal the biologic process of specific anti-
TNF response.

Building upon the previous studies, we performed transcrip-
tomic and epigenetic profiling of immune cell types and whole 
PBMCs, along with deep clinical profiling of RA patients, to gener-
ate cell-specific profiles that can predict response to 2 TNFi—ADA 
and ETN—prior to treatment initiation.

PATIENTS AND METHODS

Patients in this study were selected from the BiOCURA 
cohort at the University Medical Center Utrecht (18). BiOCURA is 
an observational cohort in which patients with RA who are eligible 
for treatment both with TNFi agents (ADA, ETN, infliximab, goli-
mumab, and certolizumab pegol) and with non-TNFi agents (tocili-
zumab, abatacept, and rituximab) were enrolled and  followed up 
for 12 months after the initiation of treatment. All csDMARDs 
(methotrexate, hydroxychloroquine, leflunomide, and glucocorti-
coids) were allowed concomitantly with the bDMARD. Patients’ 

Figure 1. Flow chart showing the study methods. A, Blood samples were obtained from patients with rheumatoid arthritis (RA) at baseline, 
and patients were treated with subcutaneous adalimumab (ADA) or etanercept (ETN) for 6 months. Peripheral blood mononuclear cells (PBMCs) 
were isolated for RNA sequencing and DNA methylation profiling. CD4+ T cells and CD14+ monocytes were then isolated for RNA sequencing. 
Patients were classified as responders or nonresponders according to European League Against Rheumatism criteria at the end of month 6. 
Patients who did not respond to ADA were switched to ETN, and patients who did not respond to ETN were switched to ADA, for 6 months 
and treatment responses were observed. B, RNA sequencing data sets and DNA methylation data sets were used to build machine learning 
models to predict treatment responses at baseline.
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responses were evaluated based on the Disease Activity Score 
in 28 joints (DAS28) at baseline and after 6 months of treatment 
according to European League Against Rheumatism (EULAR) cri-
teria (21). (For the patients with a follow-up duration of <6 months, 
response evaluation was based on DAS28 at baseline and at 
the last visit, which showed that all of these patients were nonre-
sponders to either ADA or ETN).

Stratified random sampling was carried out to retain 80 of 
212 patients with RA who were treated with either ADA or ETN 
alone and were followed up for ≥6 months (for responders) in this 
study for further analysis. We first isolated peripheral blood mono-
nuclear cells (PBMCs) from these patients prior to ADA or ETN 
treatment (Figure 1A). Then genome-wide gene expression and 
DNA methylation profiling were performed on these PBMCs, 
using RNA sequencing and an Infinium MethylationEPIC Bead-
Chip kit, respectively. (RNA sequencing data and DNA methylation 
data can be accessed at GEO accession no. GSE13 8747). RNA 
sequencing on CD14+ monocytes and CD4+ T cells isolated from 
the PBMCs were performed to gain more insights into different 
responses to anti-TNF. Using the gene expression and DNA meth-
ylation signatures, we then built and internally validated machine 
learning models to predict response to ADA and ETN (Figure 1B). 
Finally, 9 patients were used to externally validate the predic-
tion that was made by the machine learning models. A detailed 
description of the methods conducted in this study can be 

found in the Supplementary Methods, available on the Arthritis &  
Rheumatology website at http://onlin elibr ary.wiley.com/doi/10.1002/ 
art.41516/ abstract.

RESULTS

Demographic and disease characteristics of the 
patients. The characteristics of the patients are summarized 
in Table 1 and Supplementary Table 1, available on the Arthritis  
& Rheumatology website at http://onlin elibr ary.wiley.com/doi/10. 
1002/art.41516/ abstract. Eighty patients with RA were selected 
from the BiOCURA study (18), of which 38 (47.5%) and 42 (52.5%) 
were treated with ADA (ADA cohort) and ETN (ETN cohort), respec-
tively. In each cohort ~70% of the patients were women. At base-
line, the mean ages of the patients in the ADA cohort and the 
ETN cohort were 53.34 years and 54.27 years, respectively. After 
6 months of treatment, 11, 9, and 18 patients showed good, mod-
erate, and no response, respectively, to ADA, while 11, 8, and 23 
patients showed good, moderate, and no response, respectively, to 
ETN. No significant difference was observed between the cohorts 
in terms of either age, sex, smoking status, weight, height, alcohol 
use, rheumatoid factor positivity, anti–cyclic citrullinated peptide 
(anti-CCP) positivity, bDMARD exposure, hemoglobin, leukocyte, 
and thrombocyte counts at baseline, or drug response rate after 
6 months of treatment (Supplementary Table 1).

Table 1. Demographic and baseline clinical characteristics of the RA patients in the ADA and ETN cohorts*

ADA ETN

Nonresponder 
(n = 18)

Responder 
(n = 20)

Nonresponder 
(n = 23)

Responder 
(n = 19)

Sex, no.
Female 13 14 16 13
Male 5 6 7 6

Smoking, no.
Never 4 5 10 5
Stopped 8 10 8 12
Yes 6 5 5 2

RF, no.
Negative 9 5 6 5
Positive 9 15 17 14

Anti-CCP, no.
Negative 6 5 5 4
Positive 12 15 18 15

bDMARD naive, no.
No 10 6 13 5
Yes 8 14 10 14

Age, years 53.4 ± 11.6 53.3 ± 13.2 56.95 ± 9.51 51.03 ± 11.31
Weight, kg 79.23 ± 15.51 81.91 ± 16.87 81.55 ± 15.56 81.27 ± 18.73
Height, cm 173.56 ± 9.06 175.8 ± 11.27 173.57 ± 12.42 173.11 ± 6.91
Alcohol use, units/week 3.39 ± 4.64 3.5 ± 4.29 5.13 ± 7.12 4.22 ± 5.04
Hemoglobin count, gm/dl 8.45 ± 0.77 8.44 ± 0.74 8.60 ± 0.74 8.39 ± 0.60
Leukocyte count x 109/liter 9.59 ± 4.61 7.42 ± 2.15 8.02 ± 1.94 7.53 ± 2.01
Thrombocyte count x 109/liter 296.88 ± 51.38 261.15 ± 62.53 278.22 ± 57.11 289.06 ± 70.2

* There were no significant differences, determined by Fisher’s exact test for categorical variables and by Welch’s 
2sample ttest for continuous variables, between responders and nonresponders in either the adalimumab (ADA) 
or etanercept (ETN) cohort. Except where indicated otherwise, values are the mean ± SD. RF = rheumatoid factor; 
antiCCP = anti–cyclic citrullinated peptide; bDMARD = biologic diseasemodifying antirheumatic drug. 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE138747
http://onlinelibrary.wiley.com/doi/10.1002/art.41516/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41516/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41516/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41516/abstract
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To increase statistical power, we combined patients with 
good response and those with moderate response, and desig-
nated them as responders. Thus, 53% of patients receiving ADA 
(20 of 38) and 45% of patients receiving ETN (19 of 42) were con-
sidered to be responders. No significant difference was observed 
between responders and nonresponders at baseline for clinical 
parameters in either cohort (Table 1).

Distinct gene signatures of responders to ADA and 
ETN. We first studied the molecular signatures of circulating 
PBMCs and identified 549 differentially expressed genes (DEGs) 
(nominal P < 0.05) between ADA responders and nonresponders 
(Figure 2A and Supplementary Figure 1, available on the Arthritis 
& Rheumatology website at http://onlin elibr ary.wiley.com/doi/10. 
1002/art.41516/ abstract). Similarly, we identified 460 DEGs 

Figure 2. Differences between gene expression in PBMCs from responders (R) versus nonresponders (NR) to ADA or ETN. A and B, Heatmaps 
showing the top 100 differentially expressed genes (DEGs) in PBMCs from responders versus nonresponders to ADA (A) and ETN (B). C and D, 
Expression of example DEGs in responders and nonresponders to ADA (C) and ETN (D). Data are shown as box plots in the style of Tukey. Each 
box represents the 25th to 75th percentiles. Lines inside the boxes represent the median. Whiskers outside the boxes represent the lowest and 
highest data points excluding the outliers. The outliers are determined by 1.5-interquartile range criteria. Circles represent individual patients. E and F, 
Multidimensional scaling plots based on gene expression data showing clusters of patient response to ADA (E) and ETN (F). G, Venn diagram showing 
the overlap in DEGs between patients receiving ADA and patients receiving ETN. H, Scatterplot showing differences in fold change (FC) in RNA 
expression for DEGs in the ADA cohort and the ETN cohort. * = P < 0.05; ** = P < 0.01. CPM = count per million; NS = not significant (see Figure 1 
for other definitions). Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41516/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41516/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41516/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41516/abstract
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between ETN responders and nonresponders (Figure 2B and 
Supplementary Figure 1). For the ADA cohort, genes involved in 
DNA and nucleotide binding, such as RFX2, IRF8, and TAF1, were 
differentially expressed between responders and nonresponders. 
Similarly, in the ETN cohort, genes involved in DNA and nucleotide 
binding such as FOXO4 and TAF11, and TNF receptor signaling, 
such as TRAF6, were differentially expressed between responders 
and nonresponders (Figures 2C and D). Interestingly, the expres-
sion of TNF was not associated with the response to either ADA 
or ETN (both P > 0.05) (Figures 2C and D).

Multidimensional scaling analysis performed using DEGs 
showed that we can differentiate between responders and non-
responders in each cohort (Figures 2A, B, E, and F). Since both 
ADA and ETN are TNFi, we checked the overlap in DEGs iden-
tified from the 2 cohorts. Notably, only 2% of DEGs (21 of 988) 

overlapped between the 2 cohorts, and even fewer genes were 
differentially expressed in the same direction (Figures 2G and H). 
Taken together, these results suggest that responses to ADA and 
ETN are defined by distinct gene signatures.

Distinct DNA methylation profiles in responders to 
ETN and responders to ADA. Genome-wide DNA methyla-
tion analysis of PBMCs from the same patients identified 16,141 
and 17,026 differentially methylated positions (DMPs) of CpG 
sites (nominal P < 0.05) associated with response to ADA and 
ETN, respectively (Figures 3A and B and Supplementary Figure 2, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41516/ abstract). These DMPs are  
distributed on or near 7,719 and 7,850 genes, with an average 
of 2.09 and 2.17 DMPs per gene for the ADA and ETN cohorts, 

Figure 3. Differentially methylated positions (DMPs) associated with response to ADA and ETN in PBMCs. A and B, Manhattan plots showing 
the −log10-transformed P values for CpG sites in the DNA methylation profiling for response to ADA (A) and ETN (B). Gene names are shown for 
genes in which any CpG site reached a significance level of P < 10−4. The corresponding probes are shown in Supplementary Figure 2, available 
on the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41516/ abstract. C and D, Multidimensional scaling 
plots, based on DNA methylation data, showing clusters of patients classified as responders or nonresponders to ADA (C) and ETN (D). E and 
G, Distribution of gene region features where DMPs associated with response to ADA (E) and to ETN (G) were located. TSS1500 = 200–1,500 
bases upstream of the transcription start site (TSS); TSS200 = 0–200 bases upstream of the TSS; 5′UTR = 5′-untranslated region; ExonBnd = 
exon boundary; IGR = intergenic region. F and H, Distribution of area related to CpG island where DMPs associated with response to ADA (F) and 
ETN (H) were located. island = CpG island; shore = 0–2 kb from island; shelf = 2–4 kb from island; opensea = the rest of the area. 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.41516/abstract.
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respectively. Multidimensional scaling plots showed clear differ-
ences between responders and nonresponders for both ETN and 
ADA using these DMPs (Figures 3C and D). Approximately 46% 

(n = 7,424) of the DMPs were hypermethylated in ADA respond-
ers, while a drastically higher fraction of DMPs (76.3%; n = 12,994) 
were hypermethylated in ETN responders. We found more 

Figure 4. Differences between gene expression in monocytes and CD4+ T cells from responders (R) versus nonresponders (NR) to ADA and 
ETN. A and B, Heatmaps showing the top 100 differentially expressed genes (DEGs) in monocytes (A) and CD4+ T cells (B) from responders 
versus nonresponders to ADA. C, KEGG pathways enriched by the DEGs associated with ADA response in monocytes and CD4+ T cells. D, 
Expression of ADA response–associated DEGs involved in RA and the tumor necrosis factor (TNF) signaling pathway in CD4+ T cells. E and F, 
Heatmaps showing the top 100 DEGs associated with ETN response in monocytes (E) and CD4+ T cells (F). G, KEGG pathways enriched by 
the DEGs associated with ETN response in monocytes and CD4+ T cells. H, Expression of ETN response–associated DEGs involved in FoxO 
signaling, NOD-like receptor signaling, and JAK/STAT signaling pathways in CD4+ T cells. I, Venn diagrams showing the overlap between ADA 
response–associated DEGs and ETN response–associated DEGs in monocytes and CD4+ T cells. J and K, Venn diagrams showing the overlap 
between ADA response–associated DEGs (J) and ETN response–associated DEGs (K) in monocytes, CD4+ T cells, and PBMCs. In D and H, 
data are shown as box plots in the style of Tukey. Each box represents the 25th to 75th percentiles. Lines inside the boxes represent the median. 
Whiskers outside the boxes represent the lowest and highest data points excluding the outliers. The outliers are determined by 1.5-interquartile 
range criteria. Circles represent individual patients. * = P < 0.05; ** = P < 0.01; *** = P < 0.001. CPM = count per million (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.41516/abstract.
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hypermethylated DMPs in the upstream and promoter regions of 
genes (Figure 3E) and on CpG islands (Figure 3F) in ADA respond-
ers. In contrast, globally more hypermethylated DMPs were found 
in ETN responders (Figures 3G and H). Thus, on the epigenetic 
level, we observed a distinct hypermethylation pattern between 
ADA and ETN responders, suggesting the role of epigenetics in 
defining response to ADA and to ETN in PBMCs.

TNF signaling signatures in CD4+ T cells from  
res ponders to ADA. Since we found different gene signatures 
defining response to ADA or ETN, we hypothesized that differ-
ent cell types may contribute to the response to ADA or ETN. 
Therefore, we performed RNA sequencing on 2 major innate and 
adaptive immune cell types, monocytes and CD4+ T cells, that 
are known to be involved in RA pathogenesis. Monocytes and 
CD4+ T cells were isolated from PBMCs from the same patients. 
Differential gene expression analyses identified 444 and 635 
DEGs (nominal P < 0.05) between responders and nonrespond-
ers to ADA in monocytes and CD4+ T cells, respectively (Figures 
4A and B and Supplementary Figures 3A and B, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41516/ abstract). Notably, the expression of 
genes associated with RA and the TNF signaling pathway, such 
as CTLA4, TNFSF13B, TNFRSF1B, TNFSF4, IRF1, and IL18R1, 
was higher in CD4+ T cells from ADA responders than those from 
ADA nonresponders (Figures 4C and D). These genes were not 
differentially expressed between monocytes from responders 
and those from nonresponders to ADA (data not shown), sug-
gesting that CD4+ T cells showed clearer molecular “TNF sig-
naling” signatures associated with response to ADA compared 
to monocytes.

Similarly, 599 and 769 DEGs were associated with response 
to ETN in monocytes and CD4+ T cells, respectively (Figures 4E 
and F and Supplementary Figures 3C and D). In CD4+ T cells from 
responders to ETN, genes in the FoxO signaling pathway, such 
as FOXO3, FOXO4, TGFBR1, and USP7, were up-regulated, 
while genes in the NOD-like receptor signaling pathway, such as 
GSDMD, RIPK3, and CASP4, and the JAK/STAT signaling path-
way, such as CISH, SOCS2, and PIM1, were down-regulated 
(Figures 4G and H). Notably, very few pathways were differential 
in the monocytes from both the ADA and ETN cohorts (Figures 
4C and G).

Consistent with the finding in PBMCs, the expression of TNF 
in both CD4+ T cells and monocytes was not associated with 
the response to either ADA or ETN (data not shown), and the 
DEGs associated with response to ADA and ETN showed little 
overlap in both monocytes and CD4+ T cells (Figure 4I). Compar-
ing the DEGs identified from different cells, we found that each 
exhibited unique gene signatures (Figures 4J and K), suggesting a 
necessity to study different cell populations to identify which cells 
were involved in differentiating the response to anti-TNF therapy  
(Figures 4J and K).

Accurate prediction of clinical response by machine 
learning models. In addition to understanding the mechanisms 
of how RA patients respond differently to ETN or ADA therapy, 
the ultimate goal of this study was to predict which therapy is 
effective for which patients before commencing therapy. To this 
aim, we built machine learning models based on random forest 
algorithms, exploiting the transcriptome signatures from mono-
cytes, CD4+ T cells, and PBMCs, and methylation signatures 
from PBMCs (see Supplementary Methods, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41516/ abstract). The model based on DEGs of 
PBMCs (“PBMC RNA” ADA model) showed the highest overall 
accuracy of predicting response to ADA among other models 
(ADA models). More specifically, these ADA models reached over-
all accuracy of 80.3%, 72.7%, 85.9%, and 84.7% using DEGs 
on monocytes, CD4+ T cells, PBMCs, and DMPs of PBMCs, 
respectively. The true-positive rates of these models ranged from 
76.0% to 90.0%, and the true-negative rates ranged from 70.0% 
to 89.0% (Figure 5A).

The overall accuracy of the models for ETN therapy (ETN  
models) ranged from 73.3% to 79.0% using DEGs of different 
cell subsets and reached as high as 88% using DMPs of PBMCs 
(Figure 5B). For the ETN models using DEGs, the model based on 
gene expression of CD4+ T cells (“CD4 RNA” ETN model) showed 
the highest overall accuracy (79.0%) and nearly equal true-positive 
(78.1%) and true-negative (82.0%) rates. These results suggest 
that we can accurately predict the clinical response before ADA 
and ETN treatment using molecular signatures–based machine 
learning models, although the prediction accuracy of these molec-
ular signatures differs between cell types and treatments, underlin-
ing the need to study more than one drug, cell type, or epigenetic 
layer.

Further, we predicted the response to ADA and ETN for 
all patients included in this study using the best models using 
gene expression data (“PBMC RNA” ADA model and “CD4 RNA” 
ETN model) and DNA methylation data (“PBMC DNA” ADA and 
ETN models) (Figures 5C and D). Interestingly, both the RNA mod-
els and the DNA models predict that ~30% of patients will not 
respond to either ADA or ETN, which is consistent with the clinical 
observation that 30% of patients do not respond well to their first 
anti-TNF therapy (4). In addition, ~50% of patients respond well 
to either ADA or ETN. To test whether these predictions were 
reliable, we followed up the patients who failed to respond to the 
first round of ADA or ETN treatment and were switched to the 
other treatment (either ETN or ADA) for 6 months (Figure 1A). 
Finally, data for 9 patients (including 4 patients receiving ADA 
therapy and 5 patients receiving ETN therapy) were used to val-
idate the reliability of the prediction. We found remarkably high 
prediction accuracy of our models, with response to switched 
treatment correctly predicted in 88.9% (n = 8) and 77.8% (n = 7) 
of the patients by the RNA models and DNA models, respectively 
(Figure 5E).
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DISCUSSION

To date, methotrexate is still generally accepted as the main-
stay of treatment for RA. When methotrexate fails, however, 
treatment schemes are basically followed on a trial-and-error 
basis. Hence, it may take a considerable amount of time before 
RA patients receive the therapeutic regimen that fits them best. 
Similarly, the different TNFi agents do not have the same ben-
eficial clinical effect in all patients. This observed effect under-
lies the reason that a second or even a third TNFi can induce 
clinically meaningful effects upon failure of the first. As a result, 
being able to predict which TNFi would be effective and should 
be the first choice of treatment would be highly beneficial in 
reducing the time to effective treatment, which has been exten-
sively proven to be a paramount factor in achieving long-standing  
disease remission. Hence, by using a deep molecular approach 
followed by machine-learning algorithms, we aimed to predict the 
response to TNFi, and to provide support for decision-making 
regarding choice of TNFi, by comparing ADA and ETN.

In general, the overlap of DEGs identified in previous studies  
of TNFi is relatively low (17). This discrepancy might be due 
to multiple factors, including small sample sizes, different response  
classification criteria, different durations of treatment, low detection 
power of microarrays, and existence of biologically divergent sig-
natures between different anti-TNF therapies or between different 
cell populations. For example, the expression of CD11c (ITGAX) 
in monocytes was previously associated with response to ADA in 
RA patients (22), but was recently shown to have no association 

with response to ADA or ETN when tested in whole blood samples 
in a large patient cohort (23). Therefore, in our study we deliber-
ately included patients with the same clinical characteristics in both 
cohorts and performed transcriptomic and epigenetic profiling 
of multiple cell populations using recently developed techniques, 
i.e., RNA sequencing and a MethylationEPIC BeadChip kit.

We found divergent gene signatures associated with 
response to ADA and ETN, and this divergence of gene signa-
tures was reproduced in multiple cell populations, suggesting a 
potentially different action of mechanism between these 2 anti-
TNF agents. As a result, we found that the majority of the patients 
did not respond to both ADA and ETN but had the potential to 
respond to one of the drugs. Since ADA is an anti-TNF mono-
clonal antibody, while ETN is a TNF receptor–Fc fusion protein, 
the genetic and epigenetic differences between individual patients 
thus determine the drug response. Given such different molecu-
lar signatures, ADA and ETN should be studied and considered  
differently in the future although both are TNFi.

DNA methylation has been shown to play an important role 
in the progression of RA (24–26). To our knowledge, only one 
previous study investigated DNA methylation on whole blood 
for response to ETN using a HumanMethylation450 BeadChip 
kit, which examines ~450,000 CpG sites in the human genome 
(19). In that study, Plant et al identified 5 DMPs (cg04857395, 
cg26401028, cg16426293, cg03277049, and cg12226028) 
associated with response to ETN in whole blood (19). In the pres-
ent study, we used the more recently developed MethylationEPIC 
BeadChip, which examines >850,000 CpG sites, and did not find 

Figure 5. Machine learning models of the prediction of RA patients’ response to ADA and ETN therapy. A and B, Accuracy, true-negative 
rate (TNR), and true-positive rate (TPR) of machine learning models based on gene expression signatures (CD14, CD4, and PBMC RNA) and 
DNA methylation signatures (PBMC DNA) for the prediction of 6-month response to ADA (A) and ETN (B). Bars show the mean ± SEM from 
cross-validation analysis. C and D, Machine learning prediction of 6-month response to ADA and ETN treatment using the best model based 
on gene expression data (C) and DNA methylation data (D). R = responder; NR = nonresponder; AR = responder to ADA only; ER = responder 
to ETN only; DR = double responder (response to both ADA and ETN). E, Validation of machine learning prediction by 6-month-follow-up drug-
switched study (see Figure 1). The last 2 columns are predictions made by the best machine learning models based on gene expression data 
and DNA methylation data, respectively. Correct predictions are shown in red. 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.41516/abstract.
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any of the sites reported by Plant et al to be differentially expressed 
in PBMCs from patients in the ADA treatment cohort (P values 
ranged from 0.1 to 0.8) and ETN cohort (P values ranged from 0.5 
to 0.9). There are several potential reasons for this. First, different 
cells were studied in both studies. In other words, Plant et al inter-
rogated DNA methylation in whole blood cells, while we studied 
the PBMCs. Second, the criteria used to determine whether a 
patient had a good response or no response differed between the 
studies. Plant et al defined a good response as a DAS28 of <2.6 
and a nonresponse as an improvement in the DAS28 of <0.6 or 
as an end point DAS28 of >5.1 after 3 months of ETN treatment 
(19). In contrast, in our study, the EULAR criteria (21) were applied 
after 6 months of ADA or ETN treatment, as described in Patients 
and Methods. More importantly, only the patients with an extreme 
response phenotype, either good response or nonresponse, were 
included in the study by Plant et al (19). Therefore, it is essential 
to use a set of reliable and consistent criteria when identifying and 
comparing the molecular signatures associated with response to 
anti-TNF therapies in different studies.

To the best of our knowledge, this is the first study in which 
paired multicellular and multiomics data have been used to inves-
tigate molecular determinants of response to TNFi. However, 
there are some limitations, which we discuss below. The majority 
of the DEGs and DMPs identified in this study were not significant 
after correcting for multiple hypothesis testing, likely due to patient 
heterogeneity. Thus, we combined the gene expression/methyla-
tion signatures identified using nominal P values to build machine 
learning models to improve the prediction of response. We 
achieved high accuracy using the RNA models and/or DNA model 
to predict response to ADA and ETN. These models were further 
validated by a follow-up study, which shows a reliable application 
prospect to guide clinical decision-making. However, one may 
argue that the responsiveness of these patients may be affected 
by the previous TNFi treatment.

It is still unknown how the responsiveness to a TNFi is affected 
by prior treatment with another TNFi, and our current data cannot 
completely address this question. In clinical practice, patients who 
failed to respond to a TNFi would not be recommended to receive 
the same treatment, at least in the near future, suggesting that the 
responsiveness to a particular TNFi is relatively stable. However, 
patients who fail to respond to one TNFi are frequently treated 
with another TNFi, based on an assumption that the response 
to a TNFi is not affected by prior treatment regimens. Our results 
support this assumption, as we found that response to a second 
TNFi treatment could be predicted to a certain extent based on 
baseline gene signatures measured prior to failure to respond to 
the first treatment. However, further studies are needed to assess 
the stability of response, to explore the reasons why some TNFi 
work in some patients and not in others, and to ultimately apply 
such predictions in clinical practice.

To further determine whether the signatures we identified 
were robust or dependent upon a subset of patient samples, we 

performed additional tests as described below. We performed 
jackknife resampling iterations, where 20% of the samples in each 
group were removed in each iteration, and then we repeated the 
entire analysis using the randomly retained 80% of the remaining 
samples (see Supplementary Methods, available on the Arthritis  
& Rheumatology website at http://onlin elibr ary.wiley.com/doi/10. 
1002/art.41516/ abstract). We performed 1,000 such iterations 
and found that most DEGs and DMPs identified in the original 
analysis were re-identified in >50% of the jackknife resampling iter-
ations (Supplementary Figure 4, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41516/ abstract). As an additional control, we shuffled the 
sample identity (i.e., whether the patient was a responder or non-
responder) to mix samples between groups. Such mislabeling of 
the samples between groups should not provide us with genes/
methylation sites that are consistently differential between different 
iterations. Indeed, we found that most of the DEGs and DMPs 
were not consistently re-identified (most DEGs and DMPs were 
consistent in <25% of such iterations) (Supplementary Figure 4).

Using the DEGs and DMPs consistently identified in >50% 
of jackknife resampling iterations, we found clear patient clus-
ters, methylation patterns, and response prediction ability similar 
to those shown in Figures 2–5 (Supplementary Figure 5, availa-
ble on the Arthritis & Rheumatology website at http://onlin elibr ary. 
wiley.com/doi/10.1002/art.41516/ abstract). Based on models 
built upon the features identified after jackknife down sampling or 
random sample shuffling (Supplementary Figure 6, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41516/ abstract), we found that models  
created after jackknife down sampling were much better than those 
based on genes obtained by random sample shuffling. The jackknife 
down sampling models were comparable to the models shown in 
Figure 5, suggesting that the selected features in our final models are 
informative. Thus, the molecular signatures identified were robust 
and were clearly dependent on the response status of the patients.

Examination of overlapping between DEGs and correspond-
ing genes illustrated that in both the ADA treatment cohort and the 
ETN treatment cohort, >100 genes were differentially expressed, 
with ≥1 CpG site differentially methylated (Supplementary Table 2, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41516/ abstract). Interestingly, 
compared to DMPs with smaller variability in methylation levels 
(static DMPs), DMPs with larger variability in methylation levels 
(dynamic DMPs) were more correlated with the expression of 
corresponding genes (Supplementary Figure 6, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41516/ abstract). So, the gene expression is 
weakly regulated by DNA methylation, especially when the CpG 
sites are less dynamic.

This study also had some limitations. As a subset of 
BioCURA, the patients included in this study did not all complete 
6 months of treatment. More specifically, 4 patients discontinued 
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treatment prior to month 3, and 18 patients discontinued treat-
ment between month 3 and month 6. All of these patients were 
determined to be nonresponders based on the EULAR crite-
ria using DAS28 at baseline and DAS28 at the last visit prior 
to month 6. Some patients may have shown response after a 
longer period of treatment, but in this study they were classified 
as nonresponders due to the study design and follow-up criteria. 
The second limitation is that since this is an observational cohort, 
the ratios of responders to nonresponders does not represent 
the actual response ratio observed in patients. We selected for a 
comparable number of responders and nonresponders to allow 
enough samples in each group. Future studies should be con-
ducted on larger cohorts of patients representing actual response 
ratios, but ensuring a sufficient number of patients in each group.

In conclusion, we systemically studied, for the first time, 
transcription and/or DNA methylome signatures associated with 
response to different TNFi in PBMCs, monocytes, and CD4+ T 
cells from patients with RA. We found that transcription signa-
tures in ADA and ETN responders are divergent in PBMCs, and 
this phenomenon was reproduced in monocytes and CD4+ T 
cells. Besides, DMPs of responders to ETN but not to ADA were 
strongly hypermethylated. Finally, machine learning models based 
on these molecular signatures could accurately predict response 
before ADA and ETN treatment, paving the path toward personal-
ized treatment strategies with TNFi.
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Patients’ Preoperative Expectations of Total Knee 
Arthroplasty and Satisfaction With Outcomes at One Year: 
A Prospective Cohort Study
Gillian A. Hawker,1  Barbara L. Conner-Spady,2  Eric Bohm,3  Michael J. Dunbar,4 C. Allyson Jones,5

Bheeshma Ravi,1  Tom Noseworthy,2  Donald Dick,5 James Powell,2 Paulose Paul,5 and  
Deborah A. Marshall,2  on behalf of the BEST-Knee Study Team

Objective. To assess the relationship between patients’ expectations for total knee arthroplasty (TKA) and 
satisfaction with surgical outcome.

Methods. This prospective cohort study recruited patients with knee osteoarthritis (OA) ages ≥30 years who were 
referred for TKA at 2 hip/knee surgery centers in Alberta, Canada. Those who received primary, unilateral TKA completed 
questionnaires pre-TKA to assess TKA expectations (17-item Hospital for Special Surgery [HSS] TKA Expectations 
questionnaire) and contextual factors (age, sex, Western Ontario and McMaster Universities Osteoarthritis Index 
pain score, Knee Injury and Osteoarthritis Outcome Score physical function short form [KOOS-PS], 8-item Patient 
Health Questionnaire depression scale, body mass index [BMI], comorbidities, and prior joint replacement), and 
1-year post-TKA to assess overall satisfaction with TKA results. Using multivariate logistic regression, we examined 
the relationship between TKA expectations (HSS TKA outcomes considered to be very important) and postoperative 
satisfaction (very satisfied versus somewhat satisfied versus dissatisfied). Adjusted odds ratios (ORs) and 95% 
confidence intervals (95% CIs) were calculated.

Results. At 1 year, 1,266 patients with TKA (92.1%) reported their TKA satisfaction (mean ± SD age 67.2 ± 8.8 
years, 60.9% women, and mean BMI 32.6 kg/m2); 74.7% of patients were very satisfied, 17.1% were somewhat 
satisfied, and 8.2% were dissatisfied. Controlling for other factors, an expectation of TKA to improve patients’ ability 
to kneel was associated with lower odds of satisfaction (adjusted OR 0.725 [95% CI 0.54–0.98]). An expectation of 
TKA to improve psychological well-being was associated with lower odds of satisfaction for individuals in the lowest 
tertile of pre-TKA KOOS-PS scores (adjusted OR 0.49 [95% CI 0.28–0.84]), but higher odds for those in the highest 
tertile (adjusted OR 2.37 [95% CI 1.33–4.21]).

Conclusion. In patients with TKA, preoperative expectations regarding kneeling and psychological well-being 
were significantly associated with the level of TKA satisfaction at 1 year. Ensuring that patients’ expectations are 
achievable may enhance appropriate provision of TKA.

INTRODUCTION

Total knee arthroplasty (TKA) is the most commonly per-
formed orthopedic surgery (1,2). In 2014, 680,150 primary TKA 
surgeries were performed in the US to treat knee osteoarthritis 

(OA), and the numbers are growing (3). Although regarded as a 
highly effective surgical option for advanced knee OA, ~20% of 
patients report dissatisfaction with their surgical results (4). Greater 
understanding of the preoperative determinants of postopera-
tive satisfaction has potential to assist in appropriate selection of 
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surgical candidates, and thus improves patient outcomes and the 
use of valuable health resources (5).

Cross-sectional studies have found that patients with unmet 
expectations following TKA are more likely to be dissatisfied with 
their surgical results, even after controlling for improvements 
in pain and function (6–9). However, a relationship between 
patients’ preoperative expectations of TKA and postoperative 
satisfaction has not been confirmed (9–12). In a prior systematic 
review (13), of 5 studies identified (14–18), none of the studies 
found a significant relationship between preoperative expecta-
tions and postoperative satisfaction. A subsequent study (19), 
which assessed preoperative expectations with the validated 
Hospital for Special Surgery (HSS) TKA Expectations Scale 
(20), identified no relationship between pre-TKA HSS summary 
scores and postoperative satisfaction, but relationships with 
specific expectations on the HSS scale were not examined. 
Thus, it remains unclear whether patients’ preoperative expec-
tations for TKA—and specifically whether they are realistic, and 
thus achievable—are modifiable determinants of postoperative 
satisfaction.

With a view to improving the appropriateness of TKA for 
knee OA, the present study examined the contribution of pre-
operative, patient-reported TKA expectations (items on the HSS 
Knee Expectations scale) to TKA satisfaction 1 year following 
 primary unilateral TKA for knee OA. We hypothesized that patients 
with knee OA with preoperative expectations of TKA that were  
unrealistic, and thus unachievable, would be less likely to be 
 satisfied with their TKA results.

PATIENTS AND METHODS

Study setting and design. This prospective cohort 
study recruited patients with knee OA who were referred to a 
surgeon regarding elective TKA at 2 orthopedic hip and knee 
centralized intake clinics in Alberta, Canada between October 
2014 and September 2016. Patients age ≥30 years who were 
able to read and comprehend English and were determined by 
a surgeon to have primary knee OA on physical examination 
and imaging were eligible. Individuals with inflammatory arthritis 
were excluded. To examine the effects of age and sex on knee 
OA, recruitment continued until there were at least 200 men 
and women in each of 3 age groups (30–59 years, 60–69 years, 
and 70 years). All 45 surgeons at the clinics agreed to partici-
pate, and all surgeons and patients provided written informed 
consent.

Assessments. After providing informed consent, and prior 
to surgeon consultation, patients completed a standardized 
questionnaire to assess sociodemographic characteristics (level 
of education, income status, living situation, employment status) 
and prior joint replacement of a hip or the other knee. Those who 
proceeded to TKA completed a second questionnaire following 

a mandatory preoperative education session to assess knee 
OA symptom severity (Western Ontario and McMaster Univer-
sities Osteoarthritis Index [WOMAC] pain scale and Knee Injury 
and Osteoarthritis Outcome Score physical function short form 
[KOOS-PS]) (21–23); depressed mood (Patient Health Question-
naire 8-item depression scale [PHQ-8]) (24); height/weight to cal-
culate body mass index (BMI); number of physician-diagnosed 
health conditions for which they were receiving treatment (25); 
and musculoskeletal comorbidity (pain or stiffness in the hips, 
contralateral knee, or lower back). Participants were asked to 
indicate all OA therapies “ever tried”: acetaminophen, oral or 
topical nonsteroidal antiinflammatory drugs, opioid analgesics 
(pain killers with codeine, e.g., Tylenol #1, 2, 3, Percocet, oxyco-
done, or MS Contin), and joint injection (i.e., cortisone, hyaluronic 
acid), exercise informally or in an exercise program, and physio-
therapy. The participants’ age and sex were obtained from clinic 
records. TKA expectations were assessed using the HSS TKA 
Expectations Questionnaire (20). For each of the 17 TKA items, 
participants were asked to answer the question “How important 
are these expectations in the treatment of your knee arthritis?” 
using a 5-point Likert scale (very important, somewhat impor-
tant, a little important, I do not expect this, and this does not 
apply to me).

One year after surgery, participants completed another 
questionnaire to reassess knee pain symptoms (WOMAC pain, 
KOOS-PS), assess the occurrence of surgical complications 
(open-ended text), and determine overall satisfaction with TKA 
results (Self-Administered Patient Satisfaction Scale for Primary 
Hip and Knee Arthroplasty [26] on a 4-point Likert scale: very dis-
satisfied, somewhat dissatisfied, somewhat satisfied, and very 
satisfied), and whether TKA expectations had been met (on a 
4-point Likert scale: definitely not; probably not; yes, probably; 
and yes, definitely). Participant-reported complications were veri-
fied against the patients’ electronic health records. Questionnaires 
were completed online, by interview, or on paper according to 
patient preference.

Statistical analysis. After assessing distributions for 
normality, variables were calculated using proportions, means, 
and medians as appropriate. KOOS-PS scores were reverse 
coded so that for both KOOS-PS and WOMAC pain higher 
scores indicated greater severity. Comorbid conditions were 
summed and categorized as 0–1, 2, and ≥3. Recommended 
OA treatment was defined as weight loss if overweight or obese, 
formal or informal exercise, including via physical therapy, and 
analgesics. The HSS summary score was calculated by sum-
ming the scale scores and normalizing to 0–100, where higher 
scores indicated greater expectations of TKA.

TKA expectations were defined as outcomes on the HSS 
TKA questionnaire that participants indicated were very impor-
tant (yes/no). Covariates were patient factors previously associ-
ated with TKA outcome: age, sex, employment status, WOMAC 
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pain, KOOS function, PHQ-8 depressed mood, BMI, number of 
non-musculoskeletal comorbid conditions and musculoskeletal 
comorbidities (27); and prior joint replacement of a hip or other 
knee. The primary ordinal outcome was participants’ level of sat-
isfaction with TKA based on responses to the overall satisfaction 

subscale: very satisfied versus somewhat satisfied versus some-
what or very dissatisfied. Secondary outcomes included occur-
rence of a complication, defined as revision, manipulation, 
infection, or patellar resurfacing (yes/no); and expectations defi-
nitely met (yes/no) at 1 year post-TKA.

Table 1. Baseline characteristics of study participants by level of overall satisfaction with TKA results at 1-year follow-up*

Presurgical patient characteristics
Total sample
(n = 1,266)

Dissatisfied
(n = 104)

Somewhat 
satisfied
(n =217)

Very satisfied
(n = 945)

Sociodemographic characteristics
Age, years 67.2 ± 8.8 65.7 ± 8.0 67.0 ± 8.3 67.4 ± 9.0
Female, no. (%) 771 (60.9) 55 (52.9) 131 (60.4) 585 (61.9)
White, no./no. assessed (%) 1,139/1,247 (91.3) 94/102 (92.2) 192/215 (89.3) 853/930 (91.7)
Postsecondary education, no. (%) 694/1,246 (55.7) 65 (63.7) 118 (55.7) 511 (54.8)
Annual income >$60,000, no. (%) 486/1,086 (44.8) 41 (45.05) 86 (47.0) 359 (44.2)
Living with others, no. (%) 997/1,257 (79.6) 82 (79.6) 171 (79.2) 744 (79.7)
Employed for pay (full or part time), no. (%) 393/1,251 (31.4) 34 (33.0) 63 (29.3) 296 (31.7)

Joint symptoms (higher scores worse)
WOMAC pain (0–20) 11.6 ± 3.5 11.6 ± 3.3 11.4 ± 3.5 11.6 ± 3.5
KOOS PS-SF (0–100) (n = 1,201) 53.2 ± 17.3 53.7 ± 17.8 53.0 ± 17.1 53.2 ± 17.3
Prior joint replacement, hip or knee, no. (%) 213/1,243 (17.1) 18 (17.65) 40 (18.5) 155 (16.8)

Prior OA therapies, no. (%)
Weight loss if overweight or obese 1,158 (91.5) 100 (96.15) 192 (88.5) 866 (91.6)
Exercise/physiotherapy 999 (80.1) 80 (76.9) 169 (79.0) 750 (80.7)
Analgesic therapies 1180 (94.8) 93 (90.3) 208 (97.2) 879 (94.8)
All of the above 876 (70.5) 73 (70.9) 146 (68.5) 657 (71.0)

Health status
PHQ-8/24, median (interquartile range) 5 (2–10) 6 (3–11) 5 (2–11) 5 (2–10)
BMI, kg/m2 (n = 1,991) 32.55 ± 6.3 32.4 ± 5.7 32.0 ± 6.0 32.7 ± 6.4
Comorbid conditions, no. (%)

0–1 750/1,244 (60.3) 60 (58.2) 125 (58.2) 565 (61.0)
2 303 (24.4) 27 (26.2) 55 (25.6) 221 (23.9)
3+ 191 (15.3) 16 (15.5) 35 (16.3) 140 (15.1)

One or both hips troublesome, no. (%) 298/1,243 (24.0) 35 (37.6) 61 (28.5) 202 (21.6)††
Both knees troublesome, no. (%) 625/1,243 (50.3) 45 (48.4) 91 (42.5) 489 (52.2)††

Patient-reported TKA expectations
HSS expectations/100, median (interquartile 

range)
85.3 (75.0–92.65) 86.8 (75.7–94.1) 85.3 (75.0-92.6) 85.3 (75.0–92.65)

HSS subscales, considered the outcome very  
  important, no. (%)
Improve ability to walk 1,211/1,253 (96.65) 99 (95.2) 205 (96.2) 907 (96.9)

Relieve pain 1,180/1,263 (93.4) 99 (95.2) 204 (94.4) 877 (93.0)
Improve ability to go down stairs 1,100/1,262 (87.2) 92 (88.5) 187 (86.6) 821 (87.5)
Improve ability to go up stairs 1,084/1,261 (86.0) 90 (86.5) 185 (86.7) 809 (86.0)

Perform daily activities 1,041 (82.4) 91 (87.5) 175 (81.0) 775 (82.1)
Change position (e.g., get up from chair) 1,001/1,259 (79.5) 82 (78.85) 168 (77.8) 751 (80.0)
Participate in recreational activities 944/1,261 (74.9) 75 (72.1) 159 (73.6) 710 (75.45)
Remove the need for walking aids 839/1,255 (66.85) 67 (65.05) 138 (64.2) 634 (67.7)
Improve ability to interact with others (e.g., 

care for someone)
838/1,262 (66.4) 74 (71.15) 151 (69.9) 613 (65.1)

Enjoy psychological well-being 831/1,256 (66.2) 76 (73.1) 144 (67.3) 611 (65.1)
Improve ability to exercise or participate in 

sports
802/1,260 (63.65) 65 (62.5) 135 (62.5) 602 (64.0)

Improve ability to take public transit or drive 794/1,262 (62.9) 71 (68.3) 134 (62.3) 589 (62.5)
Improve ability to kneel 761/1,261 (60.4) 68 (65.4) 142 (65.7) 551 (58.55)
Make the knee/leg straight 749/1,256 (59.6) 68 (65.4) 128 (59.5) 553 (59.0)
Improve ability to squat 700/1,262 (55.5) 60 (57.7) 128 (59.3) 512 (54.35)
Improve sexual activity 450/1,251 (36.0) 40 (38.5) 74 (34.7) 336 (36.0)
Be employed for monetary reimbursement 370/1,251 (29.6) 33 (32.7) 62 (29.1) 275 (29.35)

* Except where indicated otherwise, values are the mean ± SD. Higher scores for the Patient Health Questionnaire 8-item depression scale 
(PHQ-8) indicate more depressive symptoms. Denominator is shown when response is <100%. TKA = total knee arthroplasty; WOMAC = Western 
Ontario and McMaster Universities Osteoarthritis Index; KOOS-PS-SF = Knee injury and Osteoarthritis Outcome Score physical function short 
form; OA = osteoarthritis; BMI = body mass index; HSS = Hospital for Special Surgery. 
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Preoperative characteristics, TKA expectations, and second-
ary outcomes were compared by level of TKA satisfaction using the 
chi-square test, Student’s t-test, and Wilcoxon’s rank sum test, as 
appropriate. Collinearity of variables was assessed using a variance 
inflation factor of >4 and tolerance value of <0.25 (28). Due to lack 
of variability in responses or collinearity, TKA expectations regard-
ing using stairs, squatting, walking, and pain relief were excluded 
from multivariate analyses. After confirming the assumption of 
proportional odds, multivariate logistic regression was used to fit 
the cumulative logit model for the relationship between patients’ 
TKA expectations, as defined, and our primary outcome. As the 
degree to which participants’ expectations might be achieva-
ble may depend on their pre-TKA level of physical disability, we 
also assessed for interactions between TKA expectations and 
KOOS-PS scores.

Variable selection for multivariate modeling was based on 
a univariate screen; those variables associated with overall satis-
faction at a P value of less than or equal to 0.25 were included in 
the multivariate model (model 1). Occurrence of a TKA complication 
(any/none) was then added to the model to assess for any effects 
on our exposures of interest (model 2). In a secondary analysis, 
we replaced individual expectations with the HSS summary score 
in model 1. P values less than 0.05 (2-sided) were considered signif-
icant. All statistical analyses were performed using SAS version 9.4.

The study was approved by the Research Ethics Boards of 
the Universities of Alberta (PRO-00051108) and Calgary (REB 
14-1294), and from Women’s College Hospital (REB 2014-0092) 
at the University of Toronto. The BEST-Knee Study Team mem-
bers are listed in Appendix A. 

RESULTS

Description of the cohort. Of the 1,374 eligible, consent-
ing patients with knee OA who completed preoperative assess-
ments and underwent primary, elective TKA, 1,272 completed the 
1-year follow-up assessment, and 1,266 (92.1%) provided infor-
mation on their overall level of TKA satisfaction.

Preoperative characteristics of the cohort. The 
demographic and clinical characteristics of the cohort are shown 
in Table 1. The mean ± SD age of the participants was 67.2 ± 8.8 
years, and 60.9% were women. Most patients self-identified as 
white (91.3%); 55.7% had received postsecondary education, 
44.8% reported an annual household income >$60,000, and 
31.4% were employed. The mean ± SD WOMAC pain score and 
KOOS-PS score were 11.6 ± 3.5 and 53.2 ± 17.3, respectively; 
17.1% had undergone a prior hip or contralateral knee replace-
ment. More than two-thirds (70.5%) had used recommended 
knee OA therapies. The median PHQ-8 score was 5 (interquar-
tile range 2–10). The mean ± SD BMI was 32.55 ± 6.3 kg/m2; 
13.3% had a BMI of ≥40. More than one-third (39.7%) had ≥2 
non-musculoskeletal comorbid conditions; 24.0% reported 
symptoms in the hips, 25.8% in the lower back, and 50.3% in 
both knees.

The median HSS TKA expectations summary score was 85.3 
(interquartile range 75.0–92.65), indicating overall high expecta-
tions for TKA. Nearly all participants indicated that improved ability 
to perform daily activities, walk, go up and down stairs, and reduce 
their knee pain were very important (>80%). Most also indicated 
that it was very important that TKA improve their ability to change 
position, e.g., get up from a chair (79.5%) and participate in rec-
reational activities (74.9%), but more variability was observed in 
the proportion indicating other outcomes as very important such 
as exercise or participation in sports (63.7%), kneeling (60.4%), 
improvement of psychological well-being (66.2%), and engaging 
in sexual activity (36.0%).

Patient-reported outcomes at 1-year post-TKA. At 
follow-up, 28 patients (2.2%) reported having experienced a 
TKA complication, and 3 additional participants underwent 
revision TKA due to unrelated trauma (1 hip fracture, 2 car 
accidents) (Table 2). Including these individuals, 945 partici-
pants (74.7%) were very satisfied, 217 (17.1%) were some-
what satisfied, 73 (5.8%) were somewhat dissatisfied, and 31 
(2.45%) were very dissatisfied with their overall TKA results. 

Table 2. TKA complications and patient-reported expectations met by overall satisfaction 1-year postsurgery*

Measure
Total sample
(n = 1,266)

Dissatisfied
(n = 104)

Somewhat satisfied
(n = 217)

Very satisfied
(n = 945)

Complications, no. (%)
Revision TKA 13 (1.0) 9 (8.65) 3 (1.4) 1 (0.1)†
Manipulation under anesthesia 10 (0.8) 6 (5.8) 1 (0.5) 3 (0.3)†
Infection (not requiring revision) 2 (0.2) 1 (1.0) – 1 (0.1)
Patellar resurfacing 3 (0.2) 3 (2.9) – –
Any 28 (2.2) 19 (18.3) 4 (1.8) 5 (0.5)†

Expectations of TKA met, no. (%)
Definitely yes 836 (66.0) 3 (2.9) 68 (31.3) 765 (81.0)†
Probably yes 325 (25.7) 10 (9.6) 142 (65.4) 173 (18.3)
Probably/definitely not 103/1,265 (8.1)‡ 91 (87.5) 7 (3.2) 6 (0.6)

* TKA = total knee arthroplasty.
† P < 0.001 for comparison of level of satisfaction. 
‡ Data on the expectations of TKA met, probably/definitely not, were available for 1,265 patients. 
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Two-thirds (66.0%) reported that their surgical expectations 
had been definitely met, 25.7% reported they had been some-
what met, and 8.1% reported that they had not been met. 
Having TKA expectations definitely met was associated with 
significantly greater overall satisfaction (81.0% were very satis-
fied, 31.3% were somewhat satisfied, and only 2.9% were dis-
satisfied; P < 0.001). Occurrence of a TKA complication was 
associated with lower overall satisfaction; of the 28 patients 
with a complication, 5 (17.9%) were very satisfied, 4 (14.3%) 
were somewhat satisfied, and 18 (64.3%) were dissatisfied; 
P < 0.001).

Relationship of pre-TKA expectations to post-TKA 
satisfaction. Unadjusted and adjusted odds ratios (ORs) 
and 95% confidence intervals (95% CIs) for exposures of inter-
est are shown in Table 3. In univariate analyses, age, sex, 

depressed mood, BMI, hip and contralateral knee complaints, 
and expectations of TKA to improve patients’ ability to interact 
with others and to kneel were associated with post-TKA satisfac-
tion (P ≤ 0.25), and thus these variables were eligible for inclusion 
in the multivariable model. A significant interaction was also found 
between expectations for improved psychological well-being and 
pre-TKA disability (KOOS-PS scores).

In multivariate modeling, a greater BMI (adjusted OR per  
5 kg/m2 increase 1.34 [95% CI 1.04–1.63]) and contralateral knee 
complaints (adjusted OR 1.40 [95% CI 1.05–1.85]) were associ-
ated with higher odds of overall satisfaction with TKA results, 
while the odds were reduced in patients with depressed mood 
(adjusted OR per 10-point increase in PHQ-8 score 0.72 [95% 
CI 0.55–0.95]), symptomatic hips (adjusted OR 0.59 [95% CI 
0.43–0.80]), and those who expected TKA to improve their ability 
to kneel (adjusted OR 0.725 [95% CI 0.54–0.98]). Additionally, 

Table 3. Relationship of preoperative TKA expectations to postoperative satisfaction 1 year after surgery (n = 1,157)*

Unadjusted OR 
(95% CI)

Model 1 
adjusted OR (95% CI)†

Model 2 
adjusted OR (95% CI)‡

Covariates
Age, per year 1.01 (0.99–1.03)§ 1.01 (1.00–1.03) 1.01 (1.00–1.03)
Sex, male 0.83 (0.64–1.07)§ 0.85 (0.64–1.13) 0.81 (0.61–1.08)
Employed for pay 1.04 (0.80–1.37) – –
WOMAC pain, per unit increase 1.01 (0.97–1.04) – –
KOOS-PS, per unit increase 1.10 (0.99–1.01) – –
PHQ-8 depressed mood, per 10-point increase 0.80 (0.64–0.98)§ 0.72 (0.55–0.95) 0.55 (0.41–0.74)
BMI, per 5 kg/m2 increase 1.05 (0.95–1.16)§ 1.34 (1.04–1.63) 1.45 (1.11–1.89)
No. comorbid conditions (referent = 0) – – –

1 condition 1.38 (0.99–1.92) – –
2 conditions 1.06 (0.75–1.50) – –
3+ conditions 1.08 (0.73–1.62) – –

Hip symptoms (yes) 0.59 (0.45–0.78)§ 0.59 (0.43–0.80) 0.59 (0.43–0.81)
Contralateral knee symptoms (yes) 1.35 (1.04–1.74)§ 1.40 (1.05–1.85) 1.38 (1.04–1.83)
Prior joint replacement hip or knee 0.91 (0.65–1.26) – –

HSS expectations (outcome is very important)
Perform daily activities 0.90 (0.65–1.26) – –
Change position, e.g., get up from chair 1.11 (0.82–1.51) – –
Participate in recreational activities 1.13 (0.85–1.51) – –
Remove the need for walking aids 1.15 (0.88–1.49) – –
Improve ability to interact with others 0.79 (0.60–1.03)§ 0.79 (0.57–1.09) 0.80 (0.58–1.11)
Enjoy psychological well-being – – –

Lowest tertile of KOOS-PS 0.61 (0.39–0.97)§ 0.49 (0.28–0.84) 0.49 (0.285–0.85)
Middle tertile of KOOS-PS 0.67 (0.41–1.08)§ 0.73 (0.41–1.32) 0.73 (0.42–1.215)
Highest tertile of KOOS-PS 1.53 (0.94–2.51)§ 2.37 (1.33–4.21) 2.65 (1.48–4.75)

Improve ability to exercise or participate in sports 1.07 (0.82–1.38) – –
Improve ability to take public transit or drive 0.91 (0.70–1.18) – –
Improve ability to kneel 0.75 (0.57–0.97)§ 0.725 (0.54–0.98) 0.705 (0.52–0.96)
Make the knee/leg straight 0.89 (0.69–1.15) – –
Improve sexual activity 0.99 (0.76–1.29) – –
Be employed for pay 0.95 (0.72–1.25) – –
HSS expectations summary score 1.00 (0.99–1.01) – –

* For all models, the dependent variable was overall satisfaction (modeling very satisfied versus somewhat satisfied versus somewhat/very 
dissatisfied). 95% CI = 95% confidence interval; WOMAC = Western Ontario and McMaster Universities Osteoarthritis Index; PHQ-8 = Patient 
Health Questionnaire 8-item depression scale; BMI = body mass index; HSS = Hospital for Special Surgery. 
† Model 1 includes all covariates significant in univariate analysis at P ≤ 0.25. 
‡ Model 2 consists of model 1 plus the addition of occurrence of a complication. 
§ P ≤ 0.25 for the relationship of the variable with level of satisfaction, thus eligible for inclusion in multivariate models. 
¶ A significant interaction was found between expectations for well-being and pre-total knee arthroplasty (pre-TKA) Knee Injury and Osteoarthritis 
Outcome Score physical function shortform (KOOS-PS) score (P for interaction < 0.001); thus, unadjusted odds ratios (ORs) are shown by tertile 
of pre-TKA KOOS PS values (lowest to highest reflects least to most pre-TKA disability). 
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expectations for TKA to improve well-being were associated 
with lower odds of satisfaction in participants with less pre-TKA 
disability (adjusted OR for lowest KOOS-PS tertile pre-TKA 0.49 
[95% CI 0.28–0.84]), but higher odds of satisfaction in those with 
greater disability (adjusted OR for uppermost KOOS-PS tertile 
2.37 [95% CI 1.33–4.21]). Controlling for these variables, no 
relationship was found between patient age, sex, and expecta-
tions for improved ability to interact with others and post-TKA 
satisfaction.

Addition of TKA complications to the model showed that 
complications were associated with significantly lower odds 
of satisfaction (adjusted OR 0.04 [95% CI 0.01–0.11]), but the 
above-noted relationships between expectations and satisfaction 
remained. When individual expectations were replaced with the 
HSS summary score, no relationship was found between expec-
tations and post-TKA satisfaction (adjusted OR 1.00 [95% CI 
0.99–1.01]).

DISCUSSION

In a large cohort of patients who underwent primary elec-
tive TKA, we examined the relationship between preoperative 
patient-reported TKA expectations and level of satisfaction with 
TKA results after 1-year. TKA expectations were defined as those 
TKA outcomes deemed very important by the patient. Including 
patients who experienced a TKA complication, 75% of our TKA 
recipients were very satisfied at follow-up, 17% were somewhat 
satisfied, and 8% were dissatisfied with their results. Controlling for 
other preoperative patient factors that may affect TKA outcome, 
we found that an expectation of TKA to improve ability to kneel 
was associated with lower odds of satisfaction. Expectations of 
TKA to improve psychological well-being were also associated 
with lower odds of satisfaction, but only among those with less 
pre-TKA disability (lower KOOS-PS scores). Among participants 
with high pre-TKA disability, the expectation of TKA to improve 
well-being was associated with higher odds of satisfaction. No 
relationship was found between summary HSS scores and post-
TKA satisfaction. Given that setting appropriate patient expecta-
tions preoperatively is a critical component of obtaining informed 
consent for any operative procedure, we believe these findings are 
important.

Consistent with prior studies that have assessed preoper-
ative expectations for TKA using the HSS Expectations Scale 
(7,29,30), we found that TKA expectations, as we defined them, 
were highest for pain relief and basic functional improvements, 
e.g., walking and using stairs, but more variable for other out-
comes. We had hypothesized that patients with unrealistic 
(unachievable) expectations would be less likely to report sat-
isfaction. However, the achievability of specific expectations is 
likely to be influenced by contextual factors. Consistent with 
this, the odds of being satisfied with one’s TKA results given 
high expectations for TKA to improve psychological well-being 

varied based on level of preoperative disability, as measured 
using the KOOS-PS scale. A possible explanation for this finding 
is that psychological well-being means different things to knee 
OA patients at different stages of OA progression. To individu-
als with advanced knee OA, psychological well-being may be 
linked more strongly to pain, sleep, and mood, which are gener-
ally improved with TKA. For individuals with less pain or disability 
preoperatively, psychological well-being may refer more to their 
ability to participate in valued recreational activities, like sport or 
travel, which may be harder to achieve as a result of TKA and 
thus less likely to lead to satisfaction with results. Taken together, 
our findings suggest that a one size fits all approach will not 
work. The achievability of patients’ expectations for TKA must 
be evaluated in the context of both clinical and psychological 
factors.

Almost two-thirds of our cohort participants also had 
expectations that TKA would improve their ability to kneel. Oth-
ers have similarly found that a desire to kneel was a motivation 
for TKA (31,32). These findings are consistent with the impor-
tance of kneeling to the performance of many daily activities, 
some occupations, and many religious and cultural obser-
vances (e.g., prayer) (33). However, research to date indicates 
that 60–80% of primary TKA patients report difficulty or an ina-
bility to kneel after TKA (34–40). Identified barriers to kneeling 
post-TKA include pain and other sensory changes (e.g., numb-
ness around the incision, patient fear of harming the prosthesis, 
and lack of information about kneeling after TKA). Whether or 
not improved ability to kneel is an unrealistic expectation of TKA 
is unclear. Despite the high importance placed on kneeling by 
patients with knee OA, little research has been conducted to 
identify modifiable determinants of ability to kneel after TKA, 
including the effects of prosthesis type, surgical technique, 
postoperative management, and patient factors (e.g., fear of 
kneeling). Our results indicate a critical need for research to 
address these knowledge gaps.

Only 66% of our participants reported that their TKA expec-
tations had been definitely met. While 75.6% of participants 
whose expectations had been met were very satisfied with their 
TKA results, only 4.6% of those with unmet expectations were 
similarly satisfied. These findings are consistent with prior cross- 
sectional studies of TKA recipients and provide additional support 
for the need to incorporate patients’ expectations of surgery in 
TKA  decision-making (6,7,11,19,41,42).

Our findings are consistent with those of others who 
have found a negative relationship between depressed mood 
and musculoskeletal comorbidities and TKA outcome (27,43–
45). However, interestingly, while concomitant OA symptoms 
in the hips were associated with lower odds of being satisfied, 
the presence of contralateral knee symptoms were associ-
ated with high odds of satisfaction. A potential explanation for 
these findings is that the index replacement enables off-load-
ing of the contralateral knee but not the hips. Finally, while 
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others have linked higher BMI to risk for complications fol-
lowing TKA (46–48), despite the high prevalence of obesity 
in our cohort, we found no evidence that individuals with a 
greater BMI were at lower odds of being satisfied with their 
TKA results, before or after controlling for the occurrence of 
TKA complications.

The strengths of our study include the large sample with 
broad representation by age and sex, recruited from regional 
orthopedic surgical intake clinics; the 45 surgeons practicing at 
these clinics perform ~60% of knee replacements in the prov-
ince. Patients’ expectations and post-TKA satisfaction were 
assessed using validated questionnaires. We examined overall 
level of expectations as well as the effects of specific expecta-
tions for TKA. We focused on patients with knee OA, who repre-
sent the majority of TKA recipients, and on primary TKA, for which 
postoperative satisfaction has been variable. Given our focus on 
improving patient appropriateness for TKA, we were interested 
in preoperative predictors of post-TKA satisfaction. However, we 
assessed and controlled for occurrence of complications in sec-
ondary analyses.

Our study also had some limitations. Our cohort was pre-
dominantly white; thus, results may not be generalizable to TKA 
recipients of other racial or ethnic backgrounds. Operative and 
postoperative factors may also contribute to achievement of 
patients’ TKA expectations and thus satisfaction, but were not 
assessed (4). For example, better perioperative pain manage-
ment may enable greater adherence to postoperative rehabili-
tation and thus influence the ability to kneel postoperatively. We 
investigated interactions between expectations and preoper-
ative self-reported function, but other factors, such as age and 
sex, may also impact the relationship of expectations to satisfac-
tion. The observational nature of our study precludes determina-
tion of cause and effect relationships. Finally, while our sample 
was large and diverse, our research was conducted in a single 
Canadian province and thus findings may not be generalizable to 
other settings.

In conclusion, in this study of knee OA patients under-
going primary TKA, after controlling for known patient-related 
preoperative predictors of TKA outcome, patients’ expec-
tations of TKA with respect to postoperative ability to kneel 
and achieve psychological well-being were strongly related to 
postoperative satisfaction. Attention to patient’s expectations 
of TKA, and whether or not they are achievable, has potential 
to improve patient outcomes and the use of valuable health 
care resources.
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Clinical Images: Repair of bone erosion with effective urate-lowering therapy in a patient with tophaceous gout

The patient, a 61-year-old man with an 18-year history of gout (untreated for the first 13 years), presented to our hospital with left knee pain. 
Physical examination revealed inflammatory changes in the left knee, large subcutaneous (SC) nodules in the first  metatarsophalangeal  
(MTP) joints bilaterally, and enlargement of the left Achilles tendon. The large SC nodules had progressed during the last 5 years, despite  
treatment with allopurinol having been initiated. The serum uric acid level was 5.9 mg/dl, and the C-reactive protein level was elevated (5.8 mg/
dl). Radiography of the feet revealed bone erosion, overhanging calcified edges in both first MTP joints, and spurs in both first meta tarsal bones 
with soft tissue thickening (arrows in A). Steroid injection in the left knee improved pain. Synovial fluid aspiration revealed urate crystals. A 
diagnosis of rheumatoid arthritis was excluded based on the patient’s medical history, as well as physical  examination and  laboratory findings. 
Treatment with topiroxostat 40 mg/day was initiated, with the daily dosage increased to 80 mg after 1 month and to 120 mg after a further  
1 month, followed by the addition of benzbromarone (100 mg daily), and the serum uric acid level was maintained in a range of 4.0–6.0 mg/
dl. After 30 months of treatment, the size of the gouty tophi had decreased. The erosion involving the proximal aspect of the first MTP 
joints had decreased, and the surrounding bone cortex had thickened (arrows in B). In patients with chronic tophaceous gout, osteoblast- 
associated bone resorption and enhanced  osteoclastogenesis due to monosodium urate monohydrate (MSU) crystals induce bone  
erosion (1,2). Profound urate-lowering response (serum urate level <1 mg/dl) to treatment with pegloticase leads to dissolution of MSU 
crystals and healing of bone erosions (3). As seen in this patient, urate-lowering therapy with a xanthine oxidase inhibitor plus a uricosuric 
drug can also lead to repair of bone erosion.
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Clinical Images: Repair of bone erosion with effective urate-lowering therapy in a patient with tophaceous gout

The patient, a 61-year-old man with an 18-year history of gout (untreated for the first 13 years), presented to our hospital with left knee pain. 
Physical examination revealed inflammatory changes in the left knee, large subcutaneous (SC) nodules in the first  metatarsophalangeal  
(MTP) joints bilaterally, and enlargement of the left Achilles tendon. The large SC nodules had progressed during the last 5 years, despite  
treatment with allopurinol having been initiated. The serum uric acid level was 5.9 mg/dl, and the C-reactive protein level was elevated (5.8 mg/
dl). Radiography of the feet revealed bone erosion, overhanging calcified edges in both first MTP joints, and spurs in both first meta tarsal bones 
with soft tissue thickening (arrows in A). Steroid injection in the left knee improved pain. Synovial fluid aspiration revealed urate crystals. A 
diagnosis of rheumatoid arthritis was excluded based on the patient’s medical history, as well as physical  examination and  laboratory findings. 
Treatment with topiroxostat 40 mg/day was initiated, with the daily dosage increased to 80 mg after 1 month and to 120 mg after a further  
1 month, followed by the addition of benzbromarone (100 mg daily), and the serum uric acid level was maintained in a range of 4.0–6.0 mg/
dl. After 30 months of treatment, the size of the gouty tophi had decreased. The erosion involving the proximal aspect of the first MTP 
joints had decreased, and the surrounding bone cortex had thickened (arrows in B). In patients with chronic tophaceous gout, osteoblast- 
associated bone resorption and enhanced  osteoclastogenesis due to monosodium urate monohydrate (MSU) crystals induce bone  
erosion (1,2). Profound urate-lowering response (serum urate level <1 mg/dl) to treatment with pegloticase leads to dissolution of MSU 
crystals and healing of bone erosions (3). As seen in this patient, urate-lowering therapy with a xanthine oxidase inhibitor plus a uricosuric 
drug can also lead to repair of bone erosion.
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An Autoimmunogenic and Proinflammatory Profile Defined 
by the Gut Microbiota of Patients With Untreated Systemic 
Lupus Erythematosus
Bei-di Chen,1  Xin-miao Jia,1 Jia-yue Xu,2 Li-dan Zhao,1 Jun-yi Ji,3 Bing-xuan Wu,1 Yue Ma,2 Hao Li,4 Xiao-xia Zuo,5 
Wen-you Pan,6 Xiao-han Wang,7 Shuang Ye,8 George C. Tsokos,4  Jun Wang,2 and Xuan Zhang1

Objective. Changes in gut microbiota have been linked to systemic lupus erythematosus (SLE), but knowledge 
is limited. Our study aimed to provide an in-depth understanding of the contribution of gut microbiota to the 
immunopathogenesis of SLE.

Methods. Fecal metagenomes from 117 patients with untreated SLE and 52 SLE patients posttreatment were 
aligned with 115 matched healthy controls and analyzed by whole-genome profiling. For comparison, we assessed 
the fecal metagenome of MRL/lpr mice. The oral microbiota origin of the gut species that existed in SLE patients 
was documented by single-nucleotide polymorphism–based strain-level analyses. Functional validation assays were 
performed to demonstrate the molecular mimicry of newly found microbial peptides.

Results. Gut microbiota from individuals with SLE displayed significant differences in microbial composition and 
function compared to healthy controls. Certain species, including the Clostridium species ATCC BAA-442 as well as 
Atopobium rimae, Shuttleworthia satelles, Actinomyces massiliensis, Bacteroides fragilis, and Clostridium leptum, 
were enriched in SLE gut microbiota and reduced after treatment. Enhanced lipopolysaccharide biosynthesis aligned 
with reduced branched chain amino acid biosynthesis was observed in the gut of SLE patients. The findings in mice 
were consistent with our findings in human subjects. Interestingly, some species with an oral microbiota origin were 
enriched in the gut of SLE patients. Functional validation assays demonstrated the proinflammatory capacities of 
some microbial peptides derived from SLE-enriched species.

Conclusion. This study provides detailed information on the microbiota of untreated patients with SLE, including 
their functional signatures, similarities with murine counterparts, oral origin, and the definition of autoantigen-mimicking 
peptides. Our data demonstrate that microbiome-altering approaches may offer valuable adjuvant therapies in SLE.

INTRODUCTION

Systemic lupus erythematosus (SLE), characterized by 
chronic inflammation and multiple organ damage, is a prototyp-
ical autoimmune disease resulting from loss of self tolerance and 

sustained autoantibody production. The pathogenesis of autoim-
munity in SLE has not yet been fully elucidated. Beyond genetic 
factors and among environmental triggers, microbiota have drawn 
the attention of investigators, but a complete understanding of 
the mechanisms involved is missing (1).
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Microbiota residing in the gastrointestinal tract are affected 
by factors like diet and geography (2). There are complex inter-
actions between microbiota and the host, and the establishment 
of gut microbiota is closely implicated with the development and 
function of the host immune system (3). Disturbed gut microbiota, 
in which the microbial configuration of gut content is significantly 
different from that of healthy subjects, was found in several auto-
immune diseases, including rheumatoid arthritis (RA) (4), anky-
losing spondylitis (5), and Behçet’s disease (6). Recent reports 
have described increased growth of certain bacteria in the gut 
of SLE patients (7–10), which suggests a possible link between 
gut bacterial imbalance and SLE development. Different cellular 
and molecular mechanisms have been proposed to explain the 
contribution of microbiota to the expression of autoimmunity, 
including aberrant microbial translocation, antigen mimicry, and 
disturbed immune responses dictated by microbial metabolites 
(11–13).

Early reports on the microbiota found in the gut of SLE 
patients were based on 16S ribosomal RNA (rRNA) gene 
amplicon sequencing. With the evolution of technology, shot-
gun metagenomic sequencing can provide better genomic 
coverage with detailed functional information (14). We applied 
shotgun metagenomic profiling to assess individuals with 
untreated SLE, and our results demonstrate the expansion of 
unique species that define peptides mimicking known autoan-
tigens that are able to instigate inflammation. In addition, we 
show that the gut microbiota in SLE patients can originate from 
the mouth and that they share metabolic, rather than taxonomic, 
features with the gut microbiota of MRL/lpr lupus-prone mice, 
the classic SLE mouse model (15).

MATERIALS AND METHODS

Study design. This study was approved by the Institutional 
Review Board of Peking Union Medical College (PUMC) Hospi-
tal (ethics review no. JS-1239). Written informed consent was 
obtained from all human subjects. For this study, 117 individuals 
with untreated SLE, who had not received any steroids or immu-
nosuppressive drugs for the last 3 months, were recruited from 
PUMC. All patients met the American College of Rheumatology 
revised criteria for SLE (16). The SLE Disease Activity Index 2000 
(SLEDAI-2K) (17) was used to evaluate disease activity. Investi-
gators also enrolled 115 sex- and age-matched healthy con-
trols. Subjects were excluded if they had 1) antibiotic treatment 
within 3 months before sample collection, 2) current evidence 
of any acute or chronic inflammatory or infectious diseases, 3) 
severe major systemic disease, including malignancy, or 4) any 
other autoimmune disease. All participants were of Han Chinese 
ethnicity. Clinical data were collected within 1 week prior to fecal 
sample collection. Both data and first sample collection were 
completed before these untreated SLE patients began receiving 
therapy.

Demographic characteristics and clinical meta-data are listed 
in Supplementary Table 1, available on the Arthritis &  Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41511/ 
abstract. Among the SLE patients who had already initiated 
therapy at the time of sample and data collection, the medica-
tions being administered included steroids (73.1%; prednisone 
or methylprednisolone), hydroxychloroquine (78.8%), and immu-
nosuppressive drugs (44.2%; mycophenolate mofetil, cyclophos-
phamide, leflunomide, or methotrexate).

For the animal studies, 5–6-week-old female MRL/lpr mice 
(n = 9) and age-matched female MRL/MpJ mice (n = 11) were 
purchased from SLAC Laboratory or the Institute of Laboratory 
Animal Sciences. The mice were housed in a specific pathogen–
free environment at PUMC Hospital according to the institutional 
husbandry standard until 17 weeks of age, at which point their 
fecal samples were collected. The protocol for animal experiments 
was approved by the Institutional Animal Care and Use Commit-
tee of PUMC Hospital, and the study was conducted in accord-
ance with institutional guidelines.

Sample collection and processing. Fecal samples were 
collected in a sterile stool container, frozen at −80°C within 2 hours 
of sample collection, and then transported in dry ice prior to extrac-
tion (Novogene Bioinformatics Technology) using a TIANGEN kit 
according to the manufacturer’s instructions. Agarose gel electro-
phoresis was used to monitor DNA purity and integrity. Samples 
with an optical density at 260/280 nm of between 1.8 and 2.0 and 
a DNA level of >1 μg were used for library construction.

Shotgun sequencing and metagenomic analyses. 
DNA from fecal samples was extracted and sequenced on an Illu-
mina HiSeq platform, and paired-end reads of 250-bp nucleotides 
were generated. To ensure comparability, 28 and 24 million paired-
end reads, for human samples and mouse samples, respectively, 
were randomly extracted from the preprocessed data in each 
direction. After quality control (KneadData), DNA reads were 
assessed for taxonomic and functional differences using MetaPh-
lAn2 annotations (18). Diversity analyses were performed using R 
program version 3.5.1, and taxonomic and functional differences 
were analyzed using LEfSe metagenomic discovery analysis (19). 
StrainPhlAn strain-level analyses for the oral origin of gut micro-
biota in SLE patients were based on the single-nucleotide poly-
morphisms (SNPs) found for each species from the sequencing 
data. Raw data from metagenomic sequencing are available in 
the Sequence Read Archive under BioProject ID PRJNA532888 
(human cohort) and PRJNA591036 (mice).

Molecular mimicry analysis. Extraction of epitopes. 
Autoantigen epitopes that were reported to trigger auto-
immune reactions in SLE patients were identified from the 
Immune Epitope Database (IEDB) (http://www.iedb.org/). The 
amino acid sequences of these epitopes were mapped using 
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BLAST (20) to the protein sequences of the species that were 
significantly abundant in SLE gut microbiota selected by LEfSe 
analysis. Only results with both identity and coverage of ≥80% 
were considered for further experimental examination.

Enzyme-linked immunospot (ELISpot) assay. Heparin-
ized blood samples were obtained from participants with SLE 
at PUMC Hospital. Patient peripheral blood mononuclear cells 
(PBMCs) were isolated by Ficoll-Hypaque density gradient 
centrifugation. Interferon-γ (IFNγ) and interleukin-17A (IL-17A) 
ELISpot assays were performed using a Human ELISpotplus kit 
(MabTech) according to the manufacturer’s instructions. Briefly, 
96-well MultiScreen Filter Plates (Millipore) precoated with cap-
ture antibody were washed 5 times with phosphate buffered 
saline (PBS) and blocked with 10% fetal bovine serum (FBS) for 
at least 30 minutes at room temperature before use. Duplicates 
of 2–5 × 105 PBMCs per well were plated with different peptides 
and incubated overnight for 20–24 hours. Human anti–HLA–DR  
microbeads (Miltenyi Biotec) were used to eliminate HLA– 
DR–positive cells from PBMCs, and the numbers of cells plated 
in these groups were controlled to ensure that the same amounts 
were used for all groups before cell sorting. Plates were then washed 
5 times with PBS, and then 1 μg/ml of anti-human IFNγ mono-
clonal antibody (mAb) (7-B6-1-Biotin) or 0.5 μg/ml of anti- 
human IL-17A mAb (MT504-Biotin) was added and incubated 
for 2 hours.

Each plate was then washed 5 times with PBS and incubated 
for 1 hour with streptavidin–horseradish peroxidase, followed 
by being washed 5 times with PBS and developed with 0.45  
μm–filtered tetramethylbenzidine substrate for 10–20 minutes. The 
reaction was stopped by rinsing extensively with deionized water, 
and plates were left to dry. Antigen-specific IgG ELISpot assays 
were performed using a Human IgG ELISpotBASIC kit (MabTech). 
PBMCs were first prestimulated with a mixture of 1 μg/ml of R848 
and 10 ng/ml of recombinant human IL-2 for 96 hours, promoting 
the ability of memory B cells to secrete detectable IgG. The ELIS-
pot plates were coated with anti-human IgG (mAb MT91/145) 
overnight at 4°C. After washing and blocking with 10% FBS, 
duplicates of 2–5 × 105 PBMCs were plated in the coated ELIS-
pot plates for 36 hours. Plates were washed with PBS, and then 
1 μg/ml of biotinylated peptides were added and incubated for 
2 hours. Subsequent operations were consistent with the above 
processes. Plates were finally scanned and enumerated using an 
ImmunoSpot plate reader (Cellular Technology Limited). Each well 
was scored positive if the number of spot-forming cells detected 
was at least twice the number found in the negative control  
(randomly synthesized peptides).

Statistical analysis. Significantly enriched taxa and path-
ways between different groups were ascertained by LEfSe analyses. 
Wilcoxon’s rank sum tests and Kruskal-Wallis tests were used to 
determine the significance of differences in alpha diversity between 
2 groups and among multiple groups, respectively. In order to 

determine significant differences in the distribution of gut microbi-
ota between groups, permutational multivariate analysis of variance 
(PERMANOVA) was conducted, using the function “adonis” in the R 
package vegan (permutation number 999). Fisher’s exact test was 
used for the determination of whether the SLE or healthy control 
fecal samples had a higher homology with the oral samples in a spe-
cific species. One-way ANOVA of repeated measures was utilized 
to calculate significant differences in the results of ELISpot assays 
between the groups. The tests listed above were conducted using 
either R version 3.5.1 or GraphPad Prism version 7.0. All statistical 
analyses in our study were performed using a 2-sided test.

RESULTS

Diversity analysis of SLE gut microbiota and associ-
ation with clinical indices. To characterize the signatures of 
the microbiota found in the gut of SLE patients, fecal samples 
from 117 individuals with untreated SLE and 115 age- and sex-
matched healthy controls were analyzed using metagenomic 
shotgun sequencing. Clinical information for the study popula-
tion is summarized in Supplementary Table 1, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41511/ abstract. Fecal samples from 52 patients 
who were willing to provide a second sample after treatment were 
also collected for comparison. Disease activity in these patients 
as measured by the most widely used disease activity index in 
SLE, the SLEDAI-2K (17), was significantly decreased following 
treatment (P < 0.0001) (Supplementary Figure 1, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41511/ abstract). Fecal DNA was sequenced on 
an Illumina HiSeq platform, and a minimum of 56 million reads after 
quality filtering and removal of host DNA were obtained for each 
sample and then analyzed using MetaPhlAn2 (21) and HUMAnN2 
(22) to derive data on microbial composition and function. Among 
all 284 samples, 597 species and 512 MetaCyc pathways were 
obtained.

Shannon diversity index scores (considering both micro-
bial richness and evenness), but not the number of species 
observed, were significantly lower in patients with untreated SLE 
compared to healthy controls (P = 0.016) (Figure 1A and Sup-
plementary Figure 2A, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41511/ 
abstract). Shannon diversity index scores continued to decrease 
after effective treatment (P = 0.044) (Supplementary Figure 2B). 
Intriguingly, the primary source of decline in Shannon index scores 
was observed in the SLE subgroup with lupus nephritis (adjusted 
P = 0.006) (Figure 1B). The reduction in Shannon diversity index 
scores could also be partly attributable to a decrease in scores in 
the SLE subgroup who had a shorter disease duration (within 1 
year) and those who were negative for anti–double-stranded DNA 
(anti-dsDNA) antibodies (adjusted P = 0.027 and 0.038, respec-
tively) (Supplementary Figure 2C).

http://onlinelibrary.wiley.com/doi/10.1002/art.41511/abstract
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Analysis of Bray–Curtis distance based on species-level 
composition (using β diversity analysis) revealed different micro-
biota profiles between SLE patients and healthy controls (R2 
with the function adonis = 0.030, P = 0.001) (Figure 1C and 

Supplementary Table 2, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41511/ 
abstract). A trend that was more similar to the control group was 
demonstrated in the distribution of posttreatment samples only 

Figure 1. Taxonomic analyses of the fecal microbiota in patients with systemic lupus erythematosus (SLE). A and B, Alpha diversity analyses 
of Shannon diversity index scores in 115 healthy controls (HCs) compared to 117 SLE patients (A) and in 115 healthy controls compared to 
22 SLE patients with lupus nephritis (LN) and 95 SLE patients without lupus nephritis (B). Data are shown as box plots. Each box represents 
the upper and lower interquartile range. Lines inside the boxes represent the median. Lines outside the boxes represent the 95% confidence 
interval for the medians. Each symbol represents an individual fecal sample. * = P < 0.05; ** = P < 0.01, by 2-tailed Wilcoxon’s rank sum test and 
Kruskal-Wallis test for multiple group comparisons. C and D, Beta diversity analyses of Bray–Curtis similarity index scores of microbial species 
(sp.) between 115 healthy controls and 117 SLE patients (C) and between 52 pre-treatment (SLE_pre) and post-treatment (SLE_post) fecal 
samples from SLE patients (D). E, Taxonomic tree of all differentially enriched species. Each circular sector filled by a different color represents a 
single phylum. Bar plots outside the central circle depict the group in which a specific species was enriched and how big the linear discriminant 
analysis score was for that species. Species that were observed to be increased in SLE patients and decreased after treatment are shown as 
large red dots. NS = not significant; PCoA = principal coordinates analysis.
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(R2 with the function adonis = 0.014, P = 0.086) (Figure 1D and 
Supplementary Figure 2D), partially due to the high within-group 
 variability in SLE samples (Supplementary Figure 2E), an obser-
vation also reported by other investigators (8). Clinical indices, 
including scores for the severity of lupus nephritis, malar 
rash, arthritis, disease activity, and disease duration and lev-
els of anti-dsDNA antibody, anti-Sm antibody, and anti-RNP 
antibody could not alone explain the taxonomic variation in 
the SLE samples (Supplementary Table 3, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41511/ abstract). Further analyses that 
included SLE-related clinical parameters revealed a significant 
correlation between the platelet counts and creatinine levels in 
the blood of SLE patients and the variation in SLE gut microbi-
ota (R2 with the function adonis = 0.018, P = 0.045 for plate-
let count; R2 with the function adonis = 0.019, P = 0.037 for 
creatinine level) (Supplementary Figure 3A and Supplemen-
tary Table 4, available on the Arthritis & Rheumatology web-
site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41511/ 
abstract). Levels of creatinine also correlated significantly with 

gut microbiota variation in all study participants (R2 with the 
function adonis = 0.008, P = 0.037) (Supplementary Figure 3B).

Taxonomic and functional signatures in SLE gut  
microbiota. To elucidate the key microbial taxa that con-
tribute to the variation of SLE gut microbiota, linear discrimi-
nant analysis (LDA) of effect size, which was ascertained using  
LEfSe metagenomic discovery analysis, was performed to determine 
the relative abundance of taxa using a cutoff LDA value of >2.0 (19). 
Correlations between the relative abundance of species that were sig-
nificantly differentiated and clinical meta-data were also determined, 
using Spearman’s correlation coefficients with 95% confidence inter-
vals (95% CIs) (Supplementary Figure 4, available on the Arthritis & 
Rheumatology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41511/ abstract), and only taxa that were differently distributed 
between SLE patients and healthy controls were included.

Seven marker species were found to be enriched in SLE 
patients and reduced after treatment, including Clostridium 
species ATCC BAA-442 as well as Atopobium rimae, Shuttle-
worthia satelles, Actinomyces massiliensis, Bacteroides fragilis, 

Figure 2. Functional analyses of the fecal microbiota in patients with SLE. A and B, Beta diversity analyses of Bray–Curtis similarity index scores 
of microbial pathways between 117 SLE patients and 115 healthy controls (A) and between 52 SLE patients pretreatment and 52 SLE patients 
posttreatment (B). C, Microbial pathways that were significantly different between SLE patients and healthy controls (Comparison 1) and pathways that 
were reversed in fecal samples from SLE patients following treatment (Comparison 2) that were evaluated using linear discriminant analysis effect size 
analysis, which was ascertained using LEfSe metagenomic discovery analysis. In C, data are shown as box plots. Each box represents the upper and 
lower interquartile range. Lines inside the boxes represent the median. Lines outside the boxes represent the 95% confidence interval for the medians. 
Each symbol represents an individual fecal sample. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001. See Figure 1 for definitions. Color 
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41511/abstract.
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Clostridium leptum, and an unclassified Escherichia (Figure 1E and 
Supplementary Tables 5 and 6, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41511/ abstract). Among these species, the relative abundance 
of Clostridium species ATCC BAA-442 positively correlated with 
the SLEDAI score (R = 0.196, [95% CI 0.010–0.369], P = 0.034). 
In addition to the aforementioned species, Lactobacillus salivar-
ius was enriched in SLE patients and positively correlated with 
SLEDAI scores (R = 0.228 [95% CI 0.043–0.398], P = 0.013) and 
disease duration (R = 0.198 [95% CI 0.011–0.371], P = 0.033). 
Ruminococcus gnavus was the most discriminative species 
enriched in patients with lupus nephritis, followed by Clostrid-
ium nexile, Olsenella uli, Actinomyces johnsonii, Staphylococcus 
aureus, and Enterococcus avium (Supplementary Figure 5, availa-
ble on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41511/ abstract).

HUMAnN2 was used to generate the functional profile of 
gut microbiota, and it was found that microbial pathways dif-
fered substantially in SLE patients compared to those in healthy 

controls (R2 with the function adonis = 0.047, P = 0.001) 
(Figure 2A). Functional patterns also changed significantly after 
treatment (R2 = 0.023, P = 0.029) (Figure 2B). The superpathways 
of GDP-mannose–derived O-antigen building blocks biosynthesis 
were increased in SLE patients and then reduced following treat-
ment (Figure 2C and Supplementary Tables 7 and 8, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41511/ abstract). The relative abundances 
of 5 other pathways were lower in SLE patients and were signifi-
cantly reversed after treatment (Figure 2C). Among them, 3 path-
ways were associated with branched chain amino acids (BCAAs), 
including the superpathways of branched amino acid biosynthe-
sis, l-isoleucine biosynthesis I, and l-isoleucine biosynthesis III.

Shared microbial changes between SLE patients and  
lupus-prone mice. Metagenomic profiling was further per-
formed in lupus-prone MRL/lpr mice (15). This analysis included 
fecal samples from 9 female MRL/lpr mice and 11 female  
MRL/MpJ mice (the control strain) at 17 weeks of age, the time of  

Figure 3. Metagenomic analyses of the fecal microbiota in MRL/lpr mice. A, Alpha diversity, characterized by the number of species and 
Shannon diversity index scores, in 17-week-old MRL/lpr mice (case) (n = 9) and MRL/MpJ mice (control [ctrl]) (n = 11). Data are shown as box plots. 
Each box represents the upper and lower interquartile range. Lines inside the boxes represent the median. Lines outside the boxes represent the 
95% confidence interval for the medians. Each symbol represents a single mouse. **** = P < 0.0001 by Wilcoxon’s 2-tailed rank sum test. B, Beta 
diversity analyses of the Bray–Curtis similarity index of microbial species between MRL/lpr mice and MRL/MpJ mice. Permutational multivariate 
analysis of variance was performed with a permutation number of 999, and significance levels are shown on plots. C, Taxonomic tree of all 
differentially enriched species. Each circular sector filled by a different color represents a single phylum. Bar plots outside the central circle depict 
the group in which a specific species was enriched and how big the linear discriminant analysis score was. Phyla and orders are labeled on the 
plot. Species that were increased in both SLE patients and MRL/lpr mice are shown as large red dots with the species name in boldface. D, Venn 
plots showing the overlap between MetaCyc pathways enriched with SLE gut microbiota and those enriched with MRL/lpr mouse gut microbiota, 
as well as the overlap between MetaCyc pathways with decreased SLE gut microbiota and decreased MRL/lpr mouse gut microbiota. 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.41511/abstract.
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peak disease development. From all 20 samples, each with 48 mil-
lion reads, 48 species and 383 MetaCyc pathways were obtained. 
The number of species observed was notably decreased in mice 
with lupus (P = 0.0002), while the Shannon diversity index showed 
no noticeable difference (P = 0.941) (Figure 3A). The β diversity 
among mice with lupus was significantly different from that among 
control mice (R2 with the function adonis = 0.406, P = 0.001), 

with more dispersed β diversity in lupus samples compared to 
controls (Figure 3B).

Taxonomic analysis revealed 5 up-regulated species and 
12 down-regulated species in MRL/lpr mice (Figure 3C). Among 
these species, Ruminococcus torques was increased in the fecal 
samples from both SLE patients and mice with lupus. The genus 
Desulfovibrio was decreased whereas Blautia was increased in 

Figure 4. Oral origin of enriched species in patients with SLE. Phylogenic trees of the 3 marker species related to oral inflammation (A–C) and 
the other 3 marker species with definite phylogeny (D–F), based on the single-nucleotide polymorphisms from each species in 16 oral samples 
from an independent healthy cohort, 115 fecal samples from healthy controls, and 117 fecal samples from SLE patients, are shown. Each point 
represents a single sample, and the color of the points denotes the grouping (red for oral samples from healthy controls, black for fecal samples 
from healthy controls, and blue for fecal samples from SLE patients). Ancestor oral branches are shown on the left with a dark gray–shaded 
background, and outliers are shown on the right with a light gray–shaded background. Significance levels were calculated using Fisher’s exact 
test, with detailed information included in the panels as tables. See Figure 1 for definitions. Color figure can be viewed in the online issue, which 
is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41511/abstract.
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the gut of both SLE patients and MRL/lpr mice. Intriguingly, SLE 
patients and mice with lupus shared a lot more signatures in 
pathway analysis based on DNA reads. Among all 383 coexist-
ing pathways, 39 were commonly enriched, whereas 18 were 
commonly reduced (Figure 3D and Supplementary Tables 9 
and 10, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41511/ abstract). 
Pathways of l-arginine and l-ornithine biosynthesis, tryptophan 
biosynthesis, menaquinol biosynthesis, palmitoleate and oleate 
biosynthesis, and phosphatidylglycerol biosynthesis, as well as 
purine nucleotide salvage and degradation, were discovered 
to be positively correlated with lupus. Conversely, pathways of 
peptidoglycan biosynthesis and BCAA biosynthesis were found 
to be negatively correlated with lupus.

Oral origin of gut microbes in SLE patients. Among the 
7 marker species that were enriched in the gut of SLE patients 
and decreased after treatment, A massiliensis, S satelles, and A 
rimae were species initially isolated from the human oral cavity 
and found to be closely related to oral inflammation (23–25). Thus, 
their enrichment in the gut lumen of SLE patients implies a possi-
ble translocation from the oral cavity. To confirm this hypothesis, 

a strain-level analysis of those species was carried out based on 
SNPs using the salivary metagenome from another healthy cohort 
(n = 16) (4) and the fecal metagenome of our healthy controls and 
our SLE cohort. Phylogenic trees were constructed for not only the 
oral inflammation–related species, but also other marker species 
(Figures 4A–F). The exact number of gut samples that clustered 
with oral samples was calculated, using samples from both the 
SLE patients and healthy controls. The strains of A massiliensis, S 
satelles, Clostridium species ATCC BAA-442, B fragilis, and C lep-
tum in the oral samples had a closer relationship to those in the gut 
of SLE patients compared to those in the gut of healthy controls, 
indicating that the enriched species in the gut microbiota of SLE 
patients partly came from the oral microbiota. The enrichment of 
various oral species in the feces of SLE patients compared to that 
of healthy controls suggests an increased overall transmission rate 
of salivary microbes to the gut in SLE.

Molecular mimicry of microbial peptides from SLE- 
enriched species. The fact that microbial peptides can  trigger 
autoimmune responses by mimicking autoantigens has been 
proposed as a critical mechanism by which gut  microbiota could 
affect SLE development (26). In order to unveil some new microbial 

Figure 5. Molecular mimicry of species enriched with systemic lupus erythematosus (SLE) gut microbiota. A–D, Peripheral blood mononuclear 
cells (PBMCs) obtained from 21 SLE patients were plated in enzyme-linked immunospot (ELISpot) plates and stimulated by different peptides 
(SmP [ILQDGRIFI from Sm B/B΄], OsP [YLYDGRIFI from Odoribacter splanchnicus], and CtrlP [a randomly synthesized peptide, ILKEPVHGV]). 
The numbers of interferon-γ (IFN-γ)–producing cells and interleukin-17A (IL-17A)–producing cells were then detected by ELISpot. Examples of 
the ELISpot results are shown in A. The number of spots detected for the existence of IFNy–producing cells (B) and IL-17A–producing cells (C) 
in different peptide stimulation groups and for the existence of IL-17A–producing cells in the absence or presence of HLA–DR–positive cells (n 
= 3) (D) were determined. E and F, PBMCs obtained from 23 SLE patients were first prestimulated with a mixture of R848 and recombinant IL-2 for 
96 hours, and then plated in the ELISpot plates for 36 hours to produce IgG. The cells that produced IgG capable of binding the peptides (FasP 
[DGQFCH from Fas], AmP [DGQFCM from Akkermansia muciniphila], and CtrlP [a randomly synthesized peptide, DTYESE]) were then detected. 
Examples of IgG ELISpot results are shown (E), as is the number of spots detected for the existence of peptide-specific IgG-producing cells 
(F). **** = P < 0.0001. In B, C, D, and F, black circles and solid lines represent the samples that were reactive with autoimmune and microbial 
peptides; gray circles and broken lines represent those that were not reactive. All spots were counted by subtracting the spot number of the 
solvent controls. Significant differences were calculated by one-way analysis of variance and only included samples that were reactive for the 
autoepitopes. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41511/abstract.
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peptides that may accentuate SLE, autoantigen peptides that were 
demonstrated to trigger autoimmune responses in SLE patients 
from the IEDB were retrieved, including those confirmed by T or 
B cell assays, and then compared to the genome sequences of 
species enriched in patients with untreated SLE or species that 
were decreased after treatment.

To identify mimicry peptides with autoimmunogenic  ability, 
new cohorts of SLE patients and healthy controls were recruited, 
and PBMCs were collected for analysis. Using ELISpot assay, 
we demonstrated that the peptide YLYDGRIFI of the IS66  family 
transposase from Odoribacter splanchnicus,  similar to the 
autoepitope ILQDGRIFI of human Sm B/B΄ antigen  presented 
to T cells by HLA–DR (27), was capable of increasing levels 
of IFNγ and IL-17A secretion from the PBMCs of a subgroup 
of anti-Sm–positive SLE patients (6 of 21 [IFNγ] and 5 of 21 
[IL-17A]) (Figures 5A and B). Although O splanchnicus was 
not enriched in SLE patients, it was significantly reduced after 
treatment  (Supplementary Figure 6A, available on the  Arthritis 
& Rheumatology website at http://onlin elibr ary.wiley.com/doi/ 
10.1002/art.41511/ abstract). To further explore whether the proin -
flammatory cytokine– producing ability could be attributed to non -
specific stimulation or whether it might be dependent on the 
presentation of HLA, we eliminated HLA–DR–positive cells from 
the PBMCs and found that the residual cells no longer secreted 
IL-17A when challenged with either YLYDGRIFI or ILQDGRIFI 
(Figure 5C). However, PBMCs from some healthy controls also 
were able to trigger the secretion of inflammatory cytokines (Sup-
plementary Figure 6B).

Peptide DGQFCM, mimicking the extracellular part DGQFCH 
of human Fas (28), was from Akkermansia muciniphila, an 
enriched species in SLE patients (Supplementary Figure 6C). This 
peptide was capable of specifically binding to IgG produced by 
the memory B cells from a subgroup of SLE patients (10 of 23) 
(Supplementary Figures 5D and E), but showed little ability to bind 
to IgG produced by memory B cells from healthy controls (1 of 7). 
To support the potential immunopathogenic role of A muciniphila 
in SLE, the fecal abundance of this species has been shown to be 
positively correlated with the blood levels of IgA and IgM and the 
erythrocyte sedimentation rate (ESR), all characteristics of inflam-
mation, in SLE patients (Supplementary Table 4, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41511/ abstract).

DISCUSSION

Deep metagenomic shotgun sequencing revealed substantial 
alterations in the gut microbiota and autoimmunogenic signatures 
of patients with SLE. We found significantly reduced alpha diversity 
of SLE gut microbiota, which has been previously reported using 
amplicon sequencing (8). Further reductions in microbial diversity 
observed in the SLE patients after treatment was probably a result 
of the type of medication used, as some therapies commonly 

used to treat patients with SLE (such as steroids, methotrexate, 
and leflunomide) can inhibit the growth of certain gut bacteria 
and have previously been associated with reduced diversity of 
gut microbiota (29,30). In spite of the large within-group variability, 
a distinct taxonomic distribution pattern was still observed in SLE 
patients compared to healthy controls. The fact that posttreat-
ment gut microbial composition in SLE patients was more similar 
to that in healthy controls demonstrated a recovery of gut microbi-
ota linked with disease improvement. Serum creatinine levels were 
found to explain the microbial variations, and patients with lupus 
nephritis had much lower alpha diversity of the gut, both support-
ing an interplay between renal function and gut ecology in SLE 
(31). Despite the fact that PERMANOVA is one of the most com-
monly used methods for analyzing the variance of distance matri-
ces of microbiota, it is noteworthy that this method is sensitive to 
assumptions and that it might lead to false-positive results.

Several marker species that were enriched in SLE patients 
who had not received treatment were found to be decreased in 
SLE patients after treatment, indicating that these species might 
be involved in disease etiology. The abundance of Clostridium 
species ATCC BAA-442 positively correlated with SLEDAI score. 
It can metabolize daidzein, an isoflavone that has been previously 
shown to ameliorate the inflammation of lupus-prone mice by bind-
ing to estrogen receptor β (32), into O-demethylangolensin (33), 
and thus may contribute to SLE by reducing daidzein. A subgroup 
of strains from B fragilis, another marker species, can produce 
specific B fragilis toxins capable of increasing gut permeability (34) 
and activating Th17 response (35). An expansion of R gnavus was 
previously reported in patients with lupus nephritis, and antibodies 
against its lipoglycan in SLE serum were associated with disease 
activity and anti-dsDNA antibody levels (8). R gnavus was also 
among the most increased species in patients with lupus nephritis 
in our cohort, accentuating its role in renal damage.

We further identified changed metabolic pathways implicated 
in SLE development from our metagenomic data. For instance, 
the biosynthesis of O-antigen, the outermost domain of lipopoly-
saccharide (LPS), was increased in SLE patients and decreased 
after treatment. An increased O-antigen synthesis indicates ele-
vated LPS levels in the gut, consistent with the elevated serum 
LPS levels observed in serum from SLE patients (36). In contrast, 
pathways related to the biosynthesis of BCAAs, a group of metab-
olites capable of attenuating adaptive immunity (37), were reduced 
in SLE patients and restored after treatment.

Metagenomic data on mice with lupus were analyzed and 
found to corroborate findings in SLE patients. R torques, the spe-
cies enriched in both lupus patients and mice with lupus, is an 
effective mucin degrader that has been reported to be increased 
in patients with inflammatory bowel disease (38). Although R 
torques has not yet been implicated in the expression of SLE, 
its role in  degrading mucin makes it a potential contributor to 
lupus by impairing the gut barrier. The small number of spe-
cies that changed in both SLE patients and lupus-prone mice 
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could be due to the limited overlapping microbes present in 
human and specific pathogen–free mice. Therefore, it was 
intriguing that the functional changes in SLE patients and lupus-
prone mice had a higher proportion of overlapping microbes. 
Pathways related to the synthesis of arginine, ornithine, tryp-
tophan, menaquinols, palmitoleate, oleate, and phosphatidylg-
lycerol, as well as pathways of purine nucleotide salvage and 
degradation, were all enriched in both lupus patients and mice 
with lupus. Arginine can be metabolized into inflammation- 
related metabolites, including ornithine and nitric oxide (39). 
Tryptophan metabolites such as indoles, kynurenine, and 
tryptamine are the ligands of aryl hydrocarbon receptor 
that mediate gut barrier protection and inflammation reduction 
(40). Palmitoleate and oleate are both monounsaturated fatty 
acids with antiinflammatory ability in macrophages, neutrophils, 
and endothelial cells (41). The metabolites associated with these 
pathways may either contribute to the development of lupus- 
related autoimmunity or represent a reflection of altered micro-
bial metabolism resulting from aberrant lupus immunopathology.  
These exciting but hard-to-interpret findings justify advanced 
fecal and serum metabolomic profiling, exploration of local 
pathologic tissues, and in-depth mechanism investigation.

Oral dysbiosis has recently been observed in SLE patients 
(42,43). Although there has been evidence of increased micro-
bial transmission from the oral cavity to the gut in patients 
with RA (44), a similar finding has not been reported in SLE 
patients yet. Among the marker species enriched in the gut 
of patients with SLE and reduced following treatment, we dis-
covered 3 pathogens initially associated with oral inflammation. 
Salivary metagenomic data of healthy subjects from our previ-
ous cohort (4) were included to perform the SNP-based anal-
yses. By investigating whether our SLE or control gut samples 
were more similar to the indepen dent oral samples from the 
healthy subjects, we provided evidence of increased micro-
bial transmission along the gastrointestinal tract of most of 
our marker species in SLE patients compared to healthy con-
trols. These findings implicate a damaged barrier in the upper 
gastrointestinal tract in SLE patients, making it easier for the 
transmissible oral species to colonize the gut.

By sequencing alignment and in vitro experiments, we 
identified 2 microbial peptides that triggered immune activation 
via molecular mimicry. Microbial peptide YLYDGRIFI defined by 
O splanchnicus, mimicking the Sm epitope confirmed by T cell 
assays, stimulated PBMCs from patients with SLE to secrete IFNγ 
and IL-17A in an HLA–DR–dependent manner. Sm antibody is 
the most specific autoantibody found in SLE patients thus far, and 
IFNγ and IL-17A have long been implicated in the pathogenesis of 
SLE (45). Although the immune cells from healthy subjects could 
also be stimulated by this peptide, it is rational to postulate that 
SLE patients had a better chance of being exposed to this pep-
tide because of impaired gut integrity (8). For example, Entero-
coccus gallinarum was detected in the liver biopsy tissue from 

SLE patients and was proved to cross the gut barrier and induce 
autoimmunity in mice with lupus (12).

We also discovered that the peptide DGQFCM from A mucin-
iphila, which had a similar sequence with a Fas autoepitope, 
could bind to IgG secreted by the memory B cells from SLE 
patients, but not those of healthy controls (46). A muciniphila 
is a commonly known probiotic, though its gut enrichment has 
been reported in multiple sclerosis, and it has been shown as 
capable of stimulating Th1 differentiation (47). A muciniphila has 
been shown to be enriched in the SLE gut and has been shown 
to be positively correlated with the blood levels of IgA and IgM 
and the ESR. Although the clinical significance of Fas antibodies 
is not clear in SLE, it has been reported that these antibodies 
are present in the sera of some SLE patients (28) and capable 
of promoting apoptosis in both lymphocytes and keratinocytes 
(48,49). Our experiments on the molecular mimicry of the newly 
found microbial peptides in SLE patients were still preliminary, 
especially given the fact that we did not validate them in vivo 
as was the case in the study of molecular mimicry between 
human Ro60 and the microbial  orthologs from Bacteroides the-
taiotaomicron (50). Further mechanistic studies are needed to 
explore the exact mechanisms by which O splanchnicus and 
A muciniphila contribute to the pathogenesis of SLE.

Taken together, our large-scale gut metagenomic study 
of patients with SLE who had not been recently treated, and 
our investigation of SLE patients after treatment and of lupus-
prone mice, suggest a disturbed gut microbiota with a distinct 
functional profile in SLE patients and propose the possibility 
that 2 autoantigen–cross-reacting peptides from SLE-enriched  
species are able to incite the production of inflammatory 
cytokines or combine with SLE-related autoantibodies. Fur-
thermore, the possibility that some gut-enriched species 
originate from the mouth in patients with SLE but not healthy 
subjects may represent an equally serious contributor to the 
development of gut inflammation and autoimmune pathol-
ogy. Complete characterization of the role of the alimentary 
tract microbiota in patients with SLE should offer innocuous 
adjunct therapeutic modalities.
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Association Between Urinary Epidermal Growth Factor and 
Renal Prognosis in Lupus Nephritis
Juan M. Mejia-Vilet,1  John P. Shapiro,2 Xiaolan L. Zhang,2 Cristino Cruz,1 Grant Zimmerman,2  
R. Angélica Méndez-Pérez,1 Mayra L. Cano-Verduzco,1 Samir V. Parikh,2 Haikady N. Nagaraja,3  
Luis E. Morales-Buenrostro,1 and Brad H. Rovin2

Objective. To evaluate the role of urinary epidermal growth factor (EGF) as a biomarker of chronic kidney damage 
in lupus nephritis (LN).

Methods. A proteomics approach was used to identify urinary EGF as a biomarker of interest in a discovery 
cohort of patients with LN. The expression of urinary EGF was characterized in 2 large multiethnic LN cohorts, and 
the association between urinary EGF levels at the time of flare and kidney outcomes was evaluated in a subset of 
120 patients with long-term follow-up data. For longitudinal studies, the expression of urinary EGF over time was 
determined in 2 longitudinal cohorts of patients with LN from whom serial urine samples were collected.

Results. Discovery analysis showed the urinary EGF levels as being low in patients with active LN (median peptide 
count 8.4, interquartile range [IQR] 2.8–12.3 in patients with active LN versus median 48.0, IQR 45.3–64.6 in healthy 
controls). The peptide sequence was consistent with that of proEGF, and this was confirmed by immunoblotting. The 
discovery findings were verified by enzyme-linked immunosorbent assay. Patients with active LN had a significantly 
lower level of urinary EGF compared to that in patients with active nonrenal systemic lupus erythematosus (SLE), patients 
with inactive SLE, and healthy kidney donors (each P < 0.05). The urinary EGF level was inversely correlated with the 
chronicity index of histologic features assessed in kidney biopsy tissue (Spearman’s r = −0.67, P < 0.001). Multivariate 
survival analysis showed that the urinary EGF level was associated with time to doubling of the serum creatinine level 
(DSCr), a marker of future end-stage kidney disease (ESKD) (hazard ratio 0.88, 95% confidence interval 0.77–0.99, P = 
0.045). Patients whose LN symptoms progressed to DSCr and those who experienced progression to ESKD had a lower 
urinary EGF level at the time of flare, and urinary EGF levels decreased over the 12 months following flare. All patients 
who experienced progression to ESKD were identified based on a urinary EGF cutoff level of <5.3 ng/mg.

Conclusion. Urinary EGF levels are correlated with histologic kidney damage in patients with LN. Low urinary EGF levels 
at the time of flare and decreasing urinary EGF levels over time are associated with adverse long-term kidney outcomes.

INTRODUCTION

Lupus nephritis (LN) affects 40–60% of systemic lupus ery-
thematosus (SLE) patients (1). Kidney involvement in SLE greatly 

increases morbidity and mortality, with 10–20% of patients expe-
riencing progression to end-stage kidney disease (ESKD) over 
5–10 years (2,3). At present, there is a paucity of recognized bio-
markers that can be used to detect early and progressive kidney 

Presented by Dr. Mejia-Vilet in partial fulfillment of the requirements for 
a PhD degree at the National Autonomous University of Mexico, Mexico City, 
Mexico.

The contents of this article are solely the responsibility of the authors 
and do not necessarily represent the official views of the National Center for 
Advancing Translational Sciences or the NIH.

Supported by the Mexican National Council for Science and Technology 
(Conacyt) (FOSSIS grant 2017-2-289663 to Dr. Mejia-Vilet), National 
Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH (grant 
RO1-AR-071947 to Dr. Rovin), National Center for Advancing Translational 
Sciences, NIH (grant UL1-TR-002733), and The Ohio State University Center 
for Clinical and Translational Science (research voucher to Mr. Shapiro).

1Juan M. Mejia-Vilet, MD, MSc, Cristino Cruz, MS, R. Angélica Méndez-
Pérez, MD, Mayra L. Cano-Verduzco, MD, Luis E. Morales-Buenrostro, MD, 
PhD: Instituto Nacional de Ciencias Médicas y Nutrición Salvador Zubirán, 

Mexico City, Mexico; 2John P. Shapiro, MS, Xiaolan L. Zhang, MD, Grant 
Zimmerman, MD, Samir V. Parikh, MD, Brad H. Rovin, MD: The Ohio State 
University Wexner Medical Center, Columbus; 3Haikady N. Nagaraja, PhD: 
The Ohio State University, Columbus.

Dr. Mejia-Vilet and Mr. Shapiro contributed equally to this work.
Dr. Rovin has received consulting fees, speaking fees, and/or honoraria 

from AstraZeneca, Aurinia, Bristol Myers Squibb, Callidatis, ChemoCentryx, 
EMD Serono, Janssen, MorphoSys, Novartis, Omeros, and Retrophin (less than 
$10,000 each). No other disclosures relevant to this article were reported.

Address correspondence to Brad H. Rovin, MD, The Ohio State University 
Medical Center, Division of Nephrology, Department of Internal Medicine, 
395 West 12th Avenue, Ground Floor Doan Office, Columbus, OH 43210. 
Email: Rovin.1@osu.edu.

Submitted for publication April 14, 2020; accepted in revised form 
August 7, 2020.

https://orcid.org/0000-0003-4062-9412
mailto:
mailto:Rovin.1@osu.edu
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.41507&domain=pdf&date_stamp=2021-01-12


EGF IN LUPUS NEPHRITIS |      245

damage and to predict prognosis in LN patients (4). During an 
unbiased urine proteomics survey designed to discover candi-
date urinary biomarkers of LN damage, we observed significantly 
decreased levels of pro–epidermal growth factor (proEGF) in sev-
eral LN patients compared to healthy controls.

EGF is a globular protein synthesized in the kidney, specifi-
cally in the glomerulus, loop of Henle, and distal convoluted tubule 
(5–7). While EGF is absent or minimally detectable in plasma, it is 
detectable in the urine of normal healthy individuals. Urinary EGF 
levels have been found to be correlated with intrarenal EGF mes-
senger RNA (mRNA) expression and have been reported to be 
decreased in several kidney diseases (6). An association between 
low urinary EGF levels and the degree of interstitial fibrosis and 
progressive chronic kidney disease was observed in patients with 
IgA nephropathy (8–10), diabetic kidney disease (11–13), Alport 
syndrome (14), and other glomerular and nonglomerular diseases 
(6,15–18). Therefore, this study aimed to understand the relation-
ship between urinary EGF levels, histopathologic features of the 
kidney, and renal outcomes in patients with LN.

PATIENTS AND METHODS

Study design. Candidate LN biomarkers were identified 
using a shotgun urine proteomics approach and subsequently 
verified in a large cross-sectional cohort of patients with LN, fol-
lowed by validation and characterization in longitudinal cohorts 
of patients undergoing treatment and follow-up for active LN. 
Biomarker discovery was conducted at Ohio State University 
(OSU). Biomarkers were verified in a cross-sectional LN cohort 
comprising patients from OSU and from Mexico City. The behav-
ior of biomarkers over time was assessed in 2 prospective lon-
gitudinal cohorts, the Mexican LN cohort and a cohort from the 
Ohio SLE Study. All patients met at least 4 of the American Col-
lege of Rheumatology classification criteria for SLE (19) and had 
biopsy-proven LN.

The study was approved by the OSU Institutional Review 
Board and the Instituto Nacional de Ciencias Médicas y Nutrición 
Salvador Zubirán Research and Ethics Review Board. All patients 
signed informed consent to participate in the study.

Study subjects. Discovery proteomics analysis followed by 
verification with immunoblotting and an in-house proEGF enzyme-
linked immunosorbent assay (ELISA) were performed using urine 
samples collected at the time of LN flare in a subset of patients 
(n = 36) from the Ohio SLE Study (20). Healthy volunteers were 
recruited as controls (n = 36).

Further verification of the discovery findings was done by 
assessing samples of urine collected from patients on the day of 
kidney biopsy (obtained prior to the procedure) for the diagno-
sis of LN flare. In all patients, active LN was defined histologically 
by the presence of immune complex deposits and associated 
inflammatory lesions, according to the 2003 International Society 

of Nephrology/Renal Pathology Society (ISN/RPS) classification of 
LN (21). This kidney biopsy cohort consisted of 29 patients with 
LN from Ohio (not those in the Ohio SLE Study cohort) and 124 
patients with LN from Mexico. Urine from 49 patients with SLE 
(renal or nonrenal) but with no or mild disease activity (based on a 
score of <6 on the SLE Disease Activity index 2000 [SLEDAI-2K] 
[22]) and from 22 patients with active nonrenal SLE (SLEDAI-2K 
score of ≥6, with 4 points assessed for organ involvement) served 
as disease controls. Ten healthy kidney donors who provided 
urine samples prior to kidney donation were included as normal 
healthy controls. All samples were centrifuged within 30 minutes 
of collection and stored frozen at −70ºC.

To evaluate urinary EGF expression over time and in response 
to therapy, 2 longitudinal cohorts of patients with LN were studied: 
1) a prospective cohort of 91 patients with active LN from Mexico, 
followed up for a median of 27 months (range 14–44 months), and 
2) 28 patients with active LN and 23 patients with active nonrenal 
SLE from the Ohio SLE Study cohort, with a median follow-up 
time of 110 months (range 56–180 months) (20). A  subgroup of 17 
patients who presented with active LN and who had an estimated 
glomerular filtration rate (eGFR) below 30 ml/minute/1.73 m2 was 
studied to evaluate urinary EGF behavior during severe acute 
 kidney injury.

Finally, to evaluate the intraindividual coefficients of variation 
for the measurement of EGF in the urine, the levels of urinary EGF 
were measured in 4 urine samples from 13 healthy controls. These 
serial samples were obtained over 56 days (on days 0, 7, 28, and 56).

Urine proteomics. Urine from LN patients and healthy 
individuals was incubated for 16 hours at 4ºC in polystyrene 
plates. After washing with phosphate buffered saline (PBS) and 
NH3HCO3, trypsin was added for protein digestion and pep-
tides were collected. Samples were analyzed by reversed-phase 
high-performance liquid chromatography (HPLC) (Dionex Ultimate 
3000 capillary/nano HPLC system) and liquid chromatography 
tandem mass spectrometry (LC-MS/MS) with a ThermoFisher 
LTQ Orbitrap XL mass spectrometer equipped with micro/nano-
spray ionization sources (Michrom Bioresources). HPLC separa-
tions were carried out at a flow rate of 2 ml/minute on a 0.2 mm 
× 150 mm C18 column (5 mm, 300A; Michrom Bioresources). 
The mobile phases consisted of HPLC grade water and ace-
tonitrile with 50 mM acetic acid added as an ion-pairing reagent. 
A 10–35% gradient was run over 30 minutes, followed by a 
35–90% gradient run over 15 minutes. The heated capillary tem-
perature and electrospray voltage were set at 175ºC and 2.0 kV, 
respectively.

Data analysis was performed using Proteome Discoverer 
version 1.4 (Thermo Scientific). Data were searched against 
a Uniprot Human database that included common contami-
nants. Variable modifications included oxidation on methionine 
(+15.995 Da), and identified peptides were filtered to a 1% false 
discovery rate.
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Protein identification by Western blotting. Proteins 
revealed by LC-MS/MS were further characterized by immuno-
blotting. In this study, we specifically examined urinary expres-
sion of EGF. Urine (18 μl) was mixed with 6 μl loading dye, run on 
4–12% Bis-Tris gel (unreduced), and transferred to a nitrocellulose 
blotting membrane. The membrane was blocked for 1 hour with 
2% casein in PBS plus 0.05% Tween 20 (PBST). An anti-EGF anti-
body (MAB236; R&D Systems) was diluted in 2% casein in PBST 
and incubated overnight. After washing in PBST, a secondary 
antibody in 2% casein in PBST was added for 1 hour. After rinsing 
in PBST, an enhanced chemiluminescence substrate (Pierce ECL 
Western blotting substrate) was added for 1 minute, and the film 
was then developed.

ProEGF ELISA. A goat anti-proEGF antibody (AF4289; R&D 
Systems) was used both for capture and detection of proEGF. 
Anti-proEGF was biotinylated with EZ-link NHS–PEG4–biotin (Ther-
moFisher Scientific). Recombinant human EGF (4289-EG; R&D 
Systems) was used as a standard. Plates were coated overnight 
with capture anti-proEGF and urine was diluted as needed in PBS 
plus 1% bovine serum albumin, followed by incubation for 2 hours. 
Biotinylated anti-proEGF was then added, followed by incubation for 
2 hours, and streptavidin–horseradish peroxidase and tetramethylb-
enzidine substrate were added, with incubation for 20 minutes each. 
The plates were read at an optical density of 450 nm.

Plasma and urinary EGF ELISAs. A commercial EGF 
ELISA (DuoSet DY236; R&D Systems) was used to measure EGF 
in the urine, in accordance with the manufacturer’s recommenda-
tions. Samples were diluted 1:10 to 1:200 and run in duplicate, 
yielding intraassay and interassay coefficients of variation below 
10% at both centers. The values obtained were normalized to the 
levels of urinary creatinine excretion (urinary EGF/Cr). Urinary EGF/
Cr values were log10-transformed for all analyses.

Variable and outcome definitions. All clinical data 
were collected prospectively from the OSU, Ohio SLE Study, 
and Mexican cohort databases. Kidney biopsy samples were 
classified according to the ISN/RPS criteria for LN (21), and 
were scored using the National Institutes of Health renal activity 
index and chronicity index for histologic features (23,24). Each 
component of the activity and chronicity indexes was evaluated 
as a percentage of affected glomeruli, tubules, or interstitium, 
and based on these percentages, each component was classi-
fied as not present (<5% of the affected region), mild (present in 
6–25% of the affected region), moderate (present in 26–50% of 
the affected region), or severe (present in >50% of the affected 
region), as recently revised (24).

Renal outcomes included the number of patients who devel-
oped a 30% reduction in the eGFR, doubling of serum creatinine 
level (DSCr), or progression to ESKD. Stable renal function was 
defined as either an eGFR of no lower than 80% of the baseline 

eGFR or the best eGFR attained in the first 12 months after treat-
ment for an LN flare.

Statistical analysis. Clinical variables at the time of 
flare are presented as numbers and relative frequencies or as 
the median with interquartile range (IQR). Pearson’s correla-
tions between urinary EGF/Cr levels and histologic variables 
were computed, and in some cases (as noted), Spearman’s 
correlations between log10-transformed data were used to 
describe associations. The associations between at-flare 
parameters and time to renal outcomes were assessed by Cox 
regression analysis. We constructed nested Cox proportional 
hazards models to evaluate the additive effect of the urinary 
EGF/Cr levels for goodness of fit, with generalized R2 and like-
lihood ratio tests.

For the longitudinal analysis, linear mixed models were  
fitted to evaluate the association between repeated urinary EGF/
Cr measurements and long-term outcomes. Modeling included 
log10-EGF/Cr values as the dependent variable. Fixed effects in 
the model included the outcome group, months of follow-up, 
and their interaction, as well as age, sex, and the eGFR course 
over repeated measurements. Subjects were included as ran-
dom effects in the model. Least-squares estimates of the mean 
(with 95% confidence intervals [95% CIs]) were obtained and 
plotted against the duration of follow-up. Diagnostics of the 
final model included the evaluation of the distribution of the 
standardized residuals and the homogeneity of the residual var-
iance among outcome groups. Individual regression coefficients 
were obtained for the urinary EGF/Cr levels, eGFR, measure-
ment of proteinuria, and levels of anti–double-stranded DNA 
antibodies and complement, with correlations assessed using 
Pearson’s correlation coefficients.

All statistical analyses were performed with IBM SPSS ver-
sion 24.0 and GraphPad Prism version 6. P values less than 0.05 
were considered statistically significant.

RESULTS

Reduced urinary levels of proEGF revealed by LC-MS/
MS in patients with LN compared to healthy controls. 
Using LC-MS/MS, urinary proEGF peptide counts were found to 
be markedly lower in several of the patients with LN compared 
to healthy controls (P = 0.001) (Supplementary Figure 1A, avail-
able on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41507/ abstract). Importantly, 
the peptides identified aligned within the sequence of proEGF. No 
peptides were detected from inside the mature EGF protein (Sup-
plementary Figure 2, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41507/ 
abstract).

To corroborate this finding, Western blotting with specific 
proEGF and EGF antibodies was done using urine samples from 

http://onlinelibrary.wiley.com/doi/10.1002/art.41507/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41507/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41507/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41507/abstract
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LN patients and healthy controls. We found that the protein bands 
corresponded to proEGF and not the mature EGF protein (Sup-
plementary Figure 1B, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41507/ abstract). These findings verify that proEGF is the dom-
inant form of EGF excreted into the urine.

Reduced urinary levels of proEGF revealed by ELISA 
in patients with LN. We developed an ELISA for urinary 
proEGF and measured proEGF in the same urine samples as 
used for proteomics analysis. The urinary proEGF levels mea sured 
by ELISA recapitulated the pattern seen with quantitative MS 
(data not shown). Because most previous studies that have eval-
uated urinary EGF used commercial ELISAs, which are reported 
to measure mature EGF (8–11), we simultaneously assessed 
the same urine samples using both our proEGF ELISA and a 
commercial ELISA for mature EGF. The commercial EGF ELISA 
results were highly correlated with the proEGF ELISA results 
(r2 = 0.911, P < 0.001) (Supplementary Figure 3, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41507/ abstract), suggesting that the antibodies 
used in commercial ELISAs cross-react with proEGF. Therefore, 
for the remainder of this discussion, urinary EGF is taken to mean 
urinary proEGF.

Association of urinary EGF levels with LN activity 
levels and histologic features. Because urine proteomics 
is a discovery technique that was applied to only a small num-
ber of patients, the urinary EGF/Cr level was measured in a large 
cross-sectional cohort of patients with active LN, to better char-
acterize its expression in the general LN population (Table 1).  
Urinary EGF/Cr levels in patients with active LN were compared 
to those in urine samples from patients with active nonrenal SLE, 
patients with inactive or mildly active SLE, and healthy kidney donors.

Urinary EGF/Cr levels were lower in patients with active LN 
(median 6.9 ng/mg, IQR 3.4–12.2) compared to patients with active 

nonrenal SLE (median 18.2 ng/mg, IQR 10.8–27.5), patients with 
inactive or mildly active SLE (median 16.6 ng/mg, IQR 7.1–22.3), 
and healthy kidney donors (median 16.8 ng/mg, IQR 16.0–17.9). 
Within all groups, urinary EGF/Cr levels were lower in patients with 
a history of LN as compared to patients who had never had kidney 
involvement (Figure 1 and Supplementary Table 1, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41507/ abstract). There were no detectable 
EGF levels in plasma samples from any of these patients (data not 
shown). The differences among patients with active LN, patients 
with active nonrenal SLE, patients with inactive/mildly active SLE, 
and healthy kidney donors remained statistically significant after 
accounting for total proteinuria levels (Supplementary Figure 4, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41507/ abstract).

Urinary EGF/Cr levels positively correlated with the eGFR 
in patients at the time of flare (Pearson’s r = 0.656, P < 0.001), 
and negatively correlated with the kidney biopsy histologic 
chronicity index (Spearman’s r = −0.669, P < 0.001) and with 
all of its components, including glomerular sclerosis (Pearson’s 
r = −0.539, P < 0.001), interstitial fibrosis (Pearson’s r = −0.654, 
P < 0.001), and tubular atrophy (Pearson’s r = −0.665, P < 0.001)  
(Figures 2A–D). In contrast, there was no correlation between the 
urinary EGF/Cr levels and the histologic renal activity index (Spear-
man’s r = −0.165, P = 0.074). In the group with active LN, urinary 
EGF/Cr levels decreased for every 1-point increase in the chronic-
ity index when the index was above 1 (Supplementary Table 2, 
available on the Arthritis & Rheumatology website at http://onlin 
elibr ary.wiley.com/doi/10.1002/art.41507/ abstract).

Association between urinary EGF levels at the time 
of LN flare and renal outcomes. The association between 
urinary EGF/Cr levels at the time of LN flare and occurrence of 
DSCr was assessed in 120 patients with active LN who had 
>12 months of follow-up data. These patients were treated with 

Figure 1. Urinary epidermal growth factor levels normalized to the levels of urinary creatinine excretion (uEGF/Cr) (A) and estimated glomerular 
filtration rate (eGFR) (B) in all groups of patients according to their history of lupus nephritis (LN) compared to healthy kidney donors and 
disease controls. Symbols represent individual subjects; horizontal lines indicate the median. iSLE = inactive or mildly active systemic lupus 
erythematosus; sSLE = active nonrenal SLE.

http://onlinelibrary.wiley.com/doi/10.1002/art.41507/abstract
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http://onlinelibrary.wiley.com/doi/10.1002/art.41507/abstract
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EGF IN LUPUS NEPHRITIS |      249

glucocorticoids in conjunction with either mycophenolate mofetil 
(MMF) (65% of patients), intravenous cyclophosphamide (27% of 
patients), calcineurin inhibitor plus MMF (5% of patients), or aza-
thioprine (3% of patients). Over a median follow-up of 26 months 
(IQR 17–35 months), 32 patients (27%) experienced DSCr.

In univariate Cox regression analysis, age, eGFR, proteinuria 
levels, urinary EGF/Cr levels, and the histologic chronicity index 
were associated with the time to DSCr. In multivariate analysis, 
age (hazard ratio [HR] 0.93, 95% CI 0.88–0.98), urinary EGF/Cr 
levels (HR 0.88, 95% CI 0.77–0.99), and the histologic chronicity 
index (HR 1.19, 95% CI 1.01–1.40) were each significantly asso-
ciated with the time to DSCr (Supplementary Table 3, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41507/ abstract). The time-dependent area 
under the curve for the urinary EGF/Cr level in relation to time to 
DSCr was 0.82. A urinary EGF/Cr level of <5.3 ng/mg at the time 
of flare had 81% sensitivity and 77% specificity to predict DSCr 
within 2 years.

In order to evaluate the additive effect of the urinary EGF/
Cr level at the time of flare on the prognostic yield of clinical and 
histologic variables to predict the time to DSCr, we constructed 
nested Cox regression models. The addition of the urinary EGF/
Cr level at the time of flare to all of the evaluated models improved 
the model fit, and its contribution was always significant (Table 2).

Longitudinal expression of urinary EGF. To assess 
the course of the urinary EGF/Cr levels over time, we evaluated 
91 patients (Mexican LN cohort) whose urine samples were col-
lected prospectively at the time of flare and during follow-up at 
6 and 12 months (Table 1). Over 27 months of follow-up (range 
14–44 months), 64 patients (70%) maintained stable renal func-
tion (eGFR within 20% of the baseline eGFR), 23 patients (25%) 
experienced DSCr, and 14 patients (15%) experienced progres-
sion to ESKD. In this longitudinal cohort, the individual slopes 
of the log10-transformed urinary EGF/Cr levels positively corre-
lated with the slopes of the log10-transformed eGFRs (Pearson’s 

Figure 2. Correlation between urinary epidermal growth factor (EGF) levels and the histologic chronicity index (D) as well as its components, 
including global sclerosis (A), interstitial fibrosis (B), and tubular atrophy (C), assessed in kidney biopsy samples from patients with active lupus 
nephritis. Urinary EGF levels were normalized to the levels of urinary creatinine excretion (uEGF/Cr). Spearman’s and Pearson’s correlation 
coefficients were used for these analyses.

http://onlinelibrary.wiley.com/doi/10.1002/art.41507/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41507/abstract
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r = 0.494, P < 0.001) (Supplementary Figure 5, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41507/ abstract). There was an independent asso-
ciation between the course of urinary EGF/Cr levels, loss of 30% 
of kidney function, DSCr, and progression to ESKD (Figures 3A–F).

Urinary EGF/Cr values at the time of flare and at 6 and 
12 months of follow-up were compared between the groups 
with stable kidney function and those who developed adverse 
kidney outcomes (Supplementary Table 4, available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41507/ abstract). The urinary EGF/Cr started at a 
lower level and decreased further in patients who progressed to 
develop adverse kidney outcomes. Interestingly, the urinary EGF/
Cr levels also decreased over the first 6 months following LN flare 
in patients with stable kidney function, but then plateaued.

As the lower limit of the 95% CI for urinary EGF/Cr 
levels at 12 months was 5.3 ng/mg in patients with stable 

renal function in the Mexican longitudinal cohort, we further 
validated whether this cutoff was associated with progres-
sion to ESKD in 28 patients with active LN and 23 patients 
with active nonrenal SLE from the Ohio SLE Study cohort. 
All 7 patients who experienced progression to ESKD in 
this cohort had a progressive decrease in the urinary EGF/
Cr level to <5.3 ng/mg (Supplementary Figure 6, availa-
ble on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41507/ abstract). Only 3 (14%)  
of 21 patients who did not progress to ESKD had a urinary  
EGF/Cr level of <5.3 ng/mg on follow-up. All patients with 
active nonrenal SLE had a urinary EGF/Cr level of >5.3 ng/mg.

Urinary EGF levels in patients with severe LN 
and acute kidney injury. We assessed the urinary EGF/Cr 
level in a subset of 17 patients from the Mexican longitudinal 
cohort who presented with a severe LN flare and an eGFR 

Table 2. Comparison of nested models of hazards for time to doubling of the serum creatinine level*

Model HR 95% CI P LR test P Model R2

Model 0: age + sex – – 0.054
Age, per year 0.95 0.91–0.99 0.012
Sex, female vs. male 2.00 0.47–8.42 0.347

Model 1: age + sex + proteinuria Model 1 vs. Model 0 0.031 0.100
Age, per year 0.95 0.91–0.99 0.014
Sex, female vs. male 1.57 0.36–6.76 0.548
Proteinuria, per mg/mg 1.12 1.02–1.24 0.021

Model 1′: age + sex + proteinuria +  
 urinary EGF/Cr

Model 1′ vs. Model 1 <0.001 0.230

Age, per year 0.94 0.90–0.98 0.007
Sex, female vs. male 1.79 0.41–7.88 0.442
Proteinuria, per mg/mg 1.09 0.97–1.23 0.139
Urinary EGF/Cr, per ng/mg 0.77 0.69–0.87 <0.001

Model 2: age + sex + eGFR Model 2 vs. Model 0 <0.001 0.242
Age, per year 0.93 0.89–0.98 0.005
Sex, female vs. male 1.88 0.44–8.03 0.397
eGFR, per 10 ml/minute/1.73 m2 0.79 0.72–0.87 <0.001

Model 2′: age + sex + eGFR + uEGF/Cr Model 2′ vs. Model 2 <0.001 0.275
Age, per year 0.93 0.89–0.98 0.003
Sex, female vs. male 2.28 0.53–9.84 0.269
eGFR, per 10 ml/minute/1.73 m2 0.89 0.79–0.99 0.035
Urinary EGF/Cr, per ng/mg 0.83 0.73–0.95 0.005

Model 3: age + sex + proteinuria + eGFR +  
 chronicity index

Model 3 vs. Model 0 <0.001 0.346

Age, per year 0.94 0.89–0.98 0.008
Sex, female vs. male 1.44 0.33–6.38 0.632
Proteinuria, per mg/mg 1.06 0.94–1.20 0.372
eGFR, per 10 ml/minute/1.73 m2 0.87 0.78–0.98 0.017
Chronicity index 1.28 1.09–1.50 0.002

Model 3′: age + sex + proteinuria + eGFR +  
 chronicity index + urinary EGF/Cr

Model 3′ vs. Model 3 0.019 0.372

Age, per year 0.93 0.88–0.98 0.005
Sex, female vs. male 1.82 0.41–8.19 0.433
Proteinuria, per mg/mg 1.05 0.92–1.19 0.470
eGFR, per 10 ml/minute/1.73 m2 0.92 0.82–1.03 0.134
Chronicity index 1.19 1.01–1.40 0.040
Urinary EGF/Cr, per ng/mg 0.88 0.77–0.99 0.045

* HR = hazard ratio; 95% CI = 95% confidence interval; LR = likelihood ratio; eGFR = estimated glomerular filtration rate (calculated using the CKD-
EPI [Chronic Kidney Disease Epidemiology Collaboration] equation); EGF/Cr = urinary epidermal growth factor level normalized to the levels of 
urinary creatinine excretion. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41507/abstract
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of <30 ml/minute/1.73 m2. All patients received immunosup-
pressive treatment. As shown in Figures 4A and B, those 
patients whose eGFR recovered to >50 ml/minute/1.73 m2 
had a significantly higher urinary EGF/Cr level at the time of 
flare (median 4.8 ng/mg, 95% CI 3.3–7.7; P = 0.001) and 
over the follow-up when compared to patients who persis-
tently had an eGFR of <30 ml/minute/1.73 m2 or patients who 
experienced progression to ESKD (median 2.3 ng/mg, 95% 
CI 1.1–3.9 ng/mg).

Variability in urinary EGF levels in longitudinal  
samples. The median intraindividual coefficient of variation for uri-
nary EGF levels in patients with active nonrenal SLE from the Ohio 
SLE Study cohort was 11% (range 8–28%). To determine whether 
this intraindividual variability represented assay or biologic variabil-
ity, we evaluated the urinary EGF/Cr levels in 4 urine samples from 
13 healthy controls obtained over 56 days (days 0, 7, 28, and 56). 
The median intraindividual variability in the urinary EGF/CR levels in 
this group was 10.6% (IQR 8.9–17.7%, range 4.0–28.8%).

Figure 3. Urinary epidermal growth factor (EGF) levels (A–C) and estimated glomerular filtration rate (D–F) over time after diagnosis and 
treatment of lupus nephritis (LN) flare in patients from the Mexican cohort. The time course of urinary EGF levels normalized to the levels of 
urinary creatinine excretion (uEGF/Cr) and time course of the eGFR in LN patients who went on to have a 30% decline in eGFR (A and D), 
who experienced a doubling of their serum creatinine levels (SCr) (B and E), or who developed end-stage kidney disease (ESKD) (C and F) are 
shown. Results are the estimated mean with 95% confidence intervals from linear mixed modeling. The broken horizontal line with gray-shaded 
area in A–C indicates values below the cutoff of 5.3 ng/mg.
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DISCUSSION

In this study, we found that proEGF peptides are diminished 
in the urine of patients with active LN, and we corroborated this 
finding in a large multiethnic population by ELISA. The urinary 
EGF/Cr measurement is derived from the kidneys, and the value 
correlates with components of the histologic chronicity index 
assessed on kidney biopsy samples. Moreover, the urinary EGF/
Cr level is associated with long-term kidney prognosis in patients 
with LN. The course of the urinary EGF/Cr level over time reflects 
the course of kidney function, and a low baseline value and/or 
progressive decline in the urinary EGF/Cr level is associated with 
progressive loss of kidney function, forecasting a higher risk of 
adverse renal outcomes in LN patients.

EGF was originally identified in the 1950s as a factor derived 
from a larger pre–pro-protein (1,168–1,207 amino acids in length) 
resulting from proteolytic cleavage (25,26). The highest EGF mRNA 
levels in the body are found in the kidneys (27) and correlate with 
the excretion of EGF in the urine. In contrast, EGF is not detect-
able, or is present in very low concentrations, in human plasma 
(28,29). Renal EGF is mainly expressed by the epithelial cells of 
the thick ascending limb of the loop of Henle and the distal tubule, 
and its expression has been shown to be reduced in chronic kid-
ney diseases (6), including diabetic kidney disease (12,30,31).

Although human mature EGF in urine has been described 
in previous reports (31), we showed that peptides found in urine 
from patients with LN corresponded to the precursor proEGF 
protein. In urine peptidomic studies in rats and humans with 
diabetic kidney disease, the peptide sequence of urine EGF 
corresponded to that of the immature proEGF protein (12). Con-
sistently, immunohistochemistry studies have shown abundant 
proEGF in human kidneys, but only minor staining for the mature 
EGF protein (32). Most of the studies that demonstrated 
reduced urinary EGF/Cr protein levels in diabetic kidney disease 
(11,13,33), IgA nephropathy (5,8,10,34), and Alport syndrome 

(14) measured urinary EGF levels with a similar commercial anti-
body as was used herein. Our findings suggest that that this 
antibody is not specific for mature EGF and cross-reacts with 
proEGF. Therefore, the urinary EGF protein detected in the urine 
of patients with LN, and probably in those with other forms of 
kidney disease, is actually proEGF.

Urinary EGF is not a biomarker of kidney function that is 
specific for LN. As reported for other kidney diseases (8–18), we 
found that urinary EGF/Cr levels correlated inversely with the his-
tologic equivalents of chronic renal damage, including glomerular 
sclerosis, interstitial fibrosis, and tubular atrophy, as well as the 
combination of these components, also known as the histologic 
chronicity index. An inverse correlation between the urinary EGF/
Cr and chronic kidney damage has also been observed in sev-
eral other glomerular disease cohorts (the European Renal cDNA 
Bank [ERCB], Clinical Phenotyping Resource and Biobank Core 
[C-PROBE], Nephrotic Syndrome Study Network [NEPTUNE], 
and Peking University-IgA Nephropathy [PKU-IgAN] Consortium), 
some of which included patients with lupus (6).

Urinary EGF/Cr levels at the time of LN flare were inde-
pendently associated with progressive loss of kidney function. 
When combined with other biomarkers of kidney function at the 
time of flare, such as proteinuria, the eGFR, and the histologic 
chronicity index, the addition of urinary EGF/Cr levels improved 
the prognostic value of these variables. The association of base-
line urinary EGF/Cr levels with adverse kidney outcomes has 
also been demonstrated in other glomerular disease cohorts (6), 
patients with Alport syndrome (14), and patients with diabetic 
 kidney disease (11–13).

However, urinary EGF/Cr levels over the clinical course of 
a disease have rarely been explored. We demonstrated that the 
course of the urinary EGF/Cr level after treatment for LN is a pre-
dictor of subsequent kidney function. As such, a low baseline 
urinary EGF/Cr level and/or a progressive decrease in its level is 
associated with progressive loss of kidney function and adverse 

Figure 4. Urinary epidermal growth factor levels normalized to the levels of urinary creatinine excretion (uEGF/Cr) (A) and estimated glomerular 
filtration rate (eGFR) (B) over time after occurrence of a severe lupus nephritis flare, according to whether the patients did or did not recover 
kidney function. At presentation, all patients had impaired renal function, with an eGFR of <30 ml/minute/m2. Results are the mean with 95% 
confidence intervals.



EGF IN LUPUS NEPHRITIS |      253

long-term kidney outcomes. This supports the idea that the uri-
nary EGF/Cr level may serve as an additional biomarker of chronic 
kidney damage in LN, thereby expanding the list of currently  
recognized biomarkers.

Because the urinary EGF/Cr level can be measured by 
ELISA, testing is readily adaptable to the clinical laboratory. For 
clinical use, we suggest that the urinary EGF/Cr level be measured 
at the time of an LN flare, and then repeated after resolution of the 
LN flare, to establish a baseline level in the absence of any acute 
changes that may occur during active disease.

We envision several applications for the urinary EGF/Cr level 
in the management of patients with LN. For patients who have 
an LN flare and acute kidney injury, the urinary EGF/Cr level at 
the time of flare, and its behavior after flare, may help differentiate 
patients who are likely to recover kidney function from those who 
are unlikely to recover kidney function, and this could help influence 
treatment choice, intensity, and persistence. Because of the ability 
of nephrons to hyper-filter, remaining nephrons can compensate 
for a considerable loss (up to 50%) of nephron mass (35), allowing 
the serum creatinine levels and the eGFR to remain in the normal 
laboratory range. The urinary EGF/Cr level may be able to identify 
patients with chronic kidney damage before the serum creatinine 
level increases and the eGFR falls. Similarly, patients in remission 
after even 1 episode of active LN often have sustained chronic 
kidney damage that is not obvious from the serum creatinine level 
or eGFR. Serial monitoring of the urinary EGF/Cr level in quies-
cent LN may provide a means of keeping track of silent histologic 
damage, alerting the clinician that such patients, for example, may 
need closer monitoring after exposure to nephrotoxic medications 
or require dose adjustment of drugs excreted by the kidneys.

Finally, the serum creatinine level and eGFR do not accu-
rately reflect kidney function in patients with very low or high mus-
cle mass. In such cases, the urinary EGF/Cr level may give a more 
accurate picture of the extent of chronic kidney damage.

There is no diurnal variation in urinary EGF excretion, and its 
rate of excretion is similar when sampled on consecutive days, 
supporting its measurement in spot urine samples (36,37). How-
ever, it is also worth noting that over the long term, the intrain-
dividual variability in the urinary EGF/Cr level can be up to 28%. 
Intraindividual variability of this biomarker has been reported in 
previous studies in patients with chronic kidney disease (38) and 
patients with IgA nephropathy (39). Therefore, in the monitoring of 
repeat samples in the same subject, changes in the urinary EGF/
Cr level can only be considered significant when they vary by at 
least 30%.

A major limitation of this study is that we did not have repeat 
kidney biopsy samples available to corroborate the correlation of 
urinary EGF/Cr levels with increasing histologic kidney damage 
over time. Moreover, the interval between samples in patients with 
lupus was too large to adequately evaluate the biomarker vari-
ability in this population, although we hypothesize that the varia-
bility may be similar to that observed in healthy individuals. Finally, 

interobserver agreement between nephropathologists in both 
centers was not assessed.

In summary, this proteomics-based approach to biomarker 
discovery in LN found urinary EGF/Cr levels to be a potential bio-
marker of kidney damage. Unlike an increased serum creatinine 
level at the time of flare, which may reflect either acute kidney 
injury or chronic kidney damage, reduced urinary EGF/Cr levels 
at the time of flare are reflective of the severity of chronic kidney 
damage. Low levels of urinary EGF/Cr at the time of flare, and 
falling levels over time, are associated with poor long-term kidney 
outcomes.
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Effects of BAFF Neutralization on Atherosclerosis 
Associated With Systemic Lupus Erythematosus
Fanny Saidoune,1 Guillaume Even,2 Yasmine Lamri,1 Julie Chezel,3 Anh-Thu Gaston,2 Brigitte Escoubet,4 
Thomas Papo,3 Nicolas Charles,1 Antonino Nicoletti,2 and Karim Sacre3

Objective. Cardiovascular disease (CVD) is the leading cause of death in systemic lupus erythematosus (SLE). B 
cells play a key role in the pathogenesis of lupus, and anti-BAFF therapy has been approved for use in SLE. Since 
mature B cells also promote atherosclerosis, we undertook this study to evaluate, in a mouse model and in SLE 
patients, whether BAFF neutralization has an atheroprotective effect in SLE.

Methods. The effect of BAFF on atherosclerosis associated with lupus was investigated in the atherosclerosis/
lupus-prone apolipoprotein E–knockout D227K mouse model and in a cohort of SLE patients. Mice were treated 
with a blocking anti-BAFF monoclonal antibody (mAb), while fed a standard chow diet. Carotid plaque and carotid 
intima-media thickness were assessed by ultrasound at baseline and during follow-up in SLE patients who were 
asymptomatic for CVD.

Results. Anti-BAFF mAb in ApoE−/− D227K mice induced B cell depletion, efficiently treated lupus, and improved 
atherosclerosis lesions (21% decrease; P = 0.007) in mice with low plasma cholesterol levels but worsened the 
lesions (17% increase; P = 0.06) in mice with high cholesterol levels. The atheroprotective effect of the BAFF–BAFF 
receptor signaling inhibition on B cells was counterbalanced by the proatherogenic effect of the BAFF–TACI signaling 
inhibition on macrophages. In SLE patients, blood BAFF levels were associated with subclinical atherosclerosis  
(r = 0.26, P = 0.03). Anti-BAFF mAb treatment had a differential effect on the intima-media thickness progression in 
SLE patients depending on body mass index.

Conclusion. Depending on the balance between lipid-induced and B cell–induced proatherogenic conditions, 
anti-BAFF could be detrimental or beneficial, respectively, to atherosclerosis development in SLE.

INTRODUCTION

Accelerated atherosclerosis is now recognized as the main 
cause of death in patients with systemic lupus erythematosus 
(SLE) (1), but the increased prevalence of premature atheroscle-
rosis in SLE is not fully explained by traditional cardiovascular risk 
factors such as age, smoking status, hypertension, or dyslipi-
demia (2–6). While we have previously shown that lupus immu-
nopathogenesis may promote accelerated atherosclerosis (7), 

the mechanisms by which SLE might contribute to this remain 
elusive.

Lupus disease is dependent on the generation of autoreac-
tive antibodies by B cells (8,9). Strong evidence points to BAFF, a 
cytokine required for maturation and survival of B-2 cells, as play-
ing a key role in lupus (10). Constitutive overexpression of BAFF 
leads to a lupus-like phenotype in mice that are not genetically 
lupus-prone (11). In humans, circulating BAFF levels are elevated 
in as many as 50% of SLE patients, and a large 2-year longitudinal 
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study documented a significant correlation between BAFF lev-
els and clinical disease activity (12,13). Moreover, belimumab, a 
B cell–depleting monoclonal antibody (mAb) that targets BAFF, 
was shown to reduce SLE disease activity, prevent flares, and 
reduce glucocorticoid use in a large international, multicenter, ran-
domized, placebo-controlled phase III trial (14,15). Belimumab 
was the first biologic therapy approved by the Food and Drug 
Administration for use in SLE.

While B cells were initially considered as atheroprotective 
immune cells, recent studies have challenged this view with the 
demonstration that B-2 cells comprise proatherogenic cells (16–
18). Accordingly, atherosclerosis-prone mice in which hemato-
poietic cells did not express the receptor for the pro–B-2 BAFF 
cytokine displayed a significant reduction in atherosclerotic lesion 
development (18,19). Therefore, targeting BAFF signaling and B-2 
cells may represent an interesting therapeutic option to treat both 
SLE and atherosclerosis. The aim of our study was to test this 
hypothesis using a new mouse model with dual susceptibility to 
lupus and atherosclerosis (untreated or treated with an anti-BAFF 
therapy) as well as in a cohort of SLE patients in whom we moni-
tored carotid plaques, B cells, and BAFF levels.

SUBJECTS AND METHODS

Study participants. Seventy-three consecutive patients 
with SLE followed up at the Department of Internal Medicine, 
Bichat Hospital, University of Paris were enrolled between Jan-
uary 2012 and January 2013. All patients fulfilled the American 
College of Rheumatology criteria for SLE (20). Exclusion criteria 
consisted of known coronary disease or symptoms suggestive 
of cardiovascular disease (CVD; angina, arrhythmia, congestive 
heart failure, stroke, or peripheral arterial disease). The local eth-
ics committee approved the study (Institutional Review Board 
IRB 00006477 of HUPNVS, AP-HP). All patients provided writ-
ten informed consent. Patient characteristics are detailed in the  
Supplementary Methods (available on the Arthritis &  Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art. 41485/ 
abstract).

Mice. Female apolipoprotein E–knockout mice were pur-
chased from The Jackson Laboratory, and ApoE−/− D227K 
(Qa-1D22K/D227K) mice were generated as previously described 
(21). All mice were on a C57BL/6J background and were main-
tained and fed a standard chow diet in the animal facility of Unité 
1148, Institut National de la Santé et de la Recherche Médicale 
(INSERM), Bichat Hospital. In vivo BAFF neutralization was per-
formed on 12-week-old ApoE−/− D227K mice by intraperitoneal 
injection once every 2 weeks with 100 µg mouse anti-BAFF mAb 
(Armenian hamster IgG1, clone 10F4B; provided by GlaxoSmith-
Kline) or isotype control (Hamster IgG; Innovative Research). For 
each experiment, mice were euthanized at 40 weeks of age by 
intraperitoneal injection of 100 mg/kg ketamine HCl and 20 mg/kg  

xylazine, followed by exsanguination. Mice were used in accor-
dance with the French and European guidelines and approved by 
the ethical committee and by the Department of Research of the 
French government under study proposal number 5339 (APAFIS 
no. 5339-2017122818274866v6).

Cell, tissue, and plasma analyses. Human and mouse 
cell suspensions were analyzed by flow cytometry. Mouse ath-
erosclerotic lesions were measured as previously described (21). 
Mouse kidney lesions were characterized by immunofluorescence. 
IgG anti–double-stranded DNA (anti-dsDNA), IgG anti-phospho-
rylcholine (anti-PC), and BAFF were quantified by enzyme-linked 
immunosorbent assay. Detailed methods are available in the Sup-
plementary Methods (http://onlin elibr ary.wiley.com/doi/10.1002/
art.41485/ abstract).

Statistical analysis. After normal distribution testing 
(D’Agostino-Pearson test or Shapiro-Wilk test depending on 
sample size), differences between groups were analyzed using 
Student’s unpaired t-test, unless otherwise indicated. Two-way 
analysis of variance was used to compare 2 independent varia-
bles in 2 groups. Correlations were analyzed using Spearman’s 
or Pearson’s correlation coefficient test. Data are represented 
either as the mean ± SEM or as median and interquartile ranges. 
All analyses were performed with GraphPad Prism, version 6. All 
tests were 2-tailed, and P values less than 0.05 were considered 
significant.

RESULTS

Association of lupus phenotype and accelerated  
atherosclerosis in ApoE−/− D227K mice with the expan-
sion of B cells in secondary lymphoid organs and aortic 
adventitia. In order to obtain a model of lupus-associated ath-
erosclerosis, ApoE−/− D227K mice were generated by crossing 
lupus-prone Qa-1° (D227K) mice (22) with atherosclerosis-prone 
ApoE−/− mice. We first investigated whether B cells were modified in 
ApoE−/− D227K mice and then compared the spleen cells between 
40-week-old ApoE−/− mice and ApoE−/− D227K mice. As previ-
ously reported (21), CD19+ B cells in ApoE−/− D227K mice were 
expanded compared to ApoE−/− mice, with no difference in the over-
all percentages of T cells, dendritic cells, monocyte/macrophages, 
or neutrophils in the spleen (Figure 1A). Among B cells, the propor-
tions of germinal center B cells (I-A/I-E+GL7high) and follicular B cells 
(CD21+IgMlow) were significantly increased (Figure 1B). Consistent 
with this observation, plasma BAFF levels were higher in ApoE−/− 
D227K mice compared to ApoE−/− mice (Figure 1C).

Concomitantly, ApoE−/− D227K mice displayed a lupus-like 
phenotype with raised levels of IgG directed against dsDNA in 
serum and increased IgG and complement C3 deposition in 
renal glomeruli (Figures 1D and E), and they developed signifi-
cantly larger aortic plaques than did the ApoE−/− mice (Figure 1F). 

http://onlinelibrary.wiley.com/doi/10.1002/art.41485/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41485/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41485/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41485/abstract
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Additionally, the percentage of I-A/I-E+GL7high B cells, organized 
in clusters in the aortic adventitia, was increased in the aorta 
of ApoE−/− D227K mice and was associated with both sever-
ity of atherosclerotic lesions and higher plasma BAFF levels 
(Figures 1G–I). These data suggest that atherogenesis in ApoE−/− 
D227K mice is accelerated and associated with a BAFF-driven 
expansion of I-A/I-E+GL7high B cells and lupus-like phenotype.

Reduction of lupus-like disease activity through 
neutralizing anti-BAFF, but with no detectable effect on  
atherosclerosis, in ApoE−/− D227K mice. To investigate the role 
of BAFF in accelerated atherosclerosis associated with lupus, we 
treated ApoE−/− D227K mice being fed a standard chow diet for 28 

weeks with a neutralizing anti-mouse BAFF mAb hamster antibody 
(clone 10F4). Mice treated with anti-BAFF mAb had similar body 
weights and levels of total cholesterol and plasma  triglyceride, 
compared to mice treated with control mAb (Supplementary 
Table 2, http://onlin elibr ary.wiley.com/doi/10.1002/art.41485/ 
abstract). In ApoE−/− D227K mice, anti-BAFF mAb treatment 
induced an efficient and sustained B cell (CD19+) depletion over 
time in peripheral blood (Figure 2A). As expected, the complete 
BAFF neutralization (Figure 2B) resulted in a robust reduction of B 
cells (CD19+) in both the lymph nodes and the spleen (Figure 2C). 
Among B cells, plasma cells (CD138+), germinal center B cells 
(I-A/I-E+GL7high), follicular B cells (CD21+IgMlow), and marginal 
zone B cells (CD21+IgMhigh) were dramatically reduced (Figure 2D).

Figure 1. Expansion of B cells in secondary lymphoid organs and aortic adventitia are associated with a lupus phenotype and accelerated 
atherosclerosis in ApoE−/− D227K mice. A, Proportions of B cells (CD19+), plasmacytes (CD138+), T cells (T cell receptor β–positive [TCRβ+]), 
dendritic cells (CD11c+), monocytes (CD11b+), and neutrophils (Ly6G+) among CD45+ living cells in the spleens of ApoE−/− mice (n = 12) 
and ApoE−/− D227K mice (n = 11), determined by flow cytometry. B, Proportions of immature B cells (CD93+), germinal center B cells (I-A/I-
E+GL7high), follicular B cells (CD21+IgMlow), and marginal zone B cells (CD21+IgMhigh) among CD45+ splenocytes. C, Plasma BAFF levels. 
D, Levels of anti–double-stranded DNA (anti-dsDNA) IgG in plasma. E, Immunofluorescence staining for IgG and C3 glomerular deposits in 
kidneys, and the corresponding quantification. Bars = 50 μm. F, Oil red O staining in the aortic root, and quantification of the percentage of 
atherosclerotic lesions 400 µm from the appearance of the cusp in ApoE−/− mice (n = 12) and ApoE−/− D227K mice (n = 9). Bars = 500 μm.  
G, Proportions of germinal center B cells among CD45+ living cells in digested whole aorta of ApoE−/− mice (n = 6) and ApoE−/− D227K mice  
(n = 9), and immunofluorescence staining of B cell cluster (B-220+) in the whole adventitia (aortic arch) supplied by isolectin B4+ blood vessels. Bar = 
50 μm. H, Absolute numbers of germinal center B cells in the aorta of mice according to percentage of atherosclerotic lesions in an aortic root sample 
obtained 600 µm from the cusp. In A–H, Symbols represent individual mice; horizontal and vertical bars show the median and interquartile range.  
I, Correlation between plasma BAFF levels and the proportion of germinal center B cells in the aorta. * = P < 0.05; ** = P < 0.01; *** = P < 0.001.

http://onlinelibrary.wiley.com/doi/10.1002/art.41485/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41485/abstract


SAIDOUNE ET AL 258       |

Anti-BAFF mAb treatment did not alter numbers of T 
cells, dendritic cells, monocyte/macrophages, or neutrophils 
in the spleen (Supplementary Figure 2A, http://onlin elibr ary.
wiley.com/doi/10.1002/art.41485/ abstract). We confirmed in 
our mouse model that neutralization of BAFF was highly effective 
as a lupus treatment. Indeed, ApoE−/− D227K mice treated with 
anti-BAFF mAb had a profound decrease in serum anti-dsDNA 
antibody levels and markedly reduced IgG and C3 deposition in 
renal glomeruli (Figures 2E and F). However, despite an almost 
complete depletion of B cells in the aorta wall (Figure 2G and Sup-
plementary Figure 2B), a significant reduction of B-2 cells and a 
corresponding increase of B-1 cells in the spleen (Supplementary 

Figure 2. Neutralizing anti-BAFF dramatically dampens B cells in 
secondary and tertiary lymphoid organs, efficiently treats lupus, but 
has no apparent effect on atherosclerosis in ApoE−/− D227K mice.  
A, Proportions of total B cells (CD19+) among CD45+ living 
leukocytes in the peripheral blood of ApoE−/− D227K mice treated with 
isotype control (Iso; n = 10) or with anti-BAFF antibody (a-BAFF; n = 
5). Proportions were determined by flow cytometry prior to the first 
injection (week 0 [W0]) and at 4, 8, 12, 16, 20, 28 weeks after the first 
injection. B, Plasma BAFF levels. C, Proportions of total B cells among 
CD45+ living cells in the spleen, lymph nodes (LNs), and bone marrow 
(BM), determined by flow cytometry. D, Proportions of plasmacytes 
(CD138+), immature B cells (CD93+), germinal center B cells (I-A/I-
E+GL7high), follicular B cells (CD21+IgMlow), and marginal zone B cells 
(CD21+IgMhigh) among CD45+ splenocytes. E, Levels of anti-dsDNA 
IgG in plasma. F, Immunofluorescence staining for IgG and C3 
glomerular deposits in kidneys, and the corresponding quantification. 
Bars = 50 μm. G, Proportions of B cells (CD19+), plasmacytes 
(CD138+), T cells (TCRβ+), dendritic cells (CD11c+), monocytes 
(CD11b+), and neutrophils (Ly6G+) among CD45+ living cells in 
digested whole aorta of ApoE−/− D227K mice treated with isotype 
control (n = 9) or anti-BAFF antibody (n = 5). H, Oil red O staining in 
the aortic root, and quantification of the percentage of atherosclerotic 
lesions 200 µm, 400 µm, 600 µm, and 800 µm from the appearance 
of the cusp. Bars = 500 μm. In A and H, values are the mean ± SEM. 
In B-G, Symbols represent individual mice; horizontal and vertical bars 
show the median and interquartile range. * = P < 0.05; ** = P < 0.01; 
*** = P < 0.001; **** = P < 0.0001. See Figure 1 for other definitions. 
Color figure can be viewed in the online issue, which is available at 
http://onlinelibrary.wiley.com/doi/10.1002/art.41485/abstract.

Figure 3. Efficacy of neutralizing anti-BAFF on atherosclerosis 
in ApoE−/− D227K mice depends on plasma cholesterol levels.  
A, Plasma cholesterol levels in ApoE−/− D227K mice treated with 
isotype control (n = 6) or anti-BAFF antibody (n = 5). The low 
cholesterol group (mean ± SEM cholesterol level 3.16 ± 1.35 mmoles/
liter) and high cholesterol group (9.182 ± 1.78 mmoles/liter) included 
2 and 3 anti-BAFF monoclonal antibody–treated mice, respectively, 
and 3 isotype controls each. P values indicate the difference between 
isotype control and anti-BAFF antibody groups, and between low and 
high cholesterol groups. Symbols represent individual mice; horizontal 
and vertical bars show the median and interquartile range. Oil red 
O staining in the aortic root, and quantification of the mean ± SEM 
percentage of atherosclerotic lesions at 200 µm, 400 µm, 600 µm, 
and 800 µm from the appearance of the cusp are shown. Bars = 
500 μm. B, Proportion of macrophages (F4/80+CD11b+) among 
living cells after 10 days in mouse bone marrow–derived macrophage 
(BMM) culture, determined by flow cytometry. TACI expression on 
BMMs is shown. C, Foam cell formation assay in BMMs. BMMs were 
stimulated with 400 µg/ml oxidized low-density lipoprotein (ox-LDL) 
and 10% plasma drawn from ApoE−/− D227K mice, which was or was 
not depleted of BAFF in vitro. Lipid droplets in cells were visualized by 
oil red O staining and counterstained with DAPI. A representative field 
and cell (inset) per condition and the corresponding quantification of 
fluorescence intensity per cell are shown. Bars = 50 μm. * = P < 0.05; 
** = P < 0.01. See Figure 2 for other definitions. Color figure can be 
viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.41485/abstract.
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Figure 2C), along with a decrease in IgG antibodies specific for 
the oxidized low-density lipoprotein (ox-LDL) anti-PC antibodies 
in serum (Supplementary Figure 2D), anti-BAFF mAb treatment 
had no measurable effect on plaque formation and thus on ath-
erosclerosis associated with lupus (Figure 2H).

Enhanced foam cell formation through BAFF 
neutralization. In contrast to findings of previous studies 
on anti-CD20–treated and BAFF receptor (BAFF-R)–knock-
out mouse models of atherosclerosis (16–19,23), and although 
it had a prominent effect on B cells, neutralization of BAFF did 
not reduce atherosclerotic lesions in ApoE−/− D227K mice. To 
further increase complexity, anti-BAFF antibody treatment may 
actually increase atherosclerosis in ApoE−/− mice through the 
inhibition of a TACI-mediated atheroprotective effects on mac-
rophages (24). In the latter study, mice were fed an atherogenic 
high-fat diet and displayed plasma cholesterol levels that were 
~6 times higher than those observed in ApoE−/− D227K mice 
(mean ± SD total cholesterol 39.8 ± 2.3 mmoles/liter versus 
7.19 ± 4.4 mmoles/liter) (24).

We hypothesized that the effect of BAFF neutralization 
on atherosclerosis might differ according to cholesterol levels 

prior to treatment. We grouped ApoE−/− D227K mice based on 
plasma cholesterol levels, defining high and low cholesterol 
groups (Figure 3A). After anti-BAFF mAb treatment, atheroscle-
rosis lesions improved in the ApoE−/− D227K mice that had low 
plasma cholesterol levels (21% decrease; P = 0.007) and wors-
ened in mice with high cholesterol levels (17% increase; P = 0.06) 
(Figure 3A). Interestingly, the beneficial effect of the anti-BAFF mAb  
treatment on atherosclerosis was not reproduced when given to 
ApoE−/− mice with low cholesterol (Supplementary Figure 3, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41485/ abstract), indicat-
ing that this effect was not solely related to the plasma choles-
terol level but, presumably, to the lupus-prone background of the 
ApoE−/− D227K mice.

Since anti-BAFF mAb treatment contributed to the athero-
genesis in ApoE−/− D227K mice with high cholesterol, we investi-
gated the impact of BAFF depletion on foam cell formation in vitro. 
We confirmed the expression of the TACI receptor on bone mar-
row–derived macrophages (24,25) (Figure 3B) and found that 
BAFF depletion (Supplementary Figure 4, http://onlin elibr ary.
wiley.com/doi/10.1002/art.41485/ abstract) significantly increased 
the ox-LDL–dependent macrophage differentiation into foam 
cells  (Figure 3C), strongly suggesting that BAFF neutralization 

Table 1. Characteristics of the SLE patients*

All 
(n = 73)

No carotid plaque 
(n = 51)

Carotid plaque 
(n = 22) P

Age, mean ± SD years 40.4 ± 10.5 36.9 ± 8 48.4 ± 11.2 <0.01
Female sex 66 (90.4) 45 (88.2) 21 (95.5) NS
Hypertension 18 (24.7) 5 (9.8) 13 (59.1) <0.01
Smoker 24 (32.9) 17 (33.3) 7 (31.8) NS
LDL cholesterol, mean ± SD gm/liter 0.95 ± 0.4 0.94 ± 0.37 0.98 ± 0.47 NS
10-year risk of heart attack, mean ± SD %† 1.7 ± 3.6 1 ± 1.6 3.3 ± 5.9 <0.05
BMI >25 kg/m2 35 (47.9) 19 (37.3) 16 (72.3) <0.05
eGFR <60 ml/minute/1.73 m2‡ 11 (15) 4 (7.8) 7 (31.8) <0.05
Proteinuria/creatininuria, mean ± SD mg/mmoles 70 ± 195.1 61.8 ± 188.8 89.7 ± 212.7 NS
Duration of SLE, mean ± SD years 12.2 ± 9.5 10.9 ± 7.5 15.2 ± 12.6 NS
SELENA–SLEDAI score, mean ± SD 2.3 ± 3 2.5 ± 3 1.9 ± 3 NS
Lupus nephritis§ 41 (56.2) 25 (49) 16 (72.7) NS
aPL antibodies¶ 25 (34.2) 19 (37.3) 6 (27.3) NS
APS 12 (16.4) 7 (13.7) 5 (22.7) NS
Cumulative time of steroid treatment, mean ± SD years 8.3 ± 6.6 7.5 ± 6 10.2 ± 7.6 NS
Cumulative dose of steroid treatment, mean ± SD gm 40.4 ± 26.6 38.5 ± 23.9 46.9 ± 34.7 NS
Receiving steroid treatment at study time 49 (67.1) 35 (68.6) 14 (63.6) NS
Steroid dosage at study time, mean ± SD mg/day 9.7 ± 7.1 9.1 ± 5.1 11.2 ± 10.5 NS
Other treatment, at study time

Hydroxychloroquine 71 (97.3) 50 (98) 21 (95.5) NS
Immunosuppressive therapy# 49 (67.1) 32 (62.7) 17 (77.3) NS
Antiplatelet therapy 10 (13.7) 5 (9.8) 5 (22.7) NS
Statins 13 (17.8) 6 (11.8) 7 (31.8) NS

* Except where indicated otherwise, values are the number (%) of patients. Carotid plaque was defined as an internal carotid 
wall thickness of >1.5 mm. SLE = systemic lupus erythematosus; NS = not significant; LDL = low-density lipoprotein; BMI = body  
mass index; eGFR = estimated glomerular filtration rate; SELENA–SLEDAI = Safety of Estrogens in Lupus Erythematosus 
National Assessment version of the SLE Disease Activity Index; aPL = antiphospholipid; APS = antiphospholipid syndrome. 
† Calculated using the Framingham equation. 
‡ Calculated using the Modification of Diet in Renal Disease equation. 
§ Class III or class IV. 
¶ Including lupus anticoagulant, anticardiolipin, and anti–β2-glycoprotein I antibodies. 
# Including cyclophosphamide, azathioprine, mycophenolate mofetil, and methotrexate. 
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in vivo in a high-cholesterol environment may lead to increased 
foam cell formation and subsequent increased plaque formation 
(Figure 3A).

Taken together, these data suggest a contrasting effect of 
BAFF on atherosclerosis, enhancing atherogenesis in a B cell/
BAFF-R–dependent manner on the one hand and promoting ath-
eroprotection in a macrophage/TACI-dependent manner on the 
other hand.

Correlation of CD19+IgD+CD27− B cells, BAFF, and IgG 
anti-PC antibodies with subclinical atherosclerosis in SLE 
patients. Next, we studied human atherosclerosis associated 
with SLE. We first analyzed the prevalence of subclinical athero-
sclerosis in a cohort of 73 SLE patients (mean ± SD age 40.4 ± 10.5 
years, 90.4% female) without known CVD (Table 1). Ultra   sound was 
performed at baseline and identified carotid plaque (i.e., a local 
internal carotid artery wall thickness [ICWT] of >1.5 mm [26]) in 

Figure 4. CD19+IgD+CD27− B cells, BAFF, and IgG anti-phosphorylcholine (anti-PC) antibodies in systemic lupus erythematosus (SLE) 
patients are associated with atherosclerosis. A, Proportions of B cells (CD19+) among living peripheral blood mononuclear cells (PBMCs), 
determined by flow cytometry and analyzed in SLE patients with carotid plaque (n = 12) and those without carotid plaque (n = 31). Carotid plaque 
was defined by an internal carotid wall thickness (ICWT) of >1.5 mm. B, Proportions of CD19+ cell subsets in PBMCs (preswitch [IgD+CD27−], 
postswitch [IgD−CD27+], and plasmablast cells [CD27+CD38+]) in the patients described in A. C, Correlation between frequency of preswitch 
B cells and ICWT in SLE patients with carotid plaque (n = 12) and those without (n = 29). D, Correlation between plasma BAFF levels and 
ICWT in SLE patients with carotid plaque (n = 22) and those without (n = 51). E, Plasma BAFF levels in 7 patients in whom carotid plaque had 
developed between the first vascular assessment (T0) and the follow-up vascular assessment (T1) (open circles) and in 5 patients who exhibited 
no progression in subclinical atherosclerosis between the first and second assessments (solid circles). The onset of carotid plaque during follow-
up in SLE patients was associated with an increase of 171% (mean ± SEM +675.8 ± 1,236 pg/ml; P = 0.01) in plasma BAFF levels between the 
first and second vascular assessments, while the lack of progression in subclinical atherosclerosis tended to be associated with a decrease in 
BAFF of 12% (mean ± SEM −66 ± 65.5 pg/ml; P = 0.12). F, Correlation between plasma levels of IgG anti-PC antibodies measured at baseline 
and ICWT progression during follow-up in SLE patients with carotid plaque (n = 11) and those without carotid plaque (n = 6). In A and B, 
symbols represent individual patients; horizontal and vertical bars show the median and interquartile range. * = P < 0.05; *** = P < 0.001. Color 
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41485/abstract.
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22 SLE patients (30.1%), despite a very low risk for cardiovas-
cular events (CVEs) according to the Framingham score (27) 
(mean ± SD 1.7 ± 3.6%). As expected, age, hypertension, Fram-
ingham score, overweight, and chronic kidney disease were asso-
ciated with subclinical atherosclerosis in SLE (Table 1).

Interestingly, the frequency of CD19+ B cells in peripheral 
blood was significantly higher in SLE patients with carotid plaque 
compared to SLE patients without plaque (Figure 4A). Among B 
cells, increased proportions of the CD19+IgD+CD27− preswitch 
B cell subset were associated with carotid plaque and correlated 
positively with ICWT in SLE (Figures 4B and C). In addition, serum 
BAFF levels correlated positively with ICWT (Figure 4D).

We next analyzed the occurrence of carotid plaques 
over time in SLE patients. Among the 51 SLE patients without 
carotid plaque at baseline, 27 had a second vascular ultrasound 

performed at a mean ± SD of 3.3 ± 1.4 years after the first evalu-
ation. Ultrasound revealed new carotid plaque in 10 cases (37%), 
corresponding to a rate of 1 plaque per 7.1 SLE patients per year. 
The 10-year cardiovascular risk did not significantly differ between 
SLE patients in whom carotid plaque occurred during follow-up 
and those with no new carotid plaque (mean ± SD 2.4 ± 3 versus 
0.8 ± 0.7; P = 0.471). However, an increase in plasma BAFF levels 
over time was associated with the onset of carotid plaque, and a 
steady level of plasma BAFF levels was associated with a lack of 
progression of subclinical atherosclerosis (Figure 4E). Moreover, 
progression of ICWT in SLE patients during follow-up positively 
correlated with anti-PC IgG antibody levels measured in serum at 
baseline (Figure 4F).

Contrasting effect of anti-BAFF treatment on intima- 
media thickness progression in SLE patients. During a 
16-month period, 3 of 73 SLE patients in our cohort received beli-
mumab. Belimumab induced a robust reduction both in plasma 
BAFF levels and in IgD+CD27− preswitch B cell frequency mea-
sured in peripheral blood (Figures 5A and B), which was associ-
ated with better control of SLE activity as assessed by the Safety 
of Estrogens in Lupus Erythematosus National Assessment ver-
sion of the SLE Disease Activity Index (28) in all 3 cases.

Despite a homogeneous effect of belimumab on the B cells in 
all 3 patients, subclinical atherosclerosis progression was hetero-
geneous. intima-media thickness, prospectively observed before 
and during treatment in 2 patients, strongly increased in patient 
1, while slightly decreasing in patient 2 (Figure 5C). Interestingly, 
these 2 patients shared the same characteristics regarding SLE 
disease and risk of CVEs, with the exception of body mass 
index (BMI) (38.3 kg/m2 for patient 1 and 21.4 kg/m2 for patient 
2, at the start of belimumab treatment) (Supplementary Table 3, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41485/ abstract). 
This observation suggests that despite a homogeneous impact 
on B cells, anti-BAFF treatment in SLE patients might have dif-
ferential effects on atherosclerosis depending on BMI. Accord-
ingly, the positive correlation of BAFF levels with ICWT that was 
observed in the cohort of SLE patients (Figure 4D) was lost 
when considering patients with a BMI of >25 kg/m2 (Figure 5D). 
Furthermore, the decrease in plasma BAFF levels during beli-
mumab treatment was associated with an in vitro increase in 
the ox-LDL–dependent macrophage differentiation into foam 
cells  in patient 1 (BMI >25 kg/m2) but a decrease in patient 2 
(BMI <25 kg/m2) (Figure 5E).

DISCUSSION

Models for predicting CVEs in the general population (such 
as the Framingham model) underestimate the cardiovascu-
lar risk in SLE, at least partly because they do not incorpo-
rate important risk factors such as overweight, chronic kidney 
disease, or systemic inflammation (2,3,29). Despite the high 

Figure 5. Opposite effect of neutralizing anti-BAFF on athero-
sclerosis according to body mass index (BMI) in SLE patients. A, 
Plasma BAFF levels in 3 SLE patients treated with belimumab (10 
mg/kg once every 4 weeks) over time. BAFF was measured the day 
of first injection (month 0 [M0]) and at 1, 6, and >12 months after 
the first injection. B, Frequencies of CD19+ cell subsets in PBMCs 
(preswitch [IgD+CD27−], postswitch [IgD−CD27+], and plasmablast 
cells [CD27+CD38+]) in the patients described in A. C, Progression 
of intima-media thickness (IMT) measured >12 months before the 
first injection of belimumab, the day of first injection, and after >12 
months of belimumab treatment in an SLE patient with high BMI 
(P1) and in an SLE patient with normal BMI (P2). D, Correlation 
between plasma BAFF levels and ICWT in SLE patients with a BMI 
of <25 kg/m2 (n = 46) and those with a BMI of >25 kg/m2 (n = 24).  
E, Foam cell formation assay on phorbol myristate acetate–
induced macrophage–differentiated THP-1 cells stimulated with 2 
µg/ml oxidized low-density lipoprotein (ox-LDL) and 10% plasma 
obtained the day of first injection of belimumab and after >12 
months of belimumab treatment in the 2 SLE patients described 
in C. A representative field per condition and the corresponding 
quantification of fluorescence intensity per cell are shown. Bars = 
50 μm. In A and B, values are the mean ± SEM. ** = P < 0.01 
versus month 0. See Figure 4 for other definitions. Color figure can 
be viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.41485/abstract.
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prevalence and early onset of CVEs, the mechanisms lead-
ing to accelerated atherosclerosis in SLE are still unclear, and 
the optimal cardiovascular prevention strategy has yet to be 
defined.

We hypothesized that SLE immune dysregulation may accel-
erate atherosclerosis and investigated the effect of BAFF neutraliza-
tion on the development of atherosclerosis associated with lupus. 
Our data support the notion of an unexpected  double-edged effect 
of BAFF neutralization on atherosclerosis development both in an 
atherosclerosis/lupus-prone mouse model and in SLE patients. 
Indeed, our findings strongly suggest that the disruption of BAFF–
BAFF-R signaling on B cells has an atheroprotective effect, while 
the disruption of BAFF–TACI signaling on macrophages has a 
proatherogenic effect. In SLE, neutralizing BAFF using an anti-
BAFF antibody may promote atherosclerosis by enhancing mac-
rophage foam cell formation when proatherogenic conditions, such 
as dyslipidemia or overweight, are present. In contrast, neutralizing 
anti-BAFF antibodies might beneficially affect atherosclerosis devel-
opment by depleting B cells when only proatherogenic B-2 cells are 
overrepresented (for a schematic view see Supplementary Figure 5, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41485/ abstract).

B cell and humoral responses are instrumental in the initi-
ation and progression of atherosclerosis (30). Although initial 
studies indicated the atheroprotective potential of the B cells 
that rely on B-1 cells (31,32), more recent studies have identified  
T-dependent B cells (B-2 cells) as potent proatherogenic medi-
ators in mouse models of atherosclerosis (16,17). Accordingly, 
the atheroprotective effect of disrupting BAFF–BAFF-R signaling 
that we observed could be attributed to the depletion of mature 
B cells, which was very similar to the data obtained on anti-CD20 
antibody–treated mice (16–19,23). In ApoE−/− D227K mice, anti-
BAFF antibody treatment appeared to affect only the B-2 cell 
population, while the B-1 cells and other lymphocyte populations 
remained unaffected and anti-BAFF antibody treatment had no 
direct effect on plasma lipid concentrations.

Due to the fact that the treatment of atherosclerosis/lupus-
prone mice with anti-BAFF neutralizing antibody may increase 
atherosclerosis, despite a similar reduction in mature B cells, we 
hypothesized that BAFF may have the capacity to affect ather-
osclerosis beyond changes in BAFF-R signaling and B cells. In 
addition to BAFF-R, BAFF binds to BCMA and TACI receptors 
(33). Our findings confirm that TACI is expressed on macrophages 
and that BAFF mediates atheroprotective effects through the 
TACI receptor. Disrupting BAFF–TACI signaling on macrophages 
enhances their differentiation into foam cells under conditions 
of hypercholesterolemia (in mice) and/or obesity (in humans). 
Although TACI is also bound by the alternative ligand APRIL (33), 
overexpression of APRIL in ApoE−/− mice does not seem to affect 
atherosclerotic plaque size (34).

Our findings are consistent with those of a recent study 
showing that neutralization of BAFF leads to increased athero-
sclerotic plaque size in mouse models of atherosclerosis, through 

a B cell– independent antiinflammatory property of BAFF on mac-
rophages (24). In contrast to our study, no atheroprotective effect 
of anti-BAFF treatment was observed. Of note, mice in that study 
did not have lupus, were fed an atherogenic diet for 6 weeks, and 
displayed very high plasma cholesterol levels (>15 gm/liter). Such 
an extreme regimen may have obviated the beneficial effect of B 
cell depletion on atherosclerosis progression. On the other hand, 
since reduction of atherosclerosis has been observed in BAFF-R–
deficient mice, anti–BAFF-R–treated mice, and anti-CD20 anti-
body–treated mice (16–19,23), the in-rebound increased soluble 
BAFF levels known to occur in such a condition might have also 
contributed to the atheroprotective effect (23). A recent study has 
demonstrated markedly decreased atherosclerosis in ApoE−/− 
BAFF-transgenic mice that displayed extremely high levels of 
BAFF, consistent with the notion of overexpression of both soluble 
and membrane-bound forms of BAFF (35).

Overall, BAFF neutralization using mAb may actually increase 
atherosclerotic plaque size, when the beneficial effect of depletion 
of mature B-2 cells on both secondary lymphoid organs and aortic 
adventitia is counterbalanced by the detrimental effect of BAFF inhi-
bition on the cholesterol-driven foam cell formation. Thus, depend-
ing on the balance between pathogenic B cells and proatherogenic 
conditions, such as excess body fat or abnormal cholesterol levels, 
anti-BAFF mAb might promote or protect against atherosclerosis. 
Of note, metabolic syndrome is highly prevalent in SLE, and over-
weight is a major contributor to atherosclerosis (3,36).

Our study has several limitations. First, a small number 
of mice were treated with anti-BAFF antibody. Our in vivo experi-
mental design, however, included a larger number of mice in the 
anti-BAFF group. Unfortunately, most mice (n = 7) developed 
neutralizing antibodies against the anti-BAFF antibodies (which 
were Armenian hamster IgG1s) that prevented satisfactory B cell 
depletion. In the absence of sustained B cell depletion, we failed 
to detect a significant effect on the lupus phenotype in these mice. 
This group of mice was therefore not included in our report, since 
the data associated with these partially BAFF-depleted mice would 
bias the interpretation. Interestingly, the effects of BAFF neutraliza-
tion on atherosclerosis in these mice indicate a contrasting effect 
of BAFF neutralization on atherosclerosis development, depend-
ing on individual cholesterol levels (Supplementary Figure 6, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41485/ abstract).

Second, the heterogeneity in plasma cholesterol levels 
was important in mice, despite a shared genetic background. 
The cholesterol levels, however, were normally distributed, and 
the fact that all mice were not issued from the same cage may 
have contributed to this distribution. In addition, such a distri-
bution has already been reported in ApoE−/− mice in the litera-
ture (37,38). In our study, cholesterol level was not associated with  
mouse weight and was independent of the treatment received 
 (Supplementary Figure 7, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41485/ abstract). On the other hand, the  distribution and over-
all modest level of cholesterol in our mouse model gave us the 
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opportunity to test the effect of BAFF neutralization on atherosclero-
sis according to cholesterol levels.

Third, atherosclerosis lesions were analyzed only at the aortic 
root and might not be representative of the entire aortic tree. In the 
present study, the entire aorta (besides the aortic root) was required 
for flow cytometry analysis and adventitial tertiary lymphoid organ 
staining (Figure 1G). It is nevertheless noteworthy that we previously 
demonstrated that ApoE−/− D227K mice also had more severe ather-
osclerosis lesions than ApoE−/− mice based on aorta en-face staining 
quantification (21).

In summary, despite the promising hypothesis of B cells 
as a therapeutic target for attenuating accelerated atheroscle-
rosis associated with SLE, our study highlights a double-edged 
effect of BAFF neutralization on atherosclerosis development. The 
impact of BAFF-targeted immune therapy on CVD prevention in 
SLE should be carefully examined in long-term clinical studies.
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Association of Urinary Matrix Metalloproteinase 7 Levels 
With Incident Renal Flare in Lupus Nephritis
Guobao Wang,1 Liling Wu,2 Huanjuan Su,1 Xiaodan Feng,3 Meng Shi,1 Lingwei Jin,4 Manqiu Yang,1 Zhanmei Zhou,1 
Cailing Su,1 Bihui Yang,1 Yajing Li,1 and Wei Cao1

Objective. Flares of lupus nephritis (LN) are frequent and associated with impaired renal prognosis. One major 
management obstacle in LN flare is the lack of effective methods to identify at-risk patients earlier in their disease 
course. This study was undertaken to test the utility of measurement of urinary matrix metalloproteinase 7 (MMP-7) 
for the dynamic surveillance of renal disease activity and prediction of renal flares in LN.

Methods. A prospective, 2-stage cohort study was performed in patients with LN. Urinary MMP-7 levels at the 
time of biopsy were evaluated in 154 patients with newly diagnosed LN in 2 independent cohorts. Urinary MMP-7 
levels were assessed for correlation with renal histologic activity. Furthermore, after a minimum period of 12 months 
of renal disease remission, urinary MMP-7 levels were monitored bimonthly for 2 years in 65 patients with LN. The 
association between urinary MMP-7 levels and development of LN flare was analyzed.

Results. Urinary MMP-7 levels were elevated in patients with LN. A higher urinary MMP-7 level in LN was associated 
with greater renal histologic activity. As a marker for identifying LN patients with more severe renal histologic activity  
(i.e., a histologic activity index of ≥7), the level of urinary MMP-7 outperformed other clinical markers and improved 
their predictive performance, thus linking urinary MMP-7 levels to renal disease activity. Furthermore, among patients 
who had follow-up measurements of urinary MMP-7 after achievement of long-term remission of renal disease 
activity, an elevated urinary MMP-7 level during follow-up was independently associated with an increased risk of 
LN flare. This elevation in the urinary MMP-7 level hinted at the risk of an LN flare at an earlier time point prior to 
indications using conventional laboratory measures. Thus, use of the urinary MMP-7 level in conjunction with other 
clinical measures improved the prognostic value for prediction of an LN flare.

Conclusion. Urinary MMP-7 levels in LN are correlated with renal histologic activity. An elevated urinary MMP-7 
level detected after achievement of long-term renal disease remission is associated with a higher risk of incident renal 
flare in patients with LN.

INTRODUCTION

Lupus nephritis (LN) is the most common cause of morbidity 
and mortality in patients with systemic lupus erythematosus (SLE) 
(1). LN has a flaring–remitting course, with patients often experi-
encing episodic active renal lesions (flares) that lead to cumulative 
renal damage (2,3). However, not all patients in whom remission 

of renal disease activity occurs have an equal risk of renal flares. 
Investigations that can be applied to monitor renal disease activ-
ity longitudinally may provide a chance for prompt and necessary 
interventions to improve renal survival (4,5). Current surveillance 
of renal disease activity in LN is based on follow-up of its clinical 
evolution (6,7), with confirmation by assessment of renal histologic 
activity in serial kidney biopsy samples (8–10). Clearly, sensitive 
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and noninvasive indicators are required to identify at-risk patients 
earlier in their disease course. Although several candidate clinical 
indicators have been identified up to now (11–13), only a few have 
been tested serially after long-term complete renal disease remis-
sion has been achieved and during periods leading up to a flare.

Matrix metalloproteinases (MMPs) comprise a family of 
zinc-containing proteinases and are crucial for tissue devel-
opment and homeostasis (14). MMP-7 is one of the smallest 
secreted members of the MMP family. Activation of MMP-7 could 
increase the activity of other MMPs that have been postulated as 
potential biomarkers for disease progression in LN (15). In addi-
tion, MMP-7 has been implicated in cell proliferation and inflam-
mation (16–19), both being features that characterize the active 
renal damage occurring in patients with LN, and MMP-7 is readily 
detected in the serum, urine, and various tissues including the kid-
neys (20–22). Elevated levels of MMP-7 in the serum and kidneys 
have been demonstrated in LN patients with active renal injury 
(20,23). Wnt/β-catenin signaling, an upstream regulator of MMP-7 
expression, is increasingly activated in the kidneys along with the 
development of LN (24). Urinary MMP-7, whose level is a reflec-
tion of renal Wnt/β-catenin activity and MMP-7 expression, has 
been proposed as an indicator of the severity of renal damage in 
certain kidney diseases (22,25). Nevertheless, in human LN, the 
exact level of urinary MMP-7 and its relationship to renal disease 
activity have not yet been elucidated.

In the present study, we postulated that the urinary MMP-7 
level may serve as an early predictor of LN flares. To test this hypoth-
esis, a prospective, 2-stage cohort study was performed in patients 
with LN. We assessed the urinary MMP-7 level for direct correlation 
with histologic features of renal disease activity at the time of renal 
biopsy. Moreover, among patients who had been receiving long-
term maintenance therapy and who were in complete clinical remis-
sion during maintenance, we monitored their urinary MMP-7 levels 
and determined the association between the urinary MMP-7 level 
over time and the risk of incident renal flare. Our findings demon-
strate that tracking the urinary MMP-7 level longitudinally aids in 
the prediction of renal flares, and offers the potential to improve the 
efficacy of precision therapeutics in patients with LN.

PATIENTS AND METHODS

Study design and patients. This study was designed as 
a prospective, 2-stage cohort study (see Supplementary Figure 1, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41506/ abstract). The study was 
approved by our local Institutional Ethics Review Board, and written 
informed consent was obtained from all subjects.

Stage I. Stage I of the study was performed in 2 indepen-
dent cohorts of patients with LN from 3 tertiary university hos-
pitals in 2 cities in China between 2014 and 2017. For the test 
cohort, we recruited 88 patients from a single hospital in Guang-
zhou. For the validation cohort, we recruited 66 patients from 

other hospitals in Wenzhou and Guangzhou. All participants were 
individuals age 18 years or older who met the American College 
of Rheumatology updated criteria for the classification of SLE (26) 
and had biopsy-proven LN. Exclusion criteria included those who 
had undergone kidney transplantation, and those with overlap 
syndromes (i.e., diabetes, urinary tract infection, or other immune 
complex diseases). Renal biopsy was performed in all patients 
before the initiation of immunosuppressive therapy. Serum sam-
ples were collected from subjects early in the morning, during 
bed rest. Fresh urine samples were collected after the individual 
had woken up, on the day of biopsy, as previously described (27).

Thirty patients with extrarenal SLE, 40 patients with protein-
uria due to nonproliferative glomerular diseases, and 20 healthy 
volunteers were included as controls. Nonproliferative glomerular 
diseases in the 40 patients consisted of minimal-change nephrotic 
disease (MCD) in 20 patients and thin basement membrane 
nephropathy (TBMN) in 20 patients, as previously described (12). 
Paired serum and urine samples were collected from the disease 
controls in the same manner as described above, before initiation 
of immunosuppressive therapy.

Stage II. In stage II of the study, from 2012 to 2019, 65 con-
secutive patients who had biopsy-proven class III/class IV with or 
without class V LN and who were followed up in 2 Guangzhou 
hospitals were recruited. All participants in the second stage of 
the study had achieved a renal response, as defined according 
to renal disease activity and clinical parameters described below, 
after receiving 6 months of induction therapy, and all had been in 
complete renal remission for at least 12 months during the period 
of maintenance therapy. At the time of enrollment, all subjects were 
taking mycophenolate mofetil (median dose 0.5 gm/day, interquar-
tile range [IQR] 0.5–0.5 gm/day), prednisone (median dose 10 mg/
day, IQR 10–15 mg/day), and hydroxychloroquine (median dose 
0.2 gm/day). In addition, 43.1% of patients were taking renin–
angiotensin system (RAS) blockers titrated to a blood pressure 
target of 130/80 mm Hg or lower. After enrollment, the mycophe-
nolate mofetil dose was tapered off and then stopped. The pred-
nisone dose was waned below 10 mg/day. There was no difference 
in the doses of prednisone and mycophenolate mofetil between 
the flare group and the no-flare group after enrollment. Participants 
were followed up for 2 years. Serum and urine samples were col-
lected bimonthly.

All serum and urine samples were centrifuged at 2,500g for 
10 minutes. The supernatants were stored at −80°C before being 
analyzed.

Histologic analysis. Renal biopsy samples were obtained 
from patients with LN. Normal kidney tissue adjacent to the site 
of a renal carcinoma was obtained from subjects as controls 
(n = 10). Sections from the kidney tissue were processed for 
hematoxylin and eosin, periodic acid–Schiff, and Masson’s tri-
chrome staining. LN was categorized according to the 2018 
International Society of Nephrology/Renal Pathology Society 
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(ISN/RPS) LN classification system (2). Patients demonstrating 
features of class III/class IV LN in the presence of concomitant 
class V LN were categorized as having class III/class IV LN.

Disease activity. Renal pathologic activity was evaluated 
using the renal histologic activity index and histologic chronicity 
index in all kidney biopsy samples. Both indices were calculated 
using the 2018 National Institutes of Health scoring system for 
LN (score scales 0–24 for the activity index and 0–12 for the 
chronicity index) (2).

Clinical disease activity was determined using the following 
parameters (12,28): proteinuria (reference range 0–0.14 gm/day), 
active urinary sediment (reference range 0–5 red blood cells or 
white blood cells/high-power field), serum levels of creatinine (ref-
erence range 0.5–1.2 mg/dl), serum levels of C3 (reference range 
0.9–1.8 gm/liter), serum levels of anti–double-stranded DNA (anti-
dsDNA) antibodies (reference range 0–200 IU/liter), and serum 
levels of antinuclear antibodies (reference range 0–20 IU/liter).

Complete clinical remission of LN was defined as achieve-
ment of a normal estimated glomerular filtration rate (eGFR) 
(defined as >90 ml/minute/1.73 m2), presence of inactive urinary 
sediments, and a proteinuria level of <0.5 gm/day after 6 months 
of induction therapy (29). LN flare was defined as either an increase 
in the level of proteinuria to >0.5 gm/day or an increased level or 
recurrence of active urinary sediment or an elevation of >0.3 mg/dl 
in the serum creatinine level (3,5). The signs of active renal disease 
were persistent and present for at least 2 visits, 2 days apart.

Immunohistochemical analysis of kidney MMP- 
7  levels. Intrarenal expression of MMP-7 was determined in 
2-μm–thick sections of the kidney biopsy tissue using an anti- 
human MMP-7 antibody (1:100, AF907; R&D Systems) as  
previously described (30). The intensity of staining for MMP-7 was 
expressed as the ratio of integrated optical density to observed area.

All histologic analyses were performed by 2 independent 
nephropathologists (ZZ and CS) who were blinded with regard to 
the subjects’ clinical data. Inter- and intraobserver reproducibility 
testing displayed good reliability (for interobserver agreement, 
intraclass correlation coefficient [ICC] 83.2%, 95% confidence 
interval [95% CI] 75.5–88.7%; for intraobserver agreement, ICC 
90.8%, 95% CI 86–94.0%).

Enzyme-linked immunosorbent assay (ELISA) for 
MMP-7 in the serum and urine. Quantification of serum or 
urinary MMP-7 levels was performed using ELISAs as dictated by 
the manufacturer’s protocol (DY907; R&D Systems). The values 
for MMP-7 levels in urine samples were standardized to those of 
urinary creatinine, with results expressed as ng/mg creatinine. 
Determination of the urinary MMP-7 level using this ELISA kit is 
accurate, as was confirmed using a spike/recovery assay (mean 
recovery rate ranging from 88% to 109% at different spiked lev-
els) and linearity assay (mean recovery rate ranging from 92% to 

105% at different dilutions). Confidence in the MMP-7 assay is 
further supported by the MMP-7 interassay variability (5.8%) and 
intraassay variability (2.6%). Finally, ELISA quantification of the 
MMP-7 level is inexpensive and rapid.

Statistical analysis. Continuous variables were expressed 
as the mean ± SD or as the median with IQR, and categorical 
variables were presented as proportions. We used independent- 
sample t-tests, Mann-Whitney U tests, or Kruskal-Wallis tests 
to compare continuous variables, and chi-square tests to com-
pare categorical variables. Correlations were determined using 
Pearson’s correlation coefficients. In the correlation analyses, the 
 urinary MMP-7 value was log-transformed to correct for disper-
sion of data. Participants in the LN cohorts in stage I were dichot-
omized according to the median level of renal histologic activity 
(median activity index of 7).

The association between the urinary MMP-7 level on the day 
of biopsy and higher renal histologic activity (activity index ≥7) in 
patients with LN was investigated using multiple logistic regression 
analyses, controlling for the effect of clinically important confound-
ing variables, including sex, hypertension, use of RAS blockers, 
proteinuria, and serum levels of creatinine, C3, and anti-dsDNA 
on the day of biopsy. To compare the predictive performance of 
the urinary MMP-7 level with the predictive performance of other 
clinical indicators in identifying patients with higher renal histologic 
activity (activity index ≥7), an area under the receiver operating 
characteristics curve (AUC) was generated (31). The ICCs (with 
95% CIs) for inter- and intraobserver reproducibility of the histo-
logic analyses were determined (32).

Among the 65 patients with LN who had follow-up urinary 
MMP-7 measurements after having achieved complete renal dis-
ease remission for at least 12 months, the association between 
the urinary MMP-7 level and risk of incident LN flare (an increase in 
proteinuria to >0.5 gm/day) was determined using a multivariable 
time-dependent Cox proportional hazards model with adjustment 
for the aforementioned confounding variables (except for protein-
uria). Repeated assessments of urinary MMP-7, serum C3, serum 
creatinine, and serum anti-dsDNA levels were time-dependent 
variables. Using C-statistics, the discriminatory capability of cur-
rent clinical measures used in conjunction with the urinary MMP-7 
level was compared with that of current clinical measures used 
alone (without urinary MMP-7).

Two-tailed P values of less than 0.05 were considered statis-
tically significant. R program version 3.2.0 was used for all statisti-
cal analyses (The R Foundation; http://www.R-proje ct.org/).

RESULTS

Characteristics of the patients. The 2-stage study design  
and distribution of participants are shown in Supplementary Figure 1 
(http://onlin elibr ary.wiley.com/doi/10.1002/art.41506/ abstract). In 
stage I, 88 patients with LN from 1 hospital were enrolled in the 
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test cohort. Table 1 provides the clinical and histologic character-
istics of the patients in the test cohort, dichotomized according 
to the median renal histologic activity index (based on a median 
activity index of 7, IQR 2–10). Patients with greater histologic activ-
ity (activity index ≥7) had higher levels of proteinuria, higher serum 
creatinine levels, lower C3 levels, and more hypertension, and use 
of RAS blockers was more frequent among these patients com-
pared to those with a renal histologic activity index of <7.

Sixty-six patients with LN from other hospitals were enrolled 
in the validation cohort, and the characteristics of these patients 
were similar to those in the test cohort (Table 1). Twenty age- and 
sex-matched volunteers (mean ± SD age 34 ± 12 years, 75% 
female) served as healthy controls. Disease controls consisted of 
patients with extrarenal SLE (n = 30), patients with MCD (n = 20), 
and patients with TBMN (n = 20) (characteristics are detailed in 
Supplementary Table 1, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41506/ 
abstract). Renal biopsy was performed in all patients before the 
initiation of immunosuppressive therapy.

For stage II of the study, 65 patients with LN were recruited 
from 1 Guangzhou hospital. All patients had received maintenance 
therapy, and all had been in complete renal disease remission for 
at least 12 months during maintenance. Supplementary Table 2 
(available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41506/ abstract) presents the 
characteristics of the patients at the time of enrollment, segre-
gated by the renal flare status during 2 years of follow-up. There 
was no difference in patient characteristics between the flare and 
the no-flare groups.

Marked elevation in the urinary MMP-7 level in 
patients with LN. In stage I, distribution of the urinary MMP-7 
level on the day of biopsy was determined in the LN test cohort, 
disease controls, or healthy volunteers. As shown in Figure 1A, 
patients with LN had an elevated urinary MMP-7 level (median 
5.14 ng/mg creatinine, IQR 2.80–11.67), as compared with 
healthy volunteers (median 1.09 ng/mg creatinine, IQR 0.66–
1.82), patients with extrarenal SLE (median 1.33 ng/mg creatinine, 
IQR 0.99–2.29), patients with MCD (median 1.56 ng/mg creati-
nine, IQR 1.16–2.68), or patients with TBMN (median 1.38 ng/mg 
creatinine, IQR 0.87–2.71) (all P < 0.001).

The MMP-7 level in serum samples was assessed on the 
same day that urine samples were obtained. The serum MMP-7 
level was slightly elevated in patients with LN compared with 
healthy volunteers and disease controls, but the magnitude 
of this elevation was trivial (fold change of <2) (Supplementary 
Table 1 [http://onlin elibr ary.wiley.com/doi/10.1002/art.41506/ 
abstract]). No correlation was observed between the urinary and 
serum MMP-7 levels in patients with LN (r = 0.113, P = 0.292) 
(Figure 1B).

We further examined the kidney expression of MMP-7 by 
immunohistochemical staining of renal biopsy tissue. MMP-7 was 
barely detectable in the normal kidneys from 10 healthy controls. 
However, the MMP-7 protein level was notably induced in renal 
biopsy samples from patients with LN (representative results 
shown in Figure 1C). MMP-7 was predominantly deposited in 
tubular cells in the kidneys of patients with LN (indicated by arrows 
in Figure 1C). Other than tubular cells, glomerular podocytes and 
parietal epithelial cells were also positive for MMP-7 staining. The 

Table 1. Characteristics of the patients with LN by renal histologic activity in the test and validation cohorts in study stage I*

Characteristic

Test cohort Validation cohort

AI <7 (n = 44) AI ≥7 (n = 44) AI <7 (n = 33) AI ≥7 (n = 33)
On admission

Age, mean ± SD years 35 ± 15 31 ± 10 33 ± 16 31 ± 12
Female 35 (79.5) 33 (75.0) 26 (78.8) 23 (69.7)
Hypertension 9 (20.5) 26 (59.1) 5 (15.2) 19 (57.6)
BMI, mean ± SD kg/m2 21.8 ± 3.4 22.1 ± 3.1 21.7 ± 3.8 22.2 ± 3.4
Medication, RAS blockers 10 (22.7) 21 (47.7) 8 (24.2) 16 (45.5)

Day of biopsy
LN classification†

Class II 3 (6.8) 0 (0.0) 2 (6.1) 0 (0.0)
Class III 25 (56.8) 6 (13.6) 19 (57.6) 5 (15.2)
Class IV 4 (9.1) 38 (86.4) 4 (12.1) 28 (84.8)
Class V 12 (27.3) 0 (0.0) 8 (24.2) 0 (0.0)

Histologic AI (scale 0–24), median (IQR) 2 (2–4) 10 (8–12) 3 (2–5) 10 (8–13)
Histologic chronicity index (scale 0–12),  

median (IQR)
3 (2–5) 5 (4–6) 3 (2–3) 6 (4–8)

Proteinuria, median (IQR) gm/day 1.8 (1.9–3.1) 3.4 (2.7–6.7) 1.6 (0.8–3.1) 3.4 (2.6–6.2)
Serum creatinine, median (IQR) mg/dl 0.7 (0.6–0.9) 1.0 (0.8–1.5) 0.7 (0.5–1.1) 1.0 (0.8–1.4)
Serum C3, mean ± SD gm/liter 0.65 ± 0.35 0.44 ± 0.25 0.59 ± 0.28 0.43 ± 0.19
Serum ANA, median (IQR) IU/ml 152 (110–334) 155 (76–314) 266 (196–384) 266 (241–336)
Serum anti-dsDNA, median (IQR) IU/ml 268 (206–375) 283 (243–398) 149 (92–280) 155 (95–184)

* Except where indicated otherwise, values are the number (%) of patients with lupus nephritis (LN). AI = histologic renal activity index; BMI = body 
mass index; RAS = renin–angiotensin system; IQR= interquartile range; ANA = antinuclear antibody; anti-dsDNA = anti–double-stranded DNA. 
† According to the 2018 International Society of Nephrology/Renal Pathology Society LN classification system. 
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urinary MMP-7 level on the day of biopsy positively correlated 
with kidney MMP-7 expression in patients with LN (r = 0.531, 
P < 0.001) (Figure 1D). Thus, an elevated urinary MMP-7 level 
reflects an increase in intrarenal MMP-7 expression.

Correlation between elevated urinary MMP-7 levels 
at the time of biopsy and greater renal histologic activ-
ity in patients with LN. MMP-7 has been demonstrated to be 
involved in cell proliferation and inflammation (16–18). Given that 

Figure 1. Marked elevation in the urinary matrix metalloproteinase 7 (uMMP-7) level in patients with lupus nephritis (LN). A, Urinary MMP-7 
levels (normalized to the values for creatinine [Cr]) were determined in patients with LN (test cohort, stage I; n = 88), patients with extrarenal 
systemic lupus erythematosus (SLE) (n = 30), patients with minimal-change nephrotic disease (MCD) (n = 20), and patients with thin basement 
membrane nephropathy (TBMN) (n = 20) on the day of biopsy, and in healthy volunteers as controls (n = 20). Symbols represent individual 
subjects. Horizontal lines with bars show the median with interquartile range. *** = P < 0.001 versus controls, by Mann-Whitney U test. B, 
Correlations between urinary MMP-7 levels and serum MMP-7 levels in patients with LN were determined using Pearson’s correlation analysis. 
C, Representative images show renal MMP-7 expression in kidney biopsy samples from patients with LN (n = 88) on the day of biopsy and in 
normal kidneys (n = 10). Values for urinary MMP-7 levels in patients with LN are shown at the top of each image. Arrows indicate positively 
stained renal tubules. Bars = 50 µm. D, Correlations between urinary MMP-7 levels and kidney MMP-7 levels in patients with LN were 
determined using Pearson’s correlation analysis. IOD/area = ratio of integrated optical density to observed area.
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the urinary MMP-7 level reflects kidney MMP-7 expression, we 
reasoned that the level of urinary MMP-7 was associated with 
the histopathologic extent of renal disease activity in LN. To test 
this hypothesis, the urinary MMP-7 levels on the day of biopsy 
were compared with the renal histologic activity or chronicity 
indices in the LN test cohort. Kidney sections were stained with 
periodic acid–Schiff to determine the renal histologic activity 
(representative micrographs shown in Figure 2A). The urinary 
MMP-7 level closely correlated with the renal histologic activity 
index (r = 0.540, P < 0.001) (Figure 2B), particularly in the hyaline 
deposits and the cellular/fibrocellular crescents (Supplementary 
Table 3, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41506/ abstract). 
There was no correlation between the urinary MMP-7 level and 
the histologic chronicity index or its components (Supplemen-
tary Figure 2A and Supplementary Table 3 [http://onlin elibr ary.
wiley.com/doi/10.1002/art.41506/ abstract]).

The urinary MMP-7 level was further compared between 
groups dichotomized according to renal histologic activity 
(based on a median activity index of 7). The urinary MMP-7 level 
was higher in those with greater renal histologic activity (activity 
index ≥7) compared with those with less renal histologic activity 
(activity index <7) (P < 0.001) (Figure 2C). The incidence of more 
severe LN (activity index of ≥7) was greater in patients with 
higher urinary MMP-7 levels (Supplementary Figure 2B [http://
onlin elibr ary.wiley.com/doi/10.1002/art.41506/ abstract]). 

Subjects with a urinary MMP-7 level in the highest tertile of 
MMP-7 levels had a risk of more severe renal disease (renal his-
tologic activity index of ≥7) that was 19 times greater than that 
in subjects in the lowest tertile, after adjustment for multiple var-
iables (Supplementary Table 4, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41506/ abstract).

For identification of LN patients with an activity index of ≥7, 
the AUC for the predictive performance of the urinary MMP-7 level 
in the test cohort on the day of biopsy was 0.83 (Supplementary 
Figure 2C [http://onlin elibr ary.wiley.com/doi/10.1002/art.41506/ 
abstract]). This performance of the urinary MMP-7 level for iden-
tifying LN patients with an activity index of ≥7 was further verified 
in an independent validation cohort (AUC 0.82) (Supplementary 
Figure 2C). These AUCs for the predictive performance of the 
urinary MMP-7 level, in both the test cohort and the validation 
cohort, were superior to those for the predictive performance 
of other clinical measures (i.e., measurement of proteinuria, and 
serum levels of creatinine, C3, and anti-dsDNA antibodies) (Sup-
plementary Figure 2C and Supplementary Table 5, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41506/ abstract). Importantly, when the uri-
nary MMP-7 level was combined with other clinical measures, 
the performance for identifying patients with LN with greater his-
tologic activity was further improved (Supplementary Table 5). 
These results suggest that an increased urinary MMP-7 level was 

Figure 2. Correlation of elevated urinary MMP-7 levels at the time of biopsy with greater renal histologic activity in patients with LN. A, 
Representative images show active renal lesions in kidney biopsy specimens from patients with LN on the day of biopsy (test cohort, stage I; n = 
88) according to different renal histologic activity indices (AIs). Lesions were visualized by periodic acid–Schiff staining. Values for urinary MMP-
7 levels and AIs are shown at the top of each image. Black arrow indicates mesangial hypercellularity. Green arrow indicates endocapillary 
hypercellularity. Blue arrow indicates wire loop lesions. Bars = 50 µm. B, Correlations between urinary MMP-7 levels and renal AIs in patients 
with LN were determined using Pearson’s correlation analysis. C, Urinary MMP-7 levels were compared between renal histologic AI groups 
dichotomized according to the median renal AI (AI ≥7 versus AI <7). Symbols represent individual patients. Horizontal lines with bars show the 
median with interquartile range. *** = P < 0.001 versus AI <7 group, by Mann-Whitney U test. See Figure 1 for other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.41506/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41506/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41506/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41506/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41506/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41506/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41506/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41506/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41506/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41506/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41506/abstract


ASSOCIATION OF URINARY MMP-7 LEVELS WITH LN FLARE |      271

associated with greater renal histologic activity, and thus may be 
useful for the prediction and management of LN in the presence 
of higher renal disease activity.

Association of an elevated urinary MMP-7 level dur-
ing follow-up with the risk of incident LN flare. Increases 
in renal disease activity (renal flares) are frequently observed in 
patients with LN, having been observed in 27–66% of patients 
(3,10). Early diagnosis and appropriate therapies are critical for 
successful treatment of LN flares. In stage II of the study, among 
the 65 participants who had follow-up data on urinary MMP-7 
levels (bimonthly for 2 years) after a minimum period of remission 
of renal disease activity of 12 months, we determined whether an 
elevated MMP-7 level during follow-up was associated with the 
development of LN flares.

LN flares were observed in 15 patients. Occurrence 
of an incident LN flare was independently associated with 
an elevated urinary MMP-7 level in multivariable analyses, 
regardless of the use of RAS blockers or the presence of 
hypertension (Figure 3). Moreover, we tested the incremen-
tal value (C-statistic) of adding the urinary MMP-7 level to 
traditional clinical measures in predicting incident LN flare. 
The C-statistic for incident LN flare during 2 years of fol-
low-up increased with the addition of the urinary MMP-7 
level (C-statistic 0.665 [95% CI 0.523–0.806] without urinary 
MMP-7 level versus 0.865 [95% CI 0.763–0.985] with urinary 
MMP-7 level) (Supplementary Table 6, available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41506/ abstract). A similar increase in the C-  
statistic for incident LN flare was observed when we used the 
cutoff point for MMP-7 levels (urinary MMP-7 level of 2.5 ng/mg 
creatinine) that was identified to achieve optimal discrimination 
in multivariable analyses (C-statistic 0.880) (Supplementary 
Figure 3, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41506/ abstract).

Among the 15 subjects who had experienced renal flare 
during the follow-up, we further explored whether urinary MMP-7 
levels could serve as an early predictor of LN flare. Changes in 
urinary MMP-7 levels and clinical measures in these 15 subjects 
before, during, and after renal flares were assessed (Figure 4A, 
and Supplementary Figure 4A on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41506/ 
abstract). The urinary MMP-7 level increased in advance of LN 
flares at an earlier time point than was observed for changes in 
conventional clinical measures.

Among the clinical variables assessed, proteinuria (defined as 
an increase to >0.5 gm/day) was the best indicator of an LN flare 
in individuals in this cohort of 15 subjects with renal flare during 
follow-up. Therefore, we compared the predictive performance of 
the urinary MMP-7 level with the predictive performance of pro-
teinuria at each time point in every individual patient before, dur-
ing, and after a flare (Supplementary Figure 4B [http://onlin elibr ary.
wiley.com/doi/10.1002/art.41506/ abstract]). All but 1 flare (93% 
of patients) occurred in patients with an elevated urinary MMP-7 
level that was >2.5 ng/mg creatinine during follow-up. An elevated 
urinary MMP-7 level (defined as a urinary MMP-7 level of >2.5 
ng/mg creatinine) hinted at the occurrence of an LN flare at an 
earlier time point (median 3 months, IQR 2–4 months) than that 
predicted with measurement of proteinuria (Figure 4B). Moreover, 
the urinary MMP-7 level declined with remission of LN (defined as 
achievement of a normal eGFR and proteinuria level of <0.5 gm/
day) (5), whereas it stayed elevated in patients whose disease was 
not in remission during the follow-up (Figure 4C).

Of the 15 subjects who experienced flares, 5 underwent 
a repeat renal biopsy at the time of flare (characteristics of the 
patients at the time of the initial biopsy and time of the repeat 
biopsy are presented in Supplementary Table 7, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41506/ abstract). Kidney biopsy samples 
from these 15 subjects were immunostained for MMP-7, and 

Figure 3. Association of urinary MMP-7 levels with subsequent incident LN flare. Associations were assessed in the total cohort of patients 
with LN and in subgroups of patients stratified according to the presence or absence of hypertension, and according to the use or lack of use 
of renin–angiotensin system (RAS) blockers. Whisker plots show the average hazard ratio with 95% confidence interval (95% CI). See Figure 1 
for other definitions.
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the levels of urinary MMP-7 and renal histologic activity were 
determined in both renal biopsy samples (representative micro-
graphs in Figure 5A and Supplementary Figure 5, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41506/ abstract). As shown in Figure 5B, 
renal histologic activity was elevated at the time of LN flare (repeat 
biopsy sample) as compared with renal histologic activity at the 
time of diagnosis of LN (initial biopsy sample). The urinary MMP-7 
level and kidney MMP-7 expression increased as the renal histo-
logic activity progressed (Figures 5C and D).

DISCUSSION

In the present 2-stage study, we identified urinary MMP-7 
as a promising predictor of renal flares in LN. We demonstrated 
elevated urinary MMP-7 levels in patients with LN. An elevated 
urinary MMP-7 level at the time of biopsy in patients with LN was 
independently associated with increased renal histologic activity, 
thereby linking the urinary MMP-7 level to renal disease activity. 
Furthermore, we found that an elevation in urinary MMP-7 level 
after renal remission had occurred was associated with incident 
renal flare. An elevated urinary MMP-7 level was predictive of LN 
flares before any clinical evidence indicative of renal dysfunction 

and before any serologic measurements indicative of a flare. 
This association was independent of sex, traditional clinical mea-
sures, the presence of hypertension, and the use of RAS block-
ers. Inclusion of the urinary MMP-7 level into the current set of 
clinical measures improved the prognostic value for prediction of 
LN flares. Thus, longitudinal monitoring of urinary MMP-7 levels, 
especially when combined with clinical measures, may facilitate 
surveillance of renal disease activity and assist early prediction of 
LN flares.

An elevated urinary MMP-7 level typically has been attributed 
to exacerbated systemic inflammation or enhanced kidney injury 
(22,25). Although we found a slightly increased serum level of 
MMP-7 in subjects with newly diagnosed LN when compared with 
that in healthy volunteers, this elevation was trivial. Moreover, no 
correlation was observed between the serum and urinary MMP-7 
levels. In contrast, kidney MMP-7 protein levels were markedly 
induced in these subjects with LN. MMP-7 protein has been 
shown to increase the release of Fas ligand in renal cells, thereby 
accelerating local cell injury and inflammation (18,33). Further-
more, we demonstrated that the urinary MMP-7 level positively 
correlated with kidney MMP-7 expression. Thus, elevated urinary 
MMP-7 levels in LN are unlikely to be simply the result of sys-
temic inflammation, and may be related to active renal damage. 

Figure 4. Evidence of elevated urinary MMP-7 levels during follow-up heralding LN flare in advance of clinical measures in patients with LN. 
A, Urinary MMP-7 levels were compared with conventional clinical measures, including levels of proteinuria and serum creatinine (Scr), before, 
during, and after an incident flare in patients with LN (n = 15). The vertical line at time 0 indicates the time of flare. Results are the mean ± SEM. 
B, The time point at which an elevation in urinary MMP-7 level (defined as >2.5 ng/mg creatinine) or elevation in proteinuria (defined as an 
increase to >0.5 gm/day) was measured in patients with LN, showing that, compared to proteinuria, elevation in the urinary MMP-7 level heralds 
a renal flare at an earlier time point (median 3 months, interquartile range 2–4 months). C, The urinary MMP-7 level at the time of flare was 
compared with that at the end of follow-up, showing that the urinary MMP-7 level declines with LN remission (left) and remains stable in patients 
whose disease is not in remission (right). * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Mann-Whitney U test. See Figure 1 for other definitions.
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In fact, in our study, a higher urinary MMP-7 level was associ-
ated with greater renal histologic activity. The urinary MMP-7 level 
increased as renal histologic activity progressed. Measurement of 
urinary MMP-7 levels in conjunction with other clinical measures 
improved their accuracy in discriminating LN patients with greater 
renal histologic activity. A urinary MMP-7 cutoff level of 6.2 ng/
mg creatinine (according to Youden index analysis) yielded good 
sensitivity and specificity for identifying LN patients with greater 
renal histologic activity. However, in clinical scenarios, the criteria 
for an optimal cutoff value should change according to the aim of 
the study. As for screening purposes, the urinary MMP-7 cutoff 
value that warranted the best combination of sensitivity (0.82) and 
false positive rate (0.20) was 4.94 ng/mg creatinine. The urinary 
MMP-7 level may therefore be a potential indicator of renal dis-
ease activity in LN.

Increases in renal disease activity (renal flares) occur frequently 
in patients with LN, and these flares are associated with impaired 
renal survival and increased patient exposure to treatment-related 
toxic effects (3). As not all patients are at equal risk of renal flares, 
early identification of patients at risk is highly cost-effective and 

could reduce the risk of adverse renal outcomes (6,10,34). Multi-
ple biomarkers have been explored recently as indicators of renal 
disease activity in LN. However, few have been tested serially dur-
ing periods leading up to a flare (35).

In our prospective cohort of patients with LN, we demon-
strated that despite long-term maintenance therapy, participants 
who had achieved complete remission of renal disease activity 
still had a high rate of renal flares. Patients at risk for flares can-
not be predicted a priori with the use of clinical variables that are 
usually measured during outpatient follow-up. Importantly, moni-
toring of MMP-7 after renal remission could help to predict who 
is prone to flare. A rise in serially monitored urinary MMP-7 levels 
was associated with an increased risk of future renal flare. Every-
one in our cohort with an elevated MMP-7 level above 2.5 ng/
mg creatinine developed a renal flare at a median 3 months (IQR 
2–4 months) later, as evidenced by the levels of proteinuria and 
serologic parameters. Furthermore, the urinary MMP-7 level added 
prognostic value to the clinical measures for predicting renal flares 
in all patients and in the subgroups of patients who had hyper-
tension (the most prevalent comorbidity in LN) or who had taken 

Figure 5. Correlation of the urinary MMP-7 level with renal histologic activity in patients with LN. A, Representative images show kidney 
MMP-7 expression at the time of diagnosis of LN (initial biopsy) and time of LN flare (repeat biopsy). Values for the urinary MMP-7 level and renal 
histologic activity index (AI) at the time of biopsy are shown at the top of each image. Arrows indicate positively stained renal tubules. Bar = 50 
µm. B–D, Renal AIs (B), urinary MMP-7 levels (C), and kidney MMP-7 expression (D) in each individual patient (n = 5) were compared between 
the time of diagnosis of LN and the time of LN flare. See Figure 1 for other definitions.
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RAS blockers (the most prevalent treatment for LN). Reduction in 
dose and cessation of immunosuppressive therapy are the 2 most 
common events preceding the occurrence of renal flares. Thus, 
dynamic surveillance of the urinary MMP-7 level, especially in the 
period during tapering or withdrawal of immunosuppressive treat-
ment, may facilitate the stratification of patients early in their disease 
course. Patients predicted to experience a flare would require more 
intensive monitoring and should be considered for continuation of 
treatment, while those predicted not to experience a flare may be 
candidates for withdrawal of immunosuppressive therapy.

In stage II, after a minimum period of 12 months of com-
plete renal disease remission, participants had follow-up urinary 
MMP-7 measurements for 2 years. Therefore, the incidence of LN 
flare in our cohort was 23% during a median of 36 months after 
achieving complete renal disease remission, which is slightly higher 
than that reported in previous studies (18–20% for 36-month fol-
low-up after LN remission) (36,37). However, flare rates may vary 
according to the race or population studied, the histologic classes 
of LN distributed, the immunosuppressive treatment, the sample 
size, and the definition of flare used, making direct comparisons 
difficult (3). This question will need to be examined in our ongoing 
serial studies with larger sample sizes and with longer durations 
of follow-up. In addition, the median time to flare was 28 months 
(IQR 23–36 months) after the first episode in this cohort, generally 
coinciding with a reduction in the number or doses of immuno-
suppressive agents, as previously reported (38).

Our conclusions are strengthened by the comparison of uri-
nary MMP-7 levels directly with renal histologic activity both at the 
time of the initial kidney biopsy and at the repeat kidney biopsy, 
which empowers the urinary MMP-7 level as a promising diagnos-
tic tool for renal disease activity in LN. Moreover, we utilized longi-
tudinal assessments of the urinary MMP-7 level at regular intervals 
among patients who had achieved complete remission, and char-
acterized the profiles of urinary MMP-7 levels as LN moves from 
quiescence to flares. This provides an opportunity to compare the 
dynamics of biomarker levels with changes in renal disease activity.

The study has some limitations. First, we did not have a dis-
ease control group comprising patients with diabetic nephropathy, 
nor did we include LN patients with diabetes. Therefore, the influ-
ence of diabetes in LN patients on the urinary MMP-7 level remains 
unclear and needs further investigation. Second, in these LN 
cohorts, we did not investigate the level of other MMPs (15,39) that 
are associated with kidney fibrosis. Finally, most patients included 
in our study were Chinese, and the majority were women. There-
fore, future studies that enroll patients with other ethnic groups and 
include both sexes are needed to extend our results.

In summary, our study provides evidence that an elevation in 
the urinary MMP-7 level in LN is associated with increased renal 
disease activity. Close surveillance of the urinary MMP-7 level after 
achievement of remission of renal disease activity could be used 
to identify patients at risk of LN flare early in their disease course, 
thereby allowing more prompt and rational management strategies 

that could lead to ascertainment of the optimal approach for 
achieving renal survival in patients with LN.
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Objective. Deficiency of adenosine deaminase 2 (DADA2) is a potentially fatal monogenic syndrome characterized 
by variable manifestations of systemic vasculitis, bone marrow failure, and immunodeficiency. Most cases are 
diagnosed by pediatric care providers, given the typical early age of disease onset. This study was undertaken to 
describe the clinical phenotypes and treatment response both in adults and in children with DADA2 in India.

Methods. A retrospective analysis of pediatric and adult patients with DADA2 diagnosed at various rheumatology 
centers across India was conducted. Clinical characteristics, diagnostic findings, and treatment responses were 
analyzed in all subjects.

Results. In total, 33 cases of DADA2 were confirmed in this cohort between April 2017 and March 2020. Unlike 
previous studies, nearly one-half of the confirmed cases presented during adulthood. All symptomatic patients exhibited 
features of vasculitis, whereas constitutional symptoms and anemia were more common in pediatric patients. Cutaneous 
and neurologic involvement were common, and 18 subjects had experienced at least one stroke. In addition, the clinical 
spectrum of DADA2 was expanded by recognition of novel features in these patients, including pancreatic infarction, 
focal myocarditis, and diffuse alveolar hemorrhage. Treatment with tumor necrosis factor inhibitors (TNFi) was initiated in 
25 patients. All of the identified disease manifestations showed marked improvement after initiation of TNFi, and disease 
remission was achieved in 19 patients. Two cases were complicated by tuberculosis infection, and 2 deaths were reported.

Conclusion. This report presents the first case series of patients with DADA2 from India, diagnosed by adult and 
pediatric care providers. The findings raise awareness of this syndrome, particularly with regard to its presentation 
in adults.

INTRODUCTION

Adenosine deaminase 2 (ADA-2) is an extracellular enzyme 
secreted by activated monocytes, macrophages, and dendritic 
cells. Although its physiologic function is not entirely clear, ADA-2 

promotes the differentiation of monocytes to macrophages 
and may also act as a growth factor for endothelial cells and 
hematopoietic cells (1–3). ADA-2 is encoded by the ADA2 gene 
(previously known as CECR1, or cat eye syndrome chromosome 
region 1 gene) on chromosome 22q11.1 (4).
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An autoinflammatory disease known as deficiency of ADA-2 
(DADA2) results from biallelic mutations in ADA2 (5,6). Since its 
first description in 2014, case reports and series from different 
countries have expanded the clinical spectrum of the disease 
(7–11). Common clinical features of the disease include recurrent 
fever, skin ulcers, livedo reticularis, early-onset stroke, peripheral 
neuropathy, hypogammaglobulinemia, cytopenias, and elevated 
blood levels of acute-phase reactants (5–11). These features led 
to the recognition of DADA2 as a monogenic form of polyarter-
itis nodosa (PAN) that presents in early childhood. Although a 
few cases of DADA2 in adults have been described (6,12), little 
is known regarding the clinical manifestations and treatment out-
comes in patients with adult-onset DADA2.

Anti–tumor necrosis factor (anti-TNF) therapy is the estab-
lished treatment of choice for DADA2, and it has shown remark-
able efficacy in preventing stroke (13). However, how other 
clinical manifestations respond to this treatment has not been 
described in detail, and there are cases that do not respond 
to TNF inhibitors (TNFi) (14). In the present report, we describe 
the clinical features, genotypes, and treatment outcomes in 33 
patients with DADA2 in India. Unlike previous cases series, nearly 
one-half of the patients in our cohort were adults at the time of 
disease onset. We compare the clinical manifestations between 
patients presenting with DADA2 during childhood and those pre-
senting with DADA2 in adulthood, and report the response of var-
ious clinical manifestations to TNFi.

PATIENTS AND METHODS

Subjects and study design. We conducted a retrospec-
tive analysis of patients diagnosed as having DADA2 at differ-
ent rheumatology centers across India. To recruit the patients, 
a request was sent to all members of the Indian Rheumatology 
Association to contribute data on patients with DADA2 diagnosed 
at the respective centers. Diagnosis of DADA2 was established on 
the basis of findings from an ADA-2 enzyme activity assay and/or 
ADA2 gene sequencing, depending on the logistic availability of 
the techniques at each center. The clinical details in all subjects, 
which included presenting manifestations, organ involvement, 
laboratory investigations, treatment approaches, and response to 
therapy, were documented by the health care providers. Results 
of tissue biopsy and radiographic imaging of the involved organs 

were also collected, including findings from computed tomogra-
phy (CT), magnetic resonance imaging (MRI), and angiography. 
Two of the patients in our cohort have been described in previous 
reports (14,15). Demographic characteristics, clinical data, and 
treatment outcomes in all of the study subjects are described in 
detail in Supplementary Table 1 (available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41500/ abstract).

Clinical remission was defined as the presence of the fol-
lowing features: 1) absence of active systemic inflammation, 2) 
absence of active organ-specific vasculitis, and 3) improvement or 
stabilization of prior organ damage related to DADA2. Treatment 
outcomes for each of the various individual manifestations were 
recorded as resolved (complete improvement), improved (partial 
improvement), persisting activity (ongoing activity), and relapse 
(recurrence after initial resolution) or new-onset features.

This study was approved by the Institute Ethics Committee of 
the Postgraduate Institute of Medical Education and Research in 
Chandigarh, India. A waiver of patient consent was granted by the 
Institute Ethics Committee for the retrospective analysis.

ADA-2 activity assay. Measurement of ADA-2 activity, 
as determined from the patients’ plasma or dried plasma spots, 
was performed using spectrophotometric assay, as described 
previously (5,16). This assay quantifies the adenosine-dependent 
generation of ammonia in the presence of a selective inhibitor of 
ADA-1, EHNA (erythro-9-Amino-β-hexyl-α-methyl-9H-purine-
9-ethanol hydrochloride). EHNA was purchased from Cayman 
Chemicals and all other reagents were purchased from Sigma- 
Aldrich. The kinetics of each reaction were analyzed using a Biotek 
Synergy Hybrid microplate reader.

ADA2 gene mutation analysis. Ten exons of the ADA2 
gene were amplified using KOD FX high success-rate DNA 
polymerase (product no. KFX-101), and the polymerase chain 
reaction product of each amplicon was purified using an Axy-
gen AxyPrep DNA gel extraction kit (product no. AP-GX-250) 
in accordance with the manufacturer’s instructions. Sanger 
sequencing of the ADA2 gene was conducted as previously 
described (5,17). Results of Sanger sequencing were ana-
lyzed using Sequencher software, version 5.4.6 (Gene Codes 
Corporation).
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Structural modeling was performed using PyMOL and UCSF 
Chimera software (18). Construction of a pcDNA3.1 plasmid 
encoding wild-type or mutant ADA-2 with a C-terminal Myc tag 
was performed as previously described (17). The list of mutations 
and primer pairs used to generate mutant constructs are available 
in Supplementary Table 2 (available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41500/ 
abstract). Plasmids were transfected into 293T cells using 
Fugene 6 (Promega). ADA-2 expression in the cell lysates and 
ADA-2 activity in the culture medium were quantified after 3 days. 
Each mutant was analyzed in at least 3 independent experiments, 
and measurements were normalized to the activity of wild-type 
ADA-2.

Western blotting. ADA-2 protein was detected using a  
 monoclonal antibody against Myc tag, as previously described 
(17). Transfected cells (5 × 105) were resuspended in 100 μl of 
Laemmli buffer with 2-mercaptoethanol. Sodium dodecyl sulfate– 
polyacrylamide gel electrophoresis was performed using an 8% 
polyacrylamide gel. After transfer to a PVDF membrane and block-
ing with 5% dry milk, a primary antibody to Myc tag (clone 9E10; 
BioLegend) or to GAPDH (clone D4C6R; Cell Signaling Technology) 
was applied for 1 hour. Membranes were washed in Tris buffered 
saline with 0.1% Tween 20, and horseradish peroxidase–conjugated 
goat anti-mouse IgG (1:5,000; Cell Signaling Technology) was used 
for detection. Images were acquired using a Bio-Rad ChemiDoc 
system.

Figure 1. Clinical characteristics and disease manifestations in enrolled patients. A, Distribution of methods utilized to confirm the diagnosis 
of deficiency of adenosine deaminase 2 (DADA2) syndrome. B, Comparison of age at disease onset between the current cohort (n = 33) and 
previously reported cases (n = 210). The median with interquartile range (IQR) values for age at onset are indicated. C–G, Images illustrating 
clinical manifestations of DADA2, including small bowel obstruction and bilateral renal infarcts (arrows) in a 43-year-old man (on computed 
tomography [CT] scan) (C), a micro-aneurysm (arrow, left) and infarct (arrow, right) within the pancreatic body in a 17-year-old female subject 
(on CT scan) (D), aneurysms of the left lower intercostal artery and hepatic, splenic, renal, and mesenteric arteries in a 16-year-old male subject 
(on CT angiography, 3-dimensional reconstruction) (E), aneurysms of the right hepatic artery (circled area on left) and splenic artery (circled area 
on right) in a 17-year-old female subject (on CT angiography) (F), and bilateral consolidation and surrounding ground-glass opacities (arrows) 
in a 38-year-old man with diffuse alveolar hemorrhage (on CT scan) (G).
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Statistical analysis. Values for continuous variables are 
presented as the median with interquartile range, whereas percent-
ages and proportions are used for categorical variables. The differ-
ences between 2 groups were analyzed using the Mann-Whitney 
U test, and chi-square test was used for comparison of categor-
ical variables. Multiple linear regression analysis was performed 
to predict the factors associated with delay in diagnosis. All tests 
were 2-sided, and P values less than 0.05 were considered signif-
icant. Statistical analyses were performed using Prism software, 
version 8.0 (GraphPad).

RESULTS

Patient characteristics. Between April 2017 and March 
2020, a total of 124 patients were tested for DADA2 by enzymatic 
activity assay and/or ADA2 gene mutation analysis. Of these 124 
patients, we established the diagnosis of DADA2 in 33 patients 
from 28 unrelated families. Eighteen patients were from North 
India, 9 were from South India, 5 were from West India, and 1 

was from Syria. Thirteen of the 18 northern India patients and 3 of 
the 5 western India patients belonged to the Agarwal/Jain com-
munity. All patients presented with features of systemic vasculitis, 
except for 1 infant who initially presented with pure red cell apla-
sia (PRCA) and 2 individuals who were diagnosed by means of 
screening of first-degree relatives of previously confirmed cases. 
Although these 2 subjects were asymptomatic at the time of diag-
nosis, both had a symptom history suggestive of DADA2, includ-
ing manifestations such as skin vasculitis (n = 2) and central retinal 
artery occlusion (n = 1).

Biallelic mutations in ADA2 were confirmed by sequencing 
of DNA from the 22 patients who submitted a blood sample. The 
remaining patients were diagnosed based on findings of near- 
absent ADA2 activity in the plasma (Figure 1A). The demographic 
characteristics and clinical manifestations of the cohort are sum-
marized in Table 1. Distinct from the typical childhood-onset pat-
tern of DADA2 established by previous studies (median age at 
onset 4 years), 16 (48%) of 33 subjects in this cohort had dis-
ease onset during adulthood (age at onset >16 years), and the 

Table 1. Demographic and clinical features of the study patients*

Clinical feature
Overall 
(n = 33)

Childhood-onset DADA2 
(n = 17)

Adult-onset DADA2 
(n = 16) P†

Age at onset, median (range) years 15 (1–37) 8 (1–15) 25.5 (16–37) –
Age at diagnosis, median (range) years 23 (1–51) 16 (1–46) 32.5 (16–51) –
Time to diagnosis, median (range) months 52 (1–454) 101 (1–454) 33 (1–290) 0.241
Male, no. (%) 23 (69.7) 11 (64.7) 12 (75) 0.708
Skin involvement, no. (%) 24 (72.7) 12 (70.6) 12 (75) 1.0
Neurologic involvement, no. (%) 26 (78.8) 14 (82.4) 12 (75) 0.688
CNS involvement, no. (%) 22 (66.7) 13 (76.5) 9 (56.3) 0.282

Stroke 18 (54.5) 9 (52.9) 9 (56.3)
Ischemic 9 (27.3) 5 (29.4) 4 (25)
Hemorrhagic 4 (12.1) 2 (11.8) 2 (12.5)
Both 5 (15.2) 2 (11.8) 3 (18.8)

PNS involvement, no. (%) 13 (39.4) 6 (35.3) 7 (43.8) 0.728
Constitutional symptoms, no. (%) 18 (54.6) 12 (70.6) 6 (37.5) 0.037
Gastrointestinal involvement, no. (%) 15 (45.5) 10 (58.8) 5 (31.3) 0.166
Renal involvement, no. (%) 16 (48.5) 9 (52.9) 7 (43.8) 0.732
Hematologic involvement, no. (%) 10 (30.3) 8 (47.1) 2 (12.5) 0.031

Anemia 9 (27.3) 7 (41.2) 2 (12.5)
Leukopenia 1 (3) 1 (5.9) 0 (0)

Other manifestations, no./total assessed (%)
Arthritis/arthralgia 10 (30.3) 6 (35.3) 4 (25) 0.465
Ocular involvement 6 (18.2) 5 (29.4) 1 (6.3) 0.085
Central retinal artery occlusion 4 (12.1) 3 (17.7) 1 (6.3) 0.601
Loss of peripheral pulses 3 (9.1) 2 (11.8) 1 (6.3) 1.0
Testicular pain‡ 4/23 (17.4) 2/11 (18.2) 2/12 (16.7) –
Pregnancy loss‡ 2/10 (20) NA 2/4 (50) –

Laboratory abnormality, no./total assessed (%)§
Elevated ESR 21/28 (75) 10/16 (62.5) 11/12 (91.7) 0.184
Elevated CRP 20/22 (90.5) 10/12 (83.3) 10/10 (100) 0.476
Positive for ANAs or ANCAs¶ 3/26 (11.5) 1 /15 (6.7) 2/11 (18.2) 0.556

* DADA2 = deficiency of adenosine deaminase 2; CNS = central nervous system; PNS = peripheral nervous system; NA = not applicable; 
ESR = erythrocyte sedimentation rate; CRP = C-reactive protein. 
† Comparison between childhood-onset and adult-onset groups. 
‡ Percentage is calculated only in the affected sex. 
§ Among patients with results available. 
¶ Antinuclear antibodies (ANAs) were tested in 26 patients, and antineutrophil cytoplasmic antibodies (ANCAs) were tested in 22 
patients. 
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overall median age at onset was 15 years (Figure 1B). The median 
time to diagnosis from initial presentation was 52 months.

A multiple linear regression analysis was performed to predict 
the time to diagnosis of DADA2 in a model including sex, age at 
disease onset, constitutional symptoms, involvement of the cen-
tral nervous system (CNS), peripheral nervous system, gastroin-
testinal tract system, renal system, skin, and joints, and presence 
of stroke and mesenteric ischemia. None of these variables was 
predictive of a delay in diagnosis among these patients (Supple-
mentary Table 3, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41500/ abstract).

Clinical features of patients with DADA2. Vasculitis 
that mimics polyarteritis nodosa (PAN) was the predominant phe-
notype in our cohort. The nervous system and skin were the most 
commonly involved organs, affecting 79% and 73% of patients, 
respectively (Table 1). More than one-half of the patient cohort had 
experienced at least one ischemic or hemorrhagic stroke. Consti-
tutional symptoms were noted in 55% of patients. Other common 
organ-specific manifestations included those affecting the renal 
system (49%), gastrointestinal tract (46%), and joints (30%). Tes-
ticular pain was present in 17% of male patients, and pregnancy 
loss was noted in 2 of 10 female patients.

Figures 1C–F illustrate the protean clinical manifesta-
tions of DADA2 observed in the study patients, including small 
bowel obstruction, end-organ infarction, and visceral vessel 
aneurysms. Rare manifestations that have not been previously 
described in DADA2 and that were observed in our cohort, 
each found in 1 patient, included pancreatic infarct (Figure 1D), 
diffuse alveolar hemorrhage with respiratory failure (Figure 1G), 
and focal  myocarditis with bradycardia (results not shown). Sup-
plementary Table 1 ([http://onlin elibr ary.wiley.com/doi/10.1002/
art.41500/ abstract]) provides further details on the major clini-
cal manifestations of individual patients in our cohort.

Laboratory studies revealed anemia in 27% of patients, and 
leukopenia was noted in 1 subject. Hypogammaglobulinemia was 
not found in this cohort. Most patients had an elevated erythrocyte 
sedimentation rate (median 49 mm/hour, range 10–155 mm/hour)  
and elevated C-reactive protein level (median 42 mg/liter, range 
0.39–140 mg/liter).

The frequencies of most of the DADA2 clinical features were 
similar between childhood-onset and adult-onset cases (Table 1). 
Univariate analyses showed that fewer patients with adult-onset 
DADA2 had constitutional symptoms (38% versus 71% of patients 
with childhood-onset DADA2; P = 0.037) and hematologic man-
ifestations (12% versus 47% of patients with childhood-onset 
DADA2; P = 0.031).

The features of the disease in our patients were com-
pared with those in published cohorts of patients with DADA2 
and patients with PAN (see Supplementary Table 4, avail-
able on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41500/ abstract). Overall, the 

clinical features of our cohort resembled the described mani-
festations of DADA2, with only mild differences between adult 
and pediatric cases. CNS involvement appears to be a major 
distinguishing feature between DADA2 and PAN in adults. 
Whereas 56% of patients with adult-onset DADA2 in our 
cohort experienced at least one stroke, <5% of 384 patients 
with adult-onset PAN exhibited stroke or other CNS involve-
ment in a previous study (19).

Radiographic and histopathologic results. CT scan-
ning or MRI of the brain was performed in 22 patients, and 
abnormal findings were noted in all but 2 patients. Nine of the 
patients had only ischemic infarcts, 2 had only intracranial 
haemorrhage, and 5 exhibited both of these findings (concur-
rently in 2 cases and as separate events in 3 patients). Three 
cases displayed aneurysms of cerebral vessels (Figure 2A), 
and 1 showed meningeal enhancement and multiple hyperin-
tensities on MRI suggestive of posterior reversible encephalitis 
syndrome (PRES) (Figure 2B). All patients except 1 underwent 
abdominal ultrasonography (n = 28) and/or abdominal CT 
(n = 23). Eight patients had renal infarcts (representative results 
from 1 patient in Figure 1C) and 1 patient had renal, splenic, 
and pancreatic infarcts (Figure 1D). Perinephric hematoma was 
noted in 2 patients. Hepatomegaly, splenomegaly, and fatty 
infiltration of the liver were noted in 3 patients each. Mesenteric 
lymphadenopathy was noted in 1 patient. Features of mes-
enteric ischemia were noted in 4 patients, and 1 patient had 
ascites. None of the patients had hepatic infarcts, focal nodular 
hyperplasia of the liver, or features of portal hypertension. Vas-
cular aneurysms affecting various branches of the abdominal 
aorta were found in 9 patients (representative results from 2 
patients in Figures 1E and F). Peripheral arterial narrowing or 
occlusion was noted in 3 patients (representative results from 
1 patient in Figure 2C).

In total, 23 tissue biopsy samples were obtained from 
20 patients. Overall, vasculitis of the small or medium vessels 
was noted in 16 patients (70%) and vasculopathy in 2 patients 
(9%). Among the 12 skin biopsy samples obtained, vasculitis 
was noted in 9 samples, whereas livedoid vasculopathy, septal  
panniculitis, and acne vulgaris were noted in 1 sample each. 
Among 5 intestinal biopsy samples, 2 showed vasculitis, whereas  
active ileitis was  evident in 1 sample and ischemic enteritis in 
another sample. Gastrointestinal ulcerations were noted in 2 
patients (representative results in Figure 2D). Four nerve biopsy 
samples were obtained, and all revealed evidence of vasculitis. 
A temporal artery biopsy sample from 1 patient showed active 
vasculitis, whereas a testicular biopsy sample from 1 male patient  
was inconclusive. Figures 2E and F show the presence of vas-
culitis and acute inflammation in the colonic biopsy sample from 
a patient with mesenteric ischemia. Taken together, these find-
ings suggest that DADA2 is a mimic of PAN in adults as well as 
children.

http://onlinelibrary.wiley.com/doi/10.1002/art.41500/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41500/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41500/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41500/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41500/abstract
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ADA-2 activity and ADA2 gene mutations. Plasma 
ADA-2 activity was assessed in 20 patients, and all exhibited 
near-absent levels that were significantly lower than the levels 
found in carriers with 1 mutation (Figure 3A). Among the 22 
patients with available data from genetic analyses, 16 patients 
were homozygous and 6 were compound heterozygous for 
pathogenic mutations in ADA2. Ten different ADA2 mutations 
were identified (Figure 3B), including 8 missense mutations 
and 2 splice-site mutations (see Supplementary Table 5, 
available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41500/ abstract). 
Most of these variants have been described previously (5–
7,15,20–22). The p.G47R variant was the most common 
allele in this cohort, found in 18 of 22 patients. In a sub-
group analysis of patients with genetic testing, there was 

no difference in the clinical features or outcomes between 
patients with homozygous p.G47R alleles and patients with 
other mutations (data not shown). There was no difference 
in the clinical manifestations and treatment outcomes in 
patients with confirmed ADA2 mutations as compared to 
those who did not have available genetic data. There was 
also no statistically significant difference in the rate of genetic 
testing between adults and children. One patient possessed 
2 novel variants, p.H112Y and p.G321A, which affect the 
same amino acid residues as those affected by the previ-
ously identified pathogenic variants p.H112Q and p.G321E 
(5,23). The p.H112Y variant was predicted to disrupt zinc  
ion coordination within the ADA2 structure, whereas p.G321A 
induced clashes with adjacent amino acids, as determined 
by structural modeling (Figure 3C). As confirmation of the 

Figure 2. Radiographic and biopsy findings of end-organ damage in patients with DADA2. A, CT angiography of the intracerebral vessels in 
a 14-year-old male subject showing aneurysm (arrow) in the left middle cerebral artery (mca). B, Magnetic resonance imaging of the brain of a 
17-year-old female subject showing areas of enhancement (arrows) in the bilateral parietal subcortical white matter (left), bilateral basal ganglia, 
internal and external capsules (middle), and centrum semiovale (right). C, CT angiography of the left upper limb of a 35-year-old female subject 
showing marked attenuation (arrow) of the distal half of the left ulnar artery. D, Endoscopy image of ulcers in the cecum (arrow, left) and rectum 
(arrow, right) of a 17-year-old female subject with gastrointestinal involvement. E and F, Images of hematoxylin and eosin–stained biopsy tissue 
(original magnification × 40) from a 17-year-old female subject with mesenteric ischemia showing acute ulcer with fibrinoid necrosis of the 
arteriolar wall (arrow) with neutrophil debris indicating arteritis (E), and mucosal injury with moderate chronic inflammation in the lamina propria 
(arrow) along with acute vasculitis with thrombosis (F). See Figure 1 for other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.41500/abstract
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pathogenicity of the ADA2 mutations in this cohort, in vitro 
expression of the missense variants in 293T cells showed 
detectable protein expression but reduced ADA2 enzymatic 
activity in the supernatant (Figures 3D and E).

ADA2 mutations with residual enzymatic function (>3%) are 
associated with the vasculitis phenotype, whereas null mutations  
are found in patients with severe hematologic manifestations 
of DADA2 (14). A similar correlation was noted in our cohort, 
as 19 of 22 patients with a genetic diagnosis of DADA2 pos-
sessed at least one hypomorphic allele (G47R or L188V) with 
residual activity of >3% (Supplementary Tables 1 and 5 [http://
onlin elibr ary.wiley.com/doi/10.1002/art.41500/ abstract]). 
Insertions/deletions with frameshift and nonsense mutations 
associated with hematologic compromise were not found in 
our patients.

Treatment and outcomes. Before the diagnosis of 
DADA2, most patients were treated with high-dose glucocorti-
coids (76% orally and 46% intravenously) (Figure 4A). In total, 70% 
of patients received one or more immunosuppressive agents, with 
the more common choices being cyclophosphamide (42%), aza-
thioprine (24%), mycophenolate (21%), and methotrexate (18%). 
Five patients received aspirin, and 4 were given rituximab. The 
overall efficacy of these interventions was suboptimal, as the 
disease course in most patients appeared to be glucocorticoid- 
dependent, and many patients continued to have either persistent 
disease or relapse.

TNFi are widely considered the treatment of choice for the 
vasculitis/inflammatory phenotype of DADA2 (6,9,13). Once 

the diagnosis of DADA2 was established, 25 patients in our 
cohort (76%) were started on a regimen of TNFi after ruling out 
the presence of tuberculosis infection. The fraction of patients 
who required treatment with glucocorticoids was reduced by 
about one-half, and most patients also discontinued the use 
of other immunosuppressive medications (Figure 4A). The 
initial choice of TNFi included adalimumab (n = 14), etaner-
cept (n = 10), and infliximab (n = 1). One patient received all 3 
agents sequentially, as well as golimumab. With the exclusion 
of this patient, the frequency of treatment with biosimilar TNFi  
was 75% (18 patients), whereas innovator products were given  
to 6 patients (25%).

In the TNFi-treated group, 1 patient died during the first 
admission when the diagnosis was established. She had severe 
intestinal vasculitis at baseline that was resistant to high-dose glu-
cocorticoids and cyclophosphamide. Her gastrointestinal symp-
toms improved transiently after starting adalimumab, but the 
patient succumbed to sepsis 3 weeks later.

Three patients discontinued TNFi treatment. One patient 
discontinued treatment after 6 months, as she developed active 
pulmonary tuberculosis without evidence of active features of 
DADA2 at her last follow-up visit. Two patients discontinued TNFi 
after 3 months due to financial constraints. One of these patients 
initially responded well to adalimumab, but died due to gastroin-
testinal bleeding 4 months after discontinuing treatment, and the 
second patient had coronary artery disease requiring coronary 
angioplasty and stenting.

All 8 patients in the non-TNFi group were offered treatment 
with TNFi, but all refused. Two of these patients had no features 

Figure 3. Confirmation of DADA2 by enzyme activity and genetic studies. A, Comparison of plasma ADA-2 activity between patients (n = 
20) and carriers with monoallelic mutation (n = 8), using an established spectrophotometric assay. Horizontal lines with bars show the median
with interquartile range. The median value and lower limit of normal in healthy controls (broken lines) was determined from >200 healthy 
individuals. B, Listing of mutations according to their exon location. C, Structural modeling illustrating disruption of zinc ion (Zn) coordination 
by the p.H112Y variant (left) and clashes with nearby amino acids (within 5 angstroms) induced by the p.G321A variant (right). D, Western blot 
analysis of cell lysates from 293T cells transfected with wild-type (WT) or mutant ADA-2 constructs. Top, Detection of ADA-2 using antibodies 
to Myc tag. Bottom, GAPDH loading control. E, Spectrophotometric quantification of ADA-2 activity in the medium of transfected 293T cells. 
Bars show the mean ± SD from 3 independent experiments. See Figure 1 for other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.41500/abstract
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of active disease, 2 had relapsing disease but could not afford 
treatment, 3 were in remission with other treatment regimens, and 
1 was lost to follow-up.

Among the remaining 21 patients who continued to receive 
TNFi (11 with childhood-onset DADA2, 10 with adult-onset DADA2), 
clinical remission was achieved in 19 patients. The response of 
various organ manifestations to TNFi is shown in Figure 4B. All 10 
categories of DADA2 features captured in our study either resolved 
or improved in most patients after treatment, with no notable dif-
ferences 1) between adult and pediatric patients, 2) between the 
choices of TNFi, or 3) between innovator products and biosimilars. 
Notably, these 21 patients had a combined total of 22 ischemic or 
hemorrhagic stroke events prior to anti-TNF therapy, while 1 event 
to date occurred since the initiation of treatment.

Persistent or relapsing disease and new manifestations were 
noted in 2 patients. One patient had a relapse of cutaneous vascu-
litis and experienced new-onset foot drop while receiving biweekly 
adalimumab. These findings improved after adalimumab dosing 
was escalated to once weekly. The second patient developed 
recurrent strokes, relapsing cutaneous vasculitis, and neuropathy 
despite receiving treatment with multiple TNFi, including etaner-
cept, adalimumab, golimumab, and infliximab. She had multiple 
relapses while receiving these medications, and her clinical course 
was further complicated by brief treatment cessation in the setting 
of active tuberculosis. Taken together, these data demonstrate 

the overall efficacy of TNFi for manifestations of vasculitis in both 
adults and children with DADA2. Cases of relapsing disease and 
treatment discontinuation also highlight the challenge of treating 
this complex syndrome.

DISCUSSION

In this report, we describe the clinical characteristics, genetic 
findings, and treatment responses in 33 subjects with confirmed 
DADA2. This is the first case series on DADA2 from India. Our 
study demonstrates that onset of DADA2 is not restricted to 
young children, and highlights the need for health care providers 
to also recognize this monogenic syndrome in adults. Given the 
wide age range of disease onset, we suggest that DADA2 should 
also be considered in adult patients with PAN. Early diagnosis 
by sequencing or ADA-2 activity assay followed by initiation of 
anti-TNF treatment can significantly improve the morbidity of this 
potentially fatal disease.

DADA2 was first recognized as a monogenic syndrome 
of early-onset stroke and systemic vasculitis that mimics PAN 
(5,6). Subsequent studies have noted that about one-quarter of 
childhood PAN cases are due to DADA2 (9). The most striking 
 difference between our patients and published cohorts is the age 
at disease onset (see Supplementary Table 4 [http://onlin elibr ary.
wiley.com/doi/10.1002/art.41500/ abstract]). In a recent review 
of 161 patients with DADA2, 77% of patients had disease onset 
before the age of 10 years (24). Only a few adult cases have been 
described in the past and some had childhood disease onset with 
delayed diagnosis (6,12,25). In contrast, more than two-thirds of 
subjects in our cohort exhibited disease onset after age 10 years, 
and about one-third presented after age 20 years. The oldest sub-
ject in our cohort presented at age 37 years, with hemorrhagic 
stroke and skin ulcers. What triggers disease onset in DADA2 is 
not clear and some individuals with biallelic pathogenic variants 
can remain asymptomatic well into adulthood (6,12). Our cohort 
had a slight preponderance of male subjects, with 69% of the 
subjects being male, whereas the previous study had an equal sex  
distribution, as expected for an autosomal recessive disease (24). 
This discrepancy might reflect the health care–seeking behavior 
in our country.

Most of our patients exhibited features of PAN, and the fre-
quency of various manifestations is within the range described in 
previous series (5–11). The clinical features are mostly comparable 
between childhood-onset and adult-onset cases, except for mild 
differences in the prevalence of constitutional symptoms and ane-
mia. The findings of diffuse alveolar hemorrhage, pancreatic infarct, 
focal myocarditis, and PRES-like encephalopathy further expand 
the broad clinical spectrum of DADA2. A hallmark that distinguishes 
DADA2 from PAN is the prevalence of CNS disease. More than 
50% of our patients had at least one episode of ischemic stroke 
or brain hemorrhage, compared to <5% with CNS involvement 
in classic PAN (19). Cytopenias and hypogammaglobulinemia are 

Figure 4. Therapeutic approaches and response to tumor necrosis 
factor inhibitors (TNFi) in patients with deficiency of adenosine 
deaminase 2 (DADA2). A, Medication usage in patients before and 
after confirmed diagnosis of DADA2. B, Quantification of treatment 
responses in 21 patients maintained on a regimen of TNFi. Other drugs 
included azathioprine, cyclosporin A, intravenous immunoglobulin, 
methotrexate, mycophenolate mofetil, rituximab, sulfasalazine, and 
thalidomide. GC = glucocorticoids; CYC = cyclophosphamide; ESR 
= erythrocyte sedimentation rate; CRP = C-reactive protein; CNS = 
central nervous system; PNS = peripheral nervous system. 
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also suggested to be additional features occurring frequently in 
DADA2 (5,26,27), although these features were generally absent 
in our patients, possibly due to referral bias, environmental differ-
ences, and/or additional genetic modifiers.

Severe hematologic manifestations associated with DADA2, 
such as neutropenia, pancytopenia, immune-mediated throm-
bocytopenia, and lymphoproliferative disorders, were not seen 
in our patients. This is consistent with the genotype–phenotype 
correlation recently described in DADA2: missense mutations 
with residual enzymatic activity (>3%) align with the vasculitis  
phenotype whereas variants with minimal residual function, 
including nonsense mutations and insertion/deletion mutations, 
are associated with severe hematologic compromise (14). Con-
sistent with this view, 1 child in our cohort developed early-onset 
PRCA and was found to have homozygous G358R mutations, a 
variant that displays minimal residual enzymatic activity and was  
previously described in patients with PRCA and bone marrow  
failure syndrome (14,21).

Our understanding of the pathophysiology of DADA2 
remains incomplete, as the function of ADA-2 awaits further clar-
ification. To date, more than 80 pathogenic variants have been 
linked to DADA2 (24,28). The most common pathogenic variant in 
our cohort was p.G47R. The p.G47R variant is uncommon in the 
general population (minor allele frequency of 1 × 10−4 in the gno-
mAD database) but was found in ~1 of 10 individuals in the Geor-
gian-Jewish community in Israel (6,29). Another interesting point 
noted in our cohort was the clustering of patients in the Agarwal/
Jain community, with most of these patients carrying the p.G47R 
variant. This is an endogamous community, and genetic diseases 
like limb-girdle muscular dystrophy type 2A, megalencephalic leu-
kodystrophy with cysts, and hereditary fructose intolerance have 
been reported in this community (30–33).

Even in the absence of randomized controlled trials, TNFi 
have emerged as the drug of choice for the treatment of DADA2 
(6,9). A recent study by Ombrello and colleagues revealed a dras-
tic reduction in stroke risk after initiation of TNFi (13). Based on this 
experience, we recommended initiation of TNFi in symptomatic 
patients immediately after the diagnosis of DADA2. We quantified 
the effects of TNFi on various disease manifestations and found 
remarkable improvement in all of the measured parameters. The 
use of glucocorticoids was reduced and treatment with other 
immunosuppressant agents, including cyclophosphamide and 
rituximab, was no longer necessary.

Our experience showed that biosimilar TNFi are effective for 
DADA2, although no direct comparison with innovator molecules 
is available. While clinical improvement was seen in most cases, 
dose escalation of adalimumab was required for disease control 
in 1 case, and another patient had relapsing disease despite  trials 
with multiple TNFi. On the other hand, our data also illustrate the 
challenges of long-term TNFi therapy. Two patients developed 
active tuberculosis during treatment, and 1 died from overwhelm-
ing sepsis. In addition, several patients were either not able to 

start a TNFi or discontinued treatment due to financial limitations. 
One patient experienced a relapse a few months after treatment 
cessation and succumbed to severe gastrointestinal hemorrhage.

The main limitation of our study is the retrospective nature of 
the study. Another limitation is the variability in diagnostic meth-
ods without complete information on ADA2 mutations and 
ADA-2 enzyme activity for all patients in our cohort. This could be 
attributed to logistic limitations at the different centers involved in 
the study. In addition, referral bias could have contributed to the 
paucity of hematologic and immunologic defects in our cohort, 
as all patients were recruited from rheumatology centers.

In this case series from India, we have described the  clinical 
features, genetic findings, and treatment outcomes in patients 
with DADA2. We have shown that disease onset during adulthood 
is common, and that the clinical presentation may occur as late as 
the fourth decade of life. Rapid diagnosis and treatment with TNFi 
are important for a successful outcome.
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Temporal Arteritis Revealing Antineutrophil Cytoplasmic 
Antibody–Associated Vasculitides: A Case–Control Study
Laure Delaval,1  Maxime Samson,2 Flora Schein,3 Christian Agard,4 Ludovic Tréfond,5 Alban Deroux,6 
Henry Dupuy,7 Cyril Garrouste,5 Pascal Godmer,8 Cédric Landron,9 François Maurier,10 Guillaume le Guenno,5 
Virginie Rieu,5 Julien Desblache,11 Cécile-Audrey Durel,12  Laurence Jousselin-Mahr,13 Hassan Kassem,14 
Grégory Pugnet,15 Vivane Queyrel,16 Laure Swiader,17 Daniel Blockmans,18  Karim Sacré,19  Estibaliz Lazaro,7 
Luc Mouthon,20 Olivier Aumaître,5 Pascal Cathébras,3 Loic Guillevin,20 and Benjamin Terrier,20  on behalf of 
the French Vasculitis Study Group and French Study Group for Giant Cell Arteritis

Objective. Temporal arteritis (TA) is a typical manifestation of giant cell arteritis (GCA). Antineutrophil cytoplasmic 
antibody (ANCA)–associated vasculitides (AAVs) are rarely revealed by TA manifestations, leading to a risk of 
misdiagnosis of GCA and inappropriate treatments. This study was undertaken to describe the clinical, biologic, and 
histologic presentations and outcomes in cases of TA revealing AAV (TA-AAV) compared to controls with classic GCA.

Methods. In this retrospective case–control study, the characteristics of patients with TA-AAV were compared 
to those of control subjects with classic GCA. Log-rank test, with hazard ratios (HRs) and 95% confidence intervals 
(95% CIs), was used to assess the risk of treatment failure.

Results. Fifty patients with TA-AAV (median age 70 years) were included. Thirty-three patients (66%) presented 
with atypical symptoms of GCA (ear, nose, and throat involvement in 32% of patients, and renal, pulmonary, and 
neurologic involvement in 26%, 20%, and 16% of patients, respectively). Blood samples were screened for ANCAs 
at the time of disease onset in 33 patients, and results were positive in 88%, leading to a diagnosis of early TA-AAV in  
20 patients. The diagnosis of AAV was delayed a median interval of 15 months in 30 patients. Compared to controls 
with GCA, patients with TA-AAV were younger (median age 70 years versus 74 years), were more frequently men 
(48% versus 30%), and had high frequencies of atypical manifestations and higher C-reactive protein levels (median 
10.8 mg/dl versus 7.0 mg/dl). In patients with TA-AAV, temporal artery biopsy (TAB) showed fibrinoid necrosis and 
small branch vasculitis in 23% of patients each, whereas neither of these characteristics was evident in controls 
with GCA. Treatment failure–free survival was comparable between early TA-AAV cases and GCA controls, whereas 
those with delayed TA-AAV had a significantly higher risk of treatment failure compared to controls (HR 3.85, 95% CI 
1.97–7.51; P < 0.0001).

Conclusion. TA-AAV should be considered diagnostically in cases of atypical manifestations of GCA, refractoriness 
to glucocorticoid treatment, or early relapse. Analysis of TAB specimens for the detection of small branch vasculitis 
and/or fibrinoid necrosis could be useful. Detection of ANCAs should be performed in cases of suspected GCA with 
atypical clinical features and/or evidence of temporal artery abnormalities on TAB.
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INTRODUCTION

The 2012 International Chapel Hill Consensus Conference 
classified vasculitis according to several defining characteristics, 
including the size of the affected vessels (1). Giant cell arteri-
tis (GCA), whose onset usually occurs in individuals after age 
50  years, is the most frequent non-necrotizing granulomatous 
vasculitis involving large vessels (2). In contrast, antineutrophil 
cytoplasmic antibody (ANCA)–associated vasculitides (AAVs) are 
a group of necrotizing vasculitides that predominantly affect small 
vessels (i.e., the capillaries, venules, arterioles, and small arteries) 
and that are associated with the presence of myeloperoxidase 
(MPO) or proteinase 3 (PR3) ANCAs (1,3).

Temporal artery biopsy (TAB) is a technique that is frequently 
performed for the diagnosis of GCA, with results showing temporal 
artery abnormalities in 50–80% of cases (4,5). However, in a study of 
354 patients with positive findings on TAB, the diagnosis of AAV was 
retained in 3 cases (0.8%) (6). Généreau et al reported that systemic 
necrotizing vasculitis was diagnosed on the basis of TAB findings in 
1.4% of patients with suspected GCA, and on the basis of inflamma-
tion of the temporal artery in 4.5% of TAB specimens (7). Likewise, 
rare reports have described AAVs that were revealed by manifesta-
tions of temporal arteritis (TA-AAV), including granulomatosis with 
polyangiitis (GPA) (8–10), microscopic polyangiitis (MPA) (11–13), 
and eosinophilic granulomatosis with polyangiitis (EGPA) (14–16). 
Nevertheless, the therapeutic management strategy and progno-
sis may strongly differ between GCA and AAVs, thereby supporting 
the notion that these diseases should not be misdiagnosed.

In the present study, we aimed to describe the clinical, biologic,  
and histologic presentations and outcomes in patients with 
TA-AAV, and performed a case–control study to identify features 
suggestive of AAV in the setting of TA manifestations, especially 
cephalic manifestations.

PATIENTS AND METHODS

Patients. We conducted a French nationwide, retrospective  
multicenter study that included patients who had been seen in 
several departments of internal medicine and rheumatology 
in France (19 sites) and Belgium (1 site) from January 2000 to 
 February 2017. The study was supported by the French Vasculitis 
Study Group and French Study Group for Large Vessel Vasculitis.  
Patients whose initial clinical presentation was suggestive of TA, 
i.e., abnormal TAB findings and/or cephalic manifestations, but 
whose final diagnosis was an AAV were included (designated 
TA-AAV). Patients whose TAB findings revealed no abnormalities 
were included if they had cephalic symptoms suggestive of TA 
(i.e., headache, scalp tenderness, and/or jaw claudication) and 
had signs and symptoms fulfilling the American College of Rheu-
matology (ACR) 1990 criteria for GCA (2). Patients were diag-
nosed as having an AAV if they fulfilled the ACR 1990 criteria for 
the classification of vasculitis (3) and/or the European Medicines 

Agency algorithm (17) and/or the definitions from the 2012 Chapel 
Hill Consensus Conference (1) for GPA, MPA, or EGPA. This study 
was conducted in compliance with the Good Clinical Practice pro-
tocol and the principles of the Declaration of Helsinki. The study 
was approved by a local ethics committee, and the requirement 
for informed consent was waived by the committee.

Clinical, laboratory, morphologic, and pathologic 
assessments. For each patient, clinical, biologic, and patho-
logic data were retrospectively collected from the time of diagno-
sis of TA, throughout the diagnosis of AAV, and up until the last 
follow-up. Clinical and biologic assessments included evaluation 
of clinical manifestations, serum C-reactive protein (CRP) levels, 
blood cell counts, ANCA titers and specificity (against PR3 or 
MPO), TAB findings, and treatment characteristics.

Response to therapy and outcome. The patients’ re -
sponse to therapy was evaluated by physicians in charge of the 
patients during the routine follow-up, and the treatment response 
data were retrospectively reviewed. Remission was defined as the 
absence of clinical and morphologic manifestations attributable to 
active disease and normalization of acute-phase reactant levels.

Control group. TA-AAV cases were compared to controls, 
comprising patients with TA, i.e., patients with GCA fulfilling the 
ACR 1990 criteria for GCA (2), who were without any evidence 
of an AAV. Controls were randomly selected from the GCA data-
bases of 2 French vasculitis centers (Cochin Hospital and Dijon 
University Hospital), with a distribution ratio of 1 case for every  
2 controls. We compared the clinical, biologic, and histologic  
features of all subjects at the time of diagnosis of TA.

Statistical analysis. Data are presented as the mean ± SD 
or median with interquartile range (IQR), as appropriate, for contin-
uous variables, and as the frequency (expressed as a percentage) 
for qualitative variables. Quantitative variables were compared 
using Student’s t-test or the nonparametric Mann-Whitney test, 
and categorical variables were compared using the chi-square 
test or Fisher’s exact test. Kaplan-Meier curves were plotted 
to describe the treatment failure–free survival rate, and the log-
rank test, with hazard ratios (HRs) and 95% confidence intervals 
(95% CIs), was used to compare the curves. All analyses were 
performed using SAS software, version 9.4 and GraphPad Prism 
version 5.0. All statistical tests were 2-sided, and the significance 
of differences was set at P values less than or equal to 0.05.

RESULTS

Clinical, biologic, and pathologic characteristics 
of TA-AAV cases that were suggestive of TA at initial 
presentation. Fifty patients with TA-AAV (24 men and 26 
women; median age 70 years [IQR 64–75 years]) were included. 
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The clinical, biologic, and pathologic characteristics observed in 
the TA-AAV cases are summarized in Table 1. Clinical manifesta-
tions at baseline included cephalic symptoms in 44 patients (88%), 
constitutional symptoms in 42 (84%), polymyalgia rheumatica in 
15 (30%), cough in 15 (30%), and visual manifestations in 6 (12%) 
(i.e., visual loss and diplopia in 3 patients each). All patients with 
TA-AAV who did not have cephalic symptoms had temporal artery 
inflammation detectable on TAB. Conversely, all patients without 
a positive TAB finding had cephalic symptoms highly suggestive 
of TA, and this was associated with constitutional symptoms 
and increased acute-phase reactant levels in 70%. Thirty-three 
patients (66%) presented initially with symptoms atypical of 
classic GCA, including ear, nose, and throat (ENT) involvement 
in 16 (32%), renal involvement (renal failure, proteinuria, and/or 

hematuria) in 13 (26%), lung involvement (nodules, intraalveolar 
hemorrhage, or consolidation) in 10 (20%), peripheral neuropa-
thy in 9 (18%), abdominal pain and cutaneous manifestations in 5 
(10%) each, episcleritis in 2, and cardiac involvement in 3 (i.e., 1 
patient with myocardial infarction and 2 patients with pericarditis). 
At the time of initial presentation, 17 patients with atypical features 
were considered to have TA-AAV, along with 3 patients who had 
classic cephalic symptoms but were positive for ANCAs. Overall, 
20 patients were classified as having early TA-AAV. For the remain-
ing 30 patients, the diagnosis of TA-AAV was delayed, whereas 
atypical features were present in 16 patients since baseline.

ANCAs were screened in blood samples from 33 patients 
(66%) at the time of initial presentation, and 29 patients (88%) 
were found to be positive for ANCAs (targeting MPO in 62% 

Table 1. Baseline clinical, biologic, and pathologic features of the patients with TA-AAV compared to controls with GCA*

TA-AAV cases

GCA controls 
(n = 100)

P†

All 
(n = 50)

Early diagnosis 
(n = 20)

Delayed diagnosis 
(n = 30)

Early diagnosis 
vs. controls

Delayed diagnosis 
vs. controls

Demographics
Age, median (IQR) years 70 (64–75) 66.5 (63–71) 71.5 (65–78) 74 (66–82) 0.008 0.22
Female 26 (52) 9 (45) 17 (57) 70 (70) 0.04 0.19

Clinical manifestations
Constitutional symptoms 42 (84) 18 (90) 24 (80) 82 (82) 0.52 0.79

Asthenia 39 (78) 16 (80) 23 (77) 79 (79) 1.00 0.80
Fever 27 (54) 11 (55) 16 (53) 45 (45) 0.47 0.53
Weight loss 23 (46) 10 (50) 13 (43) 55 (55) 0.81 0.30
Night sweats 11 (22) 6 (30) 5 (17) 21 (21) 0.39 0.80

Cephalic symptoms 44 (88) 17 (85) 27 (90) 97 (97) 0.06 0.14
Headache 34 (68) 12 (60) 22 (73) 82 (82) 0.04 0.30
Jaw claudication 22 (44) 7 (35) 15 (50) 33 (33) 1.00 0.13
Scalp tenderness 22 (44) 9 (45) 13 (43) 45 (45) 1.00 1.00
No temporal pulse 8 (16) 3 (15) 5 (17) 17 (17) 1.00 1.00

Lung involvement 10 (20) 6 (30) 4 (13) 0 (0) <0.0001 0.002
Visual manifestation 6 (12) 0 (0) 6 (20) 23 (23) 0.01 0.80
Episcleritis 2 (4) 2 (10) 0 1 (1) 0.01 1.00
Polymyalgia rheumatica 15 (30) 5 (25) 10 (33) 32 (32) 0.11 1.00
Peripheral arthralgias 17 (34) 7 (35) 10 (33) 15 (15) 0.05 0.03
Renal involvement 13 (26) 8 (40) 5 (17) 0 (0) <0.0001 0.0005
ENT involvement 16 (32) 10 (50) 6 (20) 0 (0) <0.0001 <0.0001
Peripheral neuropathy 9 (18) 6 (30) 3 (10) 0 (0) <0.0001 0.01
Cutaneous lesions 5 (10) 3 (15) 2 (7) 0 (0) 0.004 0.05
GI involvement 5 (10) 3 (15) 2 (7) 3 (3) 0.06 0.33
Cardiac involvement 3 (6) 2 (10) 1 (3) 2 (2) 0.13 0.55
CNS involvement 2 (4) 1 (5) 1 (3) 3 (3) 0.52 1.00

Pachymeningitis 1 (2) 1 (5) 0 0 (0) 0.17 1.00
CRP, median (IQR) mg/dl 10.8 (6.5–16.4) 13.9 (8.3–17) 9.8 (6–15.2) 7.0 (4.4–12.6) 0.02 0.46
Abnormalities on TAB‡ 31/42 (74) 11/16 (69) 20/24 (83) 56/94 (60) 0.59 0.03

Mononuclear cell infiltrates 22 (71) 6 (55) 16 (80) 44 (79) 0.13 1.00
Granulomatous 

inflammation
4 (13) 0 (0) 4 (20) 21 (38) 0.01 0.18

Disruption of the internal 
elastic lamina

14 (45) 4 (36) 10 (50) 36 (64) 0.10 0.30

Giant cells 9 (29) 1 (9) 8 (40) 31 (55) 0.007 0.30
Small branch vasculitis 7 (23) 3 (27) 4 (20) 0 (0) 0.003 0.004
Fibrinoid necrosis 7 (23) 3 (27) 4 (20) 0 (0) 0.003 0.004

* Except where indicated otherwise, values are the number (%) of the patients or the number of patients/total number assessed (%). IQR = 
interquartile range; ENT = ear, nose, and throat; GI = gastrointestinal; CNS = central nervous system; CRP = C-reactive protein. 
† By Fisher’s exact test. 
‡ Temporal artery biopsy (TAB) was performed in 42 of 50 patients with temporal arteritis revealing antineutrophil cytoplasmic antibody–
associated vasculitis (TA-AAV) and in 94 of 100 controls with giant cell arteritis (GCA). 
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and targeting PR3 in 38%). Based on these findings, 20 patients 
were diagnosed as having early TA-AAV, while 9 patients were still 
diagnosed as having GCA because of the absence of symptoms 
suggestive of AAV (Figure 1). Abnormal TAB findings, i.e., pres-
ence of inflammatory infiltrates, were observed in 31 (74%) of 42 
patients, and among these patients, the TAB findings revealed, a 
posteriori, some features atypical of GCA in 13 patients (42%), i.e., 
fibrinoid necrosis (Figure 2) and small branch vasculitis (Figure 3) in 
7 patients (23%) each.

Characteristics of TA-AAV cases at diagnosis of AAV. 
Diagnosis of TA-AAV was made at the time of initial presentation in 
20 patients (40%) (designated early TA-AAV), and during follow-up 
after a median time of 15 months (IQR 9–46 months) in 30 patients 
(60%) (designated delayed TA-AAV). Among those with delayed 
TA-AAV, the diagnosis was made because of refractory disease in 
13 patients (43%) or after vasculitis relapse in 17 patients (57%). 
Twenty-six patients (87%) were receiving treatment with glucocor-
ticoids at a median dose of 22.5 mg/day (IQR 7–36 mg/day). The 
patients’ characteristics at the time of AAV diagnosis are summa-
rized in Table 2.

Figure 2. Representative temporal artery biopsy (TAB) specimen from a patient with temporal arteritis revealing antineutrophil cytoplasmic 
antibody–associated vasculitis, showing fibrinoid necrosis. Inset shows a higher-magnification view of the boxed area on the TAB specimen, 
indicating sites of necrotizing panarteritis with an inflammatory infiltrate rich in macrophages, lymphocytes, epithelioid cells, and some 
eosinophils in contact with a band of fibrinoid necrosis (asterisks) with pycnotic debris. Original magnification × 100; × 400 in inset. The image 
was provided courtesy of Claire Toquet, MD, PhD (Service d’Anatomie et Cytologie Pathologique, Hôtel-Dieu, CHU Nantes, Nantes, France).

Figure 1. Flow chart of study distribution of patients with temporal 
arteritis revealing antineutrophil cytoplasmic antibody (ANCA)–
associated vasculitis (TA-AAV). GCA = giant cell arteritis.
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The delayed TA-AAV population presented at baseline with 
constitutional symptoms in 24 patients (80%) and cephalic symp-
toms in 27 patients (90%). All 3 patients without cephalic symp-
toms had temporal artery inflammation evident on TAB. Sixteen 
(53%) of the 30 patients had symptoms atypical of classic GCA: 
ENT involvement in 6, renal involvement in 3, lung involvement in 
3, peripheral neuropathy in 3, and cutaneous manifestations in 2. 
Furthermore, additional features developed during the follow-up 
before AAV had been diagnosed: recurrence of constitutional 
symptoms in 21 (70%) and cephalic symptoms in 11 (37%), ENT 
involvement in 14 (47%), lung involvement in 12 (40%), peripheral 
neuropathy in 12 (40%), renal involvement in 7 (23%), and cutane-
ous involvement in 7 (23%).

Among the patients with a delayed diagnosis of TA-AAV, 
the phenotype of the AAV diagnosis was GPA in 67% of patients 
and MPA in 27% of patients, contrasting with a frequency of 
ANCA positivity in the delayed diagnosis group of 72% for the  
MPO-ANCA specificity and 24% for the PR3-ANCA specificity 
(including 9 patients with GPA and 8 patients with MPA positive for 
MPO-ANCAs, and 6 patients with GPA positive for PR3-ANCAs). 
In patients with a delayed diagnosis of AAV, histologic evidence of 
an AAV was available from a site other than the temporal artery 
in 10 patients (33%). Four of the 5 patients without ANCAs had 

histologic evidence of an AAV, and 1 had a very suggestive clinical 
presentation (i.e., ENT involvement, purpura, and rapidly progres-
sive glomerulonephritis).

Case–control study of TA-AAV cases versus GCA con-
trols. To identify whether TA-AAV patients exhibited peculiar  
manifestations at the time of initial presentation as compared to 
the classic manifestations of TA (i.e., GCA), we performed a case–
control study comparing the 50 patients with TA-AAV to the 100 
control patients with GCA, and within the TA-AAV group, we dis-
tinguished between early TA-AAV (n = 20) and delayed TA-AAV 
(n = 30). Comparisons of the characteristics of the patients in 
these groups are summarized in Table 1. Compared to GCA 
controls, patients with early TA-AAV were younger and less fre-
quently female. Moreover, fewer patients with an early diagnosis of 
TA-AAV had headaches or visual manifestations, but more of them 
had lung involvement, episcleritis, peripheral arthralgias, renal and 
ENT involvement, peripheral neuropathy, and cutaneous lesions. 
CRP levels were higher in patients with early TA-AAV compared 
to GCA controls. Findings from TAB showed that granulomatous 
inflammation and giant cells were less frequent, and small branch 
vasculitis and fibrinoid necrosis were more frequent, in patients 
with early TA-AAV compared to GCA controls.

Figure 3. Representative temporal artery biopsy (TAB) specimen from a patient with temporal arteritis revealing antineutrophil cytoplasmic antibody–
associated vasculitis, showing small branch vasculitis. Analysis of the TAB specimen reveals the absence of intimal or medial inflammatory infiltrate 
(A), with small branch necrotizing vasculitis evident on hematoxylin–eosin–saffron staining (B and C) and orcein staining (D). Original magnification 
× 4 in A; × 10 in B; × 40 in C and D. The images were provided courtesy of Jean-Louis Kemeny, MD, PhD (CHU de Clermont-Ferrand, Clermont-
Ferrand, France). Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41527/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41527/abstract
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Characteristics of the patients with a delayed diagnosis of 
TA-AAV were more comparable to those of the GCA controls at 
baseline. However, extracephalic symptoms and findings on TAB 
were also the main differences between patients with delayed 
TA-AAV and control patients with classic GCA (Table 1). Differ-
ences remained the same, except for differences in the distribu-
tion of age and sex and frequency of episcleritis, when only those 
with abnormal TAB findings were compared between the TA-AAV 
group (n = 31) and GCA control group (n = 54) (data not shown).

Therapeutic management of cases and controls. 
Patients with early TA-AAV were treated with glucocorticoids in all 
cases, in combination with immunosuppressive agents as first-line 
therapy in 14 patients (including 10 receiving cyclophosphamide, 
2 receiving rituximab, and 2 receiving methotrexate). In contrast, 
all patients with delayed TA-AAV received glucocorticoids alone, 
similar to all controls with classic GCA.

Outcomes in cases and controls. To compare the prog-
nosis of TA-AAV compared to GCA, we analyzed treatment fail-
ure–free survival rates in patients with TA-AAV and early diagnosis 
of AAV, patients with delayed diagnosis of TA-AAV, and GCA 

controls. Treatment failure–free survival was comparable between 
those with early TA-AAV and GCA controls. In contrast, those 
with delayed TA-AAV had a significantly higher risk of treatment 
failure compared to GCA controls (HR 3.85, 95% CI 1.97–7.51; 
P < 0.0001) (Figure 4). This latter finding was frequently the reason 
that the diagnosis of TA-AAV was delayed.

DISCUSSION

In addition to GCA, the manifestations of TA may, on rare 
occasions, reveal the presence of medium-sized and small-sized 
vessel vasculitides. The consequences of such a potential misdi-
agnosis could be detrimental, since therapeutic management and 
outcomes strongly differ between these diseases. With the aim of 
attaining an early diagnosis of TA-AAV, we have described herein 
the clinical presentation and outcomes of TA-AAV in comparison 
to the typical profile of classic GCA.

Compared to GCA controls, patients with TA-AAV were 
slightly younger, were more frequently men, had a high frequency 
of atypical manifestations of large vessel vasculitis, and had higher 
CRP levels. At the patient level, because of their lack of speci-
ficity, demographic differences and higher CRP levels cannot be 
used to confirm a diagnosis of TA-AAV. On the other hand, two-
thirds of TA-AAV patients presented with manifestations atypical 
of GCA, such as mononeuritis multiplex, lung involvement, ENT 

Table 2. Characteristics of the patients at the time of diagnosis 
of AAV*

Early TA-AAV 
(n = 20)

Delayed TA-AAV 
(n = 30)

Delay from TA to AAV 
diagnosis, median (IQR) 
months

– 15 (9–46)

Type of AAV
GPA 11 (55) 20 (67)
MPA 8 (4) 8 (27)
EGPA 1 (5) 2 (7)

Clinical manifestations
Constitutional symptoms 18 (90) 21 (7)
Cephalic symptoms 17 (85) 11 (37)
ENT involvement 10 (50) 14 (47)
Lung involvement 6 (30) 12 (40)
Ocular manifestations 3 (15) 7 (23)
Peripheral neuropathy 6 (30) 12 (40)
Renal involvement 8 (40) 7 (23)
Cutaneous lesions 3 (15) 7 (23)
Gastrointestinal involvement 3 (15) 2 (7)
Pachymeningitis 1 (5) 3 (10)

C-reactive protein, median 
(IQR) mg/dl

13.9 (8.3–17) 3.7 (1.9–8.4)

ANCA positive
All ANCAs 19 (95) 25 (83)

MPO-ANCAs 10 (53) 18 (72)
PR3-ANCAs 9 (47) 6 (24)

Prednisone at AAV diagnosis
Taking prednisone – 26 (87)
Dose, median (IQR) mg/day – 22.5 (7–36)

* Except where indicated otherwise, values are the number (%)
of patients. AAV = antineutrophil cytoplasmic antibody (ANCA)–
associated vasculitis; TA = temporal arteritis; IQR = interquartile 
range; GPA = granulomatosis with polyangiitis; MPA = microscopic 
polyangiitis; EGPA = eosinophilic granulomatosis with polyangiitis; ENT 
= ear, nose, and throat; MPO = myeloperoxidase; PR3 = proteinase 3. 

Figure 4. Treatment failure–free survival in patients with early 
or delayed diagnosis of temporal arteritis revealing antineutrophil 
cytoplasmic antibody–associated vasculitis (TA-AAV) compared 
to patients with giant cell arteritis (GCA) as controls. Patients with 
delayed TA-AAV had a significantly higher risk of treatment failure 
compared to GCA controls, as indicated by the hazard ratio. 95%  
CI = 95% confidence interval. Color figure can be viewed in the 
online issue, which is available at http://onlinelibrary.wiley.com/
doi/10.1002/art.41527/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41527/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41527/abstract
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involvement, or renal involvement. These manifestations were 
commonly underestimated, because cephalic symptoms were at 
the forefront of the initial presentation, whereas cranial symptoms 
and headache are not typical of AAVs (18), except in the case of 
pachymeningitis, which remains a rare manifestation of the dis-
ease (10,13). For these reasons, the diagnosis of TA-AAV is more 
challenging than it looks.

Detection of ANCAs using antigen-specific immunoassays 
was the most frequent abnormality observed that led to the 
final diagnosis of TA-AAV. The majority of TA-AAV patients pre-
sented with a GPA phenotype, whereas the majority of ANCAs 
detected were directed against MPO. There is a large variability 
in the detection of ANCAs with the use of indirect immunofluo-
rescence testing in older patients, which could lead to false-posi-
tive findings, contrasting with the high diagnostic performance of 
immunoassays for PR3-ANCAs and MPO-ANCAs to discriminate 
AAV from disease controls (19). Recently, a revised international 
consensus on testing of ANCAs proposed that ANCA measure-
ment should use antigen-specific immunoassays as the primary 
screening method (20), especially in all patients with suspected 
GCA, to avoid false-positive and false-negative results.

TAB could be a useful tool in challenging situations. The TAB 
findings were frequently abnormal in patients with cephalic symp-
toms, regardless of whether they had a diagnosis of GCA or AAV, 
suggesting that TAB could be contributive to the diagnosis of sys-
temic vasculitides whatever the underlying diagnosis (7). In some 
cases, the TAB findings did not reveal temporal artery abnormali-
ties, but all of these patients had cephalic symptoms and a clinical 
presentation suggestive of GCA. In our study, histologic findings 
that could be highly suggestive of small vessel vasculitis included 
the presence of necrotizing vasculitis or small branch vasculitis 
(21), contrasting with the absence of granulomatous inflammation 
and/or giant cells, but these abnormalities lacked sensitivity for 
a diagnosis of TA-AAV. In contrast, neither small branch vascu-
litis nor fibrinoid necrosis were noted in any TAB specimen from 
the GCA controls, thus showing that these findings could rep-
resent a major red flag when analyzing TAB specimens. Indeed, 
in a study by Cavazza et al (6), a pattern typical of small vessel 
vasculitis without ANCA positivity was reported in 9% of patients. 
Nevertheless, in our study, the patients who were considered as 
having TA-AAV all met the criteria for AAV and not for other small 
vessel vasculitides, including immune complex small vessel vas-
culitis. However, the absence of a centralized review of the TAB 
findings represents a limitation of our study, which could have 
led to underestimation of the number of histologic abnormalities 
consistent with typical characteristics of an AAV. Overall, atypi-
cal manifestations and TAB findings in those cases of suspected 
GCA should alert physicians to the possibility of a diagnosis of 
TA-AAV, in whom the clinical and therapeutic management would 
be different.

Based on the initial presentation and follow-up of patients, 
we could distinguish patients with an early diagnosis of TA-AAV 

from those with a delayed diagnosis of TA-AAV. Delayed diagnosis 
of TA-AAV was made after a median time of 15 months because 
of the development of refractory disease or a vasculitis relapse, 
as these patients had been followed up according to the proto-
col for classic GCA, while those with early diagnosis of TA-AAV 
had a similar treatment failure–free survival rate as that in patients 
with GCA. These findings show that the prognosis of TA-AAV is 
poor when initial treatment is not appropriate, and suggest that 
TA-AAV should be considered in any cases of GCA with refracto-
riness to glucocorticoid treatment or early relapse. Such distinc-
tion is of major importance, since cyclophosphamide or rituximab 
would be preferentially used to treat TA-AAV (22,23), whereas 
tocilizumab or methotrexate would be preferentially considered as 
second-line therapies in GCA (24–26). To illustrate the diagnostic 
and therapeutic challenge in patients with a potential diagnosis 
of TA-AAV or GCA with ANCA positivity, a small study previously 
analyzed the relevance of ANCAs during GCA, especially to esti-
mate ANCA frequency and its impact on disease outcome. Thirty 
percent of GCA patients were positive for ANCAs, but the major-
ity had positive results from indirect immunofluorescence without 
any positive result from antigen-specific immunoassays. More-
over, ANCA positivity seemed predictive of premature disease 
relapse (mean interval 15.8 months versus 28.5 months in ANCA- 
negative patients) (27).

Fourteen of the 30 patients whose diagnosis of TA-AAV was 
delayed did not have any extracranial feature suggestive of AAV at 
the time of initial presentation. For those patients, close monitor-
ing during follow-up is necessary, and reconsideration of the initial 
diagnosis should be mentioned in those cases in which a lack of 
treatment response occurs. Some patients who had features that 
are atypical for GCA at baseline were still considered as having 
GCA because of the predominance of cephalic manifestations 
and temporal artery inflammation on TAB, with a diagnosis of AAV 
only during follow-up. It is therefore very important to consider any 
atypical features as red flags for the diagnosis of GCA, and this 
should immediately raise some concerns leading to discussion 
of an alternative diagnosis. To help physicians diagnose TA-AAV, 
we identified some clinical and biologic red flags from our study, 
including those identified by screening for atypical manifestations 
and among these patients, screening for ANCAs, as well as care-
ful reading of TAB specimens in all patients with TA. The presence 
of features that are atypical for GCA should prompt careful con-
sideration of an alternative diagnosis and prompt screening for 
ANCAs and further careful review of the TAB readings.

Finally, despite its inherent limitations related to the small 
number of patients studied and its retrospective design, our study 
represents a large compilation of AAV patients presenting with 
cephalic manifestations. As a limitation, data from the GCA controls 
were obtained from 2 French vasculitis centers, and not from any 
of the centers where the patients with TA-AAV were recruited. Fur-
thermore, controls were not matched to patients by age or sex, but 
this choice was made voluntarily in this hypothesis of demographic 
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differences between groups. Moreover, centralized review of the 
TAB readings was not possible and could represent a limitation of 
the study because of the difficulty in distinguishing between fibri-
noid necrosis and laminar necrosis (6). Given the aim of this study, 
and since ANCA testing is performed in patients with suspected 
GCA, we considered it mandatory that patients be ANCA-negative 
in order to receive a diagnosis of GCA. Lastly, diagnosis of AAV was 
based on the presence of robust features, especially typical mani-
festations of AAV, positive findings for PR3- or MPO-ANCAs, and/
or histologic evidence of an AAV in a site other than the temporal 
artery, and 1 of the main outcomes we assessed was the relapse of 
the disease requiring the initiation of new treatment lines.

In conclusion, TA-AAV should be considered in cases in which 
the manifestations are atypical of GCA and in cases in which man-
ifestations of GCA are present along with glucocorticoid refrac-
toriness or early relapse. In these cases, TAB could be useful, 
especially when showing small branch vasculitis and/or fibrinoid 
necrosis. In addition, detection of ANCAs using antigen-specific 
immunoassays should be performed in cases of suspected GCA 
with clinically atypical features and abnormal findings on TAB.
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Clinical Images: Spondylitis as a rare manifestation of granulomatosis with polyangiitis

The patient, a 62-year old woman who had a known disc herniation in 2005, was admitted to the tertiary care center for lumbar spondylitis 
(at L2–L3) with epidural involvement seen on magnetic resonance imaging (MRI) (A). An infectious cause was suspected, and with empirical 
antibiotic treatment, clinical and imaging features improved. Three weeks after finishing antibiotic treatment, the patient was readmitted 
due to increasing pain. MRI showed progressive spondylitis with epidural abscess formation (B). Furthermore, the radiologist noted the 
intact intervertebral L2–L3 disc (arrows in A and B), which is considered a typical finding for tuberculous spondylitis (1). Fluorodeoxy-
glucose–positron emission tomography/computed tomography revealed a cavitating lung lesion (arrow in C). Blood, lung, and tissue 
cultures, polymerase chain reaction, tuberculosis (TB) skin test, and interferon-γ release test results were negative. Tissue biopsy at L2–L3 
showed early necrotizing granulomatous inflammation with abundant infiltration of neutrophils (white arrow in D) and histiocytes (black 
arrow in D). Based on these findings, TB treatment was preemptively initiated while mycobacterial cultures were still pending. The patient’s 
condition appeared to stabilize, but 3 weeks later she was readmitted with peripheral polyneuropathy, most likely due to tuberculostatic 
toxicity. Mycobacterial cultures were negative, but caudal compression had worsened (E). Additional testing was positive for antineutrophil 
cytoplasmic antibodies against proteinase 3 (PR3-ANCAs) (38 IU/ml [normal <2]). Necrotizing granulomatous inflammation and PR3-ANCA 
positivity are hallmarks of granulomatosis with polyangiitis (GPA) (2). ANCA positivity can also occur in TB (3), but without any evidence 
of active TB, GPA was diagnosed. Treatment with methylprednisolone (1,000 mg/day for 3 days), followed by oral prednisone in tapering 
doses and cyclophosphamide (2–3 mg/kg/day) was initiated; treatment was switched to azathioprine (3 mg/kg/day) after 3 months. Symp-
toms improved, PR3-ANCA was no longer present, and imaging showed marked improvement with minimal residual radiologic abnormal-
ities of L3 and the L2–L3 disc (F). Though extremely rare, this case illustrates that inflammatory spondylitis can be a manifestation of GPA.
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Hemodynamic Response to Treatment and Outcomes 
in Pulmonary Hypertension Associated With Interstitial 
Lung Disease Versus Pulmonary Arterial Hypertension 
in Systemic Sclerosis: Data From a Study Identifying 
Prognostic Factors in Pulmonary Hypertension Associated 
With Interstitial Lung Disease
Louis Chauvelot,1  Delphine Gamondes,2 Julien Berthiller,3 Ana Nieves,4 Sébastien Renard,5  
Judith Catella-Chatron,6 Kais Ahmad,1 Laurent Bertoletti,6 Boubou Camara,7 Emmanuel Gomez,8 David Launay,9 
David Montani,10 Jean-François Mornex,1 Grégoire Prévot,11 Olivier Sanchez,12 Anne-Marie Schott,4 
Fabien Subtil,13 Julie Traclet,1 Ségolène Turquier,1 Sabrina Zeghmar,1 Gilbert Habib,5 Martine Reynaud-Gaubert,4 
Marc Humbert,10 Vincent Cottin,1  The French Network for Pulmonary Arterial Hypertension, and The French 
Network for Rare Pulmonary Diseases (OrphaLung)

Objective. Patients with systemic sclerosis and both pulmonary hypertension and interstitial lung disease  
(SSc–PH-ILD) generally carry a worse prognosis than patients with SSc and pulmonary arterial hypertension (SSc-
PAH) without ILD. There is no evidence of the efficacy of PAH therapies in SSc–PH-ILD. We undertook this study to 
compare survival of and response to treatment in patients with SSc–PH-ILD and those with SSc-PAH.

Methods. We analyzed 128 patients (66 with SSc–PH-ILD and 62 with SSc-PAH) from 15 centers, in whom PH 
was diagnosed by right-sided heart catheterization; they were prospectively included in the PH registry. All patients 
received PAH-specific therapy. Computed tomography of the chest was used to confirm or exclude ILD.

Results. At baseline, patients with SSc–PH-ILD had less severe hemodynamic impairment than those with  
SSc-PAH (pulmonary vascular resistance 5.7 Wood units versus 8.7 Wood units; P = 0.0005) and lower diffusing 
capacity for carbon monoxide (median 25% [interquartile range (IQR) 18%, 35%] versus 40% [IQR 31%, 51%]; 
P = 0.0005). Additionally, patients with SSc–PH-ILD had increased mortality (8.1% at 1 year, 21.2% at 2 years, and 
41.5% at 3 years) compared to those with SSc-PAH (4.1%, 8.7%, and 21.4%, respectively; P = 0.04). Upon treatment 
with PAH-targeted therapy, no improvement in the 6-minute walk distance was observed in either group. Improvement 
in the World Health Organization functional class was observed less frequently in patients with SSc–ILD-PH compared 
to those with SSc-PAH (13.6% versus 33.3%; P = 0.02). Hemodynamics improved similarly in both groups.

Conclusion. ILD confers a worse prognosis to SSc-PH. Response to PAH-specific therapy is clinically poor in 
SSc–PH-ILD but was not found to be hemodynamically different from the response observed in SSc-PAH.

INTRODUCTION

The leading cause of death in systemic sclerosis (SSc) is 
pulmonary involvement (1), either pulmonary hypertension (PH) 

or interstitial lung disease (ILD). Pulmonary arterial hypertension 
(PAH), or group 1 PH in which the precapillary pulmonary vascular 
bed is the predominant site of disease (2,3), ultimately leads to 
right ventricular failure and death. The prevalence of PH in SSc is 
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~5% in recent series (4,5), with approximately two-thirds of SSc 
patients diagnosed as having PAH (SSc-PAH) and one-third diag-
nosed as having PH-ILD (SSc–PH-ILD). SSc-PAH generally car-
ries a worse prognosis than idiopathic PAH (6–9).

In SSc, PH can be due to several mechanisms: precapillary PH 
in the setting of isolated PAH, pulmonary venoocclusive disease, 
chronic lung disease (especially ILD), chronic thromboembolic PH, 
or postcapillary PH secondary to chronic disease of the left side 
of the heart (2). Classifying SSc patients into a discrete PH group 
has therapeutic implications but may be challenging (10) due to 
overlapping features and lack of a precise definition of group 3 PH.

Clinically significant ILD, present in approximately one-third 
of SSc patients with SSc (11), is characterized by a predominant 
pattern of nonspecific interstitial pneumonia and significantly con-
tributes to mortality (12). The extent of ILD present at the time of 
computed tomography (CT) scan is associated with disease pro-
gression and mortality (13). The severity of functional alterations 
and a decline in serial measurement of forced vital capacity (FVC) 
are also predictive of a poor outcome (13,14).

ILD and PH may be related in patients with SSc (SSc–
PH-ILD). The extent of ILD at the time of CT scan does not seem 
to be associated with hemodynamic severity of PH (15). How-
ever, SSc–PH-ILD may carry a worse prognosis than SSc-PAH 
(16–19). PH may be present in approximately one-third of patients 
with SSc-ILD (20).

Although treatment is recommended in SSc-PAH, simi-
lar to that for idiopathic PAH (2), data regarding the efficacy 
of PAH-specific therapies in SSc–PH-ILD patients are scarce. 
Immunosuppressive therapy used to treat ILD does not affect 
the outcome of SSc-PH (21). In a retrospective study of 70 
patients with SSc–PH-ILD, PAH-specific therapies were not 
associated with clinical benefit, and prognosis was poor, with 
only 39% survival at 2 years and 21% at 3 years (22); however, 
no comparison to PAH was available. According to another 
study, initiation of prostanoid therapy within 6 months of the 
diagnosis was associated with improved transplant-free sur-
vival (16). In the present study, we compared the survival of 
and response to PAH therapy in patients with SSc–PH-ILD 
and those with SSc-PAH.

PATIENTS AND METHODS

Patient population. Data were extracted from the French 
prospective PH registry, which enrolls PH patients ≥18 years old. 
Among these patients, PH was suspected based on systematic 
annual screening tests recommended for patients with asymptom-
atic SSc (2), or based on the presence of dyspnea, fatigue, chest 
pain, lower limb edema, or syncope/presyncope, and was con-
firmed by right-sided heart catheterization (RHC). In addition to 
participating in the PH registry, patients with SSc–PH-ILD (with ILD 
at baseline CT scan, according to the opinion of the investigators 
[LC and VC]) were further included in the Pulmonary Hyperten-
sion in Interstitial Lung Disease (HYPID) and HYPID-2 consecutive 
observational studies (ClinicalTrials.gov identifiers: NCT01443598 
and NCT02799771, respectively), which aimed to identify prog-
nostic factors in PH associated with ILD. Five of the patients with 
SSc–PH-ILD have been reported previously (18). Our SSc-PAH 
group consisted of all consecutive cases with SSc-PAH (group 1) 
that were included in the French PH registry within the same time 
period, at 4 large centers.

Informed consent was obtained from all patients in the PH 
registry and the HYPID and HYPID-2 cohorts. The present study 
was approved by the institutional review board of the Hospices 
Civils de Lyon (approved December 6, 2017). The Comité National 
d’Informatique et Liberté (CNIL), the committee dedicated to pri-
vacy, information technology, and civil rights in France, approved 
the reference methodology MR03 that was used to collect and 
analyze registry data (approval no. 17-215). The HYPID and 
HYPID-2 studies were approved by the CNIL and the Comité de 
Protection des Personnes (approved January 5, 2011) and the 
institutional review board (approval CEPRO 2016-021).

Inclusion criteria. Patients were included in the present 
study if they fulfilled all of the following criteria: age ≥18 years; 
diagnosis of SSc according to the American College of Rheuma-
tology/European League Against Rheumatism 2013 criteria (23); 
precapillary PH demonstrated by RHC, with a mean pulmonary 
artery pressure (PAP) of ≥25 mm Hg, a mean pulmonary vascu-
lar resistance (PVR) of >3 Wood units, and a mean pulmonary 
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artery wedge pressure (PAWP) of <15 mm Hg; no evidence of 
chronic thromboembolic PH; ≥1 CT scan of the chest available for 
review; pulmonary function tests available at baseline; and receipt 
of ≥1 dose of targeted PAH treatment shortly after PH diagnosis. 
Patients with postcapillary PH or probable pulmonary venoocclu-
sive disease, according to published criteria (24), were excluded. 
As the French PH registry was designed before the 2018 revision 
of the PH definition, PH was defined by a mean PAP of ≥25 mm 
Hg rather than by >20 mm Hg.

To ensure that patients were assigned to the correct group 
(with/without ILD), the most recent chest CT scan that was avail-
able was reviewed. If the most recent CT scan showed no evi-
dence of ILD, patients were classified as SSc-PAH. If it showed 
evidence of ILD, the CT scan obtained at the time of PH diagnosis 
was reviewed. If ILD was already present in the CT scan at the time 
of PH diagnosis, patients were classified as SSc–PH-ILD, regard-
less of physiologic alteration. Otherwise, in instances in which ILD 
appeared >1 year after the onset of PH, patients were classified 
as SSc-PAH and censored for survival analysis on the day of ILD 
diagnosis, defined as the date that the first CT scan showed ILD.

Evaluations. Prospective baseline evaluation included 
World Health Organization (WHO) functional class assessment, 
pulmonary function tests, 6-minute walk test, and RHC. Presence 
of comorbidities was recorded. Chronic kidney disease, defined 
by a glomerular filtration rate of <60 ml/minute/1.73 m2, was 
recorded as present or absent by the investigators (LC and VC).

All CT scans were reviewed by a pneumologist and a radi-
ologist with expertise in ILD, for the presence of ILD, extent of 
ILD (13), and classification of the ILD pattern by consensus. This 
review was not possible for 3 patients because CT images could 
not be retrieved, although radiologist reports were available and 
confirmed ILD. Patients were assigned to the SSc–PH-ILD and 
SSc-PAH groups according to the presence or absence of ILD, 
respectively (Figure 1).

Follow-up prospective investigations included WHO func-
tional class, 6-minute walk test, long-term supplemental oxygen, 
and RHC data. The follow-up visit used in the analysis was the 
first visit to include at least an RHC or a 6-minute walk test within 
1 year after beginning PAH-specific treatment.

Statistical analysis. Results are expressed as the  
mean ± SD or the median (interquartile range [IQR]) for con-
tinuous variables and as numbers with percentages for cat-
egorical variables. The hypothesis of normal distribution was 
verified by Kolmogorov-Smirnov test and, graphically, using a 
histogram.

Categorial variables were compared using a chi-square test 
or Fisher’s exact test. Continuous variables were compared using 
Student’s t-test or the nonparametric Wilcoxon test, depending 
on the normality of the distribution. Overall survival curves were 
obtained using the Kaplan-Meier method, and subgroups were 

compared using a log rank test. Overall survival was defined as 
the difference between date of PH diagnosis and date of death or 
latest recorded data.

Prognostic factors of overall survival were evaluated with a 
semiparametric Cox model after verifying the hypothesis of hazard 
proportionality, first univariable and then multivariable, including 
the significant factors from univariable analysis and relevant adjust-
ment variables, i.e., age, sex, chronic kidney disease, ILD, and 
6-minute walk distance. Longitudinal change in 6-minute walk dis-
tance in patients with SSc–PH-ILD and those with SSc-PAH was 
assessed using a linear mixed effects model, with a linear effect of 
time, group-by-time interaction, and random intercept and slope.

All statistical tests were bilateral or pairwise when appropriate. 
P values less than 0.05 were considered significant. Hazard ratios 
(HRs) and 95% confidence intervals (95% CIs) were calculated. 
For univariable analysis (e.g., Tables 2 and 4), the Bonferroni-Holm 
correction was applied. Statistical analysis was performed using 
SAS version 9.4 software.

RESULTS

Study population. One hundred twenty-eight patients 
were included (Figure 1), with 66 classified in the SSc–PH-ILD 
group and 62 in the SSc-PAH group. For patients with SSc–
PH-ILD, the median time difference between PH diagnosis 
and the first CT scan was 13 days (IQR 2, 89). Five patients 
with SSc-PAH without ILD at PH diagnosis were diagnosed as 
having ILD during follow-up, with a median time between PH 
diagnosis and ILD diagnosis of 4.1 years (IQR 2.5, 6.1).

The median overall follow-up time was 2.9 years (range 
1 month–13.8 years). Four patients with SSc–PH-ILD and  

Figure 1. Study population. PH = pulmonary hypertension;  
HYPID = Pulmonary Hypertension in Interstitial Lung Disease study; 
SSc-PAH = systemic sclerosis with pulmonary arterial hypertension; 
ILD = interstitial lung disease.



CHAUVELOT ET AL 298       |

Table 1. Patient characteristics*

SSc-PAH 
(n = 62)

SSc–PH-ILD 
(n = 66) P

Age, median (IQR) years 71.5 (63, 78) 63.5 (53, 71)  0.0008†
Female 51 (82.3) 41 (62.1)  0.01‡
SSc subtype 0.004‡

Limited 51 (82.3) 35 (53.0)
Diffuse 11 (17.7) 31 (47.0)

Autoantibodies <0.0001§
Anti–Scl-70 0 (0) 27 (40.9)
Anticentromere 40 (64.5) 9 (13.6)
Other/unknown 22 (35.5) 30 (45.5)

6-minute walk test, median (IQR)
Distance, meters 267.5 (210, 350) 308.5 (237, 350)  0.18
Borg dyspnea score 4 (2, 5) 5 (3, 7)  0.03
SpO2 nadir 87 (81, 92) 85 (79, 90)  0.11
SpO2 delta 7 (4, 10) 9 (5, 16)  0.02

WHO functional class 0.15§
1–2 24 (39.3) 16 (24.3)
3 33 (54.1) 42 (63.6)
4 4 (6.6) 8 (12.1)

Long-term supplemental oxygen 17 (27.2) 33 (50.0)  0.009‡
Comorbidities

Arterial hypertension 30 (49.20) 26 (39.4)  0.27‡
Diabetes 5 (8.2) 9 (13.6)  0.33‡
Coronary disease 6 (9.8) 2 (3.0)  0.15§
Chronic kidney disease¶ 5 (8.2) 4 (6.1)  0.74§
Obesity# 11 (18.0) 10 (15.2)  0.66‡

Hemodynamics, median (IQR)
RAP, mm Hg 6 (4, 10) 6 (4, 8)  0.27
Mean PAP, mm Hg 42 (33, 52) 36.5 (30, 42)  0.002
Cardiac index, liter/minute/m2 2.42 (1.87, 2.96) 2.61 (2.12, 3.07)  0.09
PVR, Wood units 8.70 (5.65, 12.91) 5.70 (4.20, 9.00)  0.0005
PAWP, mm Hg 9 (6, 12) 9 (7, 13)  0.33

Pulmonary function tests
FVC, % of predicted 100 (84, 116) 68 (57, 81) <0.0001
FEV1, % of predicted 91 (75, 109) 69 (58, 81) <0.0001
TLC, % of predicted 92 (83, 102) 67 (58, 74) <0.0001
DLco, % 40 (31, 51) 25 (18, 35) 0.0005
DLco/VA, % 51 (40, 63) 49 (35, 67) 0.66

Initial PH treatment 0.10
ERA 45 (72.6)** 56 (84.9)††
PDE5i 9 (14.5) 7 (10.6)
ERA + PDE5i 7 (11.3) 1 (1.5)
Prostacyclin analogs 1 (1.6) 2 (3.0)

Sequential oral combination PH 
therapy during follow-up

22 15 0.16

ILD treatment at PH diagnosis NA
None 0 24
Glucocorticoids alone 0 21
AZA 0 2
CYC 66 2
MMF 0 3
RTX 0 1
MMF + CYC 0 3
CYC + RTX 0 1
Missing 0 9

 (Continued)
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3 patients with SSc-PAH died before the first follow-up visit. Within 
one year, 79% of the patients underwent an RHC, and 87% com-
pleted a 6-minute walk test.

Baseline characteristics. At baseline, patients with SSc–
PH-ILD were more likely to be male, were younger, and more 
frequently had diffuse cutaneous SSc and anti–Scl-70 antibod-
ies than patients with SSc-PAH (Table 1). Patients with SSc-PAH 
had more severe PH at the first RHC compared to those with 
SSc–PH-ILD, with a higher mean PVR and mean PAP, but without 
significant difference in cardiac index.

Compared to those with SSc-PAH, patients with SSc–PH-ILD 
had a lower mean FVC, lower diffusing capacity for carbon monox-
ide (DLco) (with no difference in DLco corrected for alveolar volume), 
and more frequently had supplemental long-term oxygen therapy. 
Oxygen flow rate did not differ between groups in patients treated 
with long-term oxygen supplementation (median rate 2 liters/min-
ute). There was no difference between groups in dyspnea at base-
line, with ~60% of patients in each group categorized as being in 
WHO functional class 3. There were also no differences in 6-minute 
walk distances. First-line PAH-specific therapies were similar in both 
groups and included endothelin receptor antagonists (80%), phos-
phodiesterase 5 inhibitors (13%), or a combination of both (6%). 
Only 3 patients received a prostacyclin analog as initial treatment.

ILD characteristics. Of the 63 CT scans reviewed for 
patients with SSc–PH-ILD, ILD was extensive in 51 cases (81%) 
and limited in 12 cases (19%). The most frequent pattern was 
nonspecific interstitial pneumonia (37%), followed by usual inter-
stitial pneumonia (30%) and undetermined pattern (29%).

Survival. Survival was significantly shorter in patients with 
SSc–PH-ILD compared to those with SSc-PAH. In SSc–PH-ILD 
patients, the mortality rates at 1, 2, and 3 years were 8.1%, 
21.2%, and 41.5%, respectively, compared to 4.1%, 8.7%, and 
21.4% in SSc-PAH patients (P = 0.04) (Figure 2).

Among patients with SSc–PH-ILD, immunosuppressive 
treatment of ILD was associated with a decreased risk of mor-
tality (HR 0.46 [95% CI 0.24–0.89]; P = 0.02). Four patients with 
SSc–PH-ILD underwent lung transplantation after a median time 
of 3.17 years (IQR 1.85, 4.55), compared to none of the SSc-PAH 
patients (P = 0.12).

In the univariable analysis of the overall population of  
SSc–PH-ILD and SSc-PAH patients, parameters associated 
with mortality were chronic kidney disease and lower 6-minute 
walk distance (Table 2). A nonsignificant trend (with significance 
set at P < 0.0025) toward greater mortality was observed for the 
presence of ILD, male sex, lower cardiac index, SpO2, and DLco. 
Patients with both ILD of limited extent at the time of CT scan (13) 
and moderately severe PH (2) had a better prognosis compared 
to those with either extensive ILD at the time of CT scan and/or 
severe PH (data not shown).

In the multivariable analysis adjusted for age, sex, and the 
other significant variables in the univariable analysis, only the 
presence of ILD, chronic kidney disease, and 6-minute walk dis-
tance at baseline were associated with greater mortality (Table 3).

Outcomes of PAH therapy. Upon treatment with 
PAH-targeted therapy, improvement of WHO functional class 
(change from class 3–4 to class 1–2) was observed less frequently 
in patients with SSc–ILD-PH compared to those with SSc-PAH 

SSc-PAH 
(n = 62)

SSc–PH-ILD 
(n = 66) P

Duration of follow-up, median 
(IQR) years

3.08 (1.03, 6.0) 2.7 (1.2, 5.3) 0.51

* For some categories, data were not available for all 128 patients, as follows: n = 127 
for World Health Organization (WHO) functional class, arterial hypertension, diabetes 
mellitus, coronary disease, chronic kidney disease, obesity, and pulmonary artery wedge 
pressure (PAWP); n = 126 for cardiac index; n = 125 for pulmonary vascular resistance 
(PVR) and forced expiratory volume in 1 second (FEV1); n = 124 for forced vital capacity 
(FVC); n = 119 for right atrial pressure (RAP); n = 118 for total lung capacity (TLC); n = 114 
for 6-minute walk distance; n = 107 for diffusing capacity for carbon monoxide, corrected 
for alveolar volume (DLco/VA); n = 103 for Borg dyspnea score and SpO2 nadir; n = 101 for 
SpO2 delta; and n = 84 for DLco. Except where indicated otherwise, values are the number 
(%) of patients. SSc-PAH = systemic sclerosis with pulmonary arterial hypertension; 
SSc–PH-ILD = systemic sclerosis with both pulmonary hypertension and interstitial lung 
disease; IQR = interquartile range; PAP = pulmonary artery pressure; ERA = endothelin 
receptor antagonist; PDE5i = phosphodiesterase 5 inhibitor; NA = not applicable; AZA = 
azathioprine; CYC = cyclophosphamide; MMF = mycophenolate mofetil; RTX = rituximab. 
† By Wilcoxon test. 
‡ By chi-square test. 
§ By Fisher’s exact test. 
¶ Defined by glomerular filtration rate <60 ml/minute/1.73 m2. 
# Defined by body mass index >30 kg/m2. 
** Including 8 patients who received ambrisentan and 37 who received bosentan. 
†† Including 5 patients who received ambrisentan and 51 who received bosentan. 

Table 1. (Cont’d)
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(13.6% versus 33.3%; P = 0.02, not significant after applying the 
Bonferroni correction) (Table 4). However, upon treatment, there 
were no significant differences between groups in the variation in 
hemodynamics, 6-minute walk distance, or proportion of patients 
who gained >24 meters of 6-minute walk distance (minimal clin-
ically significant difference) (25). Longitudinal change in 6-minute 
walk distance up to 1 year of follow-up in 115 patients with avail-
able data (assessed using linear mixed regression model ing) was 
not significantly different between groups (P = 0.48). No significant 
difference was found in the number of patients who required initi-
ation of long-term oxygen therapy at the second visit or earlier in 
patients with SSc–PH-ILD (26%) compared to those with SSc-
PAH (15%) (P = 0.13).

DISCUSSION

We compared baseline characteristics and outcomes when 
receiving PAH-targeted therapy between patients with SSc-PAH 
and those with SSc–PH-ILD. We found a shorter survival in SSc–
PH-ILD compared to SSc-PAH. Next, we found no significant 
differences between groups in change in 6-minute walk distance 
or hemodynamic response to PAH therapy, mostly using mono-
therapy, despite less severe hemodynamic impairment in SSc–
PH-ILD patients.

In patients with SSc–PH-ILD, hemodynamic improvement 
was mild yet statistically significant, and not different from that 
observed in SSc-PAH, although the comparison may have 
been limited by statistical power. This contrasts with findings 

from an earlier study (22), in which only 34 of 70 patients had 
follow-up RHC available. However, improvement in WHO func-
tional class was obtained in only a minority of patients with 
SSc–PH-ILD, consistent with these earlier findings (22), and no 
clinical benefit was therefore demonstrated. Of note, no signif-
icant improvement in 6-minute walk distance was observed in 
patients with SSc–PH-ILD or SSc-PAH. In SSc, 6-minute walk 
distance is impaired by skin and muscle involvement and may 
not be an appropriate outcome measure to assess PH (26). 
Six-minute walk distance may be further confounded by ILD in 
subjects with SSc–PH-ILD. Whether precapillary PH in patients 
with SSc-ILD might be managed as SSc-PAH regardless of 
the presence of ILD requires further evaluation. The present 
findings may inform future trials of PH therapy in patients with 
SSc–PH-ILD.

In earlier studies, treatment for PAH was found to be less 
effective in improving short-term 6-minute walk distance and in 
reducing the risk of clinical worsening in SSc-PAH compared to 
idiopathic PAH (27), possibly accounting for a generally more 
severe outcome (6–9) despite less severe hemodynamic derange-
ments at diagnosis. Patients in the present series mostly received 
endothelin receptor antagonists and/or phosphodiesterase 5 
inhibitors. Very few patients received prostanoid therapy as first-
line therapy, although initiation of prostanoids within 6 months of 
diagnosis was associated with an improved SSc–PH-ILD progno-
sis in one study (16).

In a recent subgroup analysis of the AMBITION trial, patients 
with SSc-PAH benefited from initial ambrisentan and tadalafil 

Figure 2. Comparison of survival from PH diagnosis between patients with SSc-PAH and those with SSc–PH-ILD. HR = hazard ratio; 95% 
CI = 95% confidence interval (see Figure 1 for other definitions).



PAH TREATMENT OUTCOMES IN SSc–PH-ILD AND SSc-PAH |      301

combination therapy with a similar magnitude to that observed 
in the whole trial population (28). In the present study, only 6% of 
the patients initially received combination therapy, but a greater 
proportion of patients (29%) later received sequential combination 
therapy, which became more common practice during the study 
period and likely contributed to the relatively good outcome in this 
cohort.

Mortality rates were greater in patients with SSc–PH-ILD than 
in those with SSc-PAH, consistent with findings from previous 
studies (17–19). We found ILD to be associated with greater mor-
tality in both univariable and multivariable analyses, even though 
SSc-PAH patients had more severe hemodynamic impairment at 
baseline than those with SSc–PH-ILD. It is also noteworthy that 
SSc–PH-ILD patients were younger than those with SSc-PAH at 
the time of PH diagnosis and more frequently required long-term 
oxygen supplementation therapy.

Deterioration in oxygenation frequently occurs during follow- 
up in patients with SSc–PH-ILD and is associated with mortality 
(22). It has been suggested that the inhibition by PAH-targeted 
therapy of hypoxic vasoconstriction in PH associated with ILD 
could be responsible for an increase in hypoxemia (13,29). Our 
results do not support this hypothesis, as no significant differ-
ence was found between groups in the proportion of patients 

in whom oxygen was initiated during follow-up, although numer-
ically there tended to be more frequent initiation of supplemental 
oxygen in SSc–PH-ILD patients compared to SSc-PAH patients. 
Our data do not allow us to distinguish between the effect of 
worsening ILD and that of possible increased right-to-left shunt-
ing by PAH-targeted therapy as a cause of deterioration of oxy-
genation in patients with SSc–PH-ILD, nor do they distinguish 
between the effects observed according to the specific treat-
ment used for PAH.

Our findings are consistent with those of previous studies 
demonstrating that low cardiac index and high PVR are associated 
with increased mortality in SSc-PAH (7,30). In an exploratory sub-
group analysis, the patients with the highest mortality had exten-
sive ILD at the time of CT scan and severe PH, and those with the 
best survival had limited ILD and mild PH, although severity of PH 
was not related to severity of ILD (data not shown). We speculate 
that precapillary PH in SSc might develop independently of the 
presence and severity of ILD.

Male sex was also associated with increased mortality, as 
previously found in SSc in general (31), in SSc-ILD (32), and 
in SSc-PAH (7,33,34). It is, however, unclear whether sex can 
be independently associated with mortality in SSc (35). We 
also found that chronic kidney disease at baseline was a factor 
strongly associated with mortality, in both univariable and mul-
tivariable analyses, as previously reported in SSc-ILD (36) and 
PAH (37). We found that both chronic kidney disease and ILD 
were independently associated with mortality. In other words, 
SSc–ILD-PH patients had worse mortality than those with SSc-
PAH, and both SSc-PAH and SSc–ILD-PH patients were at an 
increased risk of mortality when chronic kidney disease was 
present.

Our study has limitations. It is not a randomized trial, and no 
conclusions can be drawn regarding efficacy of PAH therapy. Due 
to the small number of patients receiving each class of drug and 
due to missing data, subgroup analysis by initial treatment cate-
gory could not be performed. Comparison of SSc–PH-ILD and 
SSc-PAH groups may be limited by statistical power or be con-
founded by several factors, as the analysis of prognostic deter-
minants could not be adjusted for disease severity. Patients with 
SSc–PH-ILD who did not receive PAH-targeted therapy were not 
available for comparison, and some selection bias, due to patients 

Table 2. Univariable analysis of prognostic factors for overall 
mortality*

Parameter HR 95% CI P
Age >60 years 1.78 0.99–3.19 0.05
Male sex 1.81 1.04–3.16 0.04
ILD vs. no ILD 1.70 1.03–2.80 0.04
Limited cutaneous SSc vs. 

diffuse cutaneous SSc
1.51 0.87–2.63 0.15

Comorbidities
Arterial hypertension 1.12 0.68–1.83 0.65
Diabetes mellitus 1.85 0.84–4.09 0.13
Coronary disease 1.11 0.35–3.55 0.13
Chronic kidney disease 4.55 2.00–10.35 0.0003
Obesity 0.55 0.26–1.17 0.12
SSc gastrointestinal 

involvement
0.99 0.53–1.86 0.97

Hemodynamics
RAP, mm Hg 0.986 0.935–1.040 0.61
Mean PAP, mm Hg 1.018 0.995–1.041 0.13
Cardiac index, liter/

minute/m2
0.576 0.391–0.849 0.005

PVR, Wood units 1.078 0.999–1.164 0.05
Pulmonary function tests

FVC, % of predicted 0.993 0.928–1.003 0.16
DLco, % 0.968 0.946–0.990 0.005

6-minute walk distance, 
meters

0.995 0.993–0.998 0.0002

SpO2 nadir 0.960 0.924–0.996 0.03
SpO2 delta 1.059 1.012–1.109 0.01

Monotherapy vs. 
combination PH therapy

1.64 0.78–3.44 0.19

* Using the Bonferroni correction, significance was set at P < 0.0025. 
HR = hazard ratio; 95% CI = 95% confidence interval (see Table 1 for 
other definitions). 

Table 3. Multivariable analysis of prognostic factors for overall 
survival*

Parameter HR 95% CI P
Chronic kidney 

disease
5.22 2.18–12.46 0.0002

ILD 2.11 1.18–3.78 0.01
6-minute walk 

distance, meters
0.996 0.993–0.998 0.003

* Adjusted for age, sex, and the other variables presented (i.e., for 
chronic kidney disease, adjustment was made for age, sex, interstitial 
lung disease [ILD], and 6-minute walk distance). HR = hazard ratio; 
95% CI = 95% confidence interval. 
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diagnosed as having SSc-PAH or those who received treatment, 
cannot be excluded. Although screening for PH in patients with 
asymptomatic SSc is largely implemented in France, screening 
for PH might have been less systematic in patients already diag-
nosed as having SSc-ILD, potentially biasing the patient cohort; 
individual indications for RHC (before study enrollment) were not 
captured.

Only a minority of patients received combination therapy to 
treat PAH, and the potential effect of treatment with a combination 
of PH drugs versus monotherapy should be interpreted with cau-
tion. Given the current wider use of combination therapy as first-
line treatment in PAH, including SSc-PAH, results of our present 
study may not be applicable to current practice. Data on Pao2 were 
not available for all patients, limiting the ability to assess the impact 
of PAH therapy on oxygenation, although there was no difference 
between groups in terms of initiation or need to increase supple-
mental oxygen therapy. The respective roles of PH and ILD on 
symptoms, oxygenation, and outcomes remain difficult to deter-
mine in subjects with SSc–PH-ILD. We defined PH in this study as 
having a mean PAP of ≥25 mm Hg rather than >20 mm Hg (38).

In conclusion, our findings support the notion that SSc–
PH-ILD carries a worse prognosis than SSc-PAH. Although no 
clinical benefit of PAH-targeted therapy was found in patients 
with SSc–PH-ILD, hemodynamic changes with treatment mostly 

using monotherapy did not differ from those in patients with SSc-
PAH. These findings emphasize the need to assess the impact of 
PAH-targeted therapy in randomized controlled trials in patients 
with SSc–PH-ILD, a vulnerable population of patients who are 
understudied in clinical trials.
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Table 4. Outcomes of PAH therapy 3–6 months after baseline*

Parameter

SSc-PAH (n = 62) SSc–PH-ILD (n = 66)
P, SSc-PAH vs.  
SSc–PH-ILDChange [n] P Change [n] P

Hemodynamics
RAP, mm Hg 1.0 (−2.0, 3.0) [45] 0.41† 0.0 (−3.5, 3.0) [44] 0.79† 0.48‡
Mean PAP, mm Hg −2.0 (−7.0, −2.0) [49] 0.008§ −3.0 (−9.0, −2.0) [47] 0.01§ 0.93¶
Cardiac index, liter/minute/m2 0.2 (−0.2, 0.7) [45] 0.03† 0.2 (−0.2, 0.7) [46] 0.009† 0.45‡
PVR, Wood units −1.4 (−4.0, 0.0) [46] <0.001† −1.0 (−2.6, −0.1) [45] 0.001† 0.47‡
PAWP, mm Hg 2.0 (−1.5, 5.0) [48] 0.007§ 0.0 (−3.0, 3.0) [45] 0.85§ 0.03¶

6-minute walk distance, meters 14.0 (−31.0, 55.0) [45] 0.25† −12.0 (−69.0, 51.0) [51] 0.22† 0.11‡
Change in 6-minute walk 

distance >24 meters, no. (%)
20 (45.5) [44] NA 18 (32.3) [51] NA 0.31#

Change in Borg dyspnea score 0 (−1, 2) [37] 0.57† 0 (−2, 0.5) [44] 0.19† 0.16‡
Change in SpO2 nadir 0 (−4, 3) [38] 0.83† 0 (−5, 3) [42] 0.68† 0.72‡
Change in SpO2 delta 1 (−3, 4) [37] 0.93† −1 (−3, 4) [41] 0.94† 0.96‡

WHO functional class, no. (%) 0.07** 0.69** 0.02#
3–4 to 1–2 19 (33.3) [47] 8 (13.6) [59]
1–2 to 3–4 6 (10.5) [47] 4 (6.8) [59]
Other 32 (56.1) [47] 47 (79.6) [59]

Initiation or increase of oxygen 
therapy, no. (%)

9 (15.8) [57] 0.18†† 17 (27.4) [62] 0.09†† 0.13#

Time to second RHC, months 5.0 (3.9, 7.7) [49] 4.8 (4.1, 6.0) [47] 0.62‡
* Using the Bonferroni correction, significance was set at P < 0.0038. Except where indicated otherwise, values are the median 
(interquartile range). RHC = right-sided heart catheterization (see Table 1 for other definitions). 
† By signed rank test. 
‡ By nonparametric Wilcoxon test. 
§ By Student’s paired test. 
¶ By Student’s parametric test. 
# By chi-square test. 
** By Cochran’s Q test. 
†† By McNemar’s test and kappa test. 
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Association of Autologous Hematopoietic Stem Cell 
Transplantation in Systemic Sclerosis With Marked 
Improvement in Health-Related Quality of Life
Nancy Maltez,1  Mathieu Puyade,2 Mianbo Wang,3 Pauline Lansiaux,4 Zora Marjanovic,5 Catney Charles,4 
Russell Steele,6 Murray Baron,7 Ines Colmegna,7  Marie Hudson,8  and Dominique Farge,9 for the Canadian 
Scleroderma Research Group and the MATHEC-SFGMTC Network

Objective. To quantify the magnitude, domains, and duration of change in health-related quality of life (HRQoL) in 
patients with systemic sclerosis (SSc) who underwent autologous hematopoietic stem cell transplantation (HSCT) as 
compared to SSc patients with similar characteristics who did not undergo autologous HSCT.

Methods. The study was designed as a retrospective study comparing SSc patients who underwent autologous 
HSCT and SSc patients who met the criteria for transplantation but were treated with conventional care. Outcomes 
included scores on the 36-item Short Form (SF-36) health survey and the Health Assessment Questionnaire (HAQ) 
and its disease-specific symptom scales. Differences in scores between the groups were compared using linear 
models, adjusting for baseline scores and inverse probability of treatment and censoring weights.

Results. In total, 41 SSc patients who underwent autologous HSCT and 65 SSc patients treated with conventional 
care were compared. In marginal linear weighted models, the SF-36 physical component summary score was a mean 
± SEM 7.02 ± 1.94 points higher at the first annual visit (P = 0.001) and 14.40 ± 6.16 points higher at the seventh 
annual visit (P = 0.03) in patients treated with autologous HSCT compared to the conventional care group. HAQ 
scores were significantly better in the autologous HSCT group compared to the conventional care group during 
follow-up (mean ± SEM difference from baseline −0.57 ± 0.13 [P < 0.001] at the first annual visit and −0.94 ± 0.49 
[P = 0.07] at the seventh annual visit). There were no differences in the SF-36 mental component summary scores 
between the 2 groups either at baseline or during follow-up.

Conclusion. This study provides robust complementary HRQoL data, including overall and event-free survival 
data, to expand on the standard repertoire of biomedical variables, thus potentially supporting the physical benefits 
of autologous HSCT in patients with SSc.

INTRODUCTION

Systemic sclerosis (SSc) is a chronic, multiorgan autoim-
mune disease characterized by progressive fibrosis of the skin 

and internal organs (1). The 5-year mortality rate has been esti-
mated to exceed 60% in high-risk patients with early diffuse and 
rapidly progressive cutaneous disease (2,3). In addition to its 
involvement in multiple organs leading to significant morbidity, 
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SSc is also associated with diminished health-related quality of life 
(HRQoL), indicated by a decrease in self-reported physical health 
status scores of more than 1 standard deviation below that in the 
general population (4).

Treatment options for SSc are limited, with traditional disease- 
modifying agents having no effects on survival (5,6). In contrast, 
early phase I/II studies showed that autologous hematopoietic 
stem cell transplantation (HSCT) allowed a rapid and sustained 
improvement in skin and lung fibrosis, along with improved long-
term survival of up to 7 years after autologous HSCT (7,8). Ben-
efits of autologous HSCT in SSc, in terms of disease progression 
and survival, were thereafter demonstrated in 3 randomized con-
trolled trials comparing autologous HSCT to monthly intravenous 
cyclophosphamide, including the ASSIST (Autologous Stem Cell 
Systemic Sclerosis Immune Suppression Trial) (9), the ASTIS 
(Autologous Stem Cell Transplantation International Scleroderma) 
trial (10), and the SCOT (Myeloablative Autologous Stem-Cell 
Transplantation for Severe Scleroderma) (11) trials. Thus, autol-
ogous HSCT has become the best treatment option for early 
severe SSc (12–15).

Nonetheless, although autologous HSCT is effective, it is 
associated with significant treatment-related toxicities and mortal-
ity in highly fragile patients. This highlights the importance of stud-
ying HRQoL (16,17). Our group recently undertook a systematic 
review of the literature to assess current knowledge of the impacts 
of autologous HSCT on HRQoL in SSc. We demonstrated a prom-
ising improvement in physical HRQoL post–autologous HSCT 
(18). However, the evidence was limited by the characteristics of 
the studies, including relatively small sample sizes, lack of details 
on individual HRQoL domains, and short duration of follow-up 
(median 1.25–4.5 years). Moreover, most patients were treated in 
the setting of clinical trials, limiting the generalizability of results to 
real-world clinical practice (18).

The Maladies Auto-Immunes et Thérapie Cellulaire (MATHEC) 
(www.mathec.com) is a French network of reference with a mis-
sion to improve clinical practice and advance research in the use 
of cellular therapies for autoimmune diseases, including SSc. The 
Canadian Scleroderma Research Group (CSRG) has followed up 
a large cohort of adult patients with SSc longitudinally since 2004. 
Since autologous HSCT is only rarely performed in Canada, very 
few patients have undergone autologous HSCT. We therefore 
proposed to leverage complementary expertise and data sets 
from French and Canadian scleroderma research teams to study 
HRQoL in SSc patients treated with autologous HSCT in France 
compared to Canadian patients who met the criteria for transplan-
tation but did not undergo autologous HSCT.

The purpose of this study was to generate HRQoL data, 
including data on disease progression and survival, to supplement 
the standard biomedical variables that are usually emphasized 
in the medical literature. More specifically, we aimed to quantify 
the magnitude, domains, and duration of change in HRQoL in SSc 
patients treated with autologous HSCT compared to patients with 

similar characteristics who did not undergo autologous HSCT. 
We hypothesized that HRQoL would be superior in SSc patients 
treated with autologous HSCT when compared to those treated 
with conventional care.

PATIENTS AND METHODS

Ethics considerations. Ethics committee approval for this 
study was obtained from the Jewish General Hospital in Montreal 
(approval no. REB 2020-1954). Informed consent was obtained 
from all patients in accordance with the Declaration of Helsinki and 
the Guidelines for Good Clinical Practice.

Study population. All consecutive patients who underwent 
autologous HSCT in the MATHEC cohort from 1999 to 2016 were 
included in the study. As a comparator group, we selected SSc 
patients in the CSRG registry who fulfilled the eligibility criteria for 
autologous HSCT in the ASTIS trial (age >18 years, having diffuse 
cutaneous SSc according to the American College of Rheuma-
tology 1980 classification criteria for SSc [19], maximum disease 
duration of 4 years since first non-Raynaud’s symptoms, mini-
mum modified Rodnan skin thickness score [MRSS] of 15 [20], 
and involvement of the heart, lungs, or kidneys or disease duration 
of ≤2 years with no major organ involvement but with an MRSS 
of at least 20 and erythrocyte sedimentation rate of >25 mm/hour 
and/or hemoglobin level of <110 gm/liter) (10) but who had not 
undergone autologous HSCT. Baseline and annual HRQoL meas-
ures were collected prospectively from all patients in the autolo-
gous HSCT group and in the CSRG comparator group.

Data collection. Demographic variables, including age, 
sex, and smoking status, were collected by patient self-report. 
Disease duration was recorded by study physicians and defined 
as the interval between the onset of the first non-Raynaud’s dis-
ease manifestation and baseline study visit. Skin involvement was 
assessed using the MRSS, a widely used clinical assessment in 
which the examining physician records the degree of skin thick-
ening with scores ranging from 0 (no involvement) to 3 (severe 
thickening) in 17 areas (total score range 0–51) (20). Study physi-
cians also recorded information on the patients’ history of sclero-
derma renal crisis, total parenteral nutrition, and body mass index. 
In addition, laboratory investigations (extracted from the medical 
records) included the erythrocyte sedimentation rate as well as 
determination of the levels of hemoglobin, serum creatinine, pro-
teinuria, and serum autoantibodies.

Interstitial lung disease (ILD) was considered present if a 
high-resolution computed tomography (HRCT) scan of the lung 
was interpreted by an experienced radiologist as showing ILD. 
Alternatively, in patients for whom no HRCT scan was availa-
ble, ILD was identified using a chest radiograph showing either 
increased interstitial markings (not thought to be due to conges-
tive heart failure) or fibrosis, and/or a study physician report of 

http://www.mathec.com
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the presence of typical “velcro-like crackles” on physical exam-
ination (21). Pulmonary function tests were performed in local 
laboratories working in accordance with the American Thoracic 
Society standards. The percent predicted value for forced vital 
capacity (FVC) and lung diffusing capacity for carbon monox-
ide (DLco) was extracted from laboratory reports. Transthoracic 
cardiac echocardiograms were obtained by experienced cardiac 
sonographers at every site. The systolic pulmonary artery pres-
sure and left ventricular ejection fraction were extracted from 
the medical reports.

Outcome measures. Short Form 36 (SF-36). The SF-36 
health survey is a generic HRQoL instrument that consists of 36 
questions in 8 domains: physical functioning, bodily pain, phys-
ical role functioning, general health, social functioning, mental 
health, vitality, and emotional role functioning. Each domain can 
be scored separately, with scores ranging from 0, indicating 
the worst health state, to 100, indicating the best health state. 
Domain scores can also be summarized into a physical compo-
nent summary (PCS) score and a mental component summary 
(MCS) score. The PCS and MCS are calculated using norm-
based scoring, based on a general population sample, to pro-
duce T scores for each patient (mean score of 50 with SD of 10). 
Therefore, for the 2 summary scores, HRQoL is worse than aver-
age if it is below 50 and better than average if it is above 50, and 
each point is one-tenth of an SD (22). This tool has been trans-
lated and validated in France and used in studies of SSc (23,24). 
The minimum clinically important difference (MCID) in the PCS 
and MCS scores in SSc ranges between 2.5 and 5 points (25). 
In rheumatoid arthritis, the MCID in the SF-36 domain scores 
ranges between 5 and 10 points (26).

Health Assessment Questionnaire (HAQ) disability index (DI).  
The HAQ DI is a self-administered questionnaire specifically 
validated for functional assessment in SSc (27). It includes 20 
questions in 8 categories (dressing and grooming, standing, eat-
ing, walking, hygiene, reach, grip, and performing activities). The 
use of assistive aids and devices to help with function is also 
recorded. The patient is asked to rate his/her difficulty over the 
past week in performing the specific tasks in each category on 
a scale of 0–3 (0 = without difficulty, 1 = with some difficulty, 
2 = with much difficulty or with assistance, 3 = unable to per-
form tasks). The highest scores in each category are added and 
the total is divided by 8. Scores range from 0 (no disability) to 3 
(severe disability). The French version of the HAQ DI has been 
validated in SSc (28). The MCID in the HAQ DI score in patients 
with SSc is 0.14 points (25).

In addition to the HAQ, the Scleroderma HAQ (SHAQ) 
includes disease-specific symptom scales assessing pain, Ray-
naud’s phenomenon, digital ulcers, breathlessness, gastrointes-
tinal symptoms, and overall disease (29). These scales require 
that patients quantify how much their symptoms interfere with 
daily activities. The assessments in our study were made using 

numeric rating scales ranging from 0 (no activity limitation) to 10 
(very severe limitation). The French version of the SHAQ has been 
validated (25).

Statistical analysis. Baseline characteristics of the 
patients who underwent autologous HSCT and those who did 
not undergo autologous HSCT were summarized and compared 
using descriptive statistics. Differences in the HAQ DI and SHAQ 
variables and SF-36 domain and summary scores between the 
study groups were compared using linear models, adjusting 
for baseline scores and inverse probability of treatment weights 
(IPTW), calculated as 1/propensity score for the treated subjects 
and 1/(1 − propensity score) for the untreated subjects. Propensity 
scores were estimated using logistic regression analyses including 
the following covariates: female sex, age, disease duration, and 
other variables with P values of less than 0.10 in univariate compar-
isons (presence of ILD, DLco, history of scleroderma renal crisis,  
and  creatinine levels). In addition, to account for the potential 
informative censoring between baseline and follow-up visits, the 
inverse probability of censoring weights (IPCW) was estimated by 
logistic regression, using the same covariates as in the propensity 
score model. The outcome model was a marginal linear model 
including only autologous HSCT, weighted by the product of the 
IPTW and IPCW.

We also assessed the proportion of patients whose SF-36 
PCS score improved by ≥5 units and the proportion of patients 
whose HAQ DI scores improved by ≥0.14 units. Based on the 
proportion of patients whose scores improved at least as much 
as or more than the MCID, we calculated the number needed 
to treat in order to achieve, on average, 1 patient with improved 
physical HRQoL.

Standardized mean differences were computed to assess 
the balance in distribution of baseline characteristics between 
patients who underwent autologous HSCT and those who did 
not, before and after IPTW. A standardized difference of 0.1 
represents meaningful balance. Since balance improved for all 
covariates in the propensity score with re-weighting, except for 
scleroderma renal crisis, we undertook 2 sensitivity analyses. 
First, we excluded patients with scleroderma renal crisis in the 
conventional care group such that none of the subjects in either 
group had scleroderma renal crisis. Second, since the subjects 
who underwent autologous HSCT had higher creatinine levels 
and more proteinuria, we hypothesized that although none had 
a diagnosis of scleroderma renal crisis, this might simply be 
a matter of definition. Scleroderma renal crisis is a poorly defined 
entity and there is considerable ongoing work to develop and 
validate uniform classification criteria (30). Nevertheless, in the 
second sensitivity analysis, we excluded scleroderma renal cri-
sis from the propensity score altogether, leaving in creatinine 
levels only.

Statistical analyses were performed using both SAS version 
9.4 and R version 3.6.1 (http://r-proje ct.org).

http://r-project.org
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RESULTS

Characteristics of the study patients. Baseline  
characteristics of the patients treated with autologous HSCT 

(n = 41) and those who received conventional care in the 
comparator group (n = 65) are presented in Table 1. The 
comparator group consisted of subjects treated with cyclo-
phosphamide (intravenous or oral), azathioprine, methotrexate, 

Table 1. Baseline characteristics of the subjects treated with autologous HSCT compared to those 
treated with conventional care*

Autologous HSCT 
(n = 41)

Conventional care 
(n = 65)

Female, no. (%) 27 (65.9) 50 (76.9)
Age, years 44.7 ± 13.3 53.1 ± 10.7
Smoking status, no. (%) [1]

Current 3 (7.3) 10 (15.6)
Past 13 (31.7) 26 (40.6)
Never 25 (61.0) 28 (43.8)

Disease duration, years 2.6 ± 1.5 1.5 ± 1.0
MRSS (range 0–51) 25.0 ± 10.5 [1] 27.5 ± 8.1
Interstitial lung disease, no. (%) 38 (92.7) 32 (49.2)
Forced vital capacity, % predicted 78.9 ± 17.5 [4] 83.4 ± 19.8 [2]
Lung DLco, % predicted 55.2 ± 15.5 62.2 ± 17.6 [4]
History of scleroderma renal crisis, no. (%) 0 [2] 14 (21.5)
ESR, mm/hour 42.8 ± 24.8 [17] 40.7 ± 31.5 [11]
Hemoglobin, gm/dl 12.6 ± 1.2 11.6 ± 2.0
Mean left ventricular ejection fraction, % 38 [3] 61 [3]
Normal left ventricular ejection fraction, % 92.7 98.3
SPAP, mm Hg 33.4 ± 5.7 [4] 34.3 ± 10.7 [21]
Creatinine, μmoles/liter 111.2 ± 34.1 85.0 ± 46.7 [4]
Total parenteral nutrition, no. (%) 1 (2.4) 1 (1.6) [1]
Body mass index, mean ± SD kg/m2 23.4 ± 4.1 25.1 ± 4.8 [2]
Proteinuria, no. (%) [4] [16]

None 26 (70.3) 43 (87.8)
1+ 9 (24.3) 5 (10.2)
2+ 1 (2.7) 0
≥3+ 1 (2.7) 1 (2.0)

SF- 36 scores [2]
Physical function 34.3 ± 11.0 28.5 (9.8)
Role physical 32.7 ± 10.8 31.1 (10.8)
Bodily pain 37.2 ± 10.6 39.2 (9.5)
General health 34.3 ± 7.4 35.0 (9.9)
Vitality 38.1 ± 7.3 39.1 (10.4)
Social function 38.7 ± 12.5 37.8 (13.0)
Role emotional 36.0 ± 13.3 39.7 (14.7)
Mental health 42.4 ± 11.4 45.5 (11.9)
Physical component summary 33.4 ± 10.0 29.7 (8.9)
Mental component summary 41.8 ± 11.7 46.1 (13.0)

HAQ score (range 0–3) 1.4 ± 0.7 1.4 ± 0.7 [2]
SHAQ symptom scales (range 0–10)

Pain 3.8 ± 2.5 4.7 ± 2.5 [2]
Raynaud’s phenomenon 3.8 ± 2.8 [3] 2.6 ± 2.7 [2]
Digital ulcerations 3.1 ± 3.1 [2] 2.0 ± 3.0 [2]
Gastrointestinal involvement 1.4 ± 1.8 [3] 1.3 ± 2.0 [2]
Breathlessness 1.7 ± 2.4 [3] 2.2 ± 2.3 [3]
Overall disease 4.9 ± 2.7 5.1 ± 2.6 [2]

Autoantibodies, no. (%) [11]
Anticentromere 1 (2.5) [2] 4 (7.4)
Anti–topoisomerase I 26 (65.0) [1] 12 (22.2)
Anti–RNA polymerase III ND 24 (44.4)

Follow- up time, years 8.4 ± 4.7 4.3 ± 3.1
* Except where indicated otherwise, values are the mean ± SD. Numbers in brackets indicate the number
of patients with missing data. HSCT = hematopoietic stem cell transplantation; MRSS = modified Rodnan 
skin thickness score; DLco = diffusing capacity for carbon monoxide; ESR = erythrocyte sedimentation 
rate; SPAP = systolic pulmonary artery pressure; SF- 36 = 36- item Short Form; HAQ = Health Assessment 
Questionnaire; SHAQ = Scleroderma HAQ; ND = not done. 
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and/or mycophenolate mofetil. The proportions treated with any 
of those drugs at each visit were as follows: 45% at baseline, 
55% at visit 1, 50% at visit 2, 56% at visit 3, 48% at visit 4, 43% 
at visit 5, 50% at visit 6, and 39% at visit 7. Both groups were 
predominantly female (65.9% of the autologous HSCT group 
and 76.9% of the comparator group). Patients in the compar-
ator group were older at the time that they met transplantation 
criteria (mean ± SD age 53.1 ± 10.7 years) compared to the age 
at the time of transplantation among patients treated with autol-
ogous HSCT (mean ± SD age 44.7 ± 13.3 years). The mean 
disease duration was somewhat longer in the autologous HSCT 
group compared to the comparator group (mean ± SD 2.6 ± 1.5 
years versus 1.5 ± 1 years), and more subjects in the autologous 
HSCT group had ILD (92.7% versus 49.2% of the comparators).

Differences in SF-36 scores. Baseline SF-36 domain scores 
were generally similar between the groups, with the exception of 
physical function scores, which were higher among patients treated 
with autologous HSCT (mean ± SD 34.3 ± 11.0 versus 28.5 ± 9.8 
among comparators) (Table 1). The PCS and MCS summary scores 
were a mean ± SD 33.4 ± 10.0 and 41.8 ± 11.7, respectively, among 
autologous HSCT–treated patients and 29.7 ± 8.9 and 46.1 ± 13.0, 
respectively, among the comparator subjects.

Differences in SF-36 PCS and MCS summary scores and in 
SF-36 domain scores at the annual visits from the baseline visit in 
patients treated with autologous HSCT compared to patients who 
received conventional care are presented in Figure 1, as well as in 
Supplementary Figure 1 and Supplementary Tables 1 and 2 (avail-
able on the Arthritis & Rheumatology website at http://onlin elibr ary.

Figure 1. Differences at annual visits 1–7 (v1–v7) from baseline (v0) in physical component summary scores and mental component 
summary scores on the 36-item Short Form health survey in patients with systemic sclerosis treated with autologous hematopoietic stem cell 
transplantation (AHSCT) compared to patients who received conventional care. NS = not significant. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41519/abstract
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wiley.com/doi/10.1002/art.41519/ abstract). Values represent differ-
ences after weighting for the probability of treatment and censoring. 
Thus, relative to baseline, the SF-36 PCS scores were a mean ± SD 
7.02 ± 1.94 points higher at the first annual visit (P = 0.001) and 
14.40 ± 6.16 points higher at the seventh annual visit (P = 0.03) in 
patients treated with autologous HSCT compared to the conven-
tional care group. The SF-36 MCS scores were generally similar 
between the groups, and this did not change over time.

The results of the SF-36 domain scores were consistent 
with these findings, with differences generally favoring autologous 
HSCT in the physical function, role physical, bodily pain, general 
health, and social function domains, but not in the vitality, role 
emotional, and mental health domains (see results in Supplemen-
tary Table 2 [http://onlin elibr ary.wiley.com/doi/10.1002/art.41519/ 
abstract]). The largest differences were in physical function, with 

higher scores in the autologous HSCT group, ranging from 1 SD 
to 2 SD above the values in the conventional care group at all time 
points (all P < 0.05).

Differences in HAQ and disease-specific scales. With 
regard to the HAQ scores of general health status, the mean 
HAQ score at baseline was 1.4 in both groups (Table 1). Scores 
on the SHAQ symptom scales were also generally similar 
between the groups, apart from the score for Raynaud’s phe-
nomenon, which was worse among patients in the autologous 
HSCT group (mean ± SD 3.8 ± 2.8 versus 2.6 ± 2.7 in the com-
parator group).

HAQ scores were considerably lower (i.e., indicating better 
function) at all time points following baseline in patients treated 
with autologous HSCT compared to comparators (Figure 2 and 

Figure 2. Differences at annual visits 1–7 (v1–v7) from baseline (v0) in Health Assessment Questionnaire scores in patients with systemic 
sclerosis treated with autologous hematopoietic stem cell transplantation (AHSCT) compared to patients who received conventional care. Color 
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41519/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41519/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41519/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41519/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41519/abstract
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Supplementary Table 1 [http://onlinelibrary.wiley.com/doi/10.1002/
art.41519/abstract]). Again, the HAQ values represent differences 
between the autologous HSCT–treated patients and comparators 
at the annual visits compared to the baseline visit, after weighting 
for the probability of treatment and censoring. In fact, differences 
from baseline in the HAQ scores appeared to increase in favor of 
autologous HSCT over time (mean ± SD difference −0.57 ± 0.13 
[P < 0.001] at the first annual visit and −0.94 ± 0.49 [P = 0.07] at 
the seventh annual visit).

Differences in disease symptoms assessed with the SHAQ 
score (scales ranging from 0 to 10) are presented in Figure 3 and 
Supplementary Table 3 (available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41519/ 
abstract). Results showed marked differences in the SHAQ scores 
in favor of autologous HSCT, and these differences were early, 
sustained, and appeared to increase over time. Compared to the 
baseline visit, the mean ± SD differences at the first and seventh 

annual visits were as follows: for pain scores, −1.02 ± 0.72 
(P = 0.164) and −3.24 ± 2.50 (P = 0.033); for Raynaud’s phenom-
enon, −0.48 ± 0.66 (P = 0.465) and −4.00 ± 1.50 (P = 0.018); 
for digital ulcers, 0.06 ± 0.78 (P = 0.938) and −1.78 ± 1.74 
(P = 0.323); for gastrointestinal symptoms, 0.58 ± 0.70 (P = 0.411) 
and −2.53 ± 0.90 (P = 0.013); for breathlessness, −1.51 ± 0.51 
(P = 0.005) and −2.02 ± 1.37 (P = 0.161); and for overall disease, 
−1.62 ± 0.79 (P = 0.044) and −4.51 ± 2.02 (P = 0.041).

Changes in skin scores and lung function. In post hoc 
analyses, mechanisms of improvement in HRQoL and physical 
function were investigated by analyzing changes in skin scores 
and lung function, using similar linear models and weighting for 
the probability of treatment and censoring (Table 2). We found that 
the MRSS scores differed by up to 10 points in favor of subjects 
treated with autologous HSCT compared to those treated with 
conventional care, with this difference maintained until the sixth 

Figure 3. Differences at annual visits 1–7 (v1–v7) from baseline (v0) in Scleroderma Health Assessment Questionnaire symptom scale scores 
in patients with systemic sclerosis treated with autologous hematopoietic stem cell transplantation (AHSCT) compared to patients who received 
conventional care. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41519/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41519/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41519/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41519/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41519/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41519/abstract
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annual visit (all P < 0.05). Similarly, the difference in the FVC grad-
ually increased, with an increase of up to almost 15% by year 7 in 
favor of those treated with autologous HSCT, with the difference 
in FVC as compared to the comparator group approaching statis-
tical significance (P = 0.088). There was no consistent difference 
in the DLco between subjects treated with autologous HSCT and 
subjects receiving conventional care over time.

In addition, although improvement in skin scores and lung 
function were both associated with improvement in HRQoL and 
function, we found no difference in these associations between 
treatment groups. Indeed, in linear mixed models aimed at assess-
ing associations between the change in skin scores (MRSS) or 
lung function (FVC) and outcomes (SF-36 PCS or HAQ scores), 
interaction terms between predictors (skin scores or FVC) and 
treatment group (autologous HSCT and conventional care) were 
not significant (see Supplementary Table 2 [http://onlin elibr ary.
wiley.com/doi/10.1002/art.41519/ abstract).

Numbers needed to treat. We assessed the proportion 
of patients whose SF-36 PCS score improved by ≥5 units and the 
proportion of patients whose HAQ DI scores improved by ≥0.14 
units, to calculate the number needed to treat in order to achieve, 
on average, 1 patient with improved physical HRQoL. We found 
that ~4 subjects needed to be treated with autologous HSCT to 
have 1 of the subjects experience a clinically meaningful improve-
ment in physical HRQoL and physical function greater than that 
observed with conventional care (see Supplementary Table 4, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41519/ abstract).

Balance diagnostics and sensitivity analyses. There 
were differences in baseline characteristics between the 2 study 
groups. However, a balance in covariates included in the propen-
sity score was achieved for all covariates, except for history of 
scleroderma renal crisis, after incorporating IPTW (for standard-
ized mean differences in covariates, see Supplementary Table 5, 
available on the Arthritis & Rheumatology website at http://onlin e  

libr ary.wiley.com/doi/10.1002/art.41519/ abstract). We therefore 
undertook 2 separate sensitivity analyses. First, we excluded 
patients with scleroderma renal crisis from the conventional care 
group. In these analyses, results were similar to those in the main 
analyses in terms of between-group differences in the SF-36 PCS, 
HAQ, and symptom scale scores (data not shown).

Second, we excluded scleroderma renal crisis from the pro-
pensity score altogether (leaving in only creatinine levels, which 
was, if anything, higher in the autologous HSCT group at base-
line). Again, similar results as those in the main analyses were 
obtained for differences in the SF-36 PCS, HAQ, and symptom 
scale scores (data not shown).

DISCUSSION

In this study, we found that autologous HSCT was associated 
with early marked improvement, well beyond the MCID, in physical 
HRQoL and function as compared to that achieved with conven-
tional care, and we observed that this effect was sustained over 
time. Improvement in specific disease symptoms was also marked 
and sustained. In fact, differences in disease measures between 
the groups seemed to increase over time from baseline. However, 
there were no differences in mental HRQoL scores in subjects 
treated with autologous HSCT as compared to those receiving 
conventional care. The improvements in physical HRQoL and 
function were supported by sustained differences in the MRSS 
and FVC over time in favor of the subjects treated with autologous 
HSCT.

These results are consistent with the purported positive 
impact of autologous HSCT on physical HRQoL in patients with 
SSc, which was reported in a recent systematic review of the lit-
erature (18). In that review, the most robust evidence was found 
to be from the ASTIS and SCOT trials. The ASTIS trial showed 
that, at 2 years, subjects who received autologous HSCT had an 
absolute improvement in HAQ scores of −0.6 ± 1.1, compared 
to an absolute score improvement of −0.2 ± 0.8 in those who 
received cyclophosphamide (P = 0.02) (10). Similarly, subjects who 

Table 2. Differences in the MRSS, FVC, and lung DLco at annual visits from baseline in subjects 
treated with autologous hematopoietic stem cell transplantation relative to those treated with 
conventional care*

MRSS %FVC %DLco

β ± SE P β ± SE P β ± SE P
v1–v0 −8.77 ± 1.75 <0.001 −1.30 ± 3.00 0.666 −5.33 ± 2.71 0.054
v2–v0 −10.15 ± 2.21 <0.001 3.11 ± 4.00 0.440 −3.03 ± 2.96 0.311
v3–v0 −5.57 ± 2.52 0.031 5.10 ± 4.32 0.243 4.02 ± 3.66 0.278
v4–v0 −7.32 ± 2.70 0.009 2.42 ± 5.44 0.658 2.48 ± 3.79 0.516
v5–v0 −10.51 ± 4.75 0.034 8.98 ± 6.36 0.169 −4.84 ± 4.76 0.318
v6–v0 −8.37 ± 3.71 0.032 12.21 ± 6.59 0.076 −0.48 ± 5.38 0.929
v7–v0 −1.75 ± 4.26 0.685 14.46 ± 8.04 0.088 −8.62 ± 5.83 0.156

* The measures were assessed at baseline (v0) and annual visits 1–7 (v1–v7). MRSS = modified 
Rodnan skin thickness score; %FVC = forced vital capacity % predicted; %DLco = diffusing capacity 
for carbon monoxide % predicted. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41519/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41519/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41519/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41519/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41519/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41519/abstract
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received autologous HSCT had an absolute score improvement in 
the SF-36 PCS summary score of 10.1 ± 15.8, compared to an 
absolute score improvement of 4 ± 11.2 in those who received 
cyclophosphamide (P = 0.01). In the SCOT trial, at 54 months, 
53% of the patients treated with autologous HSCT using myeloab-
lative conditioning and total body irradiation showed an improve-
ment of at least 0.4 points in their HAQ scores, compared to 16% 
of the patients in the comparator arm (P = 0.01), and 56% of the 
patients treated with autologous HSCT showed improvement of at 
least 10 points in their SF-36 PCS summary scores, compared to 
15% in the comparator arm (P = 0.02) (11). Our results add to the 
existing literature by providing long-term data as well as data on 
specific HRQoL domains and disease symptoms recorded with 
the SHAQ.

Interestingly, in our study, there was no difference in MCS 
scores between participants receiving autologous HSCT and 
those receiving conventional care. This was consistent with the 
results of the ASTIS trial, which reported no difference in SF-36 
MCS scores in subjects who received autologous HSCT com-
pared to those who received cyclophosphamide (difference 
in score at 2 years 0.3, 95% confidence interval 5.41 to 6.07; 
P = 0.91), and was also consistent with the results of the SCOT 
trial, which demonstrated that 31% of patients in the autologous 
HSCT treatment group experienced improvement in their SF-36 
MCS scores by at least 10 points, compared to 8% of patients 
in the cyclophosphamide arm (P = 0.1). This is particularly sur-
prising, since patients undergoing autologous HSCT are typically 
highly motivated individuals. The reasons for the absence of 
improvement in mental HRQoL with autologous HSCT remain 
unknown and are likely multifactorial. It is possible that some 
nonmodifiable factors, such as age, persistent disfigurement, 
and work disability, may be contributors. In addition, the orthog-
onal scoring system of the SF-36 PCS and MCS may not ade-
quately reflect mental health functioning in patients with SSc who 
have either much lower or, in this case, much improved physical 
functioning (31).

In post hoc analyses, we showed that there was a large 
difference between treatment groups in terms of functional sta-
tus  and  HRQoL (see Supplementary Table 6, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/  
doi/10.1002/art.41519/ abstract). Indeed, autologous HSCT was  
associated with SF-36 PCS summary scores that were 7–8 points 
higher (P = 0.009–0.001) and HAQ scores that were 0.52–0.55 
points lower (P = 0.009–0.005) compared to the scores in patients 
treated with conventional care. Those are large effect sizes and 
well beyond the MCIDs. These models also showed that skin 
scores and lung function were significantly associated with func-
tional status and HRQoL, and that this was the same for each 
treatment group (nonsignificant interaction terms). Separately, 
we also showed that the magnitude of the effect of autologous 
HSCT on skin scores and FVC was much higher than that with 
conventional care (Table 2). Thus, the same amount of change in 

skin scores or lung function achieved by either treatment has the 
same effect on functional status (e.g., for every 1-point decrease 
in the MRSSs, the HAQ score decreases by 0.03), but because 
the magnitude of the effect of autologous HSCT on the skin and 
lungs is so much greater (e.g., decreasing the MRSS score by 
5–10 points more than that with conventional care), the overall 
impact of autologous HSCT on functional status is much larger 
than conventional care.

Several study limitations must be noted. First, there were dif-
ferences in baseline characteristics between the 2 study groups. 
For this reason, we implemented advanced analytical methods that 
are specifically designed to overcome issues related to confound-
ing by indication and that might result in “quasi-randomization.” 
After re-weighting, the balance in all covariates included in the 
propensity score improved, except for history of scleroderma renal 
crisis; sensitivity analyses in which scleroderma renal crisis was 
removed from the models did not affect the study results. Never-
theless, we cannot exclude the possibility that there was potential 
residual confounding in the results.

Second, there was heterogeneity in treatments in the com-
parator group. Different disease-modifying agents may have var-
ying efficacy and side effect profiles, and this may have impacted 
participants’ experiences. Also, the “cluster effect” needs to be 
considered. All participants who received autologous HSCT 
were living in France, and all those treated with conventional 
care were residents of Canada. Differences in health care sys-
tems and access to care may have impacted the study results. 
These limitations should be weighed against the strengths of the 
study, which include unique, real-world data and robust statisti-
cal modeling.

In summary, the results of this collaborative study add con-
siderable complementary data to the repertoire of traditional bio-
medical outcome measures, thus further supporting the role of 
autologous HSCT in patients with SSc. Additional research is 
needed to understand the trajectories of mental HRQoL in SSc.
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Cancer in Systemic Sclerosis: Analysis of Antibodies Against 
Components of the Th/To Complex
Christopher A. Mecoli,  Brittany L. Adler, Qingyuan Yang, Laura K. Hummers, Antony Rosen, 
Livia Casciola-Rosen,  and Ami A. Shah

Objective. The aim of this study is to describe 4 of the most common autoantibodies against components of 
the Th/To complex: human POP1 (hPOP1), RPP25, RPP30, and RPP40. We report their prevalence and clinical 
characteristics in a systemic sclerosis (SSc) population, and determine whether these specificities are associated 
with cancer.

Methods. A case–control study was performed using data from the Johns Hopkins Scleroderma Center Cohort. 
A total of 804 adult patients with SSc were included; 401 SSc patients with no history of cancer after at least 5 years 
of disease were compared to 403 SSc patients who ever had a history of cancer. Antibodies against hPOP1, RPP25, 
RPP30, and RPP40 were assayed by immunoprecipitation of 35S-methionine–labeled proteins generated by in vitro 
transcription/translation. Demographic and clinical characteristics were compared between groups.

Results. Of 804 patients, 67 (8.3%) had antibodies against any component of the Th/To complex. Patients 
with antibodies to any component were significantly more likely to have limited cutaneous disease, less likely to 
have tendon friction rubs, and more likely to have findings consistent with interstitial lung disease or pulmonary 
hypertension. Patients with antibodies against hPOP1, RPP25, RPP30, and/or RPP40 were significantly less likely to 
develop cancer within 2 years of SSc onset (0% versus 11% of antibody-negative patients; P = 0.009).

Conclusion. SSc patients who produce autoantibodies to components of the Th/To complex have a clinical 
phenotype characterized by limited cutaneous disease and pulmonary involvement. Our findings show that the 
presence of any Th/To autoantibody may have a protective effect against contemporaneous cancer.

INTRODUCTION

Important new insights into the relationship between systemic 
sclerosis (SSc; scleroderma) and cancer have emerged over the 
past decade. Recent research has highlighted that both time and 
autoantibodies are critical filters in risk-stratifying SSc patients 
for malignancy (1,2). Whereas some autoantibody specificities 
have been demonstrated to confer an increased risk of cancer 
around the time of SSc symptom onset (e.g., anti–RNA polymer-
ase III [anti–RNA Pol III] or anti-RNPC3), others have suggested a 
protective role (e.g., anticentromere or the combined presence of 
anti–RNA Pol III and anti-RPA194 antibodies) (2–4). Furthermore, 
our group has observed that SSc patients lacking antibodies 

against centromere, topoisomerase I, and RNA Pol III may have an 
increased risk of cancer-associated scleroderma (1,4). To address 
the important question of whether there are additional SSc antibody 
specificities that are associated with cancer (either protectively 
or as markers of increased risk), we developed a large, meticu-
lously phenotyped case–control cohort of SSc patients with or 
without malignancy. In this study, we investigated the relationship 
between antibodies against 4 well-defined components of the  
Th/To complex and SSc/cancer status.

The ribonuclease mitochondrial RNA processing complex 
(RNase MRP) and ribonuclease P (RNase P) are both enzymes that 
are involved in processing ribosomal, mitochondrial, and transfer 
RNA. In the early 1980s, sera from SSc patients were found to have 
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autoantibodies directed against these complexes (5,6), and the 
nomenclature evolved to designate “anti-Th” for RNase MRP and 
“anti-To” for RNase P. In subsequent decades, at least 9 individual 
proteins associated with each of these complexes have been iso-
lated and characterized (human POP1 [hPOP1], hPOP4, hPOP5, 
RPP14, RPP20, RPP21, RPP25, RPP30, and RPP40) (7,8). Many 
components have been described as targets of autoantibodies in 
SSc, and are collectively referred to as anti-Th/To antibodies. Prior 
studies have concluded that the prevalence of these antibodies in 
SSc patients is generally low (5–15%), and the clinical phenotype 
is consistent with the CREST syndrome (calcinosis, Raynaud’s 
phenomenon, esophageal dysmotility, sclerodactyly, telangiec-
tasias) or limited cutaneous SSc (9–11). However, those studies 
were performed in relatively small SSc cohorts and did not assess 
autoantibodies to individual components of the Th/To complex. 
Furthermore, how the components relate to one another and their 
association with cancer has not been explored to date.

In the present report, we describe the prevalence and clinical 
characteristics of SSc patients who test positive for 4 of the most 
common autoantibodies of the Th/To complex: hPOP1, RPP25, 
RPP30, and RPP40. We show that patients with autoantibodies 
to any of these 4 components of the Th/To complex are protected 
against cancer-associated SSc and possess a clinical pheno-
type most notable for pulmonary involvement.

PATIENTS AND METHODS

Patients. A case–control study was performed using 
data and banked sera from the Johns Hopkins Scleroderma 
Center Cohort. A total of 804 adult patients with SSc were 
included, 97% of whom met the American College of Rheuma-
tology/European League Against Rheumatism 2013 classifica-
tion criteria for SSc (12). A total of 401 SSc patients who had 
no history of cancer after at least 5 years of disease (median 
follow-up 14 years [interquartile range (IQR) 9–24]) were com-
pared to 403 SSc patients who ever had a history of cancer. 
Patient-reported cancer diagnoses were validated by review 
of medical records and pathology reports when available. Of 
the 403 patients with cancer, 94 had a nonmelanoma skin 
cancer (basal and squamous cell carcinomas). The time inter-
val between cancer diagnosis and SSc onset, defined by the 
first of either the onset of Raynaud’s phenomenon or the first 
non-Raynaud’s symptom, was calculated. The cancer–SSc 
interval was further binned into 3 time windows (±2, 3, or 5 
years) that may suggest the presence of cancer-associated 
SSc, as previously defined (4,13).

The following clinical variables are prospectively collected 
in the Johns Hopkins Scleroderma Center Database: Meds-
ger organ-specific scleroderma severity scores (14), modified 
Rodnan skin thickness score (15), echocardiogram data includ-
ing ejection fraction (EF) and right ventricular systolic pressure 
(RVSP), pulmonary function test data including forced vital 

capacity (FVC) and diffusing capacity for carbon monoxide (DLco) 
(standardized for age and sex and reported as percent predicted 
[16,17]), cutaneous subtype (18), presence/history of sclero-
derma renal crisis, tendon friction rubs, myopathy, and synovitis. 
Patients were referred for right-sided heart catheterization (RHC) 
at the discretion of the treating rheumatologist as previously 
described (19). Pulmonary hypertension (PH) was defined as 
a mean pulmonary artery pressure (PAP) ≥21 mm Hg obtained 
by RHC as recently recommended by the 6th World Symposium 
on Pulmonary Hypertension (20). Sensitivity analyses were per-
formed using the prior cutoff of a mean PAP of ≥25 mm Hg. The 
Johns Hopkins Institutional Review Board approved this study 
protocol.

Autoantibody assays. Complementary DNAs encoding 
full-length FLAG-tagged hPOP1, RPP40, RPP30, and RPP25 
were cloned (RPP30) or purchased (RPP40 and POP1 from 
Origene). DNAs were sequence verified, and used to generate 
35S-methionine–labeled proteins by in vitro transcription/transla-
tion (IVTT) reactions, per the manufacturer’s protocol (Promega). 
Immunoprecipitations (IPs) were performed using these products 
as input; the washed IPs were electrophoresed on 10% sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis gels and vis-
ualized by fluorography (21). An anti-FLAG IP was included in 
each sample set, and fluorogram exposures were standardized 
to give anti-FLAG IP bands of similar intensity. All IPs were quan-
titated by densitometric scanning and normalized to the FLAG 
IP reference included in the set. Sera from 34 healthy controls 

Figure 1. Immunoprecipitation (IP) assay to identify antibodies 
against 4 different components of the Th/To complex. Sera from 
6 scleroderma patients (lanes 2–7) and 3 healthy controls (lanes 
8–10) were used for IP analysis of 35S-methionine–labeled human 
POP1 (hPOP1), RPP40, RPP30, or RPP25 generated by in vitro 
transcription/translation. The hPOP1 antibodies were detected in all 
6 scleroderma patients, RPP40 antibodies were found in 5 (absent 
in patient 7), RPP30 antibodies were present in 4 (absent in patients 
5 and 7), and RPP25 antibodies were present in 4 (absent in patients 
6 and 7). An anti-FLAG calibrator IP, performed using an anti-FLAG 
monoclonal antibody (Sigma), is shown in lane 1 of each set.
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banked at the Johns Hopkins site were also tested by IP with 
each of the IVTT products; an anti-FLAG IP was included in 
each of these control sets as a reference calibrator. No IP band 

was detected with any of the healthy control sera (see Figure 1 
for representative examples). The cutoff for antibody positivity 
was assigned a calibrated optical density (OD) value of 5 units, 
which corresponded to the faintest reproducible IVTT-IP band 
detectable by eye (calibrated OD values [“units”] ranged from 5 
to 127). Representative examples of IPs using each of the IVTT 
products are shown in Figure 1. Cutoffs were defined as follows: 
negative = <5 units, + = 5–15 units, ++ = >15–50 units, and 
+++ = >50 units.

Given prior studies demonstrating that the risk of cancer- 
associated SSc may be modified by the presence of additional 
immune responses, we were interested in testing whether posi-
tivity for any of the anti-Th/To components conferred cancer pro-
tection among patients with anti–RNA Pol III antibodies. Anti–RNA 
Pol III antibody status was determined by line blot assays using 
the Euroimmun platform (Euroimmun Diagnostics).

Table 1. Demographic and clinical characteristics of the SSc patients without a history of cancer and SSc patients with a history 
of cancer*

Characteristic

SSc patients without 
a history of cancer 

(n = 401)

SSc patients with 
a cancer history 

(n = 309)† P
Sex, female 345 (86) 254 (82) 0.1760
Ethnicity, Hispanic 18 (9) 3 (2) 0.0020
Race

White 292 (73) 277 (89) <0.0001
African American 81 (20) 23 (7)

History of smoking (ever) 185 (47) 161 (52) 0.1490
Age at SSc symptom onset (RP or non-RP), median (IQR) 39.5 (28–49) 48.2 (38–58) <0.0001
Met ACR 2013 criteria 387 (97) 300 (97) 1.0000
Duration of follow-up, median (IQR) years 14.4 (9–24) 12.6 (6–23) 0.0969
Disease duration upon cohort entry, median (IQR) years 6.5 (2.6–15) 4.9 (1.5–15) 0.0740
Cutaneous subtype

Scleroderma sine sclerosis 13 (3) 9 (3) 0.2730
Limited 214 (53) 144 (46)
Type II skin 36 (9) 33 (11)
Diffuse 138 (34) 124 (40)

Cutaneous subtype (limited versus diffuse) 138 (34) 124 (40) 0.1170
Maximum modified Rodnan skin thickness score, median (IQR) 6 (3–17) 9 (4–20) 0.0030
History of scleroderma renal crisis 16 (4) 19 (6) 0.2220
Minimum FVC % predicted over follow-up, median (IQR)‡ 70 (54–84) 70 (57–84) 1.0000
Maximum RVSP, median (IQR)§ 37 (32–50) 40 (33–53) 0.0700
Pulmonary hypertension (mean PAP >20 mm Hg)¶ 60 (15) 41 (13) 0.5880
Pulmonary hypertension (mean PAP >24 mm Hg)¶ 54 (13) 37 (12) 0.5730
Presence of baseline TFR 35 (9) 41 (13) 0.0660
Presence of synovitis on any examination 84 (21) 68 (22) 0.7820
Deceased 124 (31) 131 (44) 0.0010
Serology

Any Th/To component (hPOP1, RPP25, RPP30, or RPP40) 36 (9) 23 (7) 0.4950
hPOP1 36 (9) 22 (7) 0.4090
RPP25 23 (6) 12 (4) 0.2970
RPP30 24 (6) 20 (6) 0.8760
RPP40 31 (8) 23 (7) 1.0000

* Except where indicated otherwise, values are the number (%). Patients with a history of cancer were more likely to be white,
older at systemic sclerosis (SSc) onset, and have a higher modified Rodnan skin thickness score. RP = Raynaud’s phenomenon;  
IQR = interquartile range; ACR = American College of Rheumatology; FVC = forced vital capacity; RVSP = right ventricular systolic 
pressure; PAP = pulmonary artery pressure; TFR = tendon friction rub; hPOP1 = human POP1. 
† Excluding nonmelanoma skin cancers. 
‡ Data were available for 668 patients. 
§ Data were available for 590 patients. 
¶ Data were available for 148 patients. 

Table 2. Number of Th/To subunit specificities in individual patients 
with SSc*

No. of subunit specificities 
(hPOP1, RPP25, RPP30,  

and RPP40) No. (%) of patients
0 737 (91.67)
1 6 (0.75)
2 4 (0.50)
3 25 (3.11)
4 32 (3.98)
Total 804 (100.00)

* The majority of systemic sclerosis (SSc) patients had antibodies 
against multiple (>2) subunits. Of the 6 patients with antibodies 
against only 1 Th/To subunit, most were high-titer positive (++/+++) (4 
of 5 with anti–human POP1 [anti-hPOP1] and 0 of 1 with anti-RPP40). 
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Statistical analysis. Statistical analysis was performed 
using Stata software version 14. The primary analysis excluded 
nonmelanoma skin cancers (basal and squamous cell carcino-
mas), with secondary analyses including all cancers. For compari-
son between groups, Fisher’s exact test was used for categorical/
binary variables and rank sum test for comparison between con-
tinuous variables given a non-normal distribution. Medsger 
organ-specific severity scores were analyzed as an ordinal vari-
able using the Kruskal-Wallis test. P values less than 0.05 were 
considered significant, adjusting for multiple comparison testing.

RESULTS

Demographic and clinical characteristics of scleroderma  
patients with or without cancer. The majority of patients 
were white women, and the mean ± SD SSc disease duration 
was 5.9 ± 11 years (Table 1). Comparing SSc patients with a 
history of cancer (excluding nonmelanoma skin cancer) to those 
without, patients with cancer were significantly less likely to be 
Hispanic (2% versus 9%; P = 0.002), more likely to be white 
(89% versus 73%; P < 0.0001), and older at SSc symptom onset 
(median 48.2 years [IQR 38–58] versus 39.5 years [IQR 28–49]; 
P < 0.0001). SSc patients with cancer had an overall higher maxi-
mum MRSS (median 9 [IQR 4–20] versus 6 [IQR 3–17]; P = 0.003) 
and had a higher mortality (44% versus 31%; P = 0.001). Medsger 
organ-specific severity scores were comparable between groups, 
with the notable exception of Raynaud’s severity score, which was 
less severe in the cancer group (P = 0.002).

Additional demographic and clinical variables are depicted in 
Table 1. After adjustment for multiple comparisons (P = 0.05/30 
variables equates to a significance threshold of <0.002), only eth-
nicity, race, and mortality remained significant. Similar patterns 
were observed when comparing SSc patients with any cancer 
(including nonmelanoma skin cancers; n = 403) to patients with-
out cancer with regard to race, ethnicity, and age at onset of 
SSc (Supplementary Table 1, available on the Arthritis & Rheu-
matology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.41493/abstract). With the inclusion of nonmelanoma skin 
cancers, mortality was no longer significantly different, and 
patients with cancer had a significantly shorter disease duration 
(5 years versus 6.5 years; P < 0.004).

A total of 67 (8.3%) of 804 patients had antibodies against any 
component of the Th/To complex, with no differences in frequency 
noted between the cancer and no-cancer groups (Table 1). Of the 
67 anti-Th/To–positive patients, 10 (15%) had antibodies against 1 
or 2 components, while the majority (57 [85%] of 67) had antibodies 
targeting 3 or 4 components (Table 2). Given that so few patients 
produced autoantibodies to only 1 or 2 components, we explored 
whether these were borderline/low positives. Of the 6 patients 
with  antibodies against only 1 Th/To subunit (5 anti-hPOP1 and 
1  anti-RPP40), 4 were moderate/high titer (all were anti-hPOP1).

Clinical phenotype of patients with antibodies 
against different Th/To components. Patients who were 
positive for each Th/To antibody specificity (hPOP1, RPP25, 
RPP30, and RPP40) were compared to all other SSc patients in 
the cohort with regard to demographic and SSc characteristics 
(Table 3). Patients with antibodies to any of the 4 components 
were more likely to have a smoking history, limited cutaneous 
disease and thus a lower median maximum MRSS, and a lower 
prevalence of tendon friction rubs.

Upon analyzing associations between Medsger severity 
scores for individual organ systems and anti-hPOP1 antibodies, 
significant associations were observed with less severe GI dis-
ease (P = 0.012) and more severe lung disease (P = 0.011). Sim-
ilarly, patients with antibodies against RPP40 had less severe GI 
disease (P = 0.034) and more severe lung disease (P = 0.016). 
Anti-RPP30–positive patients were more likely to have severe lung 
disease (P = 0.020). No associations between Medsger individual 
organ system severity scores and anti-RPP25 antibodies were 
observed.

Given the absence of comprehensive high-resolution com-
puted tomography (CT) scan data in our cohort, we focused 
on Medsger lung severity scores (which incorporate pulmonary 
function test parameters and need for supplemental oxygen) as 
well as RHC data. Patients with antibodies to any of the Th/To 
components were more likely to have worse pulmonary disease 
as defined by a higher maximum Medsger lung severity score 
(P = 0.013 by Kruskal-Wallis test). When analyzing for the pres-
ence of severe lung disease (defined by an FVC or DLco <50% 
predicted or oxygen use required), patients with antibodies 
against hPOP1, RPP30, or RPP40 had significantly worse lung 
severity: 60% versus 37% for hPOP1 (P = 0.001), 61% versus 
37% for RPP30 (P = 0.002), and 59% versus 37% for RPP40 
(P = 0.001). When examining FVC alone as a surrogate for inter-
stitial lung disease (ILD), patients with antibodies to any of the 
Th/To components were more likely to have severe restriction 
(FVC <50%) compared to those without antibodies to Th/To  
components (27% versus 17%; P = 0.088). Only anti-hPOP1–
positive patients were more likely to develop PH (23% versus 
14%; P = 0.042). Upon raising the threshold for defining PH to 
a mean PAP of ≥25 mm Hg, anti-hPOP1–positive, anti-RPP30–
positive, or anti-RPP40–positive patients were more likely to 
develop PH (22% versus 12% for hPOP1 [P = 0.03], 23% versus 
12% for RPP30 [P = 0.04], and 21% versus 12% for RPP40 
[P = 0.04]).

Cancer risk and antibodies against Th/To components.  
Among all patients with autoantibodies to at least 1 component of 
the Th/To complex (n = 67), 31 patients had a total of 38 cancers 
(including nonmelanoma skin cancer). Excluding nonmelanoma skin 
cancer, 23 patients had a cancer history (with 26 cancers). The pres-
ence of antibodies to Th/To components (hPOP1, RPP25, RPP30, 
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and RPP40) conferred a protective effect against cancer-associated 
scleroderma (excluding nonmelanoma skin cancers from analysis) 
(Table 4). Patients with antibodies against hPOP1, RPP25, RPP30, 
and/or RPP40 were significantly less likely to develop cancer within 
2 years of SSc onset compared to antibody-negative patients (0% 
versus 11%; P = 0.009). When examining the cancer–scleroderma 
interval among all patients with cancer, for antibodies against all of 
the components except RPP25, as the interval between SSc onset 
and cancer shortened, the protective effect increased. Indeed, no 
patient with antibodies against any of the 4 components developed 
cancer within 2 years of SSc onset.

Upon performing secondary analyses including all cancers 
(that is, including nonmelanoma skin cancer), the magnitude of 
protection lessened, with only anti-RPP40 antibodies remaining 
statistically significant as a protective factor against cancer diag-
nosed within 2 years of SSc symptom onset (3% versus 18% 
of antibody-negative patients; P = 0.04) (Supplementary Table 2, 
available on the Arthritis & Rheumatology website at http://online 
library.wiley.com/doi/10.1002/art.41493/abstract). We were  
unable to investigate whether there was a dose-response rela-
tionship (e.g., a decreasing prevalence of cancer with an increas-
ing number of autoantibodies to Th/To components) because in 
the 10 patients with 1 or 2 autoantibodies to Th/To components, 
only 1 developed cancer (Supplementary Table 3, available on 
the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41493/abstract).

Given the association between anti-Th/To antibodies and 
lung disease, we were interested in investigating the frequency 
of lung cancer in patients with anti-Th/To antibodies. Of the 31  
Th/To antibody–positive patients with a history of cancer, 7 had 
lung cancer. Limiting the analysis to only the time period within 2, 
3, and 5 years surrounding SSc symptom onset, the numbers of 
lung  cancer cases were 0, 0, and 0 (all 7 lung cancers were out-
side of the ±5-year window from SSc symptom onset). Of the 7 
patients, all had radiographic ILD on high-resolution CT imaging, 
and 6 were smokers.

Given the known association of RNA Pol III autoantibodies 
and cancer risk in SSc, we sought to identify whether any patients 
produced autoantibodies to both RNA Pol III and one of the  
Th/To components, and what resulting effect on cancer risk these 
dual immune responses may have. Nine patients produced both 
hPOP1 and RNA Pol III autoantibodies, and none had cancer- 
associated SSc within 3 years. In contrast, patients with RNA 
Pol III antibodies without antibodies to Th/To components had 
a significantly increased risk of cancer-associated SSc (24% of 
SSc patients with RNA Pol III autoantibodies had cancer-as-
sociated SSc, defined as cancer excluding nonmelanoma skin 
cancer, within 3 years of SSc onset compared to 11%  without 
RNA Pol III; P < 0.0001). Of the 67 patients with antibodies to 
at least 1 component of the Th/To complex, few had autoan-
tibodies to the other common SSc specificities: CENP-A (3%; 
n = 2), CENP-B (7%; n = 5), or Scl-70 (7%; n = 5), as assayed 

on a Euroimmun Platform. One patient had both CENP-A and 
CENP-B antibodies.

DISCUSSION

In this article, we describe the prevalence of autoantibodies 
to 4 major components of the Th/To complex in SSc patients. This 
is the largest study performed on Th/To antibodies to date. Our 
findings highlight the clinical phenotype and negative association 
of these antibodies with cancer. We reported a prevalence of 8.3% 
for antibodies against any of the components, with antibody prev-
alences against the individual complex components ranging from 
4% to 9%. These prevalences are consistent with prior research 
on anti-Th/To prevalence defined by IP in cohorts from Japan (14 
[4.6%] of 303) (9), the Netherlands (12 [7%] of 172 SSc patients 
with nucleolar pattern on antinuclear antibodies) (22,23), and the 
US (23 [15.4%] of 149) (24). With regard to the clinical phenotype, 
we have shown that patients with antibodies to any of the 4 com-
ponents are more likely to have limited cutaneous disease and an 
increased risk of lung involvement. This finding is also consistent 
with published findings in SSc cohorts from Japan (5 [36%] of 14 
with ILD) (9) and the US (6 [26%] of 23 with ILD) (24). In our study, 
19–23% of patients with antibodies to 1 of the 4 components 
had PH. This finding is similar to the reported prevalence of PH in 
different SSc cohorts which showed that 33% (63 of 193) of anti- 
Th/To–positive patients have PH (25).

A main aim of this study was to explore the association with 
cancer for autoantibodies against each of the 4 Th/To compo-
nents. Patients with antibodies against hPOP1, RPP25, RPP30, 
and/or RPP40 were significantly less likely to develop cancer 
within 2 years of SSc onset (0% versus 11%; P = 0.009).  This 
potential protective effect of anti-hPOP1, anti-RPP40,  anti-RPP30, 
and anti-RPP25 antibodies on cancer-associated SSc is a novel 
observation. Similar observations have been reported by our group 
regarding anticentromere antibodies protecting against cancer 
overall in SSc patients (4). Given that so few patients produced 
autoantibodies to only 1 or 2 components (the majority produced 
autoantibodies to >2), we were limited in our power to detect any 
dose-response relationship. Such an observation might support 
the notion of epitope spreading and warrants further study.

Given prior studies demonstrating that the risk of cancer- 
associated SSc may be modified by the presence of additional 
immune responses, we were interested in testing whether posi-
tivity to any of the anti-Th/To components conferred cancer pro-
tection among patients with anti–RNA Pol III antibodies. Of the 
9 patients who produced both anti-Th/To autoantibodies and 
anti–RNA Pol III antibodies, none had cancer-associated SSc 
(defined as cancer occurring within 3 years of SSc symptom 
onset). Although small in number, this observation may signify the 
ability of anti-Th/To to modify cancer risk conferred by RNA Pol III 
autoantibodies. Similar findings have been reported with the large 
subunit of RNA polymerase I (RPA194): in a cohort of patients 
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with anti–RNA Pol III antibodies, anti-RPA194 was enriched in the 
group without cancer (18% versus 3.8%; P = 0.003) (3). In this 
context, it is interesting to note that RNAse P has been reported to 
play a role in the transcription of RNA polymerases I and III (26,27), 
and often forms complexes with both enzymes.

The relationship between autoantibodies to individual compo-
nents of the RNase MRP and RNase P complexes has been poorly 
described to date. Several prior studies have described the prev-
alence of anti-RPP‘X’ in small numbers of patients (n < 15). Add-
ing to the complexity is that different definitions have been used to 
describe what constitutes anti-Th/To positivity. In one study (9) of 
14 anti-Th/To–positive patients (defined by precipitation of a group 
of 6 proteins ranging in size from 18–120 kd), 12 (86%) were pos-
itive for anti-RPP30, and 13 (93%) were positive for anti-hPOP1. 
Another study of 12 anti-Th/To–positive patients (defined as the 
ability of serum to immunoprecipitate RNase MRP and RNase P 
RNA) demonstrated that the majority recognized hPOP1 and/or 
RPP25, but relatively few recognized RPP40 or RPP30 (22).

Given that there are at least 9 individual proteins compris-
ing the Th/To complex, individuals with autoantibodies to any 
of the components could technically be considered positive for 
Th/To antibodies. Based on the literature, we chose to focus on 
the 4 most prevalent autoantigens of the Th/To complex in the 
present study. A potential limitation of our study is that because 
the other components were not assayed, there is a possible risk 
of misclassifying the Th/To antibody status of some patients. In 
the present study, using single-input IP of 35S-methionine–labeled 
proteins generated by IVTT from the relevant DNAs, the majority 
of patients (85%) had antibodies to 3 or more components of the  
Th/To complex. Whether these patients also produce autoanti-
bodies to additional components of the Th/To complex (e.g., 
hPOP5, RPP14, etc.) warrants further study.

A potential limitation of our study is the possibility that can-
cer status may have been misclassified for those patients who 
developed cancer beyond the 5-year window. Our case–control 
study design is also a potential limitation, as it provides a cohort 
enriched for cancer, potentially biasing the general phenotype of 
SSc patients under study. However, the large number of patients 
studied likely mitigates this risk. Our cohort did not have compre-
hensive data on variables to define ILD radiographically. As such, 
we presented data on the presence of a severe restrictive venti-
latory defect as a surrogate for ILD. In addition, given the small 
number of patients with antibodies to only 1 or 2 components of 
the 4 that were studied, we were unable to comment definitively 
on differences in demographic or disease characteristics based 
on the  different numbers/combinations of anti-Th/To compo-
nents produced. Future studies investigating the order and tim-
ing of antibody generation against different components of the  
Th/To complex are likely to provide additional important insights 
into how the immune response evolves.

In this study, we assayed autoantibodies to different compo-
nents of the Th/To complex in a large, meticulously phenotyped 

cohort of SSc patients with and without cancer. Our data demon-
strate that most patients produce autoantibodies to multiple 
components of the complex, and have a phenotype character-
ized by pulmonary disease. Our findings show, for the first time, 
that the presence of any Th/To autoantibody may have a pro-
tective effect against contemporaneous cancer. Furthermore, 
patients producing autoantibodies to the Th/To complex should 
be vigilantly followed up for the development of pulmonary  
complications of SSc.
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Calcium Pyrophosphate Dihydrate Crystal Deposition in 
Gouty Tophi
Hang-Korng Ea,1  Alan Gauffenic,1 Quang Dinh Nguyen,2 Nhu G. Pham,2 Océane Olivier,1 Vincent Frochot,3 
Dominique Bazin,4 Nghia H. Le,2 Caroline Marty,1 Agnès Ostertag,1 Martine Cohen-Solal,1 Jean-Denis Laredo,5 
Pascal Richette,1 and Thomas Bardin6

Objective. The coexistence of calcium pyrophosphate dihydrate (CPPD) and monosodium urate monohydrate 
crystals in gouty tophi has rarely been reported. We undertook this study to investigate CPPD crystal deposits in a 
series of surgically removed gouty tophi and to identify factors associated with these deposits.

Methods. Twenty-five tophi from 22 gout patients were analyzed using polarized light microscopy, field emission 
scanning electron microscopy (FESEM), and μ Fourier transform infrared (μFTIR) spectroscopy.

Results. Tophi consisted of multiple lobules separated by fibrous septa and surrounded by a foreign-body giant 
cell reaction. CPPD crystal aggregates were identified in 9 of 25 tophi from 6 patients. CPPD crystals were dispersed 
or highly compacted, localized at the edge or inside the tophus lobules, with some lobules completely filled with 
crystals. Both monoclinic and triclinic CPPD crystal phases were identified using FESEM and μFTIR. Compared to 
patients without CPPD, those with CPPD-containing tophi were older (mean 60.5 years versus 47.2 years; P = 0.009), 
and had longer-term gout duration (mean 17.0 years versus mean 9.0 years; P < 0.05) and tophi duration (mean 10.0 
years versus mean 4.6 years; P < 0.01). None of the patients had radiographic chondrocalcinosis of the knee or wrist.

Conclusion. CPPD crystal formation seems to be a late and frequent event of tophus maturation, occurring more 
frequently with aging, and could contribute to the speed of tophus dissolution and the apparent persistence of tophus 
sometimes observed even after effective, long-lasting urate-lowering therapy.

INTRODUCTION

The coexistence of monosodium urate monohydrate (MSU) 
and calcium pyrophosphate dihydrate (CPPD) crystals in syno-
vial fluids has regularly been described, with a prevalence ranging 
from 0% to 36.1%, depending on the aspirated joint and the use 
or lack of use of synovial fluid centrifugation (1–3). Age, gout dura-
tion, chronic kidney disease, diuretic use, osteoarthritis, and bone 
erosion have been inconsistently associated with the presence of 
CPPD and MSU crystals in synovial fluid (1–3). The coexistence of 
these 2 crystal types in synovial fluid suggests that they may form 

at the same place and then be released at the same time into the 
joint space.

Tophi are the hallmark of chronic and poorly treated gout and 
consist of ordered MSU crystals surrounded by a foreign-body 
giant cell reaction (4). Long-standing tophi can appear very dense 
or calcified, as observed with radiography and computed tomog-
raphy (CT) (5,6), a finding that could be explained by the coexis-
tence of calcium-containing crystals or by the presence of highly 
compacted MSU crystals. Although tophi have CT attenuation 
inferior to calcifications, dense MSU deposits in meniscus and 
knee cartilage can mimic chondrocalcinosis without the detection 
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of calcium-containing crystals by dual-energy CT (DECT) or syn-
ovial fluid analysis (6–8). The disappearance of such chondro-
calcinosis-mimicking features has been observed after effective 
urate-lowering therapy, which further suggests that MSU deposi-
tion alone could be responsible for chondrocalcinosis-like imag-
ing findings (7). However, the coexistence of MSU crystals and 
calcification (i.e., calcium-containing crystal deposits) has been 
described in autopsy studies (5,9).

The nature of the calcium crystals in tophi has seldomly been 
characterized; one autopsy study identified CPPD crystals (9). 
Recently, DECT scans revealed CPPD energy attenuation pat-
terns within MSU crystal deposits around the metacarpophalan-
geal joint of an 82-year-old man with gout and CPPD deposition 
disease (10). Another study described the presence of CPPD  
crystals in 5 tophi, without characterizing the type of CPPD  
crystals and with no data on gout history (11).

The aims of the present study were to assess the frequency 
of CPPD deposition in gouty tophi, to characterize the type of 
deposited CPPD crystals, and to identify factors associated with 
CPPD crystal deposition in tophi.

PATIENTS AND METHODS

Patients. This study was conducted in compliance with 
Good Clinical Practice and the Declaration of Helsinki and in 
accordance with Vietnamese law. All patients were informed 
that surgically removed tophi would be used for diagnostic and 
research procedures. Patients provided written informed consent. 
Patient characteristics, comorbidities, treatments, gout history, and 
laboratory and imaging data were extracted from medical charts.

Histology, sample processing, and CPPD crystal 
characterization. A total of 25 tophi that were removed from 22 
gout patients consecutively operated on at the Vien Gut Medical 
Center (Hô Chi Minh City, Vietnam) were fixed in 4% paraformal-
dehyde or 70% alcohol and sent to Lariboisière Hospital, INSERM 
UMR 1132 (Paris, France). Tophi were embedded in paraffin, and 
5-µm thick sections were deposited on glass slides for sirius red 
and tartrate-resistant alkaline phosphatase (TRAP) and von Kossa 
staining. MirrIR low-e microscope slides (Kevley Technologies and 
Tienta Sciences) were prepared for field emission scanning elec-
tron microscopy (FESEM) and μ Fourier transform infrared (μFTIR) 
spectroscopy. Tophus sections were systematically analyzed using 
polarized light microscopy, FESEM, and μFTIR.

FESEM. FESEM (Zeiss SUPRA55-VP; Goettingen) was used 
to describe the ultrastructural characteristics of tissue sections. The 
field-effect gun microscope operates at 0.5–30 kV. High-resolution 
observations were obtained with 2 secondary electron detectors 
(Inlens SE and Everhart-Thornley SE). To maintain the integrity of 
specimens, measurements were obtained at a low voltage (~2 kV) 
without the usual deposits of carbon at the surface of the sample.

Analysis with μFTIR. Using the same tissue samples used 
in the FESEM analyses, μFTIR was performed to identify the 
chemical composition of tophus calcifications. All μFTIR hyper-
spectral images were recorded with a Spectrum Spotlight 400 
μFTIR imaging system (Perkin–Elmer Life Sciences), with 6.25-
mm spatial resolution and 8-cm-1 spectral resolution. To deter-
mine the proportion of monoclinic CPPD (mCPPD) and triclinic 
CPPD (tCPPD) in a tissue sample, absorption areas of their spe-
cific peaks (mean ± SD wavelength 936 ± 4 cm-1 and 744 ± 4 
cm-1 for mCPPD, and mean ± SD wavelength 918 ± 4 cm-1 and 
764 ± 4 cm-1 for tCPPD) were quantified using ImageJ software 
and reported for the tissue surface. Five random areas were 
assessed for each sample.

Radiographic analysis. Standard radiographs were read 
by a skeletal radiologist (JDL) and rheumatologist (TB). The fol-
lowing semiquantitative scale for tophus opacity was used: 0 =  
air opacity; 1 = opacity similar to soft tissue; 2 = opacity  
between soft tissue and bone; 3 = opacity containing high- 
density granulations.

Statistical analysis. Quantitative variables are described 
as the mean and the range, and qualitative variables as the num-
ber (percentage) of patients. Chi-square test was used to com-
pare qualitative variables (or Fisher’s exact test, otherwise) and 
Mann-Whitney U test was used for quantitative data (or Student’s 
test in case of homoscedasticity, determined by Bartlett’s test).  
P values less than 0.05 were considered significant. Data analysis 
was performed with GraphPad Prism 7.0.

RESULTS

Patient characteristics. We analyzed 25 tophi that were 
surgically removed from 22 patients. All patients were male, 
with a mean age of 50.8 years (range 28–66 years) and a mean 
body mass index of 24.2 kg/m2 (range 18.9–29.4). Patient 
characteristics and comorbidities are summarized in Table 1. 
The mean ± SD serum urate level was 499 ± 107 µmoles/liter. 
Overall, 68.2% had stage 2 or 3 chronic kidney disease, 40.9% 
had dyslipidemia, 22.7% had type 2 diabetes mellitus, 13.6% 
had hypertension, and 50% were obese. Tophi were removed 
from great toes (n = 9), other toes (n = 3), ankles (n = 3), knees 
(n = 1), fingers (n = 4), elbows (n = 4), and tendons (n = 1). 
Resection was performed due to disability induced by tophi, 
such as difficulty putting on shoes, walking, or other functional 
limitations.

Identification of rod-like and rhomboid-shaped CPPD  
crystals within tophus lobules, using polarized light  
microscopy. Macroscopically and using light microscopy, 
tophi appeared to contain multiple lobules separated by fibrous 
septa, which are also shown using sirius red staining (see 
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Supplementary Figure 1, available on the Arthritis & Rheuma-
tology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41515/ abstract). Each lobule contained packed and 
ordered thin clefts from MSU crystals that had dissolved dur-
ing sample processing, surrounded by a foreign-body giant 
cell reaction. MSU crystal–containing tissue appeared acellular 
and was composed of amorphous amphophilic materials. In 
16 samples, most of the multinucleated giant cells expressed 
TRAP and were localized adjacent to the MSU crystal deposits 

within the corona zone, along with numerous mononuclear 
cells (Supplementary Figure 1C).

CPPD crystals were identified in 9 of 25 retrieved tophi (36%) 
(3 great toes, 2 fifth toes, 1 third toe, 1 elbow bursa, and 2 fingers) 
in 6 of 22 patients (27.3%). Three patients had CPPD crystal– 
containing tophi in 2 different locations. Tophus site distribution did 
not differ between tophi showing CPPD and those that did not.

Different shapes (long and rod-like, cuboid, and rhomboid)  
of CPPD crystals were observed using plain and polarized 

Table 1. Characteristics of the patients with and those without CPPD crystal deposition in gouty tophi*

All 
(n = 22)

Urate only 
(n = 16)

Urate and CPPD 
(n = 6)

Age, years 50.8 (28–66) 47.2 (28–64) 60.5 (56–66)†
Gout duration at surgery, years 11.3 (3–31) 9.0 (3–20) 17.0 (9–31)‡
Tophus duration at surgery, years 6.1 (1–16) 4.6 (1–9) 10.0 (3–16)†
BMI >25 kg/m2, % 50 56 33
Type 2 DM, % 22.7 31.3 0
Hypertension, % 13.6 18.8 0
Dyslipidemia, % 40.9 43.8 33.3
Stage 2–3 CKD, % 68.2 68.8 66.7
eGFR, ml/minute/1.73 m2 75.3 (48–116) 75.2 (48–116) 75.5 (60–92)
Serum urate level, µmoles/liter 499 (337–886) 512 (337–886) 466 (404–518)
Bone erosion, % 70 60 80

* Except where indicated otherwise, values are the mean (range). CPPD = calcium pyrophosphate dihydrate; BMI = body 
mass index; DM = diabetes mellitus; CKD = chronic kidney disease; eGFR = estimated glomerular filtration rate. 
† P < 0.01 versus patients without CPPD. 
‡ P < 0.05 versus patients without CPPD. 

Figure 1. Rod-like calcium pyrophosphate dihydrate (CPPD) crystals and rhomboid CPPD crystals within tophi. A, Von Kossa staining shows 
the presence of dispersed or compacted calcium-containing crystals. Bar in left panel = 400 µm. High-magnification view of dispersed areas 
shows CPPD crystals with rod-like shapes (arrows) and rhomboid shapes (arrowheads). B, Plain (left) and polarized (right) light microscopy 
show rod-like CPPD crystals (arrow) and rhomboid CPPD crystals (arrowhead), with different birefringence. C, Field emission scanning 
electron microscopy (FESEM) shows CPPD crystals. D, FESEM of an alcohol-fixed tophus section shows compacted and flat urate crystals. 
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41515/abstract.
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light microscopy and after von Kossa staining (Figures 1A and B,  
Supplementary Figure 2, and Supplementary Figures 3A and B, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41515/ abstract). 
CPPD crystal depositions were either dispersed or aggregated 
and highly compacted (Figures 1A and B, Supplementary 
Figure 2, Supplementary Figures 3A and B, and Supplementary 
Table 1, http://onlin elibr ary.wiley.com/doi/10.1002/art.41515/ 
abstract). Within 1 tophus, a variable number of lobules contained 
CPPD crystals with different deposition patterns and densities. 
In 6 cases, CPPD crystals completely filled 2–11 tophus lobules 
(Figure 1A, Supplementary Figure 2A, Supplementary Figures 3A 
and B, and Supplementary Table 1). CPPD crystals were localized 
at the edge of and/or inside tophus lobules in close vicinity to 
MSU crystal sites. No CPPD crystals were observed outside the 
MSU crystal deposition sites; specifically, no CPPD crystals were 
observed in the fibrovascular zones.

Characterization of CPPD crystals using FESEM and 
μFTIR spectroscopy. FESEM analysis of tophus sections 
showed variably compacted CPPD crystals of varying mor-
phology (rod-like, cuboid, or rhomboid), size (1–15 µm), and 
thickness (Figure 1C). By comparison, FESEM observation of 

an alcohol-fixed tophus showed MSU crystals that were flat, 
thinner, and highly compacted, with a homogenous morphol-
ogy (Figure 1D). Analysis with μFTIR confirmed that crystals 
observed in paraformaldehyde-fixed samples consisted of CPPD 
with mCPPD and tCPPD phases, characterized by their respec-
tive peaks (Figure 2B). Among all samples, tCPPD crystals were 
the most prevalent phase (Figures 2C and D). No MSU crystals 
were detected, since they were dissolved by paraformaldehyde 
fixation (Figure 2B).

Clinical factors associated with CPPD crystals. 
Compared to patients with tophi not containing CPPD crystals 
(n = 16), those with CPPD-containing tophi (n = 6) were older 
(mean 60.5 years [range 56–66 years] versus mean 47.2 years 
[range 28–64 years]; P = 0.009) and had a longer duration of 
gout (mean 17 years [range 9–31 years] versus mean 9 years 
[range 3–20 years]; P < 0.05) and a longer duration of tophus 
(mean 10.0 years [range 3–16 years] versus mean 4.6 years 
[range 1–9 years]; P < 0.01) (Table 1). None of these 6 patients 
had radiographic chondrocalcinosis of the knee (n = 6) or the 
wrist (n = 5). None of the excised tophi displayed definite calci-
fication on presurgery radiographs. However, 7 of 9 tophi with 

Figure 2. Monoclinic calcium pyrophosphate dihydrate (mCPPD) and triclinic CPPD (tCPPD) crystals detected by μ Fourier transform infrared 
spectroscopy. A, Von Kossa staining of tophus biopsy specimen. Bar = 400 µm. B, Infrared spectra of 2 different lobules: von Kossa–positive 
lobules (orange arrow), showing characteristic peaks for mCPPD phases (red), tCPPD phases (green), and common CPPD crystal peaks 
(blue); and von Kossa–negative lobules (black arrow), showing only mucoproteic matrix peaks (black). C, Infrared map of von Kossa–positive 
areas, showing intense CPPD crystal absorbance (left) containing both mCPPD phases (middle) and tCPPD phases (right). D, Ratio of CPPD in 
tissue containing mCPPD and tCPPD crystals to tissue surface, as quantified with ImageJ. Bars show the mean ± SEM (n = 5 analyzed tophi). 
*** = P < 0.001.
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CPPD crystal deposits showed dense granulations with a calci-
um-like density within tophus opacities, which were observed in 
only 1 tophus without CPPD crystals (P = 0.02) (Supplementary 
Figure 4A, http://onlin elibr ary.wiley.com/doi/10.1002/art.41515/ 
abstract). The proportions of bone erosion (at the tophus sites) 
and gout arthropathy were similar between the 2 groups, with no 
differences in serum urate level (mean ± SD 466 ± 43 µmoles/liter 
versus mean ± SD 512 ± 109 µmoles/liter), estimated glomerular 
filtration rate (mean ± SD 75.5 ± 11.9 ml/minute/1.73 m2 ver-
sus mean ± SD 75.2 ± 15.7 ml/minute/1.73 m2), or prevalence of 
comorbidities. None of the 6 patients received diuretics, and their 
calcium levels were normal.

DISCUSSION

In this series of patients with gouty tophi, we identified a 
high prevalence (27.3%; 6 of 22 patients) of mCPPD and tCPPD 
crystal depositions within tophus lobules. The presence of CPPD 
crystals within tophi occurred preferentially in older patients and 
in long-lasting gout and tophi, as demonstrated in synovial fluid 
studies (1–3). CPPD deposition harbored either a dispersed or 
highly compacted pattern which might reflect the age of their  
formation. Our findings have enriched those reported by Mohr and  
Görz, who identified the presence of CPPD crystals in tophi but 
did not describe the crystal deposition patterns or characterize the 
crystal phases (11). In our study, tCPPD crystals, the most stable 
phase, occurred more frequently than mCPPD crystals, as previ-
ously reported in CPPD deposition disease (9,12). Three patients 
had CPPD crystals in 2 tophi at different sites, a scenario noted by 
Mohr and Görz and in the autopsy study by Grahame et al (9,11). In 
this latter study, the postmortem examination of a 64-year-old man 
with gout and hyperparathyroidism-related CPPD crystal disease 
revealed the coexistence of MSU and CPPD crystals in a metatar-
sophalangeal tophus, as well as in the sternoclavicular cartilage, 
knee ligament, and kidney tubules (9). The coexistence of the 2 
crystal types in this case was probably promoted by the systemic 
increase of the serum urate levels and serum calcium levels due to 
hyperparathyroidism. In contrast, the 6 patients in our study had 
normal calcemia and showed no chondrocalcinosis on knee and 
wrist radiographs. Thus, CPPD crystal formation within the tophus 
core may have been promoted by local cellular and extracellu-
lar matrix changes generated by MSU crystal aggregates.

Another possibility may be that mechanisms of CPPD and 
MSU crystal formation share yet unidentified common factors. 
Mechanical stress may be one factor, since tophi are preferen-
tially localized in traumatic areas. Mandel et al demonstrated in 
vitro that a denatured collagen matrix containing MSU crystals 
altered inorganic pyrophosphate diffusion and favored tCPPD 
crystal formation and growth (13). The authors suggested that 
MSU crystals might act as a nucleating agent for CPPD formation. 
Alternatively, the extracellular matrix damage induced by MSU 
crystals along with the giant cell reaction might facilitate CPPD 

crystal formation. Indeed, the fact that CPPD crystal deposition 
occurred only in some lobules of a given tophus suggested that 
local environment alterations played a more important role than 
MSU crystals, per se, in CPPD crystal formation. This hypothesis 
is sustained by the observation of CPPD crystals in 2 and 8 for-
eign-body granulomas surrounding the suture and particle wears 
of hip prostheses, respectively (14,15). These observations sug-
gest that the foreign-body giant cell reaction might be sufficient to 
induce CPPD crystal formation. The underlying mechanisms of 
this hypothesis need further investigation.

Although the clinical significance of our findings remain hypo-
thetical, the coexistence of CPPD crystals within tophi might 
explain the following: 1) in some patients, the coexistence of these 
crystals in synovial fluids; 2) dense or calcified radiologic presenta-
tions of long-duration tophi; and 3) allowance of modification of 
tophus dissolution speed under effective urate-lowering therapy.

Besides its small sample size, this study has limitations. 
First, we did not rule out metabolic diseases associated with 
CPPD crystal deposition such as hemochromatosis, hyperpara-
thyroidism, hypomagnesemia, hypophosphatasia, or hereditary 
CPPD crystal deposition. However, the absence of clinical fea-
tures of these diseases and the lack of discernible chondrocalci-
nosis on knee and wrist radiographs provide evidence against a 
systemic disease responsible for CPPD crystal deposition. Sec-
ond, we used μFTIR to characterize CPPD phases instead of 
x-ray diffraction. However, μFTIR also allowed semiquantification 
of mCPPD and tCPPD phases, and has become a routinely used 
technique in clinical practice. Third, we were unable to precisely 
describe the exact interactions between MSU crystals and CPPD 
crystals because of MSU crystal dissolution by the formaldehyde 
fixator. It would be interesting to know whether MSU crystals 
were replaced by CPPD crystals in lobules where CPPD crystals 
were highly compacted. Examination of frozen or alcohol-fixed 
samples with persistent MSU crystals and the use of DECT and 
spectral-energy CT technology to distinguish MSU, CPPD, and 
apatite crystal deposition would help better characterize tophus 
composition, especially in tophi with dense granulations with a 
calcium-like density like those seen in the present study (6,10).

In conclusion, CPPD crystal formation appears to be a late 
and fairly frequent event in tophus maturation. CPPD deposition 
in tophi might explain the apparent persistence of tophus in some 
patients even after long-term, effective urate-lowering therapy. 
The presence of CPPD crystals might decrease tophus dissolu-
tion under urate-lowering therapy.
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Imaging-Based Uveitis Surveillance in Juvenile Idiopathic 
Arthritis: Feasibility, Acceptability, and Diagnostic 
Performance
Saira Akbarali,1 Jugnoo S. Rahi,2 Andrew D. Dick,3 Kiren Parkash,4 Katie Etherton,5 Clive Edelsten,6 Xiaoxuan Liu,7 
and Ameenat L. Solebo8

Objective. Children with juvenile idiopathic arthritis (JIA) need regular examinations for uveitis to avoid visual 
morbidity from the most common extraarticular manifestation of disease. This study was undertaken to investigate 
the feasibility, acceptability, and performance of optical coherence tomography (OCT) imaging-based diagnosis of 
uveitis.

Methods. This observational cross-sectional study included children with and those without uveitis. The children 
underwent routine clinical examinations and anterior segment OCT scanning of intraocular inflammatory cells. 
Acceptability of image acquisition was assessed using a visual analog scale and length of time needed to acquire 
images. Interobserver and intraobserver variability of manual counting of acquired images (Bland-Altman limits of 
agreement), correlation between imaging and routine assessment, and sensitivity and specificity of anterior segment 
OCT detection of active inflammation were assessed.

Results. Of the 26 children ages 3–15 years (median age 8 years) who underwent imaging, 12 had active 
inflammation. All patients rated the acceptability of image acquisition as at least 8.5 on a scale of 0–10. Time taken to 
acquire images ranged from 1.5 minutes to 22 minutes (median time 8 minutes). There was good positive correlation 
between clinical assessment and image-based cell quantification (R2 = 0.63, P = 0.002). Sensitivity of anterior 
segment OCT manual image cell count for diagnosis of active inflammation was 92% (95% confidence interval [95% 
CI] 62–99%), specificity was 86% (95% CI 58–98%), and negative predictive value (ruling out uveitis) was 92% (95% 
CI 65–99%).

Conclusion. Non-contact, high-resolution imaging for JIA uveitis surveillance is feasible, acceptable to patients, 
and holds the promise of transforming pediatric practice. Further work is needed to determine the analytic and clinical 
validity of anterior segment OCT quantification of active inflammation, and the clinical utility and cost-effectiveness of 
imaging-based disease monitoring.
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INTRODUCTION

Juvenile idiopathic arthritis (JIA) is the most common 
childhood inflammatory rheumatic disorder (1), and uveitis 
(intraocular inflammation) is the most common extraarticu-
lar manifestation of disease (1). Uveitis results in impaired vision 
in up to one-fifth of affected children, with visual complications 
typically being a result of delayed diagnosis (2). European and 
American guidelines recommend a formal uveitis surveillance 
protocol for all patients in whom a JIA diagnosis is being con-
sidered to enable early detection of this often asymptomatic, 
but potentially blinding, disease (3). Disease activity in anterior 
uveitis, the most common manifestation of JIA-related uveitis, is 
currently assessed in a hospital’s eye services department using 
slit-lamp biomicroscopic examination (4), a semiquantitative and 
subjective assessment.

Imaging-based assessments, such as joint ultrasonography 
and magnetic resonance imaging (MRI), have provided sensitive, 
repeatable, and clinically meaningful disease metrics for inflam-
matory disease, supplementing clinical examination (5). Optical 
coherence tomography (OCT) is a non-contact, noninvasive, 
high-speed, high-resolution modality with long-established use 
for imaging the posterior segment of the eye. It is now by far 
the most commonly used ophthalmic imaging procedure (6). A 
relatively recent modification has been used to image the anterior 
chamber (7), with identification of anterior chamber inflammatory 
cells as hyper-reflective dots. The feasibility of such image acqui-
sition in children is unclear. We aimed to investigate the feasibil-
ity, acceptability, and diagnostic performance of imaging-based 
disease monitoring for childhood anterior uveitis.

PATIENTS AND METHODS

Children age <18 years with or without uveitis were included 
in this observational cross-sectional study. The study was 
approved by the National Health Research Authority (approval no. 
18/LO/0252) and local institutional research boards. This research 
followed the tenets of the Declaration of Helsinki. The study was 
supported by a Generation R Young Persons Advisory Group and 
a patient-family advisory group.

Study population. Two groups were recruited. Group 1 
comprised children with a diagnosis of chronic anterior uveitis 
who were recruited from a specialist pediatric uveitis care center 
in London, England between 2017 and 2018. Group 2 com-
prised children without a diagnosis of uveitis who were siblings 
of patients in the outpatient department (where ophthalmology, 
audiology, and otolaryngology care are provided) for any rea-
son. This latter group enabled an investigation of the normative 
range of hyper-reflective dots on anterior segment OCT images 
of patients’ eyes.

Children with a history of ocular trauma, any ocular inflamma-
tion, or JIA were excluded from group 2. Children ages <2 years, 
and thus typically unable to undergo a slit-lamp examination with-
out restraint, were excluded from both groups.

Routine clinical assessment of the anterior chamber was 
carried out by 2 senior ophthalmologists (CE and ALS) using the 
same Haag Streit BM 900 slit-lamp. The ordinal Standardized 
Uveitis Nomenclature (SUN) anterior chamber activity cell count 
grade was used to assess inflammation. The SUN cell grade 
ranges from 0 to 4+, where 0 = no cells seen within a central 
1-mm long beam, 0.5+ = 1–5 cells seen, 1+ = 6–15 cells seen, 
2+ = 16–25 cells seen, 3+ = 26–50 cells seen, and 4+ = the high-
est level of inflammation (>51 cells seen) (4).

Image acquisition. A spectral domain OCT scanner with 
an axial resolution of 5 microns was used (Optovue AngioVue). 
Cross-sectional anterior segment OCT scans of the anterior 
chambers were acquired by an ophthalmologist (ALS), imaging to 
a depth of 1.96 mm or two-thirds of the average mid-childhood  
anterior chamber depth (8). Eight cross-sectional images were 
acquired in an asterisk formation centered on the corneal apex. 
Children ages ≥8 years positioned their head at the machine 
and were asked to fixate the eye being tested (test eye) on 
the machine-generated fixation beam. Younger children were 
asked to fixate the non-test eye on a cartoon played on a smart-
phone held in a position so as to align the test eye within the 
scanning window.

Image acquisition time, defined as the duration from the 
child’s first chin placement to successful capture of sufficiently 
high-quality images to enable image analysis, as judged by 
1 trained clinician (ALS), was measured. Acceptability of the 
acquisition process for the child and accompanying parent 
or caregiver was captured using the question “What did you 
think of the scan?” which was completed following reiteration 
of study aims using a standardized study information leaflet. A 
10-cm visual analog scale (VAS) was used, ranging from 0 (not 
acceptable or crying face) to 10 (completely acceptable or smil-
ing face). The VAS was completed by children ages >6 years, 
with proxy completion by parents or caregivers only for younger 
children.

Image analysis. Images were analyzed manually and were 
reviewed independently by at least 2 examiners, with each exam-
iner undertaking 2 viewings of the stored and anonymized images, 
separated by at least 2 weeks. All examiners (comprising 1 oph-
thalmologist, 1 optometrist, and 1 medical student) were trained 
using a separate set of anterior segment OCT images of confirmed 
anterior chamber inflammation. Eight cross-sectional images of 3 
eyes of 2 children with known anterior chamber inflammation were 
selected by the study lead (ALS) as training images. There was no 
other additional training provided.
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For manual image analysis, all visible hyper-reflective dots 
brighter than the background noise and/or >2 pixels were 
counted. There were no restrictions of size, but any dots with 
irregular margins suggestive of cell clumping were counted as 
2 cells. Hyper-reflective dots immediately anterior to the ante-
rior iris signal were discounted as artefact. Examiners were 
blinded with regard to the child’s identity and the results of clin-
ical assessment. Images were judged ungradable if there were 
artefacts seen within the viewing envelope formed by the inner 
surface of the cornea and the superior border of the iris. Total 
cell count across 8 images and median cell count per image per 
eye was recorded.

Statistical analysis. Descriptive analysis of all outcome  
measures was undertaken. Repeatability of manual count-
ing of acquired images was described using the intraclass  
correlation coefficient (ICC) two-way mixed effect model (intra-
observer reliability), Cohen’s kappa statistic (interobserver), and 
the Bland-Altman limits of agreement (intraobserver and inter-
observer). All analyzed images were used for analyses of count 
repeatability.

Effectiveness of imaging-based diagnosis of inflammation 
was assessed using the diagnostic performance of anterior seg-
ment OCT detection of active inflammation versus the reference 
standard of slit-lamp–based assessment. One eye was chosen at 
random for each child for inclusion within the analysis of OCT as a 
diagnostic tool versus slit-lamp examination. Only eyes for which 

a full set of 8 good quality images were obtained were used for 
assessment of diagnostic performance. Cases were considered 
anterior segment OCT positive if any inflammatory cells had been 
noted on any of the 8 cross-sectional images and were slit-lamp 
positive if any clinician had graded them as active on biomicro-
scopic examination of the anterior chamber.

Correlation between imaging-acquired cell count and clinical 
assessment of inflammation was assessed using a multilevel lin-
ear regression model, with correction for within-child correlation 
to account for the clustered structure of eye-level data for those 
children who had undergone assessment in both eyes. Accord-
ingly, where data from both eyes were available, both eyes were 
included in these analyses.

Analyses were undertaken using Stata version 15. Young 
people and patients co-designed the study to ensure minimiza-
tion of the burden of participation for patients and their families.

RESULTS

A total of 26 children ages 3–15 years (median age 8 years; 
18 female and 8 male) underwent imaging of 52 eyes (Figure 1). 
This included 19 children with a known diagnosis of uveitis (bilat-
eral in 16), of whom 12 had JIA-associated uveitis. The remaining 
7 children had idiopathic uveitis. Of the 19 children, 12 had active 
anterior inflammation as confirmed by 2 examiners using slit- 
lamp assessment, with all eyes scoring ≤1+ anterior chamber 
inflammation on the slit-lamp SUN scale.

Figure 1. Image acquisition and analysis. After clinical examination and image acquisition, cross-sectional images were subjected to 
magnification and analysis. a, One set of 8 cross-sectional images was acquired from each eye. b, Image sets were downloaded to an analysis 
program and reviewed for quality. c, Images with flare were discarded. d, Manual analysis of good-quality images was conducted. A full set of 
good-quality images was available for 44 eyes from 26 children; incomplete sets were available for 8 eyes from 8 children (range 1–6 good-
quality images acquired per eye). x2 indicates children were examined by 2 clinicians and counted twice by 2 observers.
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Feasibility and acceptability. Time taken to acquire 
images from both eyes ranged from 1.5 minutes to 22 minutes per 
child (median time 8 minutes) with a trend toward faster acquisi-
tion times as the study progressed (trend R2 = 0.4092, P < 0.001) 
(Supplementary Figure 1, available on the Arthritis & Rheuma-
tology website at http://onlin elibr ary.wiley.com/doi/10.1002/art. 
41530/ abstract). The patient with the longest acquisition time 
of 22 minutes (patient 3) was 3 years old. The other 2 younger 
patients (ages 4 years and 5 years) had successful acquisition 
of images from both eyes within 8 minutes. Of the 52 imaged 
eyes, a full quota of 8 analyzable images was acquired in 44 
eyes (Figure 1), with a total of 377 images undergoing manual 
cell counting. Patient acceptability scores for the acquisition pro-
cess were acquired from all those imaged, with 23 older children 
self-rating and the remaining 3 children having proxy ratings com-
pleted by their parents. Acceptability scores ranged from 8.5 to 10 
on a scale of 0–10 (median 9.5).

Repeatability of manual counting. Across single images  
from eyes considered positive for inflammation by manual cell 
counting, the median cell count per image was 2 (range 1–9). There 
was good intraobserver image agreement, with an ICC of 0.81 
(95% confidence interval [95% CI] 0.63, 0.98) and Bland-Altman 
limit of agreement indicating agreement of 1 cell across different 
counts repeated by the same observer (limit of agreement = −1.1 
cells [95% CI −1.4, −0.8] to 1.0 [0.7, 1.4]). There was moderate 
agreement on cell count between observers (κ = 0.46 [95% CI 
0.28, 0.63]; P < 0.001), with evidence of a wider limit of agree-
ment of −2.5 cells (95% CI −3.1, −1.9) to 1.5 cells (95% CI 0.8, 
2.1). There was disagreement between image observers on the  
presence of intraocular cells in 25 (6.6%) of the 377 reviewed 
images.

Diagnostic performance indices of anterior segment 
OCT detection of inflammation. The 44 eyes with a full quota 
of 8 analyzable images were used in the analysis of diagnostic 
performance. There was disagreement between image observers 
on whether cells were detected on OCT imaging in 6 of 44 eyes 
(Supplementary Table 2, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41530/ 
abstract). There was disagreement between clinicians on whether 
an eye was actively inflamed or inactive on SUN slit-lamp grading 
in 1 of 44 eyes (Supplementary Table 1, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41530/ abstract).

No inflammatory cells were detected on anterior segment 
OCT imaging of the eyes of children without uveitis. Following ran-
dom selection for inclusion in analysis of 1 eye from each child, 
of the 12 eyes in which active inflammation was diagnosed on 
slit-lamp examination, anterior segment OCT images detected 
inflammatory cells in all but 1 (Table 1). Of the 7 eyes with clin-
ically inactive uveitis (SUN score of 0 for no active inflamma-
tion detected on slit-lamp examination), anterior segment OCT 

detected inflammatory cells in 2 eyes. These cells were detected 
in children with a known diagnosis of chronic relapsing remitting 
anterior uveitis.

The negative predictive value of anterior segment OCT man-
ual image cell count for the diagnosis of active inflammation (ruling 
out inflammation) among the 26 children with or without uveitis 
was 92% (95% CI 65, 99%) (Table 1).

Correlation of anterior segment OCT cell count and 
clinical assessment of inflammation. On multilevel regres-
sion modeling (thus enabling analysis of both eyes for each child 
with adjustment for clustering at the participant level), there was 
good positive correlation between clinical assessment and image-
based cell count (correlation coefficient 3.3 [95% CI 1.3, 5.2]) 
(R2 = 0.63, P = 0.002) (Figure 2).

DISCUSSION

In this study, we showed that acquisition of anterior ocular 
chamber images from children is feasible and acceptable to chil-
dren and their families. Manual analysis of images is subject to 
interobserver and intraobserver variability but acquired images 
can be used to diagnose active inflammation with high levels of 
sensitivity and specificity.

This study had limitations, including the small sample size and 
the setting within a quaternary care center. As such, study findings 
cannot necessarily be extrapolated to the wider population of chil-
dren at risk of uveitis. However, image acquisition was uniformly 
viewed to be acceptable by the children undergoing imaging and 
their families. The same is likely to be true for the wider population. 
In this study, acceptability of anterior segment OCT as a diag-
nostic intervention tool has been assessed through the narrow 
window of the affective attitude of children and families toward 
image acquisition. A more robust and multifaceted approach to 
determining the acceptability of this novel diagnostic modality 
would include measurement of the perceived effectiveness, com-
parison to existing modalities, opportunity costs, as well as bur-
den (9). The latter has been indirectly captured within our study 
through the examination of the duration of image acquisition, and 

Table 1. Diagnostic accuracy of anterior segment OCT versus slit-
lamp examination*

Positive OCT Negative OCT Total
Active inflammation on 

slit lamp
11 1 12

No active inflammation 
on slit lamp

2 12 14

Total 13 13 26
* Optical coherence tomography (OCT) had a sensitivity of 91.7 (95%
confidence interval [95% CI] 61.5, 99.8), a specificity of 85.7 (95% 
CI 57.2, 98.2), a positive likelihood ratio of 6.4 (95% CI 1.8, 23.4), a 
negative likelihood ratio of 0.1 (95% CI 0.01, 0.6), a positive predictive 
value of 84.6 (95% CI 60.1, 92.3), a negative predictive value of 92.3 
(95% CI 64.5, 98.8), and accuracy of 88.5 (95% CI 69.9, 97.6). 

http://onlinelibrary.wiley.com/doi/10.1002/art.41530/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41530/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41530/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41530/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41530/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41530/abstract
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it is reasonable to presume that the other perceived or experi-
enced aspects of acceptability have influenced participant scores. 
We were able to show with confidence that the majority of chil-
dren and families have a strongly positive experience of anterior 
segment OCT image acquisition within the settings of a feasibility 
study, which speaks toward acceptability within the broader con-
text of clinical practice.

Poor vision has a significantly negative impact on a child 
that may be prolonged into adulthood (2,10). The strongest pre-
dictor of poor visual outcome for children with JIA-associated 
uveitis is the presence of established eye complications at diag-
nosis (11). Early diagnosis, before uncontrolled inflammation has 
led to structural sequelae, is key to avoiding life-changing visual 
disability in children at risk. The current diagnostic tool, slit-lamp 
assessment with quantification of inflammation using the interna-
tional SUN scale, is subjective, is a semiquantitative measure with 
wide interobserver variability, and has not been validated for use 
in children (12). Images such as those successfully acquired in our 
study are suitable for automated assessment of cell count.

Automated analysis would enable an objective, sensi-
tive measure of the presence and degree of inflammation 
(7). Laser-based flare-measuring machines have been used 
to monitor childhood uveitis through objective quantification of 

the degree of protein in anterior ocular chamber aqueous fluid. 
These instruments have not been widely adapted for clinical 
use because of the time burden of acquisition, cost, and poor 
clinical utility in other disease areas (11). Conversely, similarly 
priced OCT machines have been widely adopted in secondary 
care and primary care settings and across primary care opti-
cians, due to proven clinical utility in a wide variety of common 
adult eye conditions (13). This wide adoption would support 
the future implementation of image-based uveitis surveillance 
and imaging to augment  disease monitoring, using images 
acquired in the community. This would be particularly desirable 
over the current situation in which uveitis surveillance typically 
necessitates examination every 3 months within a pediatric 
eye care center. These centers may be geographically distant 
from the child’s home (14), and there is growing concern about 
insufficient workforce in pediatric ophthalmology (15). Recent 
attempts to build OCT machines, which patients can use to 
self-image, have been successful (16) and pave the way for 
home-based telemedicine consultations. OCT-based assess-
ments have the additional advantage over slit-lamp examina-
tion of enabling the assessor to sit at some distance from the 
patient, lowering the risk of disease transmission in the corona-
virus disease 2019 era.

Figure 2. Correlation between Standardized Uveitis Nomenclature (SUN) anterior cell activity (ACC) grade obtained from slit-lamp examination 
and total cell count obtained by anterior segment optical coherence tomography (OCT). Of the 26 children examined, data for all 44 eyes with 
full sets of 8 images were included. All eyes of children in the control group who did not have uveitis had 0 affected cells detectable on anterior 
segment OCT imaging. 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. Circles indicate individual patients.
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Results from anterior segment OCT correlate reasonably well 
with those from slit-lamp examination, but further work is needed 
to refine anterior segment OCT imaging protocols (particularly for 
younger children) across the different available OCT machines 
to automate image analysis in order to further remove variabil-
ity and to understand the predictive power of imaging for longer 
term outcomes of interest for clinicians and patients, similar to 
the work undertaken to demonstrate the utility of MRI measures 
as early independent predictors of progression in structural joint 
damage on radiography. This will be particularly key for those 
 children who have detectable inflammation on OCT but no appar-
ent inflammation on slit-lamp examination. Remission is defined 
as the cessation of a disease or symptoms for a defined period 
of time. Uveitis specialists now face a challenge familiar to that 
of other  rheumatologists–defining disease cessation–which will 
require prospective studies able to examine long-term outcomes 
for children stratified using varying definitions of remission.

Research into outcomes for children with JIA-associated 
uveitis, or uveitis associated with other autoimmune or autoin-
flammatory disorders, requires reproducible and child-appropriate 
outcome measures. Imaging-based metrics for uveitis hold the 
promise of providing sensitive, robust, validated measurement 
of disease status which, alongside standardized data sets and 
patient-centered metrics, can also improve service provision, prog-
nostication, and precision in disease management for affected or 
at-risk children. Posterior segment OCT imaging for adult retinal 
disease was initially undertaken only in specialist eye centers, then 
rapidly adopted across primary care settings, with subsequent 
automation of analysis across the different imaging platforms (6). A 
similar trajectory for anterior segment OCT assessment of inflam-
mation will require validation studies to refine acquisition protocols 
and implement automation of image assessment. These studies 
will establish the most cost-effective and clinically effective use 
of anterior segment OCT imaging (cross-platform image acquisi-
tion and image analysis) for childhood uveitis, when compared to 
routine clinical examination. Image-based uveitis surveillance may 
provide objective and sensitive processes for improving telemedi-
cine care in children with JIA.

ACKNOWLEDGMENTS

We thank Elizabeth Graham, Harry Petrushkin, Sandrine Lacassagne, 
and Reshma Pattani for their support with this work.

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. Ms Akbarali 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. Rahi, Dick, Liu, Solebo.
Acquisition of data. Akbarali, Edelsten, Solebo.
Analysis and interpretation of data. Akbarali, Parkash, Etherton, Solebo.

REFERENCES
 1. Thierry S, Fautrel B, Lemelle I, Guillemin F. Prevalence and incidence 

of juvenile idiopathic arthritis: a systematic review. Joint Bone Spine 
2014;81:112–7.

 2. Angeles-Han ST, McCracken C, Yeh S, Jenkins K, Stryker D,  
Rouster-Stevens K, et al. Characteristics of a cohort of children with 
juvenile idiopathic arthritis and JIA-associated uveitis. Pediatr Rheu-
matol Online J 2015;13:19.

 3. Angeles-Han ST, Ringold S, Beukelman T, Lovell D, Cuello CA, 
Becker ML, et al. 2019 American College of Rheumatology/Arthritis 
Foundation guideline for the screening, monitoring, and treatment 
of juvenile idiopathic arthritis-associated uveitis. Arthritis Care Res 
(Hoboken) 2019;71:703–16.

 4. Jabs DA, Nussenblatt RB, Rosenbaum JT. Standardization of uveitis 
nomenclature for reporting clinical data: results of the First Interna-
tional Workshop. Am J Ophthalmol 2005;140:509–16.

 5. Baker JF, Conaghan PG, Smolen JS, Aletaha D, Shults J, Emery P, 
et al. Development and validation of modified disease activity scores 
in rheumatoid arthritis: superior correlation with magnetic resonance 
imaging–detected synovitis and radiographic progression. Arthritis 
Rheumatol 2014;66:794–802.

 6. Fujimoto J, Huang D. Foreword 25 years of optical coherence to-
mography. Invest Ophthalmol Vis Sci 2016;57:OCTi–ii.

 7. Liu X, Solebo AL, Faes L, Beese S, Braithwaite T, Round ME, et al. 
Instrument-based tests for measuring anterior chamber cells in uve-
itis: a systematic review. Ocul Immunol Inflamm 2020;28:898–907.

 8. Shimizu Y, Nakakura S, Nagasawa T, Okamoto A, Tabuchi H, Kiuchi 
Y. Comparison of the anterior chamber angle structure between chil-
dren and adults. J AAPOS 2017;21:57–62.

 9. Sekhon M, Cartwright M, Francis JJ. Acceptability of healthcare in-
terventions: an overview of reviews and development of a theoretical 
framework. BMC Health Serv Res 2017;17:88.

 10. Cumberland PM, Rahi JS. Visual function, social position, and 
health and life chances: the UK Biobank Study. JAMA Ophthalmol 
2016;134:959–66.

 11. Rodriguez-Smith J, Yeh S, Angeles-Han S. Improving quick and ac-
curate diagnosis of childhood JIA-uveitis from a pediatric rheumatol-
ogy perspective. Expert Rev Ophthalmol 2020;15:101–9.

 12. Kempen JH, Ganesh SK, Sangwan VS, Rathinam SR. Interobserver 
agreement in grading activity and site of inflammation in eyes of pa-
tients with uveitis. Am J Ophthalmol 2008;146:813–8.

 13. Dabasia PL, Edgar DF, Garway-Heath DF, Lawrenson JG. A survey 
of current and anticipated use of standard and specialist equipment 
by UK optometrists. Ophthalmic Physiol Opt 2014;34:592–613.

 14. Solebo AL, Rahi JS, Edelsten C, Ashworth JL, Dick AD. Manage-
ment of paediatric ocular inflammatory disease in the UK: national 
survey of practice [letter]. Eye (Lond) 2020;34:591–2.

 15. Royal College of Ophthalmologists. Workforce census 2018. URL: 
https://www.rcoph th.ac.uk/wp-conte nt/uploa ds/2019/02/RCOph 
th-Workf orce-Censu s-2018.pdf.

 16. Maloca P, Hasler PW, Barthelmes D, Arnold P, Matthias M, Scholl 
HP, et al. Safety and feasibility of a novel sparse optical coherence 
tomography device for patient-delivered retina home monitoring. 
Transl Vis Sci Technol 2018;7:8.

https://www.rcophth.ac.uk/wp-content/uploads/2019/02/RCOphth-Workforce-Census-2018.pdf
https://www.rcophth.ac.uk/wp-content/uploads/2019/02/RCOphth-Workforce-Census-2018.pdf


336  

Tapering Canakinumab Monotherapy in Patients With 
Systemic Juvenile Idiopathic Arthritis in Clinical Remission: 
Results From a Phase IIIb/IV Open-Label, Randomized 
Study
Pierre Quartier,1  Ekaterina Alexeeva,2 Tamàs Constantin,3 Vyacheslav Chasnyk,4 Nico Wulffraat,5 
Karin Palmblad,6 Carine Wouters,7 Hermine I. Brunner,8  Katherine Marzan,9 Rayfel Schneider,10 
Gerd Horneff,11 Alberto Martini,12 Jordi Anton,13  Xiaoling Wei,14 Alan Slade,15 Nicolino Ruperto,16  and 
Ken Abrams,15 in collaboration with the Paediatric Rheumatology International Trials Organisation and  
the Pediatric Rheumatology Collaborative Study Group

Objective. To evaluate the efficacy and safety of 2 canakinumab monotherapy tapering regimens in order to 
maintain complete clinical remission in children with systemic juvenile idiopathic arthritis (JIA).

Methods. The study was designed as a 2-part phase IIIb/IV open-label, randomized trial. In the first part, patients 
received 4 mg/kg of canakinumab subcutaneously every 4 weeks and discontinued glucocorticoids and/or methotrexate 
as appropriate. Patients in whom clinical remission was achieved (inactive disease for at least 24 weeks) with canakinumab 
monotherapy were entered into the second part of the trial, in which they were randomized 1:1 into 1 of 2 treatment 
arms. In arm 1, the dose of canakinumab was reduced from 4 mg/kg to 2 mg/kg and then to 1 mg/kg, followed by 
discontinuation. In arm 2, the 4 mg/kg dose interval was prolonged from every 4 weeks, to every 8 weeks, and then to 
every 12 weeks, followed by discontinuation. In both arms, canakinumab exposure could be reduced provided systemic 
JIA remained in clinical remission for 24 weeks with each step. The primary objective was to assess whether >40% of 
randomized patients in either arm maintained clinical remission of systemic JIA for 24 weeks in the first part of the study.

Results. In part 1 of the study, 182 patients were enrolled, with 75 of those patients randomized before entering 
part 2 of the trial. Among the 75 randomized patients, clinical remission was maintained for 24 weeks in 27 (71%) of 
38 patients in arm 1 (2 mg/kg every 4 weeks) and 31 (84%) of 37 patients in arm 2 (4 mg/kg every 8 weeks) (P ≤ 0.0001 
for arm 1 versus arm 2 among those meeting the 40% threshold). Overall, 25 (33%) of 75 patients discontinued 
canakinumab, and clinical remission was maintained for at least 24 weeks in all 25 of these patients. No new safety 
signals were identified.

Conclusion. Reduction of canakinumab exposure may be feasible in patients who have achieved clinical remission 
of systemic JIA, but consistent interleukin-1 inhibition appears necessary to maintain this response.

INTRODUCTION

Systemic juvenile idiopathic arthritis (JIA), the most severe 
category of JIA, is characterized by systemic inflammation and 

arthritis. Systemic inflammation is manifested through spiking 
quotidian fever, maculopapular rash, hepatosplenomegaly, lymph
adenopathy, serositis, and elevated serum levels of inflam
mation markers such as Creactive protein (CRP), erythrocyte 
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sedimentation rate, and ferritin (1–5). Systemic JIA is a systemic 
autoinflammatory disease, and the innate immune system plays a 
prominent role in its pathophysiology (6,7).

Currently available therapeutic agents for systemic JIA include 
nonsteroidal antiinflammatory drugs (NSAIDs), glucocorticoids, 
and diseasemodifying antirheumatic drugs (DMARDs), including 
synthetic DMARDs and biologic DMARDs targeting interleukin1 
(IL1) and IL6 (7–14). Tumor necrosis factor (TNF) blockers can 
also be used, but their efficacy is generally lower in systemic JIA 
compared to other forms of JIA (15,16). The goal of systemic JIA 
treatment is to achieve and maintain complete clinical remission 
in order to avoid complications and improve longterm outcomes 
(17,18). Therapeutic strategies aiming to minimize exposure to 
systemic glucocorticoids, and ideally, discontinue them, are of 
great importance to prevent severe and longstanding side effects 
associated with the longterm use of these drugs, particularly 
growth inhibition and obesity (19,20). In recent years, the para
digm of explicitly defining a treatment target and applying tight 
control and necessary adjustment of therapy to reach it has been 
incorporated into “treattotarget” recommendations for several 
rheumatic diseases, including JIA (17,18). Treattotarget strate
gies may include the reduction of exposure to DMARDs, or even 
discontinuation, for patients with systemic JIA in clinical remission; 
however, very limited scientific evidence is currently available on 
the effects of tapering synthetic or biologic DMARDs in patients 
with systemic JIA.

IL1 plays a major role in the pathogenesis of systemic JIA 
(7), and blockade of IL1 can provide effective therapeutic con
trol of disease activity (8–11,14,21). Canakinumab, a human 
anti–IL1β monoclonal antibody, has shown sustained efficacy 
in treating systemic JIA patients and allowing the tapering of 
glucocorticoids (8,10). In a pivotal phase III study of canaki
numab in patients with active systemic JIA, the average gluco
corticoid dose could be reduced from 0.34 mg/kg to 0.05 mg/
kg in patients treated with canakinumab, with 42 (33%) of 128 
patients discontinuing glucocorticoids (10). However, limited 
information is available on the effects of reducing exposure 
to, or even discontinuation of, canakinumab in patients with 
systemic JIA in clinical remission. In a longterm extension 
study, tapering of canakinumab to a reduced dose of 2 mg/kg 
every 4 weeks was attempted, with 44 (25%) of 177 patients 
receiving at least 3 reduced doses over a median followup 

of 25 months (8). The dose reduction in these 44 patients 
was maintained until study end in 26 (59%) of the patients. 
Therefore, in this study, we evaluated the efficacy and safety 
of 2 canakinumab monotherapy tapering schemes in patients 
with systemic JIA in clinical remission.

PATIENTS AND METHODS

Study design. The present study was designed as a ran
domized, openlabel, 2part clinical trial. As shown in Figure 1, 
the trial included 2 cohorts of patients with systemic JIA. Cohort 
1 comprised patients with systemic JIA who had inactive disease 
at their last visit. These patients were included in a previous long
term extension trial of canakinumab preceded by other pivotal 
studies (8,10) (see Supplementary Figure 1 for a summary of the 
flow of patients in the clinical trials of the canakinumab develop
ment program, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41488/ abstract). 
Inactive disease was considered achieved when the following 
 criteria were met (22): no joints with active arthritis; no fever due to 
systemic JIA; no rash, serositis, splenomegaly, hepatomegaly, or 
generalized lymphadenopathy attributable to systemic JIA; normal 
CRP serum levels (or, if elevated, not attributable to systemic JIA); 
and a physician global assessment of disease activity score of 
≤10 mm (on a 100mm visual analog scale [VAS]), indicating inac
tive disease. Cohort 2 comprised newly recruited patients with 
systemic JIA who had never been treated with canakinumab and 
who had active disease at the time of enrollment (see the Supple
mentary Appendix for inclusion and exclusion criteria, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41488/ abstract).

In part 1 of the trial, all patients received 4 mg/kg of open 
label canakinumab subcutaneously every 4 weeks. Patients 
 taking systemic glucocorticoids and/or methotrexate (MTX) at 
the time of study entry were encouraged, at the discretion of the 
investigator, to taper and discontinue these medications accord
ing to protocolspecified guidelines (Supplementary Appendix, 
available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41488/ abstract) at any 
time after study entry (cohort 1) or to discontinue these med
ications 8 weeks after study initiation (cohort 2). Patients in 
whom clinical remission was achieved (which was classified as 
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having maintained inactive disease for ≥24 weeks) and who had 
received canakinumab monotherapy for ≥4 weeks were consid
ered eligible for randomization in part 2 of the study. A sample 
size of 76 patients was estimated to be sufficient for the evalua
tion of the primary objective (sample size calculations are availa
ble in the Supplementary Appendix), and therefore randomization 
was stopped once this predefined target was reached. Patients 
who met eligibility criteria after this time point did not enter the 
second part of the study and remained in part 1 until study end. 
Patients who were eligible to enroll in part 2 were randomized 1:1 
into 1 of 2 treatment arms. Randomization was performed only 
to achieve balance between the treatment arms, and therefore it 
was not necessary to compare the number of patients deemed 
eligible before and after this time point.

In both treatment arms, openlabel canakinumab expo
sure was progressively reduced in 3 consecutive steps (24 
weeks each) as long as clinical remission was maintained. In 
the dose reduction arm, the tapering schedule was as follows: 
reduction from 4 mg/kg of canakinumab every 4 weeks during 
the first part of the study to 2 mg/kg every 4 weeks (step 1), 
reduction from 2 mg/kg to 1 mg/kg of canakinumab every 4 
weeks (step 2), and then finally discontinuation (step 3). In 
the dose interval prolongation arm, prolongation of the dose 
intervals in canakinumab therapy was as follows: prolongation 
of the 4 mg/kg dose of canakinumab during the first part of 
the study from every 4 weeks to every 8 weeks (step 1), then 
to every 12 weeks (step 2), and then finally discontinuation 
(step 3). At every step, patients were considered as having 
“regimen failure” and were required to return to a regimen 

of 4 mg/kg of canakinumab every 4 weeks if they experi
enced any of the following: a systemic JIA flare according 
to the criteria for disease flare in pediatric JIA (10,23), need 
for uptitration of medication, or need for treatment with sys
temic glucocorticoids or MTX. In patients with regimen failure, 
we required that achievement of clinical remission in these 
individuals be demonstrated again with 4 mg/kg of canak
inumab monotherapy every 4 weeks. If clinical remission 
was maintained in these patients, they were then permitted 
to attempt tapering again. Finally, patients in whom clinical 
remission was not maintained and did not experience regimen 
failure remained in the reduceddose regimen. If clinical remis
sion was achieved in these patients again, they were allowed 
to progress to the next tapering step and further reduce or 
discontinue canakinumab.

The present study was conducted from November 2014 to 
September 2017 in 45 centers from 16 countries following the 
 ethics principles of the Declaration of Helsinki and the Good 
 Clinical Practice guidelines and was approved by an  independent 
 ethics committee for each participating country. Participating 
centers were members of the Paediatric Rheumatology Interna
tional Trials Organisation (PRINTO) and the Pediatric Rheuma
tology Collaborative Study Group (PRCSG) (see Appendix A for 
the full list of study investigatores) (24,25). All patients, parents, 
or legal guardians of patients provided written informed consent.

Study objectives. The primary objective of the study 
was to assess whether, on initiation of these regimens in part 
2 of the study in patients with systemic JIA in clinical remission 

Figure 1. Flow chart of the study design. Cohort 1 comprised patients with systemic juvenile idiopathic arthritis in complete clinical remission 
(CR) at the last visit of a previous longterm extension trial of canakinumab (CAN) (ClinicalTrials.gov identifier: NCT00891046) (8). Patients 
in cohort 1 who were already receiving canakinumab monotherapy could enter directly into part 2 of the study. Cohort 2 comprised newly 
recruited patients with active disease at baseline. Patients in whom clinical remission was achieved with canakinumab monotherapy for at least 
4 weeks in part 1 entered part 2 of the study (as long as the randomization period was still open). Patients in whom these criteria were not met, 
or in whom criteria were met after randomization was closed, remained in part 1 until study end. Randomization was only to achieve balance 
between the treatment arms as no comparison between the cohorts was planned. GC = glucocorticoid; MTX = methotrexate; q4w = every 4 
weeks.
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who had been receiving 4 mg/kg of canakinumab monother
apy, at least 40% of patients remained in clinical remission 
for 24 consecutive weeks after randomization to either the 
dose reduction arm (dose reduced to 2 mg/kg every 4 weeks) 
or the dose interval prolongation arm (4 mg/kg dose interval 
 prolonged to every 8 weeks). This 40% threshold was chosen 
after consultation with a panel of experts from the PRINTO 
and PRCSG networks and was estimated to be meaningful 
for clinical practice. The 24week time point was determined 
taking into account that 8‒12 weeks are required to reach 
steadystate serum concentrations of canakinumab (26), and 
12 additional weeks were estimated to be an appropriate 
observation period to assess the effect of the drug thereaf
ter. The secondary objective of the study was to assess the 
longterm safety and tolerability of canakinumab throughout 
the trial. Additional metrics included the proportion of patients 
treated with canakinumab who successfully discontinued MTX 
and glucocorticoids (in part 1 of the study), the efficacy of 
canakinumab over time as measured according to the Amer
ican College of Rheumatology (ACR) preliminary definition of 
improvement in juvenile arthritis (27), and determination of the 
extent of disease activity according to the Juvenile Arthritis 
Disease Activity Score (JADAS) (28–30).

Outcome measures. In the present study, the  following 
ACR core set measures adapted for JIA (27) were used to assess 
active disease: the physician global assessment of  disease activity 
on a 0‒100mm VAS, patient/parent assessment of patient overall 
wellbeing, number of joints with active arthritis according to the 
ACR definition, number of joints with limitation of motion, CRP 
values (normal range 0‒10 mg/liter), the crossculturally adapted 
and validated version of the Childhood Health Assessment Ques
tionnaire (CHAQ) score (31), and fever (defined as having a body 
temperature of >38°C) in the preceding week due to systemic JIA. 
Inactive disease status was assessed every 4 weeks and at any 
point at which the investigators suspected worsening of systemic 
JIA symptoms.

To assess the extent of disease activity, the JADAS score 
in 27 joints using the CRP level (JADAS27CRP) was calcu
lated as previously described (28–30,32,33). Clinical responses 
were measured according to achievement of 30%, 70%, and 
90% levels of improvement in the ACR core set measures 
adapted for JIA (ACR Pediatric 30 [ACR Pedi 30], ACR Pedi 70, 
and ACR Pedi 90, respectively), as previously described (27,34), 
along with the absence of fever.

The safety of canakinumab was assessed in terms of 
adverse events (AEs) and serious AEs (SAEs) classified according 

Figure 2. Flow chart of the study population. In total, 182 individuals entered the study, with 44 discontinuing the study and 138 completing it. 
Sixtythree patients remained in part 1 until study end, and 72 patients completed part 2. After reaching the predefined population of 76 patients 
for part 2 (patients in whom clinical remission [CR] with canakinumab monotherapy was achieved without glucocorticoids [GCs] or methotrexate 
[MTX]), randomization enrollment was closed, and patients in whom clinical remission was achieved with canakinumab monotherapy after this 
time remained in part 1 of the study. Among the 62 patients who were not randomized and remained in part 1 until study end, protocol deviations 
were reported in 4 patients who were not randomized but progressed to the canakinumab tapering treatment arm, with 1 patient enrolled 
directly from the longterm extension trial of canakinumab (ClinicalTrials.gov identifier: NCT00891046) (8) and receiving 1 dose according to the 
dose reduction scheme before discontinuing the study and 3 additional patients in part 1 progressing to the dose interval prolongation treatment 
arm. These patients were not included in the efficacy analyses of part 2. Y = yes; N = no.
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to version 20.1 of the Medical Dictionary for Regulatory Activities. 
All potential cases of macrophage activation syndrome (MAS), 
infections classified as SAEs, and malignancies were reviewed 
and adjudicated by independent adjudication committees that 
were established for each of these groups of AEs for the entire 
canakinumab development program (35). The clinical and lab
oratory assessments included the regular monitoring of hema
tology, blood chemistry, and urinalysis results as well as regular 
assessments of vital signs, physical condition, and body weight. 
Immunogenicity assessments were performed at baseline and 
every 24 weeks by testing for antidrug antibody concentrations in 
the serum over time, using a validated electrochemiluminescence 
immunoassay (36).

Statistical analysis. The study results were reported fol
lowing the recommendations of the Consolidated Standards of 
Reporting Trials (CONSORT) statement (37) and the intentto
treat (ITT) principle for parts 1 and 2 of the study, with impu
tation of missing data for nonresponders in analyses of the 
primary variables (as described in the Supplementary Appen
dix, available on the Arthritis & Rheumatology website at http:// 
onlin elibr ary.wiley.com/doi/10.1002/art.41488/ abstract). The full  
analysis set and the safety set in part 1 were equivalent and 
consisted of all patients in cohort 1 or cohort 2 who received ≥1 
dose of the study drug. The full analysis set in part 2 consisted 
of all patients who were randomized to undergo either dose 
reduction or dose interval prolongation of the study drug and 
who received ≥1 dose of canakinumab, and the safety set con
sisted of all patients who received ≥1 dose of the study drug.

Statistical hypotheses for the primary end point were tested 
by exact binomial test at the 2.5% level of significance. As 

randomization in part 2 was performed solely for the purpose of 
avoiding selection bias, no inferential betweentreatment compar
isons were done. For safety evaluation, exposureadjusted rates 
of AEs per 100 patientdays were summarized in part 1 of the 
study by cohorts and in part 2 by tapering regimen arm overall 
and for each tapering step within the regimen. Additional details 
on statistical methods and sample size calculation are provided in 
the  Supplementary Appendix, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41488/ abstract.

RESULTS

Study patients. The distribution of patients assessed in 
this study is depicted in Figure 2. Additionally, the flow of patients 
through clinical trials evaluating canakinumab is described in 
Supplementary Figure 1, available on the Arthritis & Rheuma-
tology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41488/ abstract. Overall, 182 patients were enrolled in the 
present study. Cohort 1 included 84 (46.2%) of 182 patients, of 
whom 68 entered the first part of the study. The remaining 16 
patients were directly eligible to enroll into the second part of the 
study, as clinical remission of systemic JIA was achieved in these 
patients with a canakinumab regimen that did not include gluco
corticoids or MTX, and 15 of these patients were subsequently 
included in the second part of the study. Cohort 2 included 98 
(53.8%) of 182 patients.

In the first part of the study, 166 patients were treated with 
4 mg/kg of canakinumab every 4 weeks, with tapering and discon
tinuation of glucocorticoids and MTX allowed and encouraged, as 
described in the Patients and Methods. Of these individuals, 40 

Table 1. Patient demographic and baseline clinical characteristics*

Part 1 Part 2

Cohort 1 
(n = 68)

Cohort 2 
(n = 98)

Total 
(n = 166)

Dose reduction arm 
(n = 38)

Dose interval 
prolongation arm 

(n = 37)
Age, years 12 (8–15) 8 (5–12) 9 (6–14) 10.5 (7–15) 11 (9–14)
Female sex, no. (%) 34 (50) 56 (57.1) 90 (54.2) 19 (50) 20 (54.1)
Weight, kg 39.0 (28.4–54.3) 26.5 (19.4–41.8) 31.8 (22–48.4) 35.1 (23.4–55.2) 41.3 (29–54.2)
Parent or patient global assessment of 

overall well-being, 0–100-mm VAS
2 (0–8) 42 (17–65) 18.5 (2–52) 5 (0–46) 1 (0–10)

Physician global assessment of disease 
activity, 0–100-mm VAS

0 (0–2) 51 (38–63) 32 (0–54) 0 (0–11) 0 (0–26)

C-HAQ score 0 (0–0.4) 1.3 (0.5–1.8) 0.7 (0–1.5) 0 (0–1) 0.1 (0–0.6)
Number of joints with active arthritis 0 (0–0) 3 (2–8) 1 (0–5) 0 (0–0) 0 (0–0)
Standardized CRP level, mg/liter† 5.6 (0.6–9.7) 88.8 (24.3–255.7) 18.5 (4–114.2) 5.9 (0.5–10) 5.5 (2–10)
Systemic glucocorticoid use at baseline,  

no. (%)
23 (33.8) 50 (51) 73 (44) 7 (18.4) 10 (27)

Methotrexate use at baseline, no. (%) 31 (45.6) 32 (32.7) 63 (38) 11 (28.9) 4 (10.8)
Prior use of anakinra, no. (%) 22 (32.4) 15 (15.3) 37 (22.3) 16 (42.1) 11 (29.7)
Prior use of tocilizumab, no. (%) 15 (22.1) 20 (20.4) 35 (21.1) 9 (23.7) 5 (13.5)
Prior use of any biologic agents, no. (%)‡ 41 (60.3) 36 (36.7) 77 (46.4) 23 (60.5) 15 (40.5)

* Except where indicated otherwise, values are the median (interquartile range). VAS = visual analog scale; C-HAQ = Childhood Health Assessment 
Questionnaire. 
† C-reactive protein (CRP) analyses were performed by local laboratories and standardized for comparison across sites and patients. 
‡ Includes anakinra, tocilizumab, abatacept, etanercept, and adalimumab. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41488/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41488/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41488/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41488/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41488/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41488/abstract
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patients (7 of 68 in cohort 1 [10.3%] and 33 of 98 in cohort 2 
[33.7%]) discontinued the study, and 61 patients entered part 2. 
The remaining patients did not meet the eligibility criteria to enter 
the second part of the study before enrollment for randomization 
was closed, and therefore remained in part 1 until study end. 
The mean observation time in part 1 was 466 days in cohort 1 
and 434 days in cohort 2.

In the second part of the study, 76 patients were randomized 
to receive canakinumab at either a reduced dose (n = 38) or a 
prolonged dose interval (n = 38). One patient randomized to the 
dose interval prolongation arm experienced a flare just after ran
domization, and therefore never initiated canakinumab tapering 
and moved back into part 1 of the study; this individual was not 
included in the analyses of the results derived from the second 
part of the study. The mean observation time in part 2 was 597 
days for the dose reduction arm and 595 days for the interval 
prolongation arm.

Demographics and baseline characteristics. Baseline 
demographic details and characteristics of patients enrolled in 
parts 1 and 2 of the study are summarized in Table 1. In part 1, 
there were more young children (age <6 years) in cohort 2 (17 of 
98, or 17%) compared to cohort 1 (6 of 68, or 8.8%). The median 
values for clinical parameters and disease activity scores at base
line were high among patients in cohort 2, including CRP level, 
number of joints with active disease, number of joints with limited 
range of motion, physician global assessment of  disease activity 
scores, parent/patient global assessment of overall wellbeing, and 
CHAQ scores. As expected, those parameters were much lower 
in cohort 1. In the second part of the study, baseline demographic 
characteristics were mostly comparable for the 2 treatment arms. 
At baseline, the mean time of prior exposure to canakinumab in 
cohort 1 patients was 3.1 years. Of note, only 8 of 84 patients in 
cohort 1 had previously attempted a dose reduction to 2 mg/kg 
of canakinumab every 4 weeks in the longterm extension trial of 
canakinumab (8).

Efficacy. Tapering of glucocorticoids and MTX and 
achievement of clinical remission in part 1 of the study. In 
cohort 1, discontinuation of glucocorticoids during the first 
part of the study was achieved in 9 (39%) of 23 patients 
who had received them at baseline, and MTX was discon
tinued in 13 (42%) of 31 patients. During the first 24 weeks 
of part 1, inactive disease was maintained in a relatively con
stant proportion of the patients in cohort 1 who were receiv
ing canakinumab monotherapy (Figure 3A). In total, clinical 
remission was achieved in 46 of 68 patients who received 
canakinumab monotherapy in part 1 of the study and in 41 
patients who entered part 2 of the study. Calculated median 
JADAS27–CRP scores remained low during the first 24 weeks 
of the study (Figure 3B). Flares of systemic JIA were experi
enced by 14 (20%) of 68 patients.

In cohort 2, of the 50 patients who received glucocorticoids at 
baseline, glucocorticoids were discontinued in 17 patients (34%) 
by the end of part 1, whereas MTX was discontinued in 19 (59%) 
of 32 patients who had received it at baseline. The proportion of 
patients in cohort 2 in whom inactive disease was able to be main
tained with canakinumab monotherapy increased progressively 
during the first 24 weeks (Figure 3A). The median time from the 

Figure 3. Efficacy of canakinumab in part 1 of the study. A, 
Percentage of systemic juvenile idiopathic arthritis (JIA) patients with 
inactive disease (ID) following canakinumab monotherapy. Intentto
treat (ITT) analysis of the full analysis set is shown, with imputation of 
missing data for nonresponders in the initial 24 weeks of part 1. For 
each time point, the percentage of patients with inactive disease who 
received canakinumab monotherapy (with treatment maintained until 
the end of part 1) is presented. Percentages were calculated from 
the total ITT population, which included patients who had received 
glucocorticoids and/or methotrexate. Values indicate percentages, 
and error bars show the 95% confidence intervals. Of note, no 
adjustment for multiple comparisons has been performed, and line 
graphs used are only for descriptive purposes. B, Median Juvenile 
Arthritis Disease Activity Scores in 27 joints using the Creactive 
protein level (JADAS27CRP) in cohorts 1 and 2 (n = 68 and n = 
98, respectively). Numbers under the line graph represent the actual 
number of patients evaluated at each time point. Values indicate 
median scores, and error bars show the interval between the first and 
third quartiles. Horizontal lines represent the JADAS cutoff values for 
high disease activity (HDA) (>8.5), moderate disease activity (MDA) 
(3.9–8.5), low disease activity (LDA) (1.1–3.8), and inactive disease 
(≤1). Of note, these cutoff values have been defined for polyarticular 
JIA and have not been evaluated specifically in systemic JIA.
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first dose of canakinumab to inactive disease achievement was 8 
weeks (data not shown). In total, clinical remission was achieved in  
49 of 98 patients from cohort 2 who received canakinumab mono
therapy in part 1, and among these 49 patients, 20 entered the 
second part of the study.

A clear decrease was observed in the median JADAS27
CRP scores from baseline to week 4, decreasing from a median 
score of 22.8 to 2.6, which was maintained until week 24 of the 
study (Figure 3B). The efficacy of canakinumab was also reflected 
by ACR Pedi 30, ACR Pedi 70, and ACR Pedi 90 responses 
observed in patients from cohort 2, with >60% of the patients 
presenting with ACR Pedi 90 responses at week 24 (Supplemen
tary Figure 2, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41488/ abstract). 
Flares of systemic JIA were experienced by 34 (35%) of 98 
patients in cohort 2 during part 1.

Tapering of canakinumab in part 2 of the study. The pro
portion of patients in whom clinical remission was achieved for 
24 weeks was assessed as a percentage with 97.5% confi
dence intervals (97.5% CIs) for patients in each group. At the 
first tapering event in step 1 of part 2 of the study, the propor
tion of patients in whom clinical remission was achieved for 24 
weeks with a reduced dose of canakinumab of 2 mg/kg every 
4 weeks was 27 of 38 (71% of patients [97.5% CI 52–86%]), 
and the proportion of patients in whom clinical remission was 
achieved with the prolonged dose interval regimen of 4 mg/kg 

every 8 weeks was 31 of 37 patients (84% of patients [97.5% 
CI 66–95%]) (Figure 4). These values significantly exceeded the 
predefined threshold of 40% (P ≤ 0.0001), indicating that the 
primary end point was met.

Analyses using an exact logistic regression model showed 
that prior exposure to canakinumab (which occurred in cohort 1 
but not in cohort 2) did not impact the probability of being able 
to maintain clinical remission in the patients at step 1 (data not 
shown). When including patients in whom clinical remission was 
not maintained after the initial attempt and who underwent a sec
ond attempt, the proportions of patients in whom clinical remission 
was maintained in step 1 were slightly higher, with 29 (76%) of 38 
patients in the dose reduction arm and 33 (89%) of 37 patients 
in the dose interval prolongation arm maintaining clinical remis
sion. Of note, 7 patients (4 in the dose reduction arm and 3 in the 
dose interval prolongation arm) did not meet the criteria for inac
tive disease at all visits during the 24week period in step 1, and 
were therefore not considered to be responders at the primary 
end point, but also did not meet the criteria for regimen failure (as 
defined in the Patients and Methods), and therefore investigators 
chose to keep those patients in the tapering regimens. A support
ive analysis including these patients as responders showed higher 
success rates for both arms, with 31 (82%) of 38 patients in the 
dose reduction arm and 34 (92%) of 37 patients in the dose pro
longation arm maintaining these regimens for at least 24 weeks 
during their first attempt in step 1.

Figure 4. Proportion of patients in whom complete clinical remission (CR) of systemic juvenile idiopathic arthritis was maintained in part 2 
of the study. Intenttotreat (ITT) analysis of the full analysis set with imputation of missing data for nonresponders is shown. Values over bars 
indicate percentages, values within bars are the number of patients/total number assessed, and error bars show the 97.5% confidence intervals. 
Only patients in whom clinical remission was maintained for 24 weeks on the first attempt of dose reduction or dose interval prolongation of 
canakinumab (CAN) were categorized as responders. The proportion of patients in whom clinical remission was maintained in step 1 was 
significantly higher than the predefined 40% threshold (primary end point) for both treatment arms. No adjustment for multiple comparisons was 
performed for the remaining data shown, and therefore their presentation is only for descriptive purposes. q4w = every 4 weeks.
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In Figure 4, proportions of randomized patients in each 
arm in whom canakinumab exposure was further decreased at 
their first attempt in step 2 and who subsequently discontinued 
canakinumab at their first attempt in step 3 with maintenance of 
 clinical remission for 24 weeks are displayed. Overall, 25 (33%) of 
75 patients who were randomized in part 2 discontinued canaki
numab and systemic JIA remained in clinical remission in step 3.

The proportion of patients with regimen failure in the dose 
reduction arm was 7 (18%) of 38, 3 (10%) of 28, and 2 (8.0%) 
of 25 for steps 1, 2, and 3, respectively. In the dose prolongation 
arm, these proportions were 1 (2.7%) of 37, 2 (6.1%) of 33, and 
4 (15%) of 27. In all patients except 1 (in the dose reduction arm), 
systemic JIA returned to a state of inactive disease when canak
inumab was uptitrated to 4 mg/kg every 4 weeks, according to 
the study protocol. Overall, 14 (19%) of 75 patients experienced 
disease flares in part 2, with similar proportions experiencing flares 
in the 2 treatment arms. The mean number of flares per patient 
was 0.1 in steps 1, 2, and 3 for the dose reduction arm and 0, 0, 
and 0.2 for steps 1, 2, and 3 in the dose prolongation arm.

Safety. Incidence of AEs. The mean duration of canaki
numab exposure among patients in cohorts 1 and 2 enrolled in 
part 1 of the study was 466 days and 434 days, respectively. 
The incidence rate of AEs following adjustment for exposure was 
higher in cohort 2 (2.45 per 100 patientdays) than in cohort 1 
(1.64 per 100 patientdays), with the most commonly reported 
AEs being pyrexia, nasopharyngitis, headache, arthralgia, and 
diarrhea (Table 2).

The mean duration of canakinumab exposure for patients 
randomized for enrollment in part 2 of the study was 489 days for 
the dose reduction arm and 495 days for the dose prolongation 
arm. Incidence rates for AEs following adjustment for exposure 
were 1.59 per 100 patientdays in the dose reduction arm and 

1.32 per 100 patientdays in the dose interval prolongation arm 
(Table 2), with the more commonly reported AEs being pyrexia, 
nasopharyngitis, upper respiratory tract infection, arthralgia, and 
headache. Incidence of AEs for each tapering regimen overall as 
well as for each tapering step is shown in Supplementary Table 1, 
available on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41488/ abstract. There was no 
apparent correlation between incidence of AEs and the tapering 
regimens or tapering steps used in the present study.

Serious AEs and AEs leading to drug discontinuation. 
Overall, 33 patients (19.9%) in part 1 experienced at least 1 
SAE. Incidence rates of SAEs following adjustment for expo
sure were 0.05 per 100 patientdays in cohort 1 and 0.08 per 
100 patientdays in cohort 2 (Table 2). In part 2, SAEs were 
reported in 4 patients (10.5%) in the dose reduction arm and 
1 patient (2.7%) in the dose interval prolongation arm, with 
exposureadjusted incidence rates of 0.02 and 0.01 per 100 
patientdays, respectively (Table 2). Most SAEs represented 
isolated events, with infections and infestations being the most 
commonly reported system organ class affected (Supplemen
tary Table 2, available on the Arthritis & Rheumatology web
site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41488/ 
abstract). Most SAEs classified as infections or infestations 
occurred in part 1 of the study, and they were more frequently 
reported in cohort 2 (9 events, or 0.02 per 100 patientdays) 
than in cohort 1 (4 events, or 0.01 per 100 patientdays) (Sup
plementary Table 2). No SAEs of infections were indicated 
as being opportunistic infections, as adjudicated by an inde
pendent committee. Two SAEs related to lung disease were 
reported, including a mild case of interstitial lung disease and 
a severe case of alveolar proteinosis that led to study discon
tinuation for that individual. No deaths were reported during 
the study.

Table 2. Incidence of AEs in parts 1 and 2 of the study following adjustment for canakinumab exposure*

Part 1 Part 2

Cohort 1  
(n = 68)

Cohort 2 
(n = 98)

Total  
(n = 166)

Dose reduction  
arm  

(n = 38)

Dose interval  
prolongation arm  

(n = 37)
Total AEs 1.64 (521) 2.45 (1,043) 2.11 (1,564) 1.59 (361) 1.32 (291)
Common AEs†

Pyrexia 0.04 (13) 0.15 (63) 0.10 (76) 0.07 (17) 0.06 (13)
Nasopharyngitis 0.10 (32) 0.09 (38) 0.09 (70) 0.07 (16) 0.08 (18)
Headache 0.07 (21) 0.09 (37) 0.08 (58) 0.04 (10) 0.07 (16)
Arthralgia 0.04 (14) 0.08 (36) 0.07 (50) 0.07 (15) 0.05 (11)
Diarrhea 0.01 (3) 0.09 (39) 0.06 (42) 0.03 (7) 0.01 (2)
Cough 0.03 (10) 0.07 (29) 0.05 (39) 0.05 (11) 0.01 (3)
Rash 0.02 (5) 0.06 (25) 0.04 (30) 0.02 (4) 0.03 (7)
Upper respiratory tract infection 0.07 (22) 0.04 (18) 0.05 (40) 0.07 (16) 0.03 (6)
Viral infection 0.01 (4) 0.02 (8) 0.02 (12) 0.05 (12) 0.01 (3)

Serious AEs 0.05 (15) 0.08 (34) 0.07 (49 0.02 (4) 0.01 (2)
Study drug discontinuation  

due to AEs, no.
3 12 15 1 0

* Except where indicated otherwise, values are the number of adverse events (AEs) per 100 patient-days in the safety set (total number of AEs). 
† Common AEs were defined as those with incidence rates of >0.05 per 100 patient-days in either cohort or treatment arm. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41488/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41488/abstract
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In part 1, study treatment discontinuation due to AEs 
occurred in a higher proportion of patients in cohort 2 (12.2%) 
compared to cohort 1 (4.4%) (Table 2). The most common rea
sons for discontinuation were diseaserelated, namely MAS and 
AEs related to systemic JIA worsening or disease flares. Only 1 
patient in part 1 (in the dose reduction arm) experienced an AE 
(blepharitis) that led to study discontinuation.

Macrophage activation syndrome. In part 1, 5 events were 
assessed as probable MAS by an independent MAS adjudica
tion committee. These included 2 SAEs of MAS reported in 2 
patients in cohort 2 and 3 patients (1 in cohort 1 and 2 in cohort 
2) with laboratory abnormalities consistent with MAS (ferritin level
of ≥500 μg/liter and elevated levels of liver transaminases). In 
part 2, 1 SAE of MAS in a patient in the dose reduction arm was 
adjudicated as probable MAS.

Immunogenicity. No antidrug antibodies were detected 
during the study, except in 1 patient in cohort 1 in whom non 
neutralizing antidrug antibodies were detected at an unplanned 
visit (82 days after last dose of the study drug) and in whom no 
detectable antibodies were observed at all other visits.

DISCUSSION

In this study, a treattotarget strategy was used in patients 
with systemic JIA who were treated with canakinumab. Achieve
ment of clinical remission was chosen as the treatment target, 
and therapeutic interventions were adjusted to maintain it. Results 
from this study indicate that systemic JIA patients in whom clinical 
remission has been maintained with the recommended canaki
numab monotherapy regimen of 4 mg/kg every 4 weeks could 
reduce their exposure to canakinumab either by dose reduction 
or dose interval prolongation and still be able to maintain clinical  
remission. No substantial differences between the 2 tapering 
strategies were apparent, although the study was not designed 
or powered to compare between the reduced dose and the 
increased dosing interval therapies, and as such, meaningful 
comparisons cannot be made.

Clinical remission could be maintained in most patients who 
were randomized in part 2 of this trial to receive either 2 mg/kg 
of canakinumab monotherapy every 4 weeks or 4 mg/kg every 8 
weeks. Moreover, in almost all patients in whom clinical remission 
was maintained with 2 mg/kg of canakinumab every 4 weeks, 
the dose could be further reduced to 1 mg/kg every 4 weeks in 
step 2. Similarly, in almost all patients in whom clinical remission 
was maintained with 4  mg/kg of canakinumab every 8 weeks, 
the dose interval could be further increased to 12 weeks. These 
results suggest that the progressive tapering methods used in 
this trial are appropriate to reduce canakinumab exposure in this 
patient population, with a low incidence of regimen failure, which 
is defined as occurrence of systemic JIA flares or requirement of 
canakinumab uptitration or treatment with systemic glucocorti
coids or MTX. Nevertheless, only onethird of the patients could 

discontinue canakinumab (step 3 in this study) with maintained 
clinical remission for at least 24 weeks, indicating that a certain 
level of IL1 inhibition may be important to maintain clinical remis
sion in the majority of these patients.

The AEs recorded in parts 1 and 2 of this trial were consistent 
with the known safety profile of canakinumab. Overall, there was 
no apparent association between progressively tapering canak
inumab (either by dose reduction or dose interval prolongation) 
and the incidence of any class of AEs (including events of MAS) or 
systemic JIA flares.

Very limited clinical evidence is currently available to support 
appropriate dose reduction or tapering of DMARDs in patients 
with systemic JIA or other JIA subtypes. Foell and colleagues 
compared relapse rates in patients with several types of JIA in 
clinical remission who discontinued MTX after 6 or 12 months 
(38). They found no differences between the 2 groups, with ~50% 
of the patients experiencing a flare within 24 months following 
study inclusion. Lovell et al reported that discontinuation of anti
TNF treatment in JIA patients resulted in disease flare in 37% of 
patients by 8 months (39). Results from a previous prospective 
observational singlecenter cohort study have demonstrated 
the efficacy of firstline treatment with IL1 receptor antagonist 
anakinra administered daily as monotherapy in 42 patients with 
newly diagnosed systemic JIA (14). In that study, anakinra was 
discontinued in patients with an ACR Pedi 90 response for 3 con
secutive months (14,34). Results showed that 22 patients had 
discontinued anakinra and presented with inactive disease after 1 
year of followup, 25 patients after 3 years, and 18 patients after 
5 years.

Part 1 of this trial investigated the efficacy of administering 
4 mg/kg of canakinumab every 4 weeks in patients with systemic 
JIA, to assess whether clinical remission could be achieved with
out adjunct therapy with glucocorticoids and/or MTX. In treating 
patients with active disease (cohort 2), efficacy with canakinumab 
was consistent with the results from previous pivotal phase III trials  
(10), and clinical remission could be achieved in 50% of the 
patients receiving canakinumab monotherapy. Also consistent 
with reported data from the previous pivotal phase III and long
term extension studies was that the discontinuation of glucocor
ticoids was successful in onethird of the patients who received 
them at baseline (8,10). These results underline the difficulty in 
achieving discontinuation of glucocorticoids in patients with sys
temic JIA. In addition, this study was the first to evaluate the effec
tiveness of canakinumab in enabling discontinuation of MTX, with 
nearly 50% of the patients achieving this outcome.

Key limitations of the present study include the openlabel 
nature of canakinumab treatment, lack of a comparator arm in 
part 2 that included sustained canakinumab monotherapy without 
tapering, lack of sufficient power to compare between reduced 
dose and reduced frequency tapering regimens, and the decision 
to consider the maintenance of 40% of patients in whom clinical 
remission was achieved as meaningful in clinical practice.
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In summary, we observed achievement of clinical remis
sion with canakinumab monotherapy in >50% of the patients 
in part 1 of the study and maintenance of clinical remission with 
reducedexposure canakinumab monotherapy in a high pro
portion of patients in part 2. We believe that these results are 
relevant for clinical practice, particularly for designing person
alized tapering strategies that can allow an adequate control of 
disease while minimizing the side effects of certain medications, 
notably glucocorticoids (17). Our results also show that while 
clinical remission was maintained in the majority of systemic JIA 
patients during canakinumab tapering, only a minority of patients 
could eventually discontinue canakinumab and maintain clinical 
remission of systemic JIA. Therefore, a certain level of sustained 
inhibition of the IL1 pathway seems important for the mainte
nance of clinical remission in most patients with systemic JIA.
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Incidence, Clinical Features, and Outcomes of Late-Onset 
Neutropenia From Rituximab for Autoimmune Disease
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Objective. Late-onset neutropenia (LON) is an underrecognized complication of rituximab treatment. We undertook 
this study to describe its incidence, risk factors, clinical features, management, and recurrence.

Methods. We conducted a single-center retrospective cohort study of 738 adult patients with autoimmune disease 
who were treated with rituximab to induce continuous B cell depletion. The primary outcome measure was LON, 
defined as an unexplained absolute neutrophil count of <1,000 cells/µl during B cell depletion. Secondary outcome 
measures included incidental diagnosis, fever, sepsis, filgrastim use, and recurrent LON. We assessed predictors of 
LON using Cox proportional hazards regression models. Hazard ratios (HRs) and 95% confidence intervals (95% CIs) 
were calculated.

Results. We identified 107 episodes of LON in 71 patients. The cumulative incidence at 1 year of B cell depletion 
therapy was 6.6% (95% CI 5.0–8.7). The incidence rate during the first year was higher compared to thereafter  
(7.2 cases per 100 person-years [95% CI 5.4–9.6] versus 1.5 cases per 100 person-years [95% CI 1.0–2.3]). Systemic 
lupus erythematosus and combination therapy with cyclophosphamide were each independently associated with an 
increased risk of LON (adjusted HR 2.96 [95% CI 1.10–8.01] and 1.98 [95% CI 1.06–3.71], respectively). LON was not 
observed in minimal change disease or focal segmental glomerulosclerosis. The majority of episodes (59.4%) were 
asymptomatic. Fever and sepsis complicated 31.3% and 8.5% of episodes, respectively. Most patients (69%) were 
treated with filgrastim. Rituximab rechallenge occurred in 87% of patients, of whom 21% developed recurrent LON.

Conclusion. LON is common and often incidental. Most cases are reversible and respond well to filgrastim. 
However, LON can be associated with serious infections and thus warrants vigilant monitoring.

INTRODUCTION

B cell depletion with the anti-CD20 monoclonal antibody 
rituximab (RTX) has emerged as an important therapeutic strat-
egy for many antibody-mediated autoimmune diseases. A single 
course of RTX treatment has demonstrated efficacy in induc-
ing remission in antineutrophil cytoplasmic antibody (ANCA)– 
associated vasculitis (AAV) and rheumatoid arthritis (RA) (1,2). 
However, relapses are common following cessation of RTX treat-
ment and are often preceded by B cell reconstitution (3,4). For this 
reason, extended courses of RTX are often used as maintenance 
therapy (5). However, the increasing use of B cell depletion has led 
to the emergence of treatment-related complications.

One such complication of B cell depletion therapy is late- 
onset neutropenia (LON). This entity was originally recognized in 
lymphoma patients treated with RTX (6–8). Initial studies on the 
lymphoma population portrayed LON to be rare (9), but later 
reports demonstrated higher incidences between 5% and 27% 
(10). More recently, LON has also been recognized in patients with 
autoimmune disease who were treated with RTX (11–15). How-
ever, these reports remain limited in size and scope.

We conducted a single-center retrospective cohort analysis 
of 738 patients undergoing B cell depletion therapy for autoim-
mune disease, in order to characterize the incidence, risk fac-
tors, clinical features, management, and recurrence of LON. Our 
study has the greatest number of initial and recurrent LON cases 
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published to date. Furthermore, this study has the longest follow-  
up of continuous B cell depletion published to date.

PATIENTS AND METHODS

Study population. We retrospectively identified patients 
≥18 years old who were treated with RTX for autoimmune disease 
between November 8, 2002 and September 30, 2018, at the Vas-
culitis and Glomerulonephritis Center at the Massachusetts Gen-
eral Hospital. This is a tertiary care referral and treatment center 
that provides care for a diverse patient population in eastern Mas-
sachusetts and the surrounding region. All data were abstracted 
from the electronic medical record. The study was approved by 
the Partners HealthCare Human Research Committee. Informed 
consent was not required due to the retrospective nature of the 
study.

Treatment regimen and continuous B cell depletion. 
All patients received RTX, typically starting with two 1,000-mg 
intravenous (IV) doses separated by 2–4 weeks. Thereafter, RTX 
was most commonly administered as a single 1,000-mg IV dose 
every 4–6 months. This dosing interval has been demonstrated to 
achieve continuous B cell depletion in >95% of patients (16–18).  
If RTX treatment was continued for >2 years, then attempts 
were made to extend the dosing interval as long as documented 
B cell depletion was maintained. B cell counts were typically mea-
sured every 3 months, including prior to each dose, with periph-
eral flow cytometry to examine the population of CD19+CD20+ 
lymphocytes. We defined B cell depletion as a total CD19+CD20+ 
cell count of <5 cells/µl. All patients had a complete blood cell 
count (CBC) with differential that was checked routinely prior to 
each dose of RTX, for any report of fever, as well as for other clini-
cal indications at the discretion of the treating physician.

Prednisone and other immunosuppressive agents were 
initially administered with RTX in most patients. Aside from 
prednisone, a 2-month course of low-dose daily oral cyclophos-
phamide (CYC) was the most commonly used additional agent, 
which is part of a standard induction therapy that we have used 
for AAV, membranous nephropathy (MN), and to treat patients 
with other conditions (18,19).

Outcome measures. The primary outcome measure was 
the first episode of LON, which we defined as an unexplained abso-
lute neutrophil count (ANC) of <1,000 cells/µl during the period of 
B cell depletion. To determine whether patients had another iden-
tifiable etiology of neutropenia, medical records surrounding the 
neutropenia event were reviewed. Resolution of a LON episode 
was defined as an increase in ANC to a level ≥1,000 cells/µl. 

Secondary outcome measures included incidental diagnosis, 
chief symptom, nadir ANC, nadir absolute lymphocyte count (ALC),  
fever, sepsis, source of infection, prednisone dose at the time 
of event, serum IgG level at the time of event, filgrastim use, 

therapeutic antibiotic use, and recurrent LON, defined as a sec-
ond episode of LON occurring after recovery from the first. Chief 
symptom was defined as the patient’s primary concern. Fever was 
defined as a single oral temperature of ≥38.0°C (100.4°F). Sepsis 
was defined as the presence of systemic inflammatory response 
syndrome with a source of infection (20). Determination of infec-
tion source was based on available history, examination, imaging, 
culture data, and treating physician’s documentation.

Covariates of LON. The following covariates were exam-
ined based on biologic relevance: age, sex, underlying disease, 
CYC use (never, prior, concurrent), and exposure to other immu-
nosuppressants (methotrexate [MTX], azathioprine [AZA], myco-
phenolic acid [MPA]) during continuous B cell depletion.

Statistical analysis. Values for continuous variables are  
presented as the median (interquartile range [IQR]) or as the  
mean ± SD, as appropriate. Values for categorical variables are 
presented as percentages. Person-years at risk of LON were 
calculated for each patient as time from the index date, defined 

Table 1. Characteristics of the study population (n = 738)*
Age, mean ± SD years 58 ± 17
Female 392 (53)
Disease

AAV 529 (72)
SLE 24 (3)
MN 73 (10)
MCD/FSGS 59 (8)
Other 53 (7)

No. of RTX doses, median (IQR) 8 (5–12)
Duration of B cell depletion, median (IQR) years 2.5 (1.4–4.5)

AAV 2.8 (1.4–5.1)
SLE 2.4 (1.8–4.6)
MN 2.2 (1.4–2.6)
MCD/FSGS 2.4 (1.5–3.2)
Other 1.4 (0.7–3.6)

CYC use
Never 170 (23)
Concurrent† 515 (70)
Prior‡ 53 (7)

<6 months of CYC treatment 29 (55)
≥6 months of CYC treatment 20 (38)

Other immunosuppressant use
MPA 59 (8)
AZA 119 (16)
MTX 33 (4)
Glucocorticoids 698 (95)

* Except where indicated otherwise, values are the number (%) of 
patients. AAV = antineutrophil cytoplasmic autoantibody–associated 
vasculitis; SLE = systemic lupus erythematosus;  MN = membranous 
nephropathy; MCD/FSGS = minimal change disease/focal segmental 
glomerulosclerosis; IQR = interquartile range; MPA = mycophenolic 
acid; AZA = azathioprine; MTX = methotrexate. 
† Typically 8 weeks of daily oral cyclophosphamide (CYC) treatment, 
beginning with the first dose of rituximab (RTX). Dosing was typically 
2.5 mg/kg/day for the first week and 1.5 mg/kg/day for 7 weeks, with 
adjustments made for renal function. 
‡ Defined as a course of CYC administered prior to initiation of 
RTX, as part of a separate remission induction therapy. There were 
missing data on 4 patients, with unclear duration of CYC exposure. 
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as the first RTX infusion, through the last documented date of B 
cell depletion prior to B cell return. If documented B cell return 
was not available, then we ended the at-risk period 6 months 
after the last infusion or on the last date of documented B cell 
depletion, whichever was later. We estimated the cumulative 
incidence of LON using days from RTX treatment initiation as 
the time scale and present LON rates per 100 person-years of 
continuous B cell depletion, with 95% confidence intervals (95% 
CIs). Poisson regression was used to generate 95% CIs for LON 
incidence rates. Among patients who sustained an episode of 
LON, recurrence upon rechallenge was measured from the day 
of RTX rechallenge to the first day of the second LON episode.

Univariate and multivariate Cox proportional hazards models 
were used to estimate the hazard ratios and 95% CIs for LON 
associated with each potential predictor. The multivariable model 
was adjusted for age, sex, AAV, systemic lupus erythematosus 
(SLE), MN, other disease category, no CYC exposure, concurrent 
CYC use, MPA use, AZA use, and MTX use. The model could 
not accommodate the group of patients with minimal change dis-
ease (MCD)/focal segmental glomerulosclerosis (FSGS) due to the 
absence of any LON events. As such, this group was excluded 
from the regression model. Instead, a log rank test was used 
to compare it to other underlying diseases. All analyses were 
 conducted using Stata 15.

RESULTS

Study population. We identified 738 adult patients who 
had been treated with RTX to induce continuous B cell deple-
tion for autoimmune disease. The mean ± SD age at initiation of 
therapy was 58 ± 17 years, and 53% of patients were female. 
Among the 738 patients, 529 (72%) had AAV, 73 (10%) had MN, 
59 (8%) had MCD/FSGS, 24 (3%) had SLE, and 53 (7%) had 
another autoimmune disease. Underlying diseases included in the 
“Other” category are listed in Supplementary Table 1, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.

com/doi/10.1002/art.41501/ abstract. Of the 529 patients with 
AAV, 271 (51.2%) had renal involvement, as defined by the pres-
ence of hematuria, red blood cell casts, or a rise in serum creati-
nine level of 30%. The median creatinine level in patients with renal 
involvement of AAV at the start of RTX treatment was 1.7 mg/dl 
(IQR 1.11–2.65). All patients with MCD/FSGS had disease that 
was frequently relapsing, steroid-dependent, or steroid-resistant. 
All patients with SLE had lupus nephritis. Patient characteristics 
are presented in Table 1.

Continuous B cell depletion therapy with RTX and  
other concurrent treatments. All patients were treated 
with RTX to induce continuous B cell depletion. Patients 
received a median of 8 doses (IQR 5–12) and were in a state of  
continuous B cell depletion for a median of 2.5 years (IQR 1.4–4.5).  
There were a total of 2,214  person-years of follow-up.

A 2-month course of low-dose daily oral CYC was adminis-
tered concurrently with initiation of RTX in 515 patients (70%). The 
remaining patients never received CYC (23%; n = 170) or had pre-
viously received it (7%; n = 53). AZA, MPA, and MTX were used 
in 119 patients (16%), 59 patients (8%), and 33 patients (4%), 
respectively. Glucocorticoids were used in 698 patients (95%).

Incidence, recurrence, clinical features, and man-
agement of LON. Incidence of LON. During follow-up, 107 
episodes of LON were observed in 71 patients. The cumulative 
incidences of LON at 1, 2, and 5 years of continuous B cell deple-
tion were 6.6% (95% CI 5.0–8.7), 7.9% (95% CI 6.1–10.2), and 
13.5% (95% CI 10.4–17.4), respectively. A Kaplan-Meier curve 
depicting time to LON episode is shown in Figure 1A. The over-
all incidence rate of first-time LON was 3.2 cases per 100 per-
son-years (95% CI 2.5–4.0). The incidence rate of LON was higher 
in the first year following treatment initiation compared to the inci-
dence rate thereafter (7.2 cases per 100 person-years [95% CI 
5.4–9.6] versus 1.5 [95% CI 1.0–2.3]). Supplementary Figure 1 
(http://onlin elibr ary.wiley.com/doi/10.1002/art.41501/ abstract)  

Figure 1. Cumulative incidence of late-onset neutropenia (LON). Kaplan-Meier curves for time to initial LON episode in all patients undergoing 
continuous B cell depletion therapy with rituximab (A) and time to second episode (recurrence) of LON in patients rechallenged with rituximab 
treatment (B) are shown.

http://onlinelibrary.wiley.com/doi/10.1002/art.41501/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41501/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41501/abstract
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provides a more detailed version of Figure 1A on the first year of 
treatment.

Recurrence of LON after RTX rechallenge. Among the 71 
patients who experienced LON, 9 patients were not rechal-
lenged. Of these, 4 had second episodes of LON that occurred 
19, 54, 66, and 435 days after the first episode, respectively. All 
remained B cell–depleted at the time of their second episode.

The remaining 62 patients (87%) were rechallenged with 
RTX. Thirteen of these patients (21%) developed a second LON 
episode over a median follow-up duration of 2.4 years (IQR 1.3–
4.1) of continuous B cell depletion after RTX rechallenge, which 
corresponds with a recurrent LON incidence rate of 8.5 cases per 
100 person-years (95% CI 4.9–14.7) after the date of rechallenge. 
The cumulative incidence of recurrent LON at 1, 2, and 5 years 
of continuous B cell depletion after rechallenge was 11.5% (95% 
CI 5.6–22.6), 23.4% (95% CI 13.8–38.2), and 30.4% (95% CI 
16.9–50.9), respectively. A Kaplan-Meier curve for time to recur-
rent LON is shown in Figure 1B.

Clinical features of LON. Clinical features of LON are 
shown in Table 2. LON occurred at a median of 4.1 months (IQR 
1.6–23.1) after initiating continuous B cell depletion (defined by 
the first infusion of RTX). Relative to the preceding infusion, 
LON occurred at a median of 2.3 months (IQR 0.8–4.0). In the 
subset of patients who developed recurrent LON, the second 
episode occurred at a median of 5.3 months (IQR 3.3–15.4) 
after RTX rechallenge. The median nadir ANC for all episodes 
was 490 cells/µl (IQR 12–770), and the median nadir neutro-
phil percentage was 16.1% (IQR 3.0–32.9). The median nadir 
ANC for symptomatic episodes was significantly lower than 
for asymptomatic episodes (128 cells/µl [IQR 11–420] versus 
700 cells/µl [IQR 459–882]; P < 0.001) (Table 2). The median 
ALC and lymphocyte percentage concurrent to the nadir ANC 
was 775 cells/µl (IQR 504–1,440) and 45.5% (IQR 35.5–64.0), 
respectively. Lymphopenia (defined by an ALC of <1,000 
cells/µl) occurred in 62.3% of the LON  episodes. According 
to chi-square analysis, there was no association between the 
occurrence of lymphopenia and infections during neutropenia 
(P = 0.77).

Sixty-three episodes of LON (59.4%) were discovered inci-
dentally in asymptomatic patients presenting for routine follow-up. 
No infections were identified in asymptomatic episodes. In con-
trast, an infection was identified in all episodes that were symp-
tomatic. Forty-three LON episodes (40.6%) were discovered 
because a patient reported a symptom, which prompted the 
treating physician to check the patient’s CBC. The most common 
chief symptom was subjective fever (n = 30), followed by gingival 
soreness (n = 4) (Table 2). LON was complicated by sepsis in 8 
episodes (8.5%). All sepsis cases resolved with standard therapy. 
In the entire cohort, 1 patient with multiple relapsing LON died. 
At the time LON occurred, patients were receiving a median daily 
prednisone dose of 5 mg (IQR 0–12.5), and the median serum IgG 
level was 557 mg/dl (IQR 454–733).

Management of LON. Treatments used for LON within 
our cohort are shown in Table 2. All patients with LON and 
fever (31.3%; n = 30) were hospitalized for management 
of febrile neutropenia. Therapeutic antibiotics were used in 
34.7% of all episodes, most of which were accompanied by 
fever (81.3%). Filgrastim was used in 83.6% and 69% of LON 
episodes, with a nadir ANC of <500 cells/µl and <1,000 cells/
µl, respectively. Patients who were administered filgrastim 
had a lower median nadir ANC compared to those who 
were not (337 cells/µl [IQR 50–576] versus 717 cells/µl [IQR 
472–908]; P < 0.0001). In patients treated with filgrastim, 
a median of 1 dose (IQR 1–2, range 1–8) was administered 
per LON episode. The median duration of all episodes was 4 
days (IQR 3–7).

Table 2. LON episode characteristics and treatments*
No. of patients with LON 71
No. of LON episodes (initial and recurrent) 107
Time to initial episode, median (IQR) months 4.1 (1.6–23.1)
Nadir ANC for all episodes, median (IQR) cells/µl 490 (12–770)

Nadir ANC for asymptomatic episodes 700 (459–882)
Nadir ANC for symptomatic episodes 128 (11–420)

ALC at time of nadir ANC, median (IQR) cells/µl 775 (504–1,440)
Febrile neutropenia episodes 30 (31.3)
Sepsis syndrome episodes 8 (8.4)
Chief symptom during episodes

Asymptomatic/incidental 63 (59.4)
Fever 30 (28.3)
Gum soreness 4 (3.8)
Rash 3 (2.8)
Fall 1 (0.9)
Photophobia 1 (0.9)
Productive cough 1 (0.9)
Pain at tunneled catheter site 1 (0.9)
Nausea/vomiting 1 (0.9)
Malaise 1 (0.9)

Source of infection
No apparent infection 63 (65.0)
Gingivitis 7 (7.2)
SSTI 7 (7.2)
URI 6 (6.2)
UTI 5 (5.2)
GI (gastroenteritis or colitis) 4 (4.1)
Pneumonia 2 (2.1)
Conjunctivitis 1 (1.0)
Bacteremia 1 (1.0)
Vascular access catheter tunnel infection 1 (1.0)

Prednisone dose at event, median (IQR) mg/day 5 (0–12.5)
Serum IgG level at event, median (IQR) mg/dl† 557 (454–733)
Treatment of LON

Antibiotic use during episode‡ 34 (34.7)
Filgrastim use during episode 70 (69.3)
Filgrastim doses per episode, median (IQR) 1 (1–2)
Duration of episode, median (IQR) days 4 (3–7)

* Except where indicated otherwise, values are the number (%) of 
patients. Missing data were excluded from calculations. LON = 
late-onset neutropenia; IQR = interquartile range; ANC = absolute 
neutrophil count; ALC = absolute lymphocyte count; SSTI = skin and 
soft tissue infection; URI = upper respiratory infection; UTI = urinary 
tract infection; GI = gastrointestinal. 
† Reference range 614–1,295 mg/dl. 
‡ Therapeutic dosing. 
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Effects on LON of underlying disease, CYC treat-
ment, and other covariates. Effect of underlying disease. 
LON occurred more frequently in patients with SLE (25%; 
n = 6) compared to patients with AAV (10.4%; n = 55), MN 

(8.2%; n = 6), or other diseases (7.6%; n = 4) (P = 0.03 
by log rank test) (Figure 2). LON was not observed in any 
patient with MCD/FSGS. The corresponding crude incidence 
rates of LON among patients with SLE, AAV, MN, and other 
diseases were 8.9 cases per 100 person-years (95% CI 
4.0–19.7), 3.2 cases (95% CI 2.5–4.2), 4.1 cases (95% CI 
1.8–9.1), and 3.5 cases (95% CI 1.1–10.9), respectively. In 
a multivariable model, the presence of SLE was associated 
with higher odds of developing LON (adjusted HR 2.96 [95% 
CI 1.10–8.01]) (Table 3).

Effect of CYC. LON occurred more frequently in patients 
treated with a combination of CYC and RTX for induction therapy  
(11.3%; n = 58), compared to patients who were never exposed 
to CYC (5.9%; n = 10), or who had CYC exposure prior to the 
initiation of RTX (5.7%; n = 3) (P = 0.03 by log rank test). In 
a multivariable model, treatment with CYC and RTX combina-
tion therapy was associated with higher odds of developing LON 
compared to those who did not receive CYC (adjusted HR 1.98 
[95% CI 1.06–3.71]) (Table 3). In a subgroup analysis of patients 
who received RTX without CYC (n = 170), the 12-month cumu-
lative incidence of LON was 3.70% (95% CI 1.68–8.07) (Sup-
plementary Figure 2, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41501/ abstract).

Effect of age, sex, and other immunosuppressants. In a  
multivariable model, age, sex, and exposure to MPA, AZA, or 
MTX concurrent with RTX treatment were not associated with 
the development of LON (Table 3).

Figure 2. Cumulative incidence of late-onset neutropenia (LON), 
stratified by disease. Kaplan-Meier curves for time to LON episode 
are shown. Higher rates of LON were seen in systemic lupus 
erythematosus (SLE), while no events occurred in minimal change 
disease (MCD)/focal segmental glomerulosclerosis (FSGS). AAV = 
antineutrophil cytoplasmic antibody–associated vasculitis; MN = 
membranous nephropathy.

Table 3. Covariates of late-onset neutropenia*

Variable

Hazard ratio (95% CI)

Univariate  
model

Multivariate 
model

Age (per 1 year) 1.01 (0.99–1.02) 1.01 (0.99–1.03)
Female 0.92 (0.58–1.47) 0.85 (0.53–1.38)
Disease

AAV 1.17 (0.66–2.08) 1.0 (referent)
MN 1.01 (0.43–2.34) 0.91 (0.39–2.15)
SLE 2.91 (1.26–6.72) 2.96 (1.10–8.01)
MCD/FSGS NA NA
Other 0.93 (0.29–2.95) 0.97 (0.30–3.12)

CYC use
Never 0.52 (0.27–1.01) 1.0 (referent)
Concurrent 2.23 (1.22–4.08) 1.98 (1.06–3.71)
Prior

<6 months of CYC treatment 0.26 (0.04–1.90) –
≥6 months of CYC treatment 0.88 (0.22–3.62) –

Other concurrent immunosuppressant use
RTX without MPA/AZA/MTX/CYC 0.68 (0.29–1.57) 1.0 (referent)
MPA 1.44 (0.72–2.91) 1.41 (0.65–3.08)
AZA 0.37 (0.17–0.82) 0.46 (0.20–1.04)
MTX 1.07 (0.39–2.93) 1.24 (0.44–3.54)

* Hazard ratios and 95% confidence intervals (95% CIs) were calculated using a Cox proportional 
hazards model. The multivariable model was adjusted for age, sex, AAV, SLE, MN, other disease 
category, no CYC exposure, concurrent CYC use, MPA use, AZA use, and MTX use. The model 
could not accommodate the MCD/FSGS group due to the absence of any late-onset neutropenia 
events. As such, it was excluded from the regression model. Instead, the log rank test was used 
to compare it to other underlying diseases. NA = not applicable (see Table 1 for other definitions). 

http://onlinelibrary.wiley.com/doi/10.1002/art.41501/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41501/abstract
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DISCUSSION

In this retrospective cohort study of 738 patients undergo-
ing B cell depletion therapy with RTX for autoimmune disease, 
we have provided several key insights into the incidence, risk 
factors, clinical features, management, and recurrence of LON. 
First, we have described 71 patients with LON, the largest 
reported cohort to date, corresponding with a cumulative inci-
dence of 6.6% at 1 year of treatment. Second, we observed 
that the highest rate of LON occurs in the first year of treatment. 
Third, we identified SLE and combination therapy with CYC each 
as positive independent risk factors for the development of LON. 
Fourth, we expanded on initial observations by others (11–13) 
on the clinical features of LON, including the often incidental 
nature of discovery of LON in asymptomatic patients, as well 
as the potential for serious infectious complications. Fifth, we 
highlighted the safety and efficacy of filgrastim treatment in this 
patient population. Finally, we found that RTX rechallenge does 
not always lead to recurrent LON.

We reported a 6.6% 1-year cumulative incidence of LON. 
Our findings are consistent with and expand on findings of prior 
studies on LON, including those that used alternative RTX dosing 
schedules (10–13,21). By comparison, leukopenia was reported 
in 3 of 99 patients (3%) in the RTX arm at 6 months in the Rituxi-
mab in ANCA-Associated Vasculitis (RAVE) trial, and neutropenia 
was reported in 2 of 33 patients (6%) in the RTX arm at 12 months 
in the Rituximab versus Cyclophosphamide in ANCA-Associated 
Vasculitis (RITUXVAS) trial (1,22). Both trials used a weekly RTX 
dose of 375 mg/m2 for 4 consecutive weeks to treat AAV. Given 
the long-term, relapsing nature of many antibody-mediated auto-
immune diseases, the  rising incidence of LON that we observed 
with extended durations of B cell depletion is of particular con-
cern, underscoring the need for ongoing awareness of neutrope-
nia during remission maintenance therapy.

The mechanism of LON remains unknown. Neutrophils and 
their precursors do not express CD20, which provides an argu-
ment against direct cytotoxicity. Yet, late neutropenic events have 
been observed after treatment with other anti-CD20 monoclonal 
antibodies as well as with anti-CD19 chimeric antigen receptor T 
cells (23,24). These findings support the notion that the state of B 
cell depletion causes neutropenia. It has been postulated that B 
cell depletion leads to alterations in hematopoietic growth factors 
that promote lymphopoiesis and down-regulate granulopoiesis. 
One such cytokine is BAFF. Serum BAFF levels rise during B cell 
depletion, with excess levels correlating with neutropenic events 
(21,25). Another implicated cytokine is stromal cell–derived factor 
1 (SDF-1), which promotes early B cell development and regulates 
neutrophil egress from bone marrow. Perturbations in SDF-1 lev-
els have been shown to correlate with neutropenic events during 
B cell depletion (24,26). Other hypotheses have been proposed, 
but additional investigation is needed to more accurately define 
the mechanism of LON (8,26–30).

Our findings suggest that underlying disease independently 
informs the risk of LON. Indeed, we found the risk of LON to be 
3-fold higher among patients with SLE compared to those with 
AAV. The interpretation of this association may be limited by sam-
ple size and confounding, given that neutropenia is an estab-
lished manifestation of SLE; however, SLE-associated neutropenia 
is usually characterized by mild neutropenia (ANC between 1,000 
and 1,500 cells/µl), which we excluded from our definition of LON. 
Furthermore, our results are consistent with those of prior stud-
ies describing higher rates of LON in SLE (11,21). Distinct roles 
for BAFF and APRIL have been postulated to explain the unique 
immunologic phenomenon in SLE (21). In contrast to SLE, we did 
not observe LON in patients with podocytopathies MCD or FSGS 
who were treated with RTX, including those who received con-
current CYC. It is possible that urinary loss of RTX in the setting 
of heavy proteinuria alters its pharmacodynamics (31), or alterna-
tively, that a larger sample size is needed to detect LON in these 
patients. In a previous study, LON occurred in 11 of 213 pediatric 

Figure 3. Protocol for management of late-onset neutropenia 
(LON). The general strategy we use at the Vasculitis and Glomer-
ulonephritis Center at the Massachusetts General Hospital for the 
management of LON is shown. For any patient with B cell depletion, 
we advocate obtaining a complete blood cell count (CBC) with 
differential, at a minimum, for any report of a febrile illness. We 
advocate filgrastim use in patients with febrile neutropenia or an 
absolute neutrophil count (ANC) of <500 cells/µl. ANC values are 
expressed in cells/µl. IV = intravenous; SC = subcutaneous.



LATE-ONSET NEUTROPENIA FROM RITUXIMAB |      353

patients (5.2%) treated with RTX for steroid-resistant nephrotic 
syndrome (32).

CYC can lead to neutropenia in a dose-dependent manner 
(33). It seems plausible that the combination of RTX and CYC can 
act synergistically to cause neutropenia. Indeed, in the present 
study, when low-dose CYC was administered in combination with 
RTX for induction therapy, we found a 2-fold higher risk of LON 
compared to those not exposed to CYC. CYC and RTX combi-
nation therapy is a regimen used at several large centers (18,34). 
The basis for using this regimen is that the therapeutic effect of 
RTX has a delayed onset of action, thus necessitating high doses 
of glucocorticoids in the first 2 months of therapy (1). The addi-
tion of a short course of CYC allows for a more rapid prednisone 
taper. The steroid minimization and high efficacy of combination 
therapy in remission induction in AAV need to be weighed against 
its higher risk of LON.

We described the management of LON in our cohort. We 
found that most LON episodes were discovered incidentally in 
asymptomatic patients. Recombinant granulocyte colony-stim-
ulating factor (G-CSF), namely filgrastim, was administered in 
the majority of episodes that were accompanied by severe neu-
tropenia and/or fever. While there are no data in the literature 
to suggest that G-CSF impacts morbidity or mortality in LON, 
data from our cohort suggest a role in shortening its duration. 
Indeed, the duration of an episode in our cohort (median 4 days) 
was shorter than those described in prior reports in the litera-
ture, which ranged from 9 to 54 days (10,26,29). Importantly, no 
patient in our cohort had a relapse of their underlying autoim-
mune disease after receiving filgrastim.

This report provides the largest data set, to date, on RTX 
rechallenge in patients with LON. Approximately one-fifth of 
patients in our cohort who sustained LON developed a second 
episode within 2 years of being rechallenged with RTX, which 
is more than double the rate of the initial episode. This expands on 
the findings of a prior study in which a second episode occurred in 
16% of retreated patients (12).

Our experience has generated a protocolized approach to 
the management of LON (Figure 3). For any patient with B cell 
depletion, we recommend checking a CBC with differential at  
 minimum, for any report of fever. In patients with recurrent LON, 
RTX should be discontinued, unless ongoing maintenance ther-
apy is deemed essential and there are no reasonable therapeutic 
alternatives.

The study has several strengths and weaknesses. The great-
est strengths are the large size of the cohort receiving continuous 
B cell depletion, the long duration of follow-up, and the inclusion 
of patients across a broad spectrum of antibody-mediated auto-
immune disease encountered in clinical practice. The main weak-
nesses are inherent to data collection in retrospective studies, as 
well as data derived from a single center. Our center is a nephrol-
ogy-based practice, which explains the low number of patients 
with certain diseases, specifically RA, and it is possible that rates 

of LON are different among those patients. A large majority of 
patients had AAV, such that comparisons of LON rates based on 
underlying disease warrant some caution pending larger stud-
ies. Finally, CBCs were monitored only at the time of infusions or 
symptoms, and it is likely that more frequent monitoring would 
capture more LON episodes.

Since the use of B cell depletion therapy with RTX is likely to 
increase, it is essential to be aware of the long-term implications 
of this treatment. LON is common and can be asymptomatic but 
has the potential to be complicated by serious infection. Further 
studies are needed to help balance the risks of B cell depletion 
therapy against the risk of disease relapse.
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High prevalence of new-onset or worsening hepatitis 
C virus–related musculoskeletal symptoms after 
beginning direct-acting antiviral therapy: a challenging 
novel observation

To the Editor:
Direct-acting antiviral therapy has revolutionized the man-

agement of hepatitis C virus (HCV), and it presents the prospect 
of an effective cure (1). HCV-related musculoskeletal symptoms 
are common and can be quite debilitating. It has been reported 
that joint pain occurs in ~71% of patients with HCV (2). There has 
been understandable hope that a cure for HCV might mean a 
cure for related musculoskeletal symptoms. However, in a recent 
study reported in abstract form, 11.4% of patients with cryoglob-
ulinemic vasculitis experienced vasculitis flares despite remaining 
HCV-negative by polymerase chain reaction (PCR) (3). More-
over, cases of de novo vasculitis developing even after sustained 
viral response induced by direct-acting antiviral therapy have 
been reported (4). We sought to examine whether HCV-infected 
patients experienced any alteration in musculoskeletal symptoms 
after beginning direct-acting antiviral therapy (with daclatasavir 
and sofosbuvir) and becoming HCV-negative by PCR.

Ethics approval for this study was obtained from the Paki-
stan Kidney and Liver Institute Ethics and Medical Research 
Committee. All consecutive HCV-infected adult patients who had 
completed direct-acting antiviral therapy, leading to negative PCR 
results for HCV, were included in the study. The following fea-
tures were recorded: demographic characteristics, employment 
status, level of education, marital status, comorbidities, clinically 
deformed joints, markers of inflammation, and medications used. 
Chronic musculoskeletal symptoms were defined as any arthral-
gias lasting ≥6 weeks and not related to trauma or occupational 
hazards. Worsening musculoskeletal symptoms were defined 
as a ≥50% worsening of musculoskeletal symptoms compared 
with symptoms before beginning direct-acting antiviral therapy. 
A thorough clinical rheumatologic examination including collect-
ing detailed clinical history was performed. Radiography of the 
involved joints was performed if clinically indicated.

A total of 250 consecutive HCV-infected patients who had 
completed direct-acting antiviral therapy and were subsequently 
HCV-negative by PCR were prospectively evaluated (mean ± SD 
age 42 ± 9 years [55% female, 45% male]) (Table 1). The mean ± SD 
duration of follow-up after beginning direct-acting antiviral ther-
apy was 6.5 ± 1.6 months. Of 250 patients, 69 (27.6%) had 
chronic musculoskeletal symptoms prior to direct-acting antiviral 
therapy. The rheumatic disease diagnoses are listed in Table 1. Of 

these 69 patients, 18 (26%) had stable musculoskeletal symp-
toms after direct-acting antiviral therapy; however, 51 (74%) of 
the patients had experienced worsening musculoskeletal symp-
toms after beginning direct-acting antiviral therapy. Among the 51 
patients with worsening symptoms, 22 (43%) had inflammatory 
arthritis, and the rest had predominantly chronic myofascial pain. 
We found that 11 patients had developed new-onset musculo-
skeletal symptoms after direct-acting antiviral therapy, and among 
them 53% had inflammatory arthropathies (Table 1). No significant 
association was noted between new-onset or worsening muscu-
loskeletal symptoms and demographic characteristics, employ-
ment status, level of education, marital status, or comorbidities 
(all P > 0.05).

Table 1. Demographic characteristics and rheumatic disease 
features in 250 patients who were negative for hepatitis C virus after 
treatment*
Age, mean ± SD years 42 ± 9
Female sex 140 (55)
Musculoskeletal symptoms present 

prior to direct-acting antiviral 
therapy

69 (27.6)

Stable 18 (26)
Worsening 51 (74)

New onset of musculoskeletal 
symptoms after direct-acting 
antiviral therapy

11

Primary rheumatic disease 
diagnoses among patients 
experiencing musculoskeletal 
symptoms prior to direct-acting 
antiviral therapy

Rheumatoid arthritis 8 (11.6)
Seronegative inflammatory arthritis 19 (27.5)
Fibromyalgia 38 (55.1)
Other 4 (5.8)

Primary rheumatic disease 
diagnoses among patients 
experiencing worsening 
musculoskeletal symptoms after 
direct-acting antiviral therapy

Rheumatoid arthritis 6 (11.8)
Seronegative inflammatory arthritis 16 (31.4)
Fibromyalgia 28 (54.9)
Other 1 (2.0)

Primary rheumatic disease 
diagnoses among patients 
experiencing new onset of 
musculoskeletal symptoms after 
direct-acting antiviral therapy

Rheumatoid arthritis 2 (18.2)
Seronegative inflammatory arthritis 5 (45.5)
Fibromyalgia 4 (36.4)

* Except where indicated otherwise, values are the number (%) of
patients. 
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In conclusion, approximately one-quarter of the entire cohort 
of patients treated with direct-acting antiviral therapy developed 
new-onset or significant worsening of musculoskeletal symp-
toms, and these symptoms developed despite persistent nega-
tivity for HCV by PCR. To our knowledge, this finding is novel and 
has not been reported to date; however, more long-term data 
are needed for confirmation. Moreover, these results suggest 
that HCV- related musculoskeletal symptoms should be moni-
tored under the direction of a rheumatologist for many months 
after HCV has resolved.
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Morning stiffness and neutrophil circadian disarming: 
comment on the article by Orange et al

To the Editor:
We read with interest the article by Orange et al (1) on their 

study assessing whether histologic parameters of synovium are 
related to symptoms of rheumatoid arthritis (RA). They analyzed 
synovial tissue samples from 176 RA patients who underwent 
hip or knee arthroplasty. The detection of neutrophils and fibrin 
in synovial tissue was associated with patient-reported  morning 

 stiffness of ≥1 hour. Orange and colleagues suggested that 
 ongoing neutrophil recruitment in synovial tissue may be associ-
ated with prolonged morning stiffness.

This interesting observation may provide insights into 
the mechanisms of one of the most bothersome symptoms of RA. 
We want to highlight the role of neutrophil circadian disarming as 
another plausible contributor to synovial neutrophil infiltration and 
subsequent morning stiffness. Animal studies and retrospective 
data have revealed that many inflammatory processes  manifest 
circadian periodicity (2). Recent studies demonstrated the release 
of neutrophils from bone marrow during the night, with peaking 
in the early morning and gradual degranulation during the day 
(2,3). Orange and colleagues showed that the presence of neu-
trophils is the only histologic feature associated with morning 
stiffness. However, if there is a steady migration of neutrophils to 
synovium throughout the day, and neutrophils live only for a short 
duration after infiltrating synovium, why is there joint stiffness only 
in the morning? We hypothesize that neutrophil circadian disarm-
ing may be a plausible explanation of why joint stiffness predom-
inantly occurs during early morning hours. Neutrophils, especially 
those with higher protein content in their granules, are released in 
the early morning, are recruited to synovial tissue, and contribute to 
local inflammation, causing joint stiffness especially in the morning.

Orange et al (1) also report that fibrin deposits along the  
synovial membrane with enmeshed neutrophils and necrotic neutro-
phil DNA were less amenable to fibrinolysis. Their findings suggest  
that this increased stability and rigidity of neutrophil-trapped 
fibrin deposits in synovium is associated with morning stiffness. 
There is increased NETosis in synovial fluid and netting neutrophil 
infiltration in synovial tissue in RA (4). The increased presence 
of neutrophil extracellular traps (NETs) promotes immune dys-
regulation and contributes to tissue damage in many inflamma-
tory diseases including RA (5). Furthermore, NETosis leads to 
fibrin deposition, results in the formation of fibrin networks, and 
promotes resis tance to tissue plasminogen activator–mediated 
fibrinolysis (6). Hence, it is possible that detected synovial mem-
brane necrotic neutrophil DNA may be related to synovial NETosis,  
causing fibrin deposition and resistance to degradation. The 
neutrophils follow a circadian rhythm in their ability to form NETs. 
In healthy volunteers, granule-loading and the capacity for NET 
formation by neutrophils are at the highest level around 8:00 am 
and gradually decrease later in the day. In summary, the circa-
dian rhythm of neutrophils, NET formation, and the relationship 
of neutrophils to fibrin may be additional explanations for the 
relationship between synovial neutrophil infiltration and morning 
stiffness.

The presence of NETs has been shown to be associated 
with loss of tolerance to citrullinated antigens and the develop-
ment of anti–citrullinated protein/peptide antibodies (ACPAs) (7). 
In addition, rheumatoid factor (RF) and ACPAs may induce neu-
trophils to form NETs (4). It would be interesting to investigate 
whether there are any differences in neutrophil infiltration between 
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ACPA- positive or ACPA-negative and/or RF-positive or RF-nega-
tive RA synovium.
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Reply

To the Editor:
We are grateful for Dr. Pamuk and colleagues’ interest in our 

article describing synovial histologic features that are associated 
with patient-reported morning stiffness in RA. Pamuk et al note 
that neutrophil gene and protein expression, as well as cell counts, 
fluctuate in the blood in a 24-hour circadian cycle, and the cir-
cadian variation in neutrophil function may contribute to morning  
stiffness. Specifically, circulating neutrophil counts reach a nadir 
in the early morning, and this is associated with increased 
expression of CD62L/L-selectin, a cell surface protein impor-
tant for adhesion or homing (1), as well as increased granularity 
and tendency for NET formation (2). We agree that it is possible 
that one of these circadian features of neutrophils may contrib-
ute to prolonged morning stiffness in RA. One possibility is that 
in the morning, neutrophils, with an increased tendency for NET 
formation, are more likely to extrude DNA into the synovial mem-
brane, and that this then stabilizes fibrin deposits and contrib-
utes to patient perception of stiffness. Another possibility is that 

neutrophils are more likely to traffic and infiltrate inflamed synovium 
in increased numbers in the morning. We look forward to future 
studies that might further elucidate the mechanisms of morning 
stiffness by testing these hypotheses.

Pamuk and colleagues also raise the question of whether 
there might be a difference in the prevalence of synovial neu-
trophils in patients with seropositive or seronegative RA, since 
synovial NETs have been previously shown to be associated with 
loss of tolerance to citrullinated antigens (3). We did not detect 
any difference in the frequency of synovial neutrophils or fibrin 
deposition in patients with seropositive versus seronegative RA 
(Figure 1). Since neither neutrophils nor fibrin are associated with 
autoantibodies, we hypothesize that the association between 
neutrophils, fibrin, and morning stiffness may not be specific 
to RA and might contribute to the presence of this symptom 
in other types of inflammatory arthritis, such as seronegative 
spondyloarthritis.

Dana E. Orange, MD, MS
Hospital for Special Surgery 

and The Rockefeller University
Nathalie E. Blachere, PhD
Mayu O. Frank, NP, PhD
Salina Parveen, MA
Howard Hughes Medical Institute 

and The Rockefeller University

Figure 1. Percentage of synovial samples with infiltrating neutrophils 
or fibrin deposition according to positivity or negativity for autoanti-
bodies (cyclic citrullinated peptide [CCP] or rheumatoid factor [RF]). 
There was no significant difference in prevalence of synovial neutrophils 
or fibrin according to the presence or absence of these autoantibodies.
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Early-onset hydroxychloroquine retinopathy and a 
possible relationship to blood levels: comment on the 
article by Petri et al

To the Editor:
Petri et al report that higher blood levels of hydroxychloro-

quine (HCQ) predicted development of HCQ retinopathy (1). How-
ever, in a recent case–control study, HCQ blood levels were not 
associated with retinopathy (2). The inconsistency may arise from 
dosage adjustment over time and the timing of blood level testing.

In Japan, height-based HCQ dosing, with a maximum 
dosage of 6.5 mg/kg ideal weight per day or 400 mg/day, was 
approved for systemic lupus erythematosus and cutaneous lupus 
erythematosus in 2015 after a double-blind clinical trial including 
a pharmacokinetic study demonstrated efficacy and safety (3,4). 
Dosing based on height and sex is available on the drug pack-
age insert so prescribers do not have to calculate. Ophthalmo-
logic screening including both spectral-domain optical coherence 
tomography and automated visual field assessment is mandatory 

before prescription and yearly after initiation. Approximately 
20,000 patients have begun HCQ.

As of July 2020, 3 patients had developed HCQ retinopathy 
(Table 1). HCQ retinopathy was diagnosed 29–36 months after 
exposure to HCQ. Treatment was maintained at the initial dos-
age in Patients 2 and 3. In Patient 1, the dosage was temporarily 
increased  to 300 mg/day for 5 months during the total 29-month 
period of administration. Patients 2 and 3 had impaired renal func-
tion. We obtained a blood sample from patient 3 the day after 
HCQ was discontinued. Liquid chromatography mass spectrom-
etry performed 27 hours after the last dose revealed high whole 
blood levels of HCQ (2,240 ng/ml).

Petri et al reported a weak correlation (0.32) between HCQ  
blood levels and weight-based HCQ dosage (0.32) and that the 
newly recommended maximum daily dosage of 5.0 mg/kg real 
weight (5) resulted in HCQ blood levels >2,000 ng/ml in some cases 
(Figure 2 in ref. 1). Measuring HCQ blood levels at the time of retin-
opathy diagnosis can help in determining the threshold for retinop-
athy. If HCQ blood levels have a causal relationship to retinopathy, 
samples obtained at diagnosis should show high levels, and the 
lowest blood level could be used to estimate the toxicity threshold. 
For a paradigm shift from weight- or height-based dosing to blood 
level–based dosing, the therapeutic level should be validated (6).
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Table 1. Characteristics of the 3 patients with HCQ retinopathy at 
diagnosis*

Patient 1 Patient 2 Patient 3
Age/sex 37/F 52/F 69/F
Indication SLE SLE SLE
eGFR, ml/minute/1.73 m2 80–100 23–38 32–54
Liver dysfunction No No No
Use of tamoxifen No No No
Dosage, mg/day 200† 300 300
Height, cm 154 158 155
Real weight, kg 45 45 45
Ideal weight, kg 46 49 47
Dosage, mg/kg real 

weight/day
4.4 6.7 6.7

Dosage, mg/kg ideal 
weight/day

4.4 6.1 6.4

Duration of therapy, 
months

29 29 36

Cumulative dose, gm 182 263 326
* HCQ = hydroxychloroquine; SLE = systemic lupus erythematosus;
eGFR = estimated glomerular filtration rate. 
† Dosage was temporarily increased to 300 mg/day for 5 months. 
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Reply

To the Editor:
We agree with Dr. Yokogawa and colleagues that in the 

study by Lenfant et al (1), the lack of findings supporting a 
relationship between HCQ blood concentration and retinop-
athy may well have been due to the fact that Lenfant and 
colleagues selected an adherent control group, which likely 
inflated the average HCQ levels in their controls relative to 
typical patients.

Another difference between the 2 studies that may have 
impacted the findings was the design. Our study was based on 
a prospective cohort, so patients who developed retinopathy 
and those who did not develop retinopathy were from the same 

cohort. HCQ blood levels were repeatedly measured prior to 
the onset of retinopathy in all patients. In contrast, the study by 
Lenfant et al was a case–control study, with cases and controls 
recruited from different sources, and in the controls, HCQ blood 
levels were measured only at a single time point (1).
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To switch or not switch febuxostat: comment on the 
article by FitzGerald et al

To the Editor:
I read with great interest the 2020 American College of Rheu-

matology guideline for the management of gout (1). In the guideline, 
switching to an alternative oral urate-lowering therapy (ULT) agent 
is conditionally recommended for patients taking febuxostat with 
a history of cardiovascular disease (CVD) or a new CVD- related 
event. The limitation of underlying evidence from the US Food 
and Drug Administration–mandated CARES trial was addressed, 
i.e., a high dropout rate with a majority of deaths occurring after 
ULT discontinuation (2). I have 2 additional concerns regarding the 
recommendation that such patients should switch from febux-
ostat to an alternative oral ULT agent. First, in these patients, the 
increased mortality rate within 30 days of febuxostat discontinua-
tion may be due to the abrupt increase in serum uric acid (UA) level 
with subsequent free urate crystal formation in the cardiovascular 
system (cardiovascular gout attack) (3). The serum UA level may 
rebound when treatment is switched from febuxostat to an alter-
native ULT agent, and it probably takes >1 month to get it under 
control. Therefore, based on observations from the CARES trial, 
there may be an increased likelihood of death within the first month 
if switching from febuxostat to an alternative ULT agent. Second, 
intolerance to alternative ULT agents and potential inadequate 
control of UA levels in turn increase the risk of CVD (4). The decision 
to switch from febuxostat to another treatment should be a shared 
one that takes into account all of the above-mentioned concerns.

https://orcid.org/0000-0003-1441-5373
mailto:
https://orcid.org/0000-0001-5003-3503
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.41504&domain=pdf&date_stamp=2020-12-26


LETTERS 360       |

Chuanhui Xu, MD, PhD, MRCP
Department of Rheumatology, Allergy, and 

Immunology 
Tan Tock Seng Hospital
Singapore

 1. FitzGerald JD, Dalbeth N, Mikuls T, Brignardello-Petersen R, Guyatt G, 
Abeles AM, et al. 2020 American College of Rheumatology guideline 
for the management of gout. Arthritis Rheumatol 2020;72:879–95.

 2. White WB, Saag KG, Becker MA, Borer JS, Gorelick PB, Whelton A, 
et al. Cardiovascular safety of febuxostat or allopurinol in patients with 
gout. N Engl J Med 2018;378:1200–10.

 3. Ghang B, Ahn SM, Kim J, Kim YG, Lee CK, Yoo B. Discontinuing febux-
ostat might cause more deaths than continuing febuxostat: the untold 
story from the CARES trial. Rheumatology (Oxford) 2020;59:1439–40.

 4. Pagidipati NJ, Hess CN, Clare RM, Akerblom A, Tricoci P, Wojdyla 
D, et al. An examination of the relationship between serum uric acid 
level, a clinical history of gout, and cardiovascular outcomes among 
patients with acute coronary syndrome. Am Heart J 2017;187:53–61.

https://orcid.org/0000-0002-3222-7168
mailto:


e1  

Arthritis & Rheumatology
Vol. 73, No. 2, February 2021, pp e1–e12
DOI 10.1002/art.41596
© 2020, American College of Rheumatology

American College of Rheumatology Guidance for the 
Management of Rheumatic Disease in Adult Patients 
During the COVID-19 Pandemic: Version 3
Ted R. Mikuls,1  Sindhu R. Johnson,2  Liana Fraenkel,3  Reuben J. Arasaratnam,4 Lindsey R. Baden,5 
Bonnie L. Bermas,4 Winn Chatham,6 Stanley Cohen,7 Karen Costenbader,5 Ellen M. Gravallese,5 Andre C. Kalil,8 
Michael E. Weinblatt,5 Kevin Winthrop,9 Amy S. Mudano,6 Amy Turner,10 and Kenneth G. Saag6

Objective. To provide guidance to rheumatology providers on the management of adult rheumatic disease in the 
context of the coronavirus disease 2019 (COVID-19) pandemic.

Methods. A task force, including 10 rheumatologists and 4 infectious disease specialists from North America, was 
convened. Clinical questions were collated, and an evidence report was rapidly generated and disseminated. Questions 
and drafted statements were reviewed and assessed using a modified Delphi process. This included asynchronous 
anonymous voting by email and webinars with the entire panel. Task force members voted on agreement with draft 
statements using a 1–9-point numerical scoring system, and consensus was determined to be low, moderate, or high 
based on the dispersion of votes. For approval, median votes were required to meet predefined levels of agreement 
(median values of 7–9, 4–6, and 1–3 defined as agreement, uncertainty, or disagreement, respectively) with either 
moderate or high levels of consensus.

Results. Draft guidance statements approved by the task force have been combined to form final guidance.
Conclusion. These guidance statements are provided to promote optimal care during the current pandemic. 

However, given the low level of available evidence and the rapidly evolving literature, this guidance is presented as a 
“living document,” and future updates are anticipated.

Due to the rapidly expanding information and evolving evidence related to COVID-19, which may lead to 
modification of some guidance statements over time, it is anticipated that updated versions of this article 
will be published, with the version number included in the title. Readers should ensure that they are con-
sulting the most current version.

Guidance developed and/or endorsed by the American College of Rheumatology (ACR) is intended to inform 
particular patterns of practice and not to dictate the care of a particular patient. The ACR considers adher-
ence to this guidance to be voluntary, with the ultimate determination regarding its application to be made 
by the physician in light of each patient’s individual circumstances. Guidance statements are intended to 
promote beneficial or desirable outcomes but cannot guarantee any specific outcome. Guidance developed 
or endorsed by the ACR is subject to periodic revision as warranted by the evolution of medical knowledge, 
technology, and practice.

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

Since its initial outbreak in Wuhan, China, coronavirus disease 
2019 (COVID-19) has rapidly evolved into a worldwide pandemic 
(1). Caused by infection with severe acute respiratory syndrome 
coronavirus 2 (SARS–CoV-2), COVID-19 has impacted millions 
of lives and has contributed to a growing number of deaths 
worldwide. The pandemic poses a substantial challenge for both 
rheumatology providers and patients since serious infection is a 
well-recognized cause of morbidity and mortality across a num-
ber of rheumatic diseases. Therefore, there is an urgent need to 
address important questions regarding COVID-19 risk and pre-
vention as well as the safety surrounding the administration of 
rheumatic disease treatments.

The American College of Rheumatology (ACR) convened the 
COVID-19 Clinical Task Force on March 26, 2020, charged by 
ACR leadership to rapidly provide guidance to rheumatology pro-
viders relevant to the management of rheumatic disease in adult 
patients during the pandemic. Clinical guidance generated from 
this effort is intended to aid in the care of individual patients, but it 
is not meant to supplant clinical decision-making. Modifications to 
treatment plans, particularly in patients with complex conditions, 
are highly disease-, patient-, geography-, and time-specific and, 
therefore, must be individualized as part of a shared decision-mak-
ing process. Although substantial attention has been given to the 
use of rheumatology treatments (e.g., hydroxychloroquine [HCQ], 
chloroquine [CQ], interleukin-6 [IL-6] receptor inhibition) in the pre-
vention and management of COVID-19 and associated inflamma-
tory sequelae of infection, the guidance provided in this report is 
limited to the management of rheumatic disease and does not 

address the management of COVID-19 and/or its complications. 
Furthermore, the guidance herein is presented as a “living” doc-
ument, recognizing that evidence is evolving rapidly and the ACR 
anticipates the need for updates of this guidance as such evi-
dence becomes available.

METHODS

Clinical questions. A task force leadership group (TRM,  
SRJ, LF, KGS) generated initial questions and clinical scenar-
ios to address. Initial questions were informed by review of “Fre-
quently Asked Questions” posted by rheumatology patients on 
patient-facing websites hosted by the national Arthritis Foundation 
(2), CreakyJoints (3), and the Global Healthy Living Foundation (4). 
Questions were categorized into 4 overlapping domains: 1) risk 
assessment and prevention, 2) use of rheumatic disease treat-
ments in patients at risk for exposure, 3) rheumatic disease treat-
ment immediately following known SARS–CoV-2 exposure (e.g., 
community-related exposure as defined by the Centers for Disease 
Control and Prevention [CDC]), and 4) management of rheumatic 
disease in the context of COVID-19. The task force agreed that 
the perspective of the guidance should be that of managing clini-
cians and their individual patients but that some attention should 
be directed to a societal perspective, when relevant, around poten-
tial issues of availability of specific antirheumatic therapies being 
considered for treatment of COVID-19. Following an initial task 
force webinar on March 26, 2020, 4 separate subgroups were 
formed to address and refine questions in each domain. The task 
force included 14 members from North America and comprised 
10 rheumatologists and 4 infectious disease specialists with broad 
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expertise in relevant clinical areas and representing different geo-
graphic regions, rheumatic disease specialty areas, and clinical 
practice settings.

Evidence review. In addition to refining clinical questions 
addressed, each subgroup was tasked with gathering evidence 
that addressed questions within the assigned domains. This 
nonsystematic evidence review included PubMed searches 

supplemented by postings from the CDC, US Food and Drug 
Administration (FDA), and other electronic media sources. 
Questions and relevant evidence were collated into a single 
document, which was disseminated by email to the entire task 
force for review 2 days prior to initial voting. Following initial pub-
lication, regular PubMed searches were undertaken, abstracts 
reviewed by the leadership team with full reports reviewed as 
appropriate, and new evidence shared with the task force prior 
to follow-up webinars.

Initial voting. Following the evidence review, an initial 
round of voting was conducted anonymously by email using 
a modified Delphi approach as part of the RAND/University of 
California at Los Angeles (UCLA) appropriateness method (5). 
The RAND/UCLA appropriateness method has been shown to 
be highly reproducible (6) and to have content, construct, and 
predictive validity (7–9). All votes were weighted equally. Task 
force members were asked to report their level of agreement 
with 3 general statements in addition to providing graded yes/no 
responses to 90 clinical questions. Voting was completed using 
a numerical rating scale of 1–9 for all items. For the 3 general 
statements, ratings of 9 corresponded to “complete agreement,” 
5 corresponded to “uncertain,” and 1 corresponded to “complete 
disagreement.” Median vote ratings of 1–3, 4–6, and 7–9 were 
defined a priori and interpreted as disagreement, uncertainty, and 
agreement, respectively. For yes/no questions, a voting score of 
9 indicated that a positive response was expected “to result in a 
highly favorable benefit to risk ratio” whereas a voting score of 
1 strongly favored a negative response and a voting score of 5 
corresponded to uncertainty. For questions, median vote ratings 
of 1–3, 4–6, and 7–9 were interpreted as no, uncertain, and yes 
responses, respectively. Panel consensus was also assessed and 
noted to be “low” when ≥4 votes fell into the 1–3 rating range with 
≥4 votes simultaneously falling into the 7–9 rating range. Consen-
sus was deemed to be “high” when all 14 votes fell within a single 

Table 1. Timeline in ACR COVID-19 clinical guidance development*

Date(s) Milestone
2019

December Initial cases of novel coronavirus pneumonia 
identified in Wuhan, China

2020
January 21 First (travel-related) case of COVID-19 in US 

(Washington state)
March 11 COVID-19 declared pandemic by World Health 

Organization
March 26 ACR COVID-19 Clinical Task Force convened—

initial webinar
March 26–30 Task force subgroups refine clinical questions 

and gather evidence
March 31 Evidence report disseminated to task force 

members
April 1–3 Initial task force vote on statements/questions
April 4 Results of round one voting reviewed, discussed 

via webinar
April 5–6 Draft statements generated for additional 

consideration
April 7–8 Second round of task force voting
April 8 Final statements reviewed and refined via 

webinar
April 9–10 Approved statements concatenated into 25 

recommendations and draft guidance 
document generated

April 11 Guidance document approved by ACR Board of 
Directors

April 13 Draft guidance posted on ACR website
July 31 Online publication of version 2

* ACR = American College of Rheumatology; COVID-19 = coronavirus
disease 2019. 

Table 2. General guidance for patients with rheumatic disease*

Guidance statement
Level of task force 

consensus
The risk of poor outcomes from COVID-19 appears to be related primarily to general 

risk factors such as age and comorbidity. 
High

Patients should be counseled on general preventive measures, e.g., social distancing, 
wearing a mask when social distancing is not possible, and hand hygiene. 

High

As part of a shared decision-making process between patients and rheumatology 
providers, select measures to reduce health care encounters and potential exposure 
to SARS–CoV-2 (beyond general preventive measures) may be reasonable, e.g., 
reduced frequency of laboratory monitoring, optimal use of telehealth, increased 
dosing intervals between intravenous medications. 

Moderate to high

If indicated, glucocorticoids should be used at the lowest dose possible to control 
rheumatic disease, regardless of exposure or infection status. 

Moderate to high

Glucocorticoids should not be abruptly stopped, regardless of exposure or infection 
status. 

High

If indicated, ACE inhibitors or ARBs should be continued in full doses or initiated. Moderate to high
* COVID-19 = coronavirus disease 2019; SARS–CoV-2 = severe acute respiratory syndrome coronavirus 2; ACE = 
angiotensin-converting enzyme; ARB = angiotensin receptor blocker. 
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tertile, with all other combinations considered to reflect “moder-
ate” levels of consensus.

Review of initial voting results and generation of 
draft guidance statements. Results from the first round of vot-
ing were reviewed and discussed as part of a task force webinar on 
April 4, 2020 (Table 1). Discussion was focused on questions and/
or statements with median votes reflecting uncertainty and with low 
or moderate consensus. Panelists were given the opportunity to 
comment on all of the items presented in the initial voting process. 
Informed by voting results and discussion, the task force leadership 
group drafted guidance statements for further consideration.

Second round of voting and guidance approval. Draft 
statements were sent to task force members and agreement was 
assessed by email, again using an anonymous voting process as 
detailed above. Guidance statements receiving a median vote rat-
ing of 7–9 with moderate or high consensus were approved as 
recommendations (10). Results from the second round of voting 
were presented to the task force during a third webinar on April 8, 
2020, and minor revisions to statements were made through an 
iterative process until consensus was achieved. To minimize redun-
dancy and overlap, the approved statements were combined to 
generate final guidance statements with the agreement of task 
force members ascertained via email. The ACR Board of Directors 
approved these initial recommendations on April 11, 2020. A sim-
ilar approach was used for changes and/or additions made to the 
guidance document that followed its initial approval.

RESULTS

Of the 81 guidance statements considered in round 2 vot-
ing, 77 received median vote ratings of 7, 8, or 9 and were also 

associated with moderate consensus (n = 36) or high consensus 
(n = 41), the predefined threshold for approval (Supplementary 
Tables 1–6, on the Arthritis & Rheumatology website at http://onlin  e 
libr  ary.wiley.com/doi/10.1002/art.41596/  abstract). There were 2 
draft statements receiving a median vote rating of <7 (Supplemen-
tary Tables 5 and 6) and 2 additional statements with a median 
vote rating of ≥7 that were accompanied by low consensus (Sup-
plementary Tables 2 and 3b). The process resulted in 25 final guid-
ance statements that were posted online by the ACR in draft form 
on April 13, 2020. These include guidance on 1) general consid-
erations relevant to risk assessment, prevention, and the use of 
glucocorticoids, angiotensin-converting enzyme (ACE) inhibitors, or 
angiotensin receptor blockers (ARBs) (Table 2), 2) ongoing treat-
ment of patients with stable rheumatic disease in the absence of 
infection or SARS–CoV-2 exposure and considerations specific to 
systemic lupus erythematosus (SLE) (Table 3), 3) treatment of newly 
diagnosed or active rheumatic disease in the absence of infection 
or SARS–CoV-2 exposure (Table  4), 4) treatment of rheumatic 
disease after SARS–CoV-2 exposure (Table 5), and 5) rheumatic 
disease treatment in the context of documented or presumptive 
COVID-19 (Table 5).

Following approval and publication of these initial 25 guid-
ance statements, the task force approved 3 additional state-
ments (Supplementary Table 7, on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41596/ 
abstract). Two of these statements were combined, leading to a 
total of 27 guidance statements. Guidance statements specific 
to the use of HCQ/CQ were revised following initial publication 
(results of re-voting shown in Supplementary Table 8, on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41596/abstract).

Evidence supporting the final recommendations was uni-
versally of very low quality: either indirect and/or limited to case 

Table 3. Guidance for ongoing treatment of patients with stable rheumatic disease in the absence of infection or 
known SARS–CoV-2 exposure and in patients with SLE*

Guidance statement
Level of task 

force consensus
Ongoing treatment in patients with stable rheumatic disease

HCQ/CQ, SSZ, MTX, LEF, immunosuppressants (e.g., tacrolimus, CSA, MMF, AZA), biologics, JAK 
inhibitors, and NSAIDs may be continued. (This includes patients with GCA with an indication, 
in whom IL-6 receptor inhibitors should be continued, if available.)

Moderate to high

Denosumab may still be given, extending dosing intervals to no longer than every 8 months, if 
necessary to minimize health care encounters. 

Moderate

For patients with a history of vital organ–threatening rheumatic disease, immunosuppressants 
should not be dose-reduced.

Moderate

Treatment of SLE
For patients with newly diagnosed disease, HCQ/CQ should be started at full dose, when 

available. 
High

For pregnant women with SLE, HCQ/CQ should be continued at the same dose, when available. High
If indicated, belimumab may be initiated. Moderate

* SARS–CoV-2 = severe acute respiratory syndrome coronavirus 2; SLE = systemic lupus erythematosus; HCQ = 
hydroxychloroquine; CQ = chloroquine; SSZ = sulfasalazine; MTX = methotrexate; LEF = leflunomide; CSA = cyclosporin 
A; MMF = mycophenolate mofetil; AZA = azathioprine; NSAIDs = nonsteroidal antiinflammatory drugs; GCA = giant cell 
arteritis; IL-6 = interleukin-6. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41596/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41596/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41596/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41596/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.?????/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.?????/abstract
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series or retrospective cohort studies of COVID-19 patients 
with limited or no information on underlying rheumatic disease 
status. Available evidence is summarized below, organized by 
risk assessment, infection prevention, and rheumatic disease 
treatments.

Risk assessment. To our knowledge, there is currently no 
compelling evidence identifying risk factors for poor outcome 
with COVID-19 that are specific to rheumatic disease. Based on 
preliminary retrospective cohort studies (11–14), risk factors for 
poor outcome with COVID-19 include older age (e.g., >65 years) 

Table 4. Guidance for the treatment of newly diagnosed or active rheumatic disease in the absence of infection 
or known SARS–CoV-2 exposure*

Guidance statement
Level of task  

force consensus
Inflammatory arthritis

For patients whose disease is well-controlled with HCQ/CQ, this DMARD should be 
continued when available; when unable to access (including in patients with active or 
newly diagnosed disease), switching to a different conventional synthetic DMARD (either 
as monotherapy or as part of combination therapy) should be considered. 

Moderate to high

For patients whose disease is well-controlled with an IL-6 receptor inhibitor, this DMARD 
should be continued when available; when unable to access the agent, switching to a 
different biologic should be considered.†

Moderate

For patients with moderate-to-high disease activity despite optimal conventional synthetic 
DMARDs, biologics may be started.†

High

For patients with active or newly diagnosed inflammatory arthritis, conventional synthetic 
DMARDs may be started or switched. 

Moderate

If indicated, low-dose glucocorticoids (≤10 mg prednisone equivalent/day) or NSAIDs may 
be started. 

Moderate to high

Other rheumatic diseases
For patients with systemic inflammatory or vital organ–threatening disease (e.g., lupus 

nephritis or vasculitis), high-dose glucocorticoids or immunosuppressants (e.g., 
tacrolimus, CSA, MMF, AZA) may be initiated. 

Moderate

In the context of a drug shortage due to COVID-19, new HCQ/CQ prescriptions for non–
FDA-approved indications should be avoided. 

High

* SARS–CoV-2 = severe acute respiratory syndrome coronavirus 2; HCQ = hydroxychloroquine; CQ = chloroquine; 
DMARD = disease-modifying antirheumatic drug; IL-6 = interleukin-6; NSAIDs = nonsteroidal antiinflammatory drugs; 
CSA = cyclosporin A; MMF = mycophenolate mofetil; AZA = azathioprine; FDA = US Food and Drug Administration. 
† The panel noted uncertainty with regard to JAK inhibition in this situation. 

Table 5. Guidance for the treatment of rheumatic disease following known SARS–CoV-2 exposure and in the context of active or presumptive 
COVID-19*

Guidance statement
Level of task force 

consensus
Following SARS–CoV-2 exposure

SSZ and NSAIDs may be continued. Moderate to high
HCQ/CQ, immunosuppressants (e.g., tacrolimus, CSA, MMF, AZA), non–IL-6 biologics, and JAK inhibitors should be 

stopped temporarily, pending 2 weeks of symptom-free observation.†
Moderate to high

In select circumstances, as part of a shared decision-making process, IL-6 receptor inhibitors may be continued. Moderate
Documented or presumptive COVID-19

Regardless of COVID-19 severity, HCQ/CQ, SSZ, MTX, LEF, immunosuppressants, non–IL-6 biologics, and JAK inhibitors 
should be stopped or withheld. 

Moderate to high

For patients with severe respiratory symptoms, NSAIDs should be stopped.‡ Moderate
In select circumstances, as part of a shared decision-making process, IL-6 receptor inhibitors may be continued. Moderate

Reiniating treatment following COVID-19
For patients with uncomplicated COVID-19 infections (characterized by mild or no pneumonia and treated in the 

ambulatory setting or via self-quarantine), consideration may be given to restarting rheumatic disease treatments 
(e.g., DMARDs, immunosuppressants, biologics, and JAK inhibitors) within 7–14 days of symptom resolution. For 
patients who have a positive PCR test result for SARS–CoV-2 but are (and remain) asymptomatic, consideration 
may be given to restarting rheumatic disease treatments (e.g., DMARDs, immunosuppressants, biologics, and JAK 
inhibitors) 10–17 days after the PCR result is reported as positive.

High

Decisions regarding the timing of reinitiating rheumatic disease therapies in patients recovering from more severe 
COVID-19–related illness should be made on a case-by-case basis.

High

* SARS–CoV-2 = severe acute respiratory syndrome coronavirus 2; COVID-19 = coronavirus disease 2019; HCQ = hydroxychloroquine; CQ = 
chloroquine; SSZ = sulfasalazine; NSAIDs = nonsteroidal antiinflammatory drugs; CSA = cyclosporin A; MMF = mycophenolate mofetil; AZA = 
azathioprine; IL-6 = interleukin-6; MTX = methotrexate; LEF = leflunomide; DMARDs = disease-modifying antirheumatic drugs; PCR = polymerase 
chain reaction. 
† The panel noted uncertainty with regard to temporarily stopping MTX or LEF in this situation. 
‡ The panel demonstrated low consensus with regard to stopping NSAIDs in the absence of severe symptoms. 
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and select comorbidities such as chronic lung disease, hyperten-
sion, cardiovascular disease, chronic kidney disease, obesity, and 
diabetes mellitus, conditions that are frequently overrepresented 
among patients with rheumatic disease (15–18). Data linking spe-
cific rheumatologic treatments to COVID-19 or its complications 
are either lacking or, when available, conflicting, and are discussed 
in detail below.

In addition to older age and comorbidity, a number of lab-
oratory measures have been preliminarily associated with poor 
outcomes from COVID-19 (11,12). Examined in retrospective 
cohorts of hospitalized patients, biomarkers predictive of poor 
outcomes have included lymphopenia (particularly, low CD4+ T 
cell numbers) and elevations in circulating levels of lactate dehy-
drogenase, C-reactive protein, IL-6, and d-dimer, among others 
(19–22). Whether lymphopenia portends “preexisting” risk or is a 
consequence of more severe infection in hospitalized patients is 
unclear. Defining the precise role different biomarkers might play 
in predicting COVID-19 outcomes in the context of rheumatic dis-
ease will require further study.

General infection prevention. Preventive measures 
focused on mitigating infection risk and the impact of COVID-19 
have been widely publicized by the CDC (23,24) and other public 
health agencies. The task force acknowledged the importance of 
these measures, recommending that rheumatic disease patients 
be provided with guidance around their routine adoption. These 
focus primarily on optimal hand hygiene, social distancing, and 
wearing a mask in public when social distancing is not possible, 
among others. As social distancing has emerged as a focal point 
in public health strategies aimed at preventing SARS–CoV-2 infec-
tion, this may have implications for the delivery of rheumatology 
care, with efforts to reduce health care encounters as a means 
of preventing virus spread and preserving the health care work-
force (25). The task force acknowledged several relevant strate-
gies that could be applied in the context of rheumatology care, 
including, but not limited to, optimal use of telehealth, reducing the 
frequency of routine laboratory surveillance when the associated 
risk of not testing is deemed to be low, using lower-volume labora-
tories not located within larger health care facilities, or delaying the 
initiation or re-dosing of infusion-based treatments when the risk 
of disease flare is low. The task force endorsed potential tempo-
rary delays in performing intravenous administration of zoledronic 
acid or subcutaneous administration of denosumab (generally 
given at a health care setting) as two examples (Supplementary 
Table 4, on the Arthritis & Rheumatology website at http://onlin  e 
libr  ary.wiley.com/doi/10.1002/art.41596/  abstract), recommend-
ing that dosing intervals with denosumab not exceed 8 months 
due to concerns regarding increased vertebral fracture risk follow-
ing denosumab withdrawal (26).

The task force recognized the importance of social dis-
tancing for all patients, including in the workplace when feasi-
ble. This may be particularly important for vulnerable patients 

at increased risk of poor COVID-19 outcomes (e.g., older 
patients with multimorbidity) and those at increased risk of 
SARS–CoV-2 exposure (e.g., health care workers). Workplace 
accommodations, including appropriate personal protective 
equipment (PPE), to minimize the spread of infection should 
be made available, and additional accommodations in the 
absence of PPE may be needed.

Rheumatic disease treatments. ACE inhibitors and 
ARBs. Recognizing that ACE2 serves as the cellular recep-
tor for SARS–CoV-2 (27), theoretical concerns have been 
raised regarding therapies known to increase ACE2 expres-
sion (a recognized effect of ACE inhibitors and ARBs) (28). 
Following acute lung injury, ACE2 levels are down-regulated 
in local tissue, which may lead to excessive activation of the 
renin–angiotensin–aldosterone system and worsen underlying 
pneumonia. This has led to the opposing conjecture that ACE 
inhibitors or ARBs could be beneficial in the context of active 
infection (29). To date, however, there are insufficient clinical 
data to support the notion of either detrimental or beneficial 
effects of these drugs with respect to COVID-19. The Ameri-
can Heart Association, Heart Failure Society of America, and 
American College of Cardiology have recommended continu-
ation of ACE inhibitors or ARBs for all patients who have been 
prescribed these agents, with careful deliberation preceding 
any change in these treatments (30). A cohort study demon-
strated that among patients with hypertension hospitalized 
with COVID-19, the use of ACE inhibitors or ARBs was asso-
ciated with significantly improved survival (31). The task force 
recommended continued use of ACE inhibitors and ARBs per 
standard of care in rheumatic disease patients who are most 
likely to benefit from these agents, such as those with a his-
tory or risk of scleroderma renal crisis or those with SLE and 
hypertension (32,33).

Nonsteroidal antiinflammatory drugs (NSAIDs). Although 
speculation was raised early in the pandemic with regard to 
NSAID use and possible associations with worse COVID-19 
outcomes (34,35), these concerns have yet to be substan-
tiated. The task force endorsed the continued use of these 
agents and prescription of these medications, when indicated, 
for newly diagnosed rheumatic disease with the exception that 
NSAIDs be stopped in those with severe manifestations of 
COVID-19, such as kidney, cardiac, or gastrointestinal injury, 
which portend a poor prognosis (36–38). The task force demon-
strated low consensus specific to whether NSAIDs should be 
stopped in the setting of less severe COVID-19, where the 
use of such agents might provide therapeutic antipyretic and/
or antiinflammatory benefit. Others have proposed acetami-
nophen (or paracetamol) as an alternative to NSAIDs in this 
situation (39), although appropriate caution is needed as there 
has been evidence of liver injury accompanying COVID-19  
in a proportion of cases (40).

http://onlinelibrary.wiley.com/doi/10.1002/art.41596/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41596/abstract
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Glucocorticoids. The data related to the effects of glucocor-
ticoid treatment in patients infected with SARS–CoV-2 are mixed. 
Recognizing potential risks associated with the immunosup-
pressive effects of glucocorticoids, emerging data suggest that 
their antiinflammatory properties could theoretically mitigate the 
impact of COVID-19, particularly during the late phases of infec-
tion characterized by hyperinflammation and cytokine storm 
(11,41). Case series suggest that younger patients with a his-
tory of solid organ transplantation and those undergoing cancer 
chemotherapy living in epidemic areas of Italy, many of whom 
were receiving glucocorticoids, have not developed severe 
COVID-19 complications (42). In small hospital-based cohorts, 
treatment of COVID-19–related acute respiratory distress syn-
drome with methylprednisolone was associated with improved 
survival (11) and shorter intensive care unit (ICU) stays (41). In a 
controlled, open-label study of hospitalized COVID-19 patients, 
dexamethasone administration was associated with a lower 
28-day mortality in a subgroup of patients receiving respiratory 
support (43).

These limited data suggesting a glucocorticoid benefit in 
COVID-19 are balanced by indirect data from other viral infections 
suggesting that there is no meaningful benefit, or even that there  
may be harm. There are no clinical data, for instance, suggesting 
benefit from glucocorticoids in the treatment of airway infections 
related to respiratory syncytial virus, influenza, SARS–CoV-1, or 
Middle East respiratory syndrome (MERS; caused by a separate 
coronavirus) (44). Furthermore, in one study of patients with SARS–
CoV-1 pneumonia, the use of glucocorticoids was associated  
with worse outcomes (45). Likewise, glucocorticoid treatment in 
influenza pneumonia has been associated with significantly worse 
outcomes including higher mortality, more secondary bacterial 
infections, and increased length of ICU stay (46). In addition to being 
associated with reactivation of herpes zoster (47,48), glucocorti-
coid treatment is associated with a dose-dependent risk of serious 
bacterial and opportunistic infections (49). This latter concern may 
be particularly salient, as it was demonstrated in at least one Chi-
nese case series that up to one-half of all COVID-19–related deaths 
were attributable to secondary bacterial infection (50).

Acknowledging controversies in the available evidence, the 
task force endorsed continued standard-of-care glucocorticoid 
administration, avoidance of abrupt treatment withdrawal (given 
the possibility of hypothalamic–pituitary–adrenal axis suppression 
[51]), and use of the lowest effective doses to control underlying 
rheumatic disease manifestations. The panel further endorsed 
the use of low-dose glucocorticoids when clinically indicated 
and acknowledged that higher doses in the context of severe, 
vital organ–threatening disease may be necessary even following 
SARS–CoV-2 exposure.

Conventional synthetic disease-modifying antirheumatic 
drugs (csDMARDs). Risks of serious infection with HCQ, CQ, 
sulfasalazine (SSZ), leflunomide (LEF), and methotrexate (MTX) 
are relatively small, particularly when given as monotherapies 

(52,53). This fact informed the task force’s recommendation 
to continue or initiate these therapies, when needed, in the 
absence of infection or known SARS–CoV-2 exposure. The 
task force recommended that SSZ could be continued post–
SARS–CoV-2 exposure (expressing uncertainty regarding 
MTX and LEF in this situation) but recommended temporar-
ily withholding HCQ/CQ, SSZ, LEF, and MTX in the setting of 
active infection. This latter recommendation specific to SSZ 
stemmed primarily from concerns that adverse effects from 
this agent (e.g., gastrointestinal upset, diarrhea, hepatitis, 
cytopenias, and rarely, pneumonitis) could be confused with 
signs of COVID-19 infection or could be detrimental, and that 
temporarily withholding this treatment would be unlikely to 
result in significant rheumatic disease flares.

Despite lack of support from rigorously conducted clini-
cal trials (54–58), HCQ and CQ have been widely used in the 
treatment of COVID-19. As a result, supply chain issues for 
both agents have been reported (59). Recognizing the pos-
sibility that antimalarial therapy may not be available for all 
patients, the task force recommended that other csDMARDs 
could be used in place of HCQ/CQ in the context of inflamma-
tory arthritis. The task force also recommended that in the set-
ting of concerns regarding drug availability, new prescriptions 
of HCQ/CQ should be limited to patients with FDA-approved 
indications. The task force achieved strong levels of agree-
ment and high consensus with regard to the continued use 
of HCQ/CQ in the management of SLE, when possible. It has 
been shown that therapeutic drug levels (>500 ng/ml in blood) 
can be achieved with optimal HCQ dosing strategies and that 
circulating drug concentrations below this threshold are asso-
ciated with higher disease activity and increased flare risk in 
SLE (60,61). In addition to being associated with improved 
pregnancy outcomes in women with SLE (62), continued use 
of HCQ in SLE decreases the risk of flare and reduces the risk 
of longer-term morbidity and mortality (63,64).

The task force recommended temporarily withholding HCQ/
CQ following SARS–CoV-2 exposure or infection. This change 
from prior guidance (Supplementary Table 8, http://onlinelibrary.
wiley.com/doi/10.1002/art.41596/abstract) stems from emerg-
ing reports highlighting the potential for cardiotoxicity (primarily 
QT prolongation and arrhythmias) that could be heightened in 
the context of COVID-19 and the receipt of other QT-prolonging 
agents that are common among hospitalized patients (65–69). 
Protocols have been proposed for cardiac monitoring to reduce 
the potential of adverse cardiac events that could be attributa-
ble to HCQ/CQ, particularly in the context of severe infection 
(70).  Given the prolonged tissue half-life of antimalarial thera-
pies, such monitoring may be needed in high-risk patients with  
COVID-19 even in circumstances where these agents have been 
withheld. As with SSZ, the task force believed that temporary dis-
continuation of these agents would be unlikely to result in a signif-
icant increase in the risk of rheumatic disease flare.
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Biologics, immunosuppressants, and JAK inhibitors. Biolog-
ics and JAK inhibitors have been associated with an increased 
risk of serious infection compared to conventional DMARDs (71–
77). Most reports to date have focused on the risk of bacterial 
and opportunistic infections. Less attention has been directed to 
viral, and particularly viral respiratory, infections. An exception is 
the increased risk of herpes zoster observed with JAK inhibition 
(78–80). Although mechanisms linking these agents to the reac-
tivation of herpes zoster are unclear, dampening of innate anti-
viral effects of type I and type II interferons has been suggested 
to play a role (81).

Conducted primarily in the context of rheumatoid arthritis, 
studies examining tapering or discontinuation of biologics or JAK 
inhibitors suggest that a large proportion of patients experience 
rheumatic disease flare (82–85). This is relevant because underly-
ing inflammation or disease activity has been implicated as a risk 
factor for infection (86,87), a risk that may be heightened further 
in the context of “rescue” glucocorticoids. Although biologic ther-
apies are associated with an increased risk of hospitalization due 
to serious infection, at least one report in rheumatoid arthritis has 
suggested that they are associated with a reduced risk of sepsis 
or fatal outcome, as compared to nonbiologic DMARDs, among 
patients developing serious infection with these therapies (88). 
These data provide support for the task force’s recommendation 
to continue all immunosuppressants (e.g., tacrolimus, cyclosporin 
A [CSA], mycophenolate mofetil [MMF], or azathioprine), biolog-
ics, and JAK inhibitors in patients with stable rheumatic disease in 
the absence of COVID-19 or SARS–CoV-2 exposure. For patients 
with inflammatory arthritis in whom optimal csDMARD therapy 
has been unsuccessful, or those treated with an IL-6 receptor 
inhibitor facing a potential drug shortage (25), the task force rec-
ommended consideration of a biologic treatment but expressed 
uncertainty with regard to the safety of JAK inhibition in either 
situation. This uncertainty centered on a reported dampening of 
innate antiviral pathways with JAK inhibition (80).

In contrast, emerging data suggest that some immuno-
suppressants, biologics, and/or JAK inhibitors could theoret-
ically mitigate the severe impact of COVID-19, favoring their 
continued use or initiation in the management of rheumatic 
disease (89). MMF, for instance, has been associated with 
improved survival following MERS-CoV infection (90), while 
CSA inhibits coronavirus replication in vitro (91,92). Baracitinib, 
a JAK inhibitor, interferes with cellular endocytosis and could 
theoretically impair cellular entry of SARS–CoV-2 (44,93). 
Whether this property impacts infection risk is unknown. In a 
small, uncontrolled cohort study of 21 patients with COVID-19  
(none with rheumatic disease and all with severe/critical res-
piratory involvement), tocilizumab administration was associ-
ated with marked clinical improvement (94). Recognizing that 
hyperinflammation and cytokine storm appear to play a central 
role in severe manifestations of COVID-19 (95), select cytokine 
inhibitors (along with glucocorticoids and other targeted 

small molecules) have been proposed as potential treatments, 
with many of these agents under active investigation in rand-
omized controlled trials (RCTs) (96–100).

In the absence of robust RCT data to support their continued 
use, the task force recommended temporarily withholding or stop-
ping all non–IL-6 biologics, immunosuppressants (e.g., tacrolimus, 
CSA, MMF, and azathioprine), and JAK inhibitors in the context of 
documented or presumptive COVID-19, as well as after known 
SAR–CoV-2 exposure. The task force endorsed the notion that, 
in select circumstances, IL-6 receptor inhibition could be contin-
ued in the setting of SARS–CoV-2 infection or following exposure, 
although corresponding votes achieved only the minimal thresh-
old for approval (both with median vote ratings of 7 and moderate 
consensus). In discussions relevant to IL-6 receptor inhibition, the 
panel emphasized the need for shared decision-making between 
patients and inpatient care teams and endorsed participation in 
research protocols.

Reinitiating therapies after COVID-19. Following publi-
cation of the initial guidance document, the task force approved 
3 additional statements specific to reinitiating rheumatic disease 
treatments withheld following a diagnosis of COVID-19 (Sup-
plementary Table 7, http://onlinelibrary.wiley.com/doi/10.1002/
art.41596/abstract), which were combined to form 2 additional 
guidance statements (Table 5). Evidence supporting these is lim-
ited. In a small study of 9 patients with uncomplicated COVID-19  
(none with rheumatic disease) (101), infectious SARS–CoV-2  
(isolation of live virus) was not detected in nasopharyngeal sam-
ples from any patient after 8 days of symptoms (102). Moreover, 2 
weeks post–symptom onset (often coinciding with symptom res-
olution in uncomplicated COVID-19), all patients had detectable 
antibodies to SARS–CoV-2. Some data suggest that the pres-
ence of detectable antibodies may provide longer-term protection 
(102–104). Although evidence supporting the approach is limited, 
a symptom-free period of at least 3 days has been used as a clin-
ical surrogate for the development of protective adaptive immune 
responses following COVID-19.

The task force did not endorse routine polymerase chain 
reaction (PCR) viral testing or SARS–CoV-2 antibody testing to 
guide the reinitiation of rheumatic disease treatments. PCR results 
in select patients have remained positive for periods approach-
ing 30 days (102), well after patients are considered infectious. 
Requiring a negative PCR result before reinitiating treatment could 
therefore lead to unnecessarily long delays and result in higher risk 
of rheumatic disease flare.

With the understanding that individuals developing 
 COVID-19 may be infectious for days before symptom onset, 
longer delays in reinitiating treatment may be warranted in patients 
who test positive but remain asymptomatic. In patients with 
severe COVID-19 (~20% of cases), characterized by pneumonia 
and sometimes requiring hospitalization, symptom duration can 
exceed 2 weeks. In such cases, the task force believed decisions 



ACR GUIDANCE FOR RHEUMATIC DISEASE MANAGEMENT DURING COVID-19 PANDEMIC: VERSION 3 |      e9

regarding reinitiation of rheumatic disease treatment should 
be made on a case-by-case basis.

DISCUSSION

This ACR guidance document serves as a tool for rheuma-
tology providers to promote optimal care for patients with com-
plex rheumatic disease conditions in the context of the ongoing 
COVID-19 pandemic. The guidance provided is not intended to 
be proscriptive nor should it be used to limit treatment options 
available for patients with rheumatic disease in our current health 
care climate.

Although the evidence report generated as part of this effort 
drew on a considerable number of sources, resulting guidance is 
supported only by very low-quality evidence. In nearly all cases, 
the evidence identified was indirect and included reports focused 
on either different infectious etiologies or retrospective cohorts of 
patients with COVID-19 without consideration of underlying rheu-
matic disease state. As a result, all of the guidance provided should 
be considered “conditional” (105,106). However, the literature in this 
area is rapidly evolving. A PubMed search limited to the time frame 
from January 1 through March 31 of 2020 resulted in >2,500 cita-
tions using the search term “COVID-19.” The same search covering 
the first half of April resulted in >2,100 citations. As available literature 
focused on COVID-19 in rheumatic disease populations expands, 
we anticipate that current knowledge gaps will be addressed.

There are several strengths to this effort that are note-
worthy. Responding to the urgency of need, the task force 
generated guidance over a compressed time frame, while 
simultaneously leveraging a well-established method of con-
sensus building (modified Delphi in the context of the RAND/
UCLA appropriateness method). The panel charged with guid-
ance development included both rheumatologists and infec-
tious disease specialists with broad expertise in relevant clinical 
areas and representing different regions, disease interests, and 
practice environments.

We acknowledge limitations in this effort as well. Although 
the document touches on a broad range of topics, the guid-
ance generated is not comprehensive and does not follow the 
rigorous guideline methodology routinely used by the ACR when 
formal clinical practice guidelines are generated. Although this 
document addresses the administration of many different rheu-
matology treatments, it does not provide guidance on other med-
ications used in rheumatology practice. Other questions remain. 
For example, when choosing a new therapy, how should currently 
available biologics or targeted small molecule therapies be pri-
oritized? What is the impact of COVID-19 on disease activity or 
function, in both the short- and the long-term? Are rheumatology 
treatments safe with the coadministration of emerging COVID-19 
treatments?

As these and other questions are addressed and new 
information becomes available, this guidance document will 

continue to be revisited, expanded, and perhaps, in some cases, 
amended. The ACR is committed to maintaining this as a “liv-
ing document,” allowing needed modifications throughout the 
pandemic in order to facilitate optimal outcomes in patients with 
rheumatic disease.
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