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exposures and RA-related factors while strati-
fying the data by SE status and adjusting for 
age, sex, race, and tobacco use.

The researchers received responses 
from 797 of 1,566 participants; compared 
with nonrespondents, the study population 
was older, more often White or male, less 
frequently smokers, and had lower disease 
activity. Among participants who were posi-
tive for SE alleles, burn pit exposure and 
military waste exposure were more strongly 
associated with anti-CCP positivity than non-
exposure. The authors conclude that the fi nd-
ings are consistent with emerging evidence 
that various inhalant exposures infl uence auto-
antibody expression and RA risk.

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

Cardiovascular and Renal Morbidity in Takayasu Arteritis
Several hospital-based studies have demon-
strated that cardiovascular and periph-
eral vascular events are the most common 
presenting manifestations of Takayasu arte-

ritis (TAK). While clini-
cians recognize that 
cardiovascular disease 

(CVD) is a major complication and cause 
of mortality in TAK, population-based 
controlled studies are lacking. In this issue, 
Goel et al (p. 504) report the results of the fi rst 
study to use primary care data to investigate 
the risks of mortality and cardiometabolic 
morbidities in patients with TAK compared to 
a general population. Their large, population-
based, matched controlled study revealed that 
patients with TAK receiving primary care 
services in the UK experienced increased 
cardiovascular mortality. 

The investigators performed yearly 
cohort and cross-sectional studies from 2000 
to 2017. They analyzed 142 patients with 
TAK and 1,371 matched controls, and calcu-
lated an annual incidence of TAK of 0.8 per 

million and an annual prevalence of TAK of 
7.5 per million. They then used a UK primary 
care database to perform an open retrospec-
tive matched cohort study to estimate risk 
of hypertension, diabetes, cardiovascular 
morbidity, chronic kidney disease (CKD), and 
all-cause mortality in TAK. In estimating risk 
among patients with TAK compared to age- 
and sex-matched controls, they found that 
patients with TAK had increased all-cause 
mortality as well as increased risk of devel-
oping ischemic heart disease, stroke/transient 

p.  504

Military Exposures Associated with Autoantibodies and 
Rheumatoid Arthritis

Figure 1. Annual incidence and prevalence of TAK in the UK, 2000–2017. Bars show the 95% confi dence interval.

Multiple inhalant exposures are associated 
with chronic lung diseases, and tobacco use 
is strongly associated with anti–cyclic citrul-
linated peptide (anti-CCP) positivity. In this 

issue, Ebel et al (p. 392) 
report the results of their 
study designed to further 

determine the association of inhalant exposures 
with RA-related autoantibodies and RA severity 
in US veterans. In contrast to previous research, 
they found that exposure to military burn pits 
and military waste were independently associ-
ated with the presence of anti-CCP antibodies 
in RA patients. In contrast, while agricultural or 
occupational inhalant exposures were associ-
ated with the presence of chronic lung disease, 

they were not associated with RA autoanti-
bodies or disease severity.

The investigators mailed surveys to 
participants in the Veterans Affairs Rheuma-
toid Arthritis (VARA) registry that assessed 
occupational, agricultural, and military 
inhalant exposures. The researchers measured 
HLA–DRB1 shared epitope (SE) status, anti-
CCP antibodies, and rheumatoid factor, using 
banked DNA/serum from enrollment. They 
combined this data with the VARA registry 
data, including demographic characteris-
tics, disease activity, functional status, and 
extraarticular features. They used multivari-
able linear and logistic regression models 
to assess associations between inhalant 

p.  392

ischemic attack, combined CVD, and periph-
eral vascular disease relative to controls. 
Patients with TAK were not, however, at an 
increased risk for hypertension, CKD, heart 
failure, or diabetes. An examination of changes 
in medication prescription over time found that 
only ~50% of patients with TAK who required 
secondary CVD prevention were prescribed 
statins or antiplatelet agents within 1 year after 
study entry. Investigators concluded that treat-
ment of these patients with statins and anti-
platelet agents was suboptimal.

Year Year

A
nn

ua
l I

nc
id

en
ce

 p
er

 1
,0

00
,0

00

A
nn

ua
l P

re
va

la
nc

e 
pe

r 
1,

00
0,

00
0



Erosive hand osteoarthritis (OA) is a severe and rapidly 
progressing subset of hand OA defined radiographically by 
subchondral erosions and a “gull-wing” appearance. There is a 
lack of mechanistic understanding of the factors that act to 
limit or accelerate erosive hand OA. Poor understanding of 
the pathways underlying erosive hand OA limits development 
of disease-modifying drugs for this condition. One method to 
identify pathways that contribute to the disease process is to 
discover gene variants that segregate in families with erosive 
hand OA. Kazmers and colleagues used a unique medical 
genetics resource, the Utah Population Database (UPDB), to 
perform a retrospective population-based study to identify indi-
viduals with clinically diagnosed erosive hand OA. This erosive 
hand OA cohort was used to identify multigeneration high-risk 
pedigrees and examine risk factors associated with the disease. 

The authors queried the UPDB and identified 703 patients 
with erosive hand OA from ~4.7 million unique medical 
records. They applied the familial standardized incidence ratio 
(FSIR) and identified 240 families with a significant clustering 
of erosive hand OA compared to the general population. 
Their analysis revealed that first-degree relatives of an indi-
vidual with erosive hand OA have a ~5.5-fold increased risk 

of developing erosive hand OA. They showed that sex, age, 
diabetes, obesity, and having a first-degree relative with erosive 
hand OA are significant risk factors associated with erosive 
hand OA. These findings suggest that both genetic and clinical 
factors contribute to the development of erosive hand OA in 
a large population-based cohort. 

Questions

1. The authors use the UPDB in this study. What is it, and what 
makes it a unique resource? 

2. How is this approach different from previous studies that 
have attempted to identify a genetic contribution to erosive 
hand OA?  What are the advantages and disadvantages of this 
approach?

3. What is the FSIR, and how is it applied in this study?

4. What are the next steps in determining the genes that confer 
increased susceptibility to erosive hand OA in the high-risk 
pedigrees? 

5.	 How	might	the	study	findings	be	applied	in	a	clinical	setting?

Familial Clustering of Erosive Hand Osteoarthritis in a Large 
Statewide Cohort

Cellular Mechanism of Prostacyclin Analog Iloprost in 
Treating Scleroderma
Endothelial injury, manifesting as digital 
ulcers, is a pivotal event in systemic sclerosis 
(SSc; scleroderma) pathogenesis. Intravenous 
iloprost, used as a treatment for Raynaud’s 

phenomenon (RP), also 
promotes healing of digital 
ulcers in SSc and, although 

iloprost has a short half-life, its clinical effi-
cacy lasts weeks. Some have hypothesized that 
junctional disruption contributes to vascular 
dysfunction in SSc. If this is true, then endo-
thelial adherens junctions, which are formed 
by VE-cadherin clustering between endo-
thelial cells (ECs) and which regulate endo-
thelial properties including barrier functions, 

endothelial-to-mesenchymal transition 
(EndoMT) and angiogenesis, are important in 
the pathophysiology of SSc. In this issue, Tsou 
et al (p. 520) describe the findings of their study 
designed to determine whether the protective 
effect of iloprost is mediated by strengthening 
these endothelial adherens junctions.

Investigators used dermal ECs from 
SSc patients and healthy controls and found 
reduced levels of VE-cadherin and increased 
permeability in SSc ECs. They concluded 
from this that the adherens junctions in 
SSc were disrupted relative to normal ECs. 
Iloprost increased VE-cadherin clustering at 
junctions and restored junctional levels of 

VE-cadherin in SSc ECs compared to normal 
ECs. In addition, iloprost reduced the perme-
ability of monolayers, increased tubulogen-
esis, and blocked EndoMT in both normal 
and SSc ECs. Moreover, a function-blocking 
antibody that prevents junctional clustering of 
VE-cadherin was able to inhibit the effects of 
iloprost. Researchers concluded that iloprost 
can have a long-lasting effect in SSc because 
of its ability to stabilize adherens junctions, 
resulting in increased tubulogenesis and 
barrier function and reduced EndoMT. These 
findings provide a mechanistic basis for the 
use of iloprost to treat SSc patients with RP 
and digital ulcers.

p.  520

Journal Club

Kazmers, et al. Arthritis Rheumatol. 2021;86:440–447

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



Clinical Connections
MicroRNA-34a-5p Promotes Joint 
Destruction During Osteoarthritis
Endisha et al, Arthritis Rheumatol 2021;86:426–439

CORRESPONDENCE 
Mohit Kapoor, PhD: mkapoor@uhnresearch.ca

KEY POINTS  
•  MiR-34a-5p expression is 

aberrantly increased in the knee 
joint of late-stage knee OA 
patients undergoing total knee 
replacement surgery, especially 
in the obese subgroup.

•  Intraarticular injection of miR-
34a-5p mimic in mice promotes 
cartilage destruction and 
synovial pathology in vivo. 

•  Targeting miR-34a-5p 
intraarticularly using ASO 
technology or genetic ablation 
of miR-34a imparts substantial 
cartilage protection from 
surgery-induced OA in mice. 

SUMMARY  
MicroRNAs are a class of noncoding RNAs that function as epigenetic regulators and are implicated in a variety of 
pathologic processes associated with osteoarthritis (OA). MicroRNA-34a-5p (miR-34a-5p) expression is increased 
systemically and locally in the knee joint tissues of patients with late-stage radiographic knee OA.  Endisha et 
al demonstrated that intraarticular injection of miR-34a-5p mimic promotes cartilage destruction and synovial 
pathology in mice, demonstrating direct in vivo evidence of its joint-destructive effects. Obese knee OA patients 
have higher circulating levels of miR-34a-5p than nonobese knee OA patients, while high-fat diet–induced obese 
mice express higher miR-34a-5p both systemically and locally in the knee joint tissues than controls fed a lean 
diet. In a preclinical mouse model of surgically induced OA (via destabilization of the medial meniscus [DMM]), 
targeting miR-34a-5p in vivo using an intraar ticular injection of miR-34a-5p antisense oligonucleotide (ASO) 
substantially protects ar ticular car tilage from DMM-induced degeneration.  This therapeutic intervention is also 
effective in a more severe, accelerated mouse model of mice fed a high-fat diet that were subjected to DMM 
surgery.  Furthermore, miR-34a knockout mice are substantially protected from DMM-induced cartilage damage 
compared to wild-type controls.  Thus, increased miR-34a-5p plays a critical role in joint destruction in this form 
of OA, and its inhibition has therapeutic potential in obese and nonobese conditions. 
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KEY POINTS  
•  The type I IFN pathway and 

NET formation are frequently 
dysregulated in SLE patients and 
are associated with vascular 
damage and inflammation.

•  Impaired HDL, a common 
feature in SLE, is associated with 
circulating NET complexes.

•  Blocking IFN signaling with 
anifrolumab improved levels 
of these mediators of vascular 
damage in SLE.

•  Targeting the IFN pathway may 
modulate vascular risk in SLE.

SUMMARY  
Cardiovascular disease resulting from premature atherosclerosis is a major cause of mortality in patients with systemic 
lupus erythematosus (SLE). Recent evidence suggests that components of the innate immune system mediate this 
enhanced vascular risk.  The type I interferon (IFN) pathway is frequently dysregulated in SLE patients and plays an 
important role in both SLE pathogenesis and vascular dysfunction.  Neutrophils, and their death through neutrophil 
extracellular trap (NET) formation,  are also dysregulated in patients with SLE.  NET complexes contribute to vascular 
damage by altering high-density lipoproteins (HDLs) and inducing type I IFN production. Anifrolumab is a type I 
IFN receptor–blocking antibody. Casey et al evaluated the ability of anifrolumab to reduce NET complex formation 
and modulate cardiometabolic disease markers in patients with moderate-to-severe SLE who participated in the 
phase IIb MUSE trial. Type I IFN signaling in patients with SLE was associated with increased levels of circulating NET 
complexes and proinflammatory cytokines at baseline. Blockade of type I IFN signaling by anifrolumab reduced 
circulating NET complexes and restored impaired HDL function, as assessed by normalization of cholesterol efflux 
capacity (CEC), whereas no improvements were seen with placebo.  Type I IFN inhibition also corrected glycoprotein 
acetylation (GlycA), a biomarker for cardiometabolic disease.  Additionally, anifrolumab reduced serum levels of tumor 
necrosis factor (TNF) and interleukin-10 (IL-10), cytokines implicated in SLE pathogenesis and vascular damage, 
compared with placebo.  These data support a key role of type I IFNs in SLE vasculopathy and suggest that inhibiting 
this pathway could decrease cardiovascular risk in SLE patients.
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New Therapeutic Targets in Antineutrophil Cytoplasm 
Antibody–Associated Vasculitis

Maria Prendecki and Stephen P. McAdoo

Antineutrophil cytoplasm antibody (ANCA)–associated vasculitis (AAV) is a rare systemic autoimmune disease that 
is characterized by necrotizing inflammation of predominantly the small blood vessels and the presence of circulating 
ANCAs directed against myeloperoxidase or proteinase 3. Current treatment strategies for severe disease, supported 
by the findings of several well-coordinated randomized controlled trials, aim to induce remission with high-dose 
glucocorticoids and either rituximab or cyclophosphamide, followed by relapse prevention with a period of sustained 
low-dose treatment. This approach has dramatically improved outcomes in AAV; however, a significant proportion of 
patients develop serious treatment-related side effects or experience relapse. Recent advances in our understanding 
of the pathogenesis of AAV have led to the identification of novel therapeutic targets that may address these problems, 
including strategies directed at the aberrant adaptive autoimmune response (B and T cell–directed treatments) and 
those targeting innate immune elements (complement, monocytes, and neutrophils). It is anticipated that these novel 
treatments, used alone or in combination, will lead to more effective and less toxic treatment regimens for patients 
with AAV.

Introduction

The antineutrophil cytoplasm antibody (ANCA)–associated 
vasculitides (AAVs) are a group of rare systemic inflammatory dis-
eases which include granulomatosis with polyangiitis (GPA), micro-
scopic polyangiitis (MPA), and eosinophilic GPA (EGPA). They are 
associated with the presence of autoantibodies to myeloperox-
idase (MPO) or proteinase 3 (PR3), which are thought to play a 
pathogenic role, although ~10% of patients with AAV are ANCA 
negative and have similar clinical features as those who are ANCA 
positive (1). The AAVs are multisystem diseases that share com-
mon characteristics such as necrotizing inflammation of predom-
inantly the small blood vessels, though the clinical presentation 
can vary widely, both in disease severity and in the spectrum of 
organ involvement.

Historically, outcomes in patients with AAV were poor, with 
a mortality rate of up to 80% at 1 year prior to the use of immu-
nosuppressive treatment. This potential for poor outcomes 
was transformed with the introduction of cyclophospha-
mide, used in combination with glucocorticoids, in the 1970s. 

Since then, there has been decade upon decade of improve-
ments in patient outcomes (2,3), reflecting a combination of 
improved general medical care, earlier diagnosis, and more 
refined immunosuppressive regimens that have reduced tox-
icity from long-term cyclophosphamide use. These therapeutic 
 strategies have been informed by a number of well-designed 
and  collaborative clinical trials, and based on their findings, 
current guidelines stratify treatment depending on the sever-
ity and phase of the disease, usually with an initial period of 
intense immunosuppression to induce remission (often with 
cyclophosphamide or rituximab), followed by prevention of 
relapse with a period of sustained low-dose maintenance treat-
ment (with drugs such as azathioprine, mycophenolate mofetil, 
or rituximab) (4).

With this approach, disease remission is attained in most 
patients during the first 6 months of treatment, and survival 
is estimated to be >90% at 1 year. However, unmet treat-
ment needs remain: most deaths in the first year are now 
attributed to side effects of treatment, particularly infection. 
During long-term follow-up, therapy-related adverse events, 
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Table 1. Selected recent and ongoing trials of novel treatments in patients with AAV*

Mechanism, study 
(ClinicalTrials.gov 

identifier)† Design
Key inclusion 

criteria
Primary end 

point
Status as of 
May 2020 Results and comments

Targeting B cells
COMBIVAS 

(NCT03967925)
Double-blind RCT of 

belimumab or 
placebo (in addition 
to RTX and 
glucocorticoids) for 
remission induction 
(target n = 30)

Active 
PR3-AAV, 
eGFR >30 
ml/minute

Time to 
PR3-ANCA 
negativity

Recruiting An experimental medicine study 
that will assess whether dual B 
cell immunotherapy will improve 
biologic end points, including 
ANCA titer and B cell number and 
phenotype in both circulating and 
lymph node compartments. 
Estimated completion February 
2022.

ENDURRANCE 
(NCT03942887)

Open-label parallel 
RCT of RTX and 
low-dose CYC vs. RTX 
(in addition to 
glucocorticoids) for 
remission induction 
(target n = 47)

Active MPA/
GPA

ANCA 
negativity at 
24 weeks

Recruiting A mechanistic study that will assess 
immunologic responses after 
addition of CYC to RTX, using 
high-sensitivity analysis of 
circulating B cells and plasma cell 
populations.  
Estimated completion 
April 2023.

Targeting T cells
ALEVIATE 

(NCT01405807)
Randomized, 

prospective 
open-label study of 
high-dose vs. 
low-dose 
alemtuzumab for 
remission induction 
(n = 23; 12 with AAV)

Refractory AAV 
or Behçet’s 
disease with 
failure to 
respond to 
conventional 
treatment

Response at 6 
months, 
SAE at 6 
months

Complete Results presented in abstract form 
in 2019, including 65% in 
remission at 6 months, 35% with 
sustained remission, and SAE in 
26% of patients.‡

ABROGATE 
(NCT02108860)

Double-blind RCT of 
abatacept vs. 
placebo (in addition 
to SOC) for 
maintenance of 
remission 
(target n = 66)

Relapsing 
nonsevere 
GPA

Treatment 
failure rate 
(relapse, 
disease 
worsening, 
or BVAS >1 
at 6 
months)

Recruiting A phase III study that will evaluate 
the efficacy of abatacept to 
achieve sustained glucocorticoid-
free remission in nonsevere GPA. 
Estimated completion September 
2024.

Targeting complement
ADVOCATE 

(NCT02994927)
Double-blind RCT of 

avacopan vs. 
glucocorticoids 
(in addition to either 
RTX or CYC) for 
remission induction 
(n = 331)

New diagnosis 
of GPA/MPA, 
eGFR >15 
ml/minute

Remission at 
26 weeks, 
sustained 
remission 
at 52 weeks

Complete Top-line results announced in 
November 2019, including 
noninferiority of avacopan at 26 
weeks (72% in remission vs. 70% 
in SOC [P < 0.0001]), superiority 
of avacopan at 52 weeks (66% in 
remission vs. 55% in SOC 
[P = 0.007]), lower glucocorticoid 
toxicity with avacopan 
(cumulative worsening of GTI 40% 
vs. 57% in SOC [P = 0.0002]).

INFLARX 
(NCT03895801 and 
NCT03712345)

Double-blind RCT of 
IFX-1 to replace 
glucocorticoids or as 
addition to SOC for 
remission induction 
(target n = 81 and 
n = 36)

New diagnosis 
of GPA/MPA, 
eGFR >20 
ml/minute

Remission at 
16 weeks

Recruiting Two phase II studies that will 
evaluate an anti-C5a monoclonal 
antibody (IFX-1) as add-on 
therapy or as steroid 
replacement; may have distinct 
biologic actions when compared 
to avacopan (C5aR1 antagonist), 
through inhibition of both C5aR1 
and C5aR2 signaling.
Estimated completion April–July 
2021.

* AAV = antineutrophil cytoplasmic antibody (ANCA)–associated vasculitis; RCT = randomized controlled trial; RTX = rituximab; PR3 = proteinase 
3; eGFR = estimated glomerular filtration rate; CYC = cyclophosphamide; MPA = microscopic polyangiitis; GPA = granulomatosis with polyangiitis; 
SAE = serious adverse event; SOC = standard of care; BVAS = Birmingham Vasculitis Activity Score; GTI = glucocorticoid toxicity index; C5aR1 = 
C5a receptor type 1. 
† COMBIVAS = Rituximab and Belimumab Combination Therapy in PR3-AAV; ENDURRANCE = Exploring Durable Remission with Rituximab in 
ANCA-Associated Vasculitis; ALEVIATE = Alemtuzumab for ANCA Associated Refractory Vasculitis; ABROGATE = Abatacept for the Treatment of 
Relapsing Non-Severe GPA; ADVOCATE = Avacopan in Patients With ANCA-Associated Vasculitis; INFLARX = IFX-1 to replace steroids or as add-on 
therapy in patients with GPA and MPA. 
‡ See ref. 36. 
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including malignancy and cardiovascular disease, remain 
problematic, thus underscoring the need to refine treatment 
regimens further (5,6). In addition, approaches that can 
induce more sustained remission, thus avoiding the accrual 
of damage caused by disease relapse and its retreatment, are 
badly needed in this patient population.

Advances in our understanding of disease  pathogenesis—
related to the aberrant adaptive T and B cell responses that 
underlie this autoimmune disease, and to the role of innate 
immune components, including neutrophils, monocytes, and 
complement, as mediators of vascular damage—provide an 
opportunity to identify more specific, less toxic treatments for 
AAV. Many novel therapeutic agents are being investigated in 
preclinical and early-phase clinical studies (selected trials are 
listed in Table 1). In this review, we summarize the possible 
future therapeutic options for AAV (7–10) (Figure 1), although 
EGPA is not included herein because it has a distinct patho-
genesis and different therapeutic approaches.

Targeting B cells

The emergence of rituximab as an effective induction and 
remission-maintenance treatment is arguably the most significant 
development in the management of AAV since the introduction of 
cytotoxic therapy almost a half century ago. B cells are clearly cen-
tral to the pathogenesis of the disease, as they produce ANCAs. 
Moreover, studies have shown that the number of activated B 
cells correlates with disease activity (11), and B cell repopulation, 
and possibly the phenotype of B cells, after treatment with rituxi-
mab may be predictive of relapse (12).

Several second-generation anti-CD20 drugs are in devel-
opment; these differ from rituximab in their epitope  specificity, 
pharmacokinetics, and ability to induce either complement or 
 antibody-dependent cytotoxicity and apoptosis, which in turn may 
impact the rapidity, depth, and duration of their  depleting effect 
on the circulating and tissue B cell pools. Ofatumumab, a fully 
humanized anti-CD20 monoclonal antibody (mAb), has been 

Figure 1. Current concepts in disease pathogenesis in antineutrophil cytoplasm antibody (ANCA)–associated vasculitis and potential 
therapeutic targets. Cytokine or C5a priming of neutrophils leads to expression of ANCA antigens at the cell surface. ANCAs can then activate 
neutrophils to produce reactive oxygen species (ROS) or to undergo NETosis, leading to endothelial cell injury. Activation of the alternative 
complement cascade leads to a positive feedback loop of neutrophil priming and activation. Dysregulated B and T cell responses may contribute 
both to the initial generation of autoimmunity and to the potentiation of inflammation. Potential new therapeutic strategies are indicated, 
including targeting of B cells with second-generation anti-CD20 or anti–B lymphocyte stimulator (anti-BLyS) agents, targeting of T cells or their 
activation by antigen-presenting cells (anti–thymocyte globulin [ATG], alemtuzumab, or abatacept), targeting of complement with anti-C5a 
agents, targeting of cytokines such as interleukin-6 (IL-6) or tumor necrosis factor (TNF), and targeting of neutrophils and/or monocytes with 
inhibition of myeloperoxidase (MPO), peptidylarginine deiminase 4 (PAD-4), or spleen tyrosine kinase (Syk). PR3 = proteinase 3; C5aR = C5a 
receptor; NET = neutrophil extracellular trap.
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tested in one small case series of patients with AAV, with the 
results showing its therapeutic benefit. However, none of these 
second-generation agents has been tested in randomized con-
trolled trials (RCTs) in patients with AAV (13).

Obinutuzumab, which has increased antibody-dependent 
cytotoxicity and a greater capacity for direct B cell killing compared 
to rituximab, has shown promise in a phase II study in patients 
with lupus nephritis (ClinicalTrials.gov identifier: NCT02550652) 
(14). Conversely, an early study of another humanized anti-CD20 
antibody, ocrelizumab, in patients with lupus was terminated 
early due to a higher-than-expected rate of infections (15,16). 
Whether these second-generation anti-CD20 drugs might pro-
vide incremental benefit over rituximab in AAV, without increasing 
the incidence and frequency of short- or long-term toxic effects 
(e.g., hypogammaglobulinemia, impaired vaccine responses), will 
require more detailed study.

The inhibition of B cell cytokines and survival factors is an 
alternative approach to direct targeting to B cells. B lymphocyte 
stimulator (BLyS), for example, plays an important role in B cell 
survival, and circulating BLyS levels are higher in patients with AAV 
than in healthy individuals. After treatment with rituximab (in AAV 
and other autoimmune diseases), serum BLyS levels rise (17,18), 
which may herald the occurrence of a relapse. In vitro, BlyS is 
released from neutrophils stimulated with ANCAs, suggesting that 
it has a specific role in AAV (19). 

Belimumab is an anti-BlyS mAb licensed for the treatment of 
lupus and under investigation in AAV. The Belimumab in Remission 
of Vasculitis (BREVAS) trial examined the addition of belimumab 
to azathioprine and glucocorticoids for remission maintenance 
in patients who received either rituximab or cyclophosphamide 
for induction (20). Regrettably, the trial was terminated early due 
to under- recruitment, and no benefit for the primary end point 
(improvement in the relapse rate) was observed. However, in the 
subgroup of patients treated with rituximab for induction, fewer 
relapses were seen with belimumab (0 of 14 patients experiencing 
relapse in the belimumab group compared to 3 of 13 patients in 
the placebo group). Although both the number of patients and 
relapses were small, this might suggest a potential benefit of beli-
mumab after treatment with rituximab (20). 

The combination of rituximab and belimumab will be inves-
tigated further in the Rituximab and Belimumab Combination 
Therapy in PR3-AAV trial (COMBIVAS) (ClinicalTrials.gov identifier: 
NCT03967925), in which patients will be treated with rituximab and 
glucocorticoids for remission induction, and will be randomized to 
receive either belimumab or placebo for 1 year. It is hypothesized 
that the addition of belimumab will potentiate the effect of ritux-
imab on B cell depletion and prevent the return of autoreactive 
cells, or suppress a broader repertoire of B cells (including those 
not expressing CD20) than can be achieved with rituximab alone, 
thus inducing more rapid and sustained remission (21).

Bortezomib, a proteasome inhibitor that drives plasma cells 
with high immunoglobulin synthesis to apoptosis, is an alternative 

approach for targeting the CD20-negative cell population. In 
a mouse model of MPO-AAV, treatment with bortezomib depleted 
MPO-specific plasma cells and decreased the severity of glomer-
ulonephritis (22). There is a single report of its successful use in a 
patient with treatment-resistant PR3-AAV (23). The routine use of 
bortezomib is likely to be limited because of its side effect profile, 
as >30% of patients develop painful peripheral neuropathy. How-
ever, several novel and potentially less toxic proteasome inhibitors 
are currently in development (24,25).

Novel cell-based approaches may also be used to target 
autoreactive B cells. Chimeric antigen receptor (CAR) T cells 
are autologous cells that can be engineered to specifically 
target CD19+ B cells—an approach that has shown efficacy 
in some hematologic malignancies. It is also possible that an 
extension of this technology—chimeric autoantibody receptor 
(CAAR) T cells—may target autoreactive B cells through their 
antigen-specific B cell receptor. CAAR T cells have been tested 
in a model of pemphigus in humanized mice, in which it was 
observed that CAAR T cells induced lysis of pathogenic B cells 
(26). Although still in the early stages of development, CAAR T 
cells may provide a curative approach in AAV and other auto-
immune diseases for which the target autoantigens have been 
defined.

Targeting T cells

The importance of aberrant T cell responses in AAV is 
increasingly recognized, and studies in experimental models of 
MPO-AAV have been particularly informative (27). In mice, dis-
ease can be attenuated by depletion of either CD4 or CD8 T 
cells, and adoptive transfer of T cells can initiate glomerular injury 
independently of ANCAs. In patients with AAV, circulating ANCAs 
are predominantly class-switched IgG1 and IgG4, implying that 
helper T cells play a role in this process. Immunostaining has 
identified T cells in the glomeruli and tubulointerstitium in renal 
biopsy tissue from patients with renal AAV, and several abnor-
malities in circulating T cell phenotype or function have been 
reported in patients with active disease (28,29). An exhausted T 
cell phenotype has been shown to correlate with a reduced risk 
of disease relapse (30). Activation of circulating T cells is reported 
to persist, despite treatment, during periods of remission, and 
therefore there may be a particular role for anti–T cell therapies in 
preventing relapse (31).

There are several small studies using T cell–directed thera-
pies for remission induction, typically in patients with refractory 
disease. In an open-label cohort study of 15 patients with relaps-
ing or refractory AAV, treatment with anti–thymocyte globulin led 
to a favorable response in 13 patients (32). Alemtuzumab is a 
humanized anti-CD52 mAb that depletes all lymphocytes, with 
a particularly long-lasting effect on T cells; CD4+ T cell counts 
take ~60 months to recover (33). When CD4+ T cells do eventu-
ally repopulate after treatment with alemtuzumab, some reports 
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in patients with multiple sclerosis show a skew toward a Treg 
cell phenotype, which could contribute to long-lasting immuno-
modulatory effects (34). Long-term follow-up of 71 patients with 
refractory AAV treated with alemtuzumab showed that remission 
was achieved in 80% of patients, although relapse and severe 
adverse events were common (35). A subsequent phase II RCT, 
the Alemtuzumab for ANCA Associated Refractory Vasculitis 
(ALEVIATE) trial, compared high- and low-dose alemtuzumab in 
a mixed cohort of patients with refractory AAV or Behçet’s dis-
ease. A preliminary report from the study indicated that 6 months 
after treatment, remission was achieved in 65% of patients and, 
although relapse was common, 35% had sustained remission at 1 
year, by which point 26% of patients had experienced an adverse 
event (36). Thus, there may be a role for alemtuzumab in patients 
with difficult-to-treat disease, although the potential for adverse 
events is high compared to standard treatment strategies, likely 
reflecting both drug toxicity and susceptibility to infection due to 
disease-related factors. There are also reports of autoimmune 
phenomena occurring after alemtuzumab treatment in other dis-
eases, such as multiple sclerosis, which is thought to be driven 
by expansion of T cells that have escaped deletion and become 
chronically activated; whether patients with AAV are at similar risk 
should also be considered (37).

In patients with nonsevere disease, abatacept, a fusion pro-
tein comprising the Fc region of IgG1 fused to CTLA-4, has been 
tested. Abatacept prevents the costimulatory signaling occur-
ring via CD80 and CD86 that is needed for antigen-presenting 
activation of T cells (38). In an open-label study of 20 patients 
with relapsing, non-severe GPA who received abatacept in addi-
tion to methotrexate, mycophenolate mofetil, or azathioprine, 
 remission rates of 80% were observed, and >70% of patients 
were able to wean glucocorticoid treatment (39). An RCT that is 
currently recruiting patients, the Abatacept for the Treatment of 
Relapsing Non-Severe GPA (ABROGATE) trial (ClinicalTrials.gov 
identifier: NCT02108860), is evaluating this approach using a 
 glucocorticoid-free regimen.

The Th17/interleukin-17 (IL-17)/IL-23 axis is also known to 
play a role in the pathogenesis of AAV. Serum levels of IL-23 and 
IL-17 are raised in patients with active disease, and stimulation of 
neutrophils with ANCAs has been shown to induce production of 
IL-17 (40,41). In one study, IL-17–deficient mice were protected 
from developing MPO-AAV (42). Monoclonal antibodies against 
IL-17 (seikinumab) and IL-23 (ustekinumab) have been tested in 
patients with psoriasis and those with rheumatoid arthritis, but 
there are no reports of their use in patients with AAV to date.

Targeting cytokines

Levels of circulating cytokines such as IL-6 and tumor 
necrosis factor (TNF) are elevated in patients with active AAV 
(43,44). A number of open-label studies and case series have 
demonstrated the successful use of anti-TNF therapies, although 

these results were not confirmed when tested in RCTs, the 
largest of which—the Wegener’s Granulomatosis Etanercept 
Trial (WGET)—recruited 174 patients with GPA. In this trial, the 
patients were randomized to receive either etanercept or pla-
cebo, in addition to standard treatment with glucocorticoids 
and methotrexate or cyclophosphamide, for remission mainte-
nance (45). There was no benefit from etanercept on the rate 
of sustained remission, and this negative trial outcome means 
that anti-TNF agents have largely been discounted as a potential 
therapeutic option in AAV, though they may yet have a niche role 
in the treatment of specific disease manifestations such as ocular 
inflammation (46).

IL-6 promotes B cell differentiation, activates macrophages, 
and induces production of other cytokines; serum IL-6 levels 
are elevated in patients with AAV, and IL-6 is expressed at 
sites of tissue inflammation (43). There are several case reports 
describing patients with AAV treated with tocilizumab, a human-
ized anti–IL-6 receptor mAb, showing that complete and sus-
tained remission was achieved in many of the patients with 
otherwise refractory disease (43,47). Others have reported less 
favorable outcomes with tocilizumab, including treatment fail-
ure or infectious complications (47). Given the successful use of 
tocilizumab in other systemic autoimmune rheumatic diseases, 
controlled studies may be warranted to define the role of anti–
IL-6 therapy in AAV.

Targeting complement

While historically regarded as a “pauci-immune” vasculitis, 
with few immunoglobulin or complement deposits in tissue, the 
past decade has seen the important role of complement in dis-
ease pathogenesis come to light (8). In patients with AAV, careful 
examination has identified complement deposition at sites of tis-
sue inflammation, and altered levels of plasma and urinary com-
plement components have been shown to correlate with disease 
severity (48,49). Convincing evidence of complement involvement 
came from experimental mouse models, in which a series of ele-
gant studies dissected a role for alternative pathway activation, 
and for the receptor of C5a (C5aR), a potent anaphylatoxin and 
chemoattractant, in disease pathogenesis (50). In vitro, C5a can 
prime neutrophils to respond to ANCA stimulation, and both 
ANCA-stimulated neutrophils and neutrophil extracellular traps 
(NETs) can activate the alternative complement cascade, leading 
to a positive feedback loop (51,52). Ultimately, it was shown that 
in mice transgenic for the human C5aR, a small molecule antago-
nist of the C5aR1 (avacopan, CCX168) was an effective treatment 
for MPO-AAV in a passive transfer model (53).

This compound then showed promising results in an early- 
phase clinical study of patients with AAV, in which it was found 
to be a noninferior substitute for prednisolone during remission 
induction (54). However, that study was small (n = 67 patients), 
was of short duration (12 weeks), and included only patients with 
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nonsevere disease. A subsequent phase III trial, the Avacopan in 
Patients With ANCA-Associated Vasculitis (ADVOCATE) trial (Clin-
icalTrials.gov identifier: NCT02994927), completed recruitment of 
300 patients in 2018. The patients were randomized to receive 
either avacopan or glucocorticoids during remission induction 
with either cyclophosphamide or rituximab, and top-line data 
released in late 2019 suggested noninferiority of avacopan at 26 
weeks and superiority over glucocorticoids at 52 weeks, with an 
acceptable safety profile. However, we still await full publication of 
the study results, and it should be highlighted that the most severe 
cases (those with an estimated glomerular filtration rate of <15 ml/
minute, requiring dialysis or plasma exchange) were still excluded.

An alternative anti-C5a treatment, IFX-1, a mAb that targets 
C5a rather than C5aR, which may therefore have differing bio-
logic effects from those of avocapan, is also being evaluated in 
phase II studies. Patients will be randomized to receive standard 
glucocorticoids, a combination of IFX-1 and reduced-dose glu-
cocorticoids, or IFX-1 and no glucocorticoids during the remis-
sion-induction phase (European study, ClinicalTrials.gov identifier: 
NCT03895801) or randomized to receive standard of care plus 
IFX-1 or placebo (North American study, ClinicalTrials.gov iden-
tifier: NCT03712345). Recruitment is ongoing and completion 
is estimated by July 2021. Blockade of C5 cleavage is another 
potential treatment, though descriptions on eculizumab use in 
patients with AAV are limited to individual case reports (55).

Targeting neutrophils and monocytes

There is extensive evidence demonstrating the pathogenic 
role of neutrophils in AAV. Studies first published nearly 30 years 
ago have shown that ANCAs bind to and activate neutrophils, 
leading to degranulation and production of reactive oxygen spe-
cies (56). ANCA stimulation of neutrophils has also been shown 
to activate intracellular signaling cascades, leading to increased 
neutrophil adhesion and transmigration at the vascular endothe-
lium (57). ANCA stimulation can induce NETosis, a specialized 
form of cell death with release of NETs (extracellular meshes of 
decondensed chromatin and granular proteins). NETs are path-
ogenic in AAV: they can activate dendritic cells, autoreactive B 
cells, and complement; they are directly injurious to endothelium; 
and they may play a role in loss of tolerance to ANCA antigens 
(52,58). While many studies have focused on the role of neu-
trophils, monocytes also express the ANCA autoantigens and 
respond similarly to ANCA stimulation in vitro (59), and thus may 
contribute to tissue injury. A number of agents that target these 
neutrophil- and monocyte-mediated functions in AAV are in pre-
clinical development.

Inhibiting NETosis may attenuate both vascular damage and 
potentiation of the autoimmune response by limiting aberrant 
extracellular expression of ANCA autoantigens. Peptidylarginine 
deiminase 4 (PAD-4) is essential for NET formation, as it plays a 
role in citrullination of histones, and PAD-4 inhibition decreases 

NET formation in vitro (60). In a mouse model of MPO-AAV, PAD-4 
deficiency or use of a selective inhibitor decreased NETosis, MPO 
deposition, glomerular injury, and cell infiltration (61). PAD-4 inhi-
bition has also been tested in mouse models of lupus, but as yet 
there have been no studies in humans.

Cathepsin C is a lysosomal peptidase that acts in the 
bone marrow to cleave neutrophil serine proteinases (NSPs), 
including neutrophil elastase and PR3, to their mature, active forms 
(62). Activated neutrophils release large amounts of these NSPs 
into the extracellular space, where they may initiate tissue inflam-
mation and injury as a constituent of NETs. In a mouse model of 
MPO-AAV, knockout of cathepsin C protected from disease and 
decreased MPO-ANCA–induced IL-1β production in vitro (63). 
Cleaved NSP may also remain bound to the neutrophil cell surface 
and, in PR3-AAV, this translocation of PR3 to the cell surface may 
perpetuate disease; there is evidence in GPA that patients with 
higher levels of membrane-bound PR3 have more severe disease 
features (64,65). Thus, reducing cell surface expression of PR3 
by preventing its activation by cathepsin C has been suggested 
as a potential therapeutic strategy. A recently developed pharma-
cologic inhibitor of cathepsin C was found to decrease the levels 
of membrane-bound PR3 on neutrophils, with no effect on neu-
trophil differentiation. When used in vitro, PR3-ANCA– mediated 
neutrophil activation was diminished and the compound also 
showed pharmacologic activity in mice, although it was not tested 
in an in vivo model of AAV (66).

Directly targeting MPO, the other ANCA autoantigen, is 
another approach that has been assessed in animal models. Like 
PR3, MPO is released from neutrophils and monocytes following 
activation, and may cause injury and activate autoreactive B and 
T cells. Extracellular MPO can deposit in glomeruli in AAV, and the 
amount of deposition correlates with the severity of disease (67). 
In vivo, treatment of mice with an MPO inhibitor decreased the 
severity of crescentic glomerulonephritis (67).

Spleen tyrosine kinase (Syk) is a cytoplasmic protein tyrosine 
kinase that is highly expressed in neutrophils and monocytes, and 
it plays a role in signaling for activatory Fc receptors and some 
integrins (68). Syk is activated in neutrophils following ANCA stim-
ulation (69), and can be detected in leukocytes within glomerular 
lesions in patients with ANCA-associated renal disease (70,71). 
Fostamatinib, a small molecule inhibitor with selectivity for Syk, 
inhibits ANCA-induced neutrophil responses in vitro, and is an 
effective treatment for MPO-AAV in a rat model (70,72). Syk is also 
critical for B cell receptor signaling, and treatment with fostama-
tinib reduced autoantibody responses in an experimental model 
of anti–glomerular basement membrane disease, suggesting a 
potential dual therapeutic effect in AAV (73).

There may be concerns that targeting these innate immune 
responses may leave patients vulnerable to infection, though it is 
reassuring that congenital deficiencies of cathespin C and MPO, 
for example, have relatively mild clinical phenotypes. In addi-
tion, clinical studies of Syk inhibition in other diseases, including 
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rheumatoid arthritis, IgA nephropathy, and idiopathic thrombo-
cytopenic purpura, did not show a risk of severe infections, and 
thus future trials testing these approaches in patients with AAV 
are warranted.

Combination drug therapy

Drugs targeting the innate immune response may be an 
effective substitute for glucocorticoids during acute disease, 
though they may be less effective for suppressing the underlying 
adaptive response, which is needed to secure long-term remis-
sion. Conversely, specific targeting of B and T lymphocytes may 
not provide sufficiently rapid responses during acute flares to 
prevent accrual of organ damage. As an increasing number of 
potential therapeutic agents are identified, future studies will need 
to address how they are best used in sequence or in combina-
tion, either with each other or with existing therapies, and during 
different phases of the disease, to improve outcomes and reduce 
toxicity. The negative results in some RCTs in patients with AAV, 
such as in those treated with etanercept in the WGET study, may 
relate to their use as add-on therapy to conventional treatment, 
such that potential signals of biologic activity were lost, whereas 
the recent enthusiasm for complement inhibition arose following 
a successful trial designed to demonstrate that avacopan could 
wholly replace glucocorticoids during remission induction.

Conversely, “multi-target” therapy has recently emerged as 
an effective approach in patients with lupus nephritis, and com-
bination approaches that target multiple aspects of the immune 
and inflammatory response may likewise be an effective way to 
provide rapid and sustained disease control in AAV, while avoiding 
toxicities caused by excessive exposure to individual drugs. One 
such combination approach using low-dose intravenous cyclo-
phosphamide and rituximab, along with a rapid oral glucocorticoid 
taper, has been described in an open-label cohort study. Rates of 
remission at 6 months, mortality, long-term relapse rates, and renal 
outcomes were favorable when compared to those in matched 
historical controls from European Vasculitis Study Group studies 
(74,75). A similar approach, using a short course of oral cyclo-
phosphamide and rituximab, has been reported in a single-center, 
retrospective case series of 129 patients, again showing favorable 
rates of remission induction and relapse (76). It is suggested that 
the early combination of cyclophosphamide and rituximab may 
allow reduction in glucocorticoid exposure during acute disease, 
while inducing sustained remission, perhaps through potentiation 
of B cell depletion.

However, concern for increased toxicity remains. A clinical 
trial of this combination treatment regimen—Exploring Durable 
Remission With Rituximab in Antineutrophil Cytoplasmic Anti-
body-Associated Vasculitis (ENDURRANCE) (ClinicalTrials.gov 
identifier: NCT03942887)—is currently recruiting patients, and will 
assess both immunologic responses (as its primary outcome) and 
clinical outcomes (including adverse events) following combination 

induction treatment with rituximab, low-dose intravenous cyclo-
phosphamide, and low-dose glucocorticoids.

Conclusions

Modern immunosuppressive regimens have transformed 
outcomes in AAV, and several evidence-based treatment 
guidelines are now available, informed by the findings of 
high-quality RCTs. There are, however, unmet needs related 
to the potential for drug side effects and the unpredictable 
nature of disease relapse. Advances have been made in under-
standing the pathogenesis of AAV, which have identified many 
potential new targets for therapy that may be directed to var-
ious aspects of the adaptive and innate immune responses 
underlying disease. Some of these investigations have already 
progressed to clinical studies, such as targeting of the alterna-
tive complement cascade, and others remain in the preclinical 
stages of development. Future clinical trials of these novel ther-
apeutic agents will need to establish their efficacy and, as an 
increasing number of potential treatments becomes available, 
will need to indicate how they can be used to complement or 
replace existing approaches. Moreover, with more agents at 
our disposal, future studies will need to incorporate the use of 
biomarkers and predictors of flare and stratification for patient 
factors that might influence treatment response, including age, 
comorbidities, and patterns of organ involvement (e.g., pres-
ence of granulomatous lesions, ANCA serotype and potentially 
genotype), so that subgroups of patients likely to benefit from a 
given therapy can be identified. This should allow for the devel-
opment of more tailored treatment protocols that maximize 
response while minimizing the side effects from unnecessary 
drug exposure, and thus would improve outcomes in patients 
with AAV.
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E D I T O R I A L

Acupuncture and Knee Osteoarthritis: Does Dose Matter?
David J. Hunter1  and Richard E. Harris2

Osteoarthritis (OA) is an extraordinarily prevalent and dis-
abling disease (1). Current management options for pain and 
functional limitation are constrained by modest efficacy or a 
range of unwanted side effects. Our society is being impacted 
through underemployment and the opioid epidemic, and our 
health care systems are overstretched, as a consequence of the 
trajectory of increasing joint replacement requirements (2). In this 
context, development of new treatments or identification of the 
efficacy of existing therapies to address the huge unmet need of 
pain  management are strongly desired.

Acupuncture is a component of traditional East Asian med-
icine and has been used as a healing practice for many centu-
ries (3). Acupuncture is generally thought to have arisen in China 
with documented clinical practice in the Huangdi Neijing “Yellow 
Emperor’s Inner Classic” more than 2,000 years ago. However, 
ancient Chinese burial sites have uncovered acupuncture tools 
(Bian stones) that predate this period. Following its development 
in ancient China, acupuncture spread throughout Southeast Asia 
and Europe, and is becoming increasingly popular in North and 
South America.

Acupuncture typically involves the insertion of thin (32– 
36-gauge) solid needles into specific points in the body (acupoints). 
Once needles are inserted, they may be stimulated mechanically, 
electrically, or thermally. Needles are then retained in the body 
for 20–30 minutes during a single session. When provided as a 
course of treatment, acupuncture is performed during multiple 
sessions spread over a number of weeks.

The efficacy of acupuncture in the context of pain, and knee 
OA more specifically, is a subject of controversy. The initial litera-
ture struggled to consistently demonstrate efficacy of acupuncture 
over and above sham treatment. However, the Acupuncture Trial-
ist Collaborative showed, in an individual participant meta-analysis 
(n = 20,827 patients; 39 trials), that acupuncture was superior to 
sham acupuncture for multiple pain conditions: OA had an effect 

size of 0.20–0.30 (4). While this is statistically significant (P < 0.001), 
the clinical relevance is questionable, with most guidelines condi-
tionally recommending the use of acupuncture for OA (5,6).

In this issue of Arthritis & Rheumatology, Tu et al report 
findings of a multicenter, randomized, sham-controlled trial that 
included 480 patients with knee OA who were randomly assigned 
to receive electroacupuncture (EA), manual acupuncture (MA), or 
sham acupuncture (SA) 3 times weekly for 8 weeks (7). Partic-
ipants, outcome assessors, and statisticians were blinded with 
regard to treatment group assignment. Compared with SA, inten-
sive EA resulted in less pain and better knee function at week 8, 
and these effects persisted through week 26. Intensive MA had 
no benefit for knee OA at week 8, although it showed benefits at 
week 26.

A key issue in the field of acupuncture research is the notion 
of “dose.” It is unknown what the optimal dose of acupuncture 
is and, even more importantly, how to classify dose. Does dose 
reflect the number of treatments, the number of needles, the 
depth of penetration, the amount or type of stimulation, or the 
duration of needle retention? In this study, Tu and colleagues used 
3 treatments a week, which is more frequent than typical studies 
conducted in the West and may not be feasible in some health 
care settings. A recent systematic review suggests that treatment 
frequency matters, and a dose of 3 sessions per week may be 
superior to less frequent treatment (8).

Another key issue in acupuncture research is when to assess 
efficacy. Some prior studies have assessed treatment efficacy 
shortly after the last acupuncture treatment. However, findings 
from the Acupuncture Trialist Collaborative have demonstrated 
that treatment effects can persist up to 3 to 12 months following 
treatment. The clinical usefulness of this means that a patient may 
not need to seek acupuncture for months after the initial round 
of treatments has been completed. Indeed, in this present study, 
Tu et al found that acupuncture effects persisted up to 26 weeks 
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posttreatment, and for MA versus SA, surprisingly, the effects 
become significant at 26 weeks, when they were not at 8 weeks.

In the present study, response rates at week 8 were 60.3% 
for EA, 58.6% for MA, and 47.3% for SA. The between-group 
differences were modest and favored EA. A remarkably consistent 
finding in the acupuncture clinical literature on pain is the marked 
improvement of patients with SA. This has been attributed to a 
high placebo response with this intervention. Indeed, the field of 
placebo effects has benefited somewhat from studies on acu-
puncture. When acupuncture is compared with more nonin-
vasive controls or a wait list, the effect size of acupuncture for 
OA increases to 0.50–0.60, which is of clinical importance (4). 
Interestingly, SA is more effective for pain than a placebo pill (9).
This suggests that not all placebos are equal (for example pla-
cebo pills may have less analgesic action than placebo surgery), 
resulting in potentially more invasive placebo maneuvers produc-
ing more clinical action. Approximately 40% of participants in this 
trial by Tu and colleagues had previously received acupuncture; 
however, this did not appear to influence response rate.

Another aspect of acupuncture therapy to consider is safety. 
Acupuncture is generally considered to be safe, with few adverse 
events recorded in the literature. This is important to consider, as 
some existing treatments for knee OA are accompanied by signif-
icant side effects, e.g., opioids and nonsteroidal antiinflammatory 
drugs (gastrointestinal bleeding). As a consequence, the number 
needed to treat relative to the number needed to harm for this 
intervention is quite favorable. Another factor to consider with 
acupuncture is cost, particularly considering the number of visits 
required and the fact that many health systems do not reimburse 
for this treatment, leading to substantial out-of-pocket expense. 
When examined in Europe, acupuncture in general has been 
shown to be cost-effective (10–12).

This trial has some notable limitations. The significant size of 
the placebo effect seen in the SA group means that some of the 
action of this intervention is simply needle insertion, irrespective of 
location. Other contextual effects and non-needling components 
have been demonstrated to be important for this intervention (13). 
Also, it is difficult to double-blind an acupuncture study, as the 
acupuncturist typically knows if they are performing real or sham 
acupuncture. There is a double-blind needle that has been devel-
oped, wherein the acupuncturist does not know if they are insert-
ing a needle into the skin or not, but those sham needles were not 
used in this study. In future studies, it will be important to clarify the 
contribution of efficacy expectations as communicated by those 
administering the treatment, as prior work has demonstrated this 
to be substantial (14). For clinicians, recognizing the potent effects 
of placebo and the optimization of contextual effects through 
enhanced care is worthy of further consideration (15).

So, is acupuncture ready for prime time and further dis-
semination? Acupuncture is already widely practiced and readily 
available in many countries and health care systems. In some 
systems, reimbursement is limited, which may be a barrier to 

further implementation, with heterogeneity of protocols an addi-
tional concern. Will authors of guidelines ultimately consider 
this evidence and change conditional recommendations to 
be more positive? Time will tell. In the interim, there continues 
to be  further need for research, specifically on dose-response 
relationships, effects of acupuncturist blinding, feasibility of 
thrice weekly  regimens, and clarifying the mechanism of effect, 
particularly given the persistence of benefit. There is some sug-
gestion that the benefit is partly mediated by changes in major 
inflammatory factors (tumor necrosis factor, interleukin-1β, and 
interleukin- 13),  which may in part explain the persistence of 
effect (16).
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Association of Race and Ethnicity With COVID-19 Outcomes 
in Rheumatic Disease: Data From the COVID-19 Global 
Rheumatology Alliance Physician Registry
Milena A. Gianfrancesco,1  Liza A. Leykina,1 Zara Izadi,1  Tiffany Taylor,2 Jeffrey A. Sparks,3  
Carly Harrison,4 Laura Trupin,1 Stephanie Rush,1 Gabriela Schmajuk,5  Patricia Katz,1  Lindsay Jacobsohn,1 
Tiffany Y. Hsu,3 Kristin M. D’Silva,6 Naomi Serling-Boyd,6  Rachel Wallwork,6 Derrick J. Todd,3 Suleman Bhana,7 
Wendy Costello,8 Rebecca Grainger,9  Jonathan S. Hausmann,10 Jean W. Liew,11  Emily Sirotich,12 
Paul Sufka,13 Zachary S. Wallace,6  Pedro M. Machado,14  Philip C. Robinson,15  and Jinoos Yazdany,1  
on behalf of the COVID-19 Global Rheumatology Alliance

Objective. Racial/ethnic minorities experience more severe outcomes of coronavirus disease 2019 (COVID-19) 
in the general US population. This study was undertaken to examine the association between race/ethnicity and 
COVID-19 hospitalization, ventilation status, and mortality in people with rheumatic disease.

Methods. US patients with rheumatic disease and COVID-19 were entered into the COVID-19 Global Rheumatol-
ogy Alliance physician registry between March 24, 2020 and August 26, 2020 were included. Race/ethnicity was 
defined as White, African American, Latinx, Asian, or other/mixed race. Outcome measures included hospitalization, 
requirement for ventilatory support, and death. Multivariable regression models were used to estimate odds ratios 
(ORs) and 95% confidence intervals (95% CIs) adjusted for age, sex, smoking status, rheumatic disease diagnosis, 
comorbidities, medication use prior to infection, and rheumatic disease activity.

Results. A total of 1,324 patients were included, of whom 36% were hospitalized and 6% died; 26% of hospitalized 
patients required mechanical ventilation. In multivariable models, African American patients (OR 2.74 [95% CI 1.90–
3.95]), Latinx patients (OR 1.71 [95% CI 1.18–2.49]), and Asian patients (OR 2.69 [95% CI 1.16–6.24]) had higher odds 
of hospitalization compared to White patients. Latinx patients also had 3-fold increased odds of requiring ventilatory 
support (OR 3.25 [95% CI 1.75–6.05]). No differences in mortality based on race/ethnicity were found, though power 
to detect associations may have been limited.

Conclusion. Similar to findings in the general US population, racial/ethnic minorities with rheumatic disease and 
COVID-19 had increased odds of hospitalization and ventilatory support. These results illustrate significant health 
disparities related to COVID-19 in people with rheumatic diseases. The rheumatology community should proactively 
address the needs of patients currently experiencing inequitable health outcomes during the pandemic.
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INTRODUCTION

People with rheumatic disease, particularly those receiving 
immunosuppressive medications, have a higher risk of develop-
ing severe infections. Therefore, there have been several reports 
examining the prevalence of coronavirus disease 2019 (COVID-19) 
infection in patients with rheumatic diseases (1). While most liter-
ature suggests a similar prevalence of COVID-19 in the rheumatic 
disease population as in the general population, one study indi-
cated a slightly higher risk of mortality in individuals with rheumatic 
diseases (2), and some immunosuppressive medications may 
place patients at higher risk of hospitalization (3). Further, similar 
to studies conducted in the general population, rheumatic dis-
ease patients with comorbidities also have higher odds of poor 
outcomes (3).

Growing research has illustrated the disproportionate burden 
of COVID-19 in racial/ethnic minority populations.  COVID-19–
related deaths are significantly higher in communities with higher 
proportions of African American, Latinx, Asian American, or 
other racial/ethnic minorities (4–8). Additionally, in multivariable 
analyses at the patient level, a number of studies have shown 
increased risk of hospitalization in racial/ethnic minorities (9–11). 
A recent study of patients with systemic lupus erythematosus 
(SLE) in New York City showed that non-White and Hispanic 
patients diagnosed as having COVID-19 were more likely to be 
hospitalized (12). However, no studies have yet examined dispar-
ities in COVID-19 health outcomes among people with different 
rheumatic diseases. Given that racial/ethnic minority patients with 
rheumatic conditions tend to experience a higher burden of dis-
ease activity and severity compared to White patients (13–16), 
disproportionate adverse outcomes of COVID-19 could have a 
substantial long-term impact on patients’ health and quality of 
life.

The aim of this study was to examine the association 
between race/ethnicity and COVID-19 hospitalization, ventilation 
status, and mortality in people with rheumatic diseases in the US 
using data from a large COVID-19 rheumatology registry.

PATIENTS AND METHODS

Study population and design. We performed a cross- 
sectional analysis of the COVID-19 Global Rheumatology Alliance 
(C19-GRA) registry to investigate the association of race/ethnicity 
with outcomes. Details of the registry design have been described 
previously (17–20) (see Appendix A for a list of the members of 
the COVID-19 Global Rheumatology Alliance). Briefly, C19-GRA 
data regarding individuals with rheumatic diseases diagnosed as 
having COVID-19 are captured from rheumatology physicians via 
a data entry portal. Provider-level information includes physician 
city, state, and country. This analysis was limited to cases entered 
by physicians for their patients in the US from March 24, 2020 to 
August 26, 2020. Data from a total of 1,380 patients were col-
lected during this time period.

COVID-19 diagnosis. Physicians indicated whether the 
diagnosis of COVID-19 was based on polymerase chain reaction, 
antibody testing, metagenomic testing, computed tomography 
scan, laboratory assay, or a presumptive diagnosis based only on 
characteristic symptoms.

Racial/ethnic categorization. Race/ethnicity was reported 
by the physician entering the case, and multiple categories could 
be selected among the following: Arab, African American, East 
Asian, South Asian, West Asian/Middle Eastern, Pacific Islander, 
Latin American, White, Native American/Aboriginal/First Nations, 
other, unknown, or prefer not to answer. Physicians recorded race/ 
ethnicity with the data available to them, which typically includes data 
available in the electronic health record (EHR), patient-reported race/
ethnicity, or data derived from inference. In this study, race/ethnicity 
was categorized as either White (reference group), African American, 
Latinx (Latin American), Asian (East, South, or Southeast), or other/
mixed race. Patients classified as White and Latinx (n = 5) or African 
American and Latinx (n = 2) were categorized as Latinx. For all other 
race/ethnicity combinations, patients were categorized as “other/
mixed race” (n = 6).
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Outcome measures. This study examined 3 separate, non–
mutually exclusive outcome measures: hospitalization status, venti-
latory support requirement, and death. The variable for ventilatory 
support was limited to patients who were hospitalized and catego-
rized as receiving one of the following: no supplementary oxygen, 
supplementary oxygen or noninvasive ventilation, or mechanical 
ventilation/extracorporeal membrane oxygenation (ECMO).

Covariates. Case information, including age, sex, smoking 
status, rheumatic disease diagnosis, rheumatic disease activity 
(physician global assessment), and comorbidities, was collected by 
physician report. Medications used prior to COVID-19 were cat-
egorized as conventional synthetic disease-modifying antirheumatic 
drugs (csDMARDs) including antimalarials  (hydroxychloroquine, 
chloroquine), azathioprine, cyclophosphamide, cyclosporine, lefl -
unomide, methotrexate, mycophenolate mofetil/mycophenolic 
acid, sulfasalazine, and tacrolimus; biologic DMARDs including 
abatacept, belimumab, CD20 inhibitors, interleukin-1 (IL-1) inhib-
itors, IL-6 inhibitors, IL-12/IL-23 inhibitors, IL-17 inhibitors, and 
tumor necrosis factor inhibitors; and targeted synthetic DMARDs, 
namely JAK inhibitors.

Statistical analysis. Categorical variables were reported 
as the number and percentage. In univariate analyses, differences 
in demographic and rheumatic disease–specific features accord-
ing to race/ethnicity were compared using chi-square test.

Multivariable logistic regression was used to estimate odds 
ratios (ORs) and 95% confidence intervals (95% CIs) of hospitaliza-
tion and mortality; ordinal logistic regression was used to  estimate 
ORs and 95% CIs of ventilatory support among hospitalized 
patients (no supplementary oxygen [reference category], supple-
mentary oxygen or noninvasive ventilation, and mechanical ven-
tilation/ECMO). Two models were explored: one model included 
adjustments for sex and age (model 1), and a second model 
included adjustments for sex, age, rheumatic diseases (rheuma-
toid arthritis [RA], SLE, psoriatic arthritis [PsA], axial spondyloar-
thritis [SpA] or other spondyloarthritis, vasculitis, and other), most 
 common comorbidities (hypertension, lung disease, diabetes, 
cardiovascular disease, and chronic renal insufficiency/end-stage 
renal disease), smoking status (ever versus never), rheumatic dis-
ease activity (dichotomized as remission or low  disease activity 
versus moderate or high disease activity), rheumatic disease med-
ication use prior to infection (csDMARD monotherapy, biologic 
and targeted small molecule DMARD monotherapy [biologic/
targeted sDMARD], and csDMARD + biologic/targeted sDMARD 
combination therapy), and prednisone-equivalent glucocorticoid 
use (0 mg/day, 1–9 mg/day, or ≥10 mg/day) (model 2).

For univariate and multivariable models, patients with >1 of the 
following rheumatic diseases recorded were classified using the 
indicated hierarchy: SLE > RA > PsA > vasculitis > axal SpA/other 
spondyloarthritis > other. Cardiovascular disease and hypertension 
were collapsed as a single comorbidity in the regression model 

due to significant collinearity between the 2 variables. A com-
plete case analysis was conducted for each outcome measure 
separately (i.e., analysis limited to observations with all covariates 
and specific outcome measure present). Exposure categorization 
(race/ethnicity) was missing for 56 patients (4%). Outcome status 
was unknown for 89 hospitalization cases (7%), 105 ventilation 
status cases (24% among hospitalized cases), and 1 death case 
(<1%). Some data were missing for the following covariates: 5% 
for disease activity, 5% for smoking status, and 2% for glucocorti-
coid use. Differences in demographic and disease characteristics 
by missing outcome status were examined using chi-square tests.

To assess the robustness of the results, several sensitivity 
analyses were performed. First, we repeated the above analyses 
after excluding patients deemed a “presumptive case,” meaning 
that the physician reported that the COVID-19 diagnosis was 
based on characteristic symptoms only, and the patient was not 
reported as having 1) a confirmatory COVID-19 test, 2) docu-
mentation of chest imaging showing bilateral infiltrates consis-
tent with COVID-19–associated pneumonia, or 3) close contact 
with a known COVID-19–positive patient (n = 135). Second, we 
limited the analyses to patients whose COVID-19 outcome was 
resolved (n = 1,062). Resolution was defined as a case marked 
by the provider as either deceased, resolved at the time of data 
entry, not hospitalized >30 days after initial diagnosis date, 
hospitalized and discharged, or not at risk of further interven-
tions/death. Due to a relatively low number of deaths in each 
race/ethnicity subgroup and potential for overfitting of the mor-
tality model, we also explored a reduced model in which only 
covariates with significant values (P < 0.05) remained. Finally, 
a model adjusted for region defined by the US Census Bureau 
(Northeast, Midwest, South, and West) was used to account 
for regional variation. The parallel regression assumption was 
examined for ordinal logistic regression models and success-
fully met (P > 0.05). P values less than 0.05 (2-sided) were con-
sidered significant. All analyses were conducted using Stata 
version 16.0.

Data quality was assessed by a data quality team who also 
confirmed there were no duplicate entries. The C19-GRA phy-
sician registry was determined “not human subjects research” 
under US Federal Guidelines assessed by the University of Cal-
ifornia, San Francisco, and patient consent was not required.

RESULTS

As of August 26, 2020, a total of 1,380 US COVID-19 cases 
were entered in the registry, of which 1,324 cases had race/eth-
nicity information documented. Case numbers by state are shown 
in Supplementary Figure 1 (available on the Arthritis & Rheuma-
tology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41567/ abstract). Overall, 36% of the patients were hospital-
ized (445 of 1,235), and 6% died (85 of 1,323). Of the patients 
who were hospitalized, 26% required mechanical ventilation/

http://onlinelibrary.wiley.com/doi/10.1002/art.41567/abstract
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ECMO (90 of 340). Demographic and disease characteristics by 
race/ethnicity are shown in Table 1. Significant differences by race/
ethnicity were found with respect to sex, age, rheumatic disease, 
hypertension/cardiovascular disease, lung disease, diabetes, 
chronic renal insufficiency/end-stage renal disease, ever smoking, 
DMARD medication category, glucocorticoid use, and rheumatic 
disease activity (P < 0.05).

Differences in COVID-19 outcomes by race/ethnicity are 
shown in Figure 1 and Supplementary Table 1 (http://onlin elibr ary.
wiley.com/doi/10.1002/art.41567/ abstract). White patients were 
less likely to be hospitalized (29%) compared to African Americans 
(51%), Latinx (37%), Asians (43%), and other/mixed races (35%) 
(P < 0.01). However, no significant differences in ventilation status 
among patients who were hospitalized or those who died were 
found by race/ethnicity.

In model 1, adjusted for sex and age, racial/ethnic minorities 
were more likely to experience poor outcomes, including hospi-
talization and requirement for ventilatory support, compared to 
White patients (Table 2). After adjustment for additional covariates 
(model 2), all associations remained. African American and Asian 
patients had nearly 3-fold higher odds of being hospitalized com-
pared to White patients (OR 2.74 [95% CI 1.90–3.95] and OR 
2.69 [95% CI 1.16–6.24], respectively). Latinx patients also had 
elevated odds of hospitalization compared to White patients (OR 
1.71 [95% CI 1.18–2.49]). Among hospitalized patients, Latinx 
patients had 3-fold odds of requiring increased ventilatory sup-
port compared to White patients (OR 3.25 [95% CI 1.75–6.05], 
P < 0.01). African American, Asian, and other/mixed race patients 
also had elevated odds of requiring increased ventilatory sup-
port compared to White patients, but results were not statistically 

Table 1. Demographic and disease characteristics of US patients entered into the COVID-19 Global Rheumatology Alliance 
Registry, by race/ethnicity (n = 1,324)*

White 
(n = 690)

African 
American 
(n = 273)

Latinx 
(n = 295)

Asian 
(n = 39)

Other/mixed 
race (n = 27)

Sex, female† 497 (72) 227 (83) 232 (79) 29 (74) 20 (74)
Age, years†

18–29 35 (5) 11 (4) 19 (6) 2 (5) 6 (22)
30–49 155 (22) 77 (28) 126 (43) 16 (41) 5 (19)
50–65 288 (42) 114 (42) 97 (33) 15 (38) 10 (37)
>65 212 (31) 71 (26) 53 (18) 6 (15) 6 (22)

Rheumatic disease†‡
Rheumatoid arthritis 272 (39) 96 (35) 112 (38) 11 (28) 13 (48)
Systemic lupus erythematosus 56 (8) 89 (33) 63 (21) 7 (18) 3 (11)
Psoriatic arthritis 94 (14) 5 (2) 18 (6) 7 (18) 0 (0)
Axial spondyloarthritis 42 (6) 3 (1) 9 (3) 1 (3) 4 (15)
Vasculitis 61 (9) 6 (2) 26 (9) 4 (10) 2 (7)
Other 165 (24) 74 (27) 67 (23) 9 (23) 5 (19)

Hypertension/cardiovascular† 264 (38) 169 (62) 15 (39) 11 (28) 7 (26)
Lung disease† 146 (21) 78 (29) 60 (20) 5 (13) 3 (11)
Diabetes† 88 (13) 57 (21) 74 (25) 5 (13) 3 (11)
Renal† 41 (6) 39 (14) 28 (9) 5 (13) 1 (4)
Ever smoker (n = 1,256)† 218 (33) 68 (26) 57 (21) 4 (11) 6 (23)
Medication pre–COVID-19†

DMARDs§
No DMARDs 142 (21) 52 (19) 61 (21) 8 (21) 5 (19)
csDMARDs only 234 (34) 135 (49) 115 (39) 14 (36) 8 (30)
Biologic/targeted synthetic DMARDs only 173 (25) 32 (12) 51 (17) 7 (18) 6 (22)
csDMARDs + biologic/targeted synthetic DMARDs 141 (20) 54 (20) 68 (23) 10 (26) 8 (30)

Prednisone-equivalent glucocorticoids (n = 1,301)†
None 523 (77) 180 (67) 173 (60) 30 (79) 16 (59)
1–9 mg/day 98 (14) 64 (24) 74 (26) 3 (8) 6 (22)
10 mg/day 59 (9) 25 (9) 40 (14) 5 (13) 5 (19)

Rheumatic disease activity (n = 1,254)†
Remission or low 535 (81) 197 (78) 198 (71) 25 (68) 16 (70)
Moderate or high 125 (19) 57 (22) 82 (29) 12 (32) 7 (30)

* Values are the number (%). COVID-19 = coronavirus disease 2019. 
† P < 0.05 across racial groups, by chi-square test. 
‡ Cases could have more than one disease diagnosis. The “other” rheumatic disease category included Sjögren’s syndrome, other 
inflammatory arthritis, inflammatory myopathy, gout, systemic sclerosis, polymyalgia rheumatica, sarcoidosis, undifferentiated 
connective tissue disease, ocular inflammation, autoinflammatory syndrome, mixed connective tissue disease, antiphospholipid 
syndrome, calcium pyrophosphate deposition disease, systemic juvenile idiopathic arthritis, juvenile idiopathic arthritis (not 
systemic), and IgG4-related disease. 
§ Disease-modifying antirheumatic drugs (DMARDs) included conventional synthetic DMARDs (csDMARDs), biologic DMARDs,  
and targeted synthetic DMARDs. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41567/abstract
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significant. Latinx patients demonstrated higher odds of mortality 
compared to White patients in the model adjusted for sex and age 
(model 1); however, after additional adjustment for factors such 
as rheumatic disease, medication use prior to COVID-19 diag-
nosis, comorbidities, and others (model 2), the association did 
not remain statistically significant. No other associations between 
race/ethnicity and mortality were found.

When comparing demographic and disease characteristics 
between patients with and those without missing outcome data, 
we did not find large differences between groups. The only signif-
icant finding was between race/ethnicity and missing ventilation 
status among patients who were hospitalized. Patients miss-
ing ventilation status were more likely to be White compared to 
patients without missing data (P < 0.05) (Supplementary Table 2, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41567/ abstract).

Findings remained consistent in an analysis excluding unre-
solved cases (n = 238) (Supplementary Table 3, http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41567/ abstract), as well as an 
analysis excluding presumptive cases (n = 135) (data not shown). 
Due to potential for overfitting of the mortality model, we explored 
a reduced model in which only covariates with significant values 

(P < 0.05) remained. The reduced model also showed no sig-
nificant differences in mortality by race/ethnicity (Supplementary 
Table 4, http://onlin elibr ary.wiley.com/doi/10.1002/art.41567/ 
abstract). Lastly, models accounting for regional variation across 
all 3 outcome measures also produced similar results (data not 
shown).

DISCUSSION

To our knowledge, this is the first study to examine racial/
ethnic differences in US COVID-19 outcomes among people with 
rheumatic diseases. Similar to findings in the general population, 
we found that racial/ethnic minority patients with rheumatic disease 
had increased odds of hospitalization and ventilatory support, even 
after adjustment for demographic characteristics, disease-specific 
features, and comorbidities. Our data also mirror recent results 
from a study examining SLE patients diagnosed as having COVID-
19, which found higher odds of hospitalization among non-White 
patients (12). These data add to a growing body of literature describ-
ing racial/ethnic health disparities related to COVID-19 and suggest 
that extra attention should be focused on addressing disparities in 
patients with rheumatic disease during public health emergencies.

Figure 1. Coronavirus disease 2019 (COVID-19) outcomes in patients with rheumatic disease, by race/ethnicity. Numbers displayed represent 
the percentage of individuals with COVID-19 in each category who experienced the outcome listed. Outcome categories are not mutually 
exclusive. Ventilatory support was determined among hospitalized patients only. ECMO = extracorporeal membrane oxygenation.

Table 2. Multivariable models examining the association between race/ethnicity and COVID-19 outcomes in patients with rheumatic 
disease*

Race/ethnicity

Hospitalization Ventilatory support† Death

Model 1 
(n = 1,235)

Model 2 
(n = 1,103)

Model 1 
(n = 340)

Model 2 
(n = 303)

Model 1 
(n = 1,323)

Model 2 
(n = 1,172)

White Referent Referent Referent Referent Referent Referent
African American 3.18 (2.31–4.36) 2.74 (1.90–3.95) 1.65 (0.99–2.73) 1.54 (0.89–2.68) 1.36 (0.74–2.50) 1.39 (0.69–2.79)

P <0.01 <0.01 0.05 0.13 0.33 0.35
Latinx 2.00 (1.46–2.75) 1.71 (1.18–2.49) 2.79 (1.61–4.83) 3.25 (1.75–6.05) 1.93 (1.07–3.49) 1.67 (0.81–3.41)

P <0.01 <0.01 <0.01 <0.01 0.03 0.16
Asian 2.50 (1.21–5.15) 2.69 (1.16–6.24) 2.05 (0.61–6.85) 1.73 (0.45–6.63) 3.01 (0.93–9.77) 2.67 (0.58–12.16)

P 0.01 0.02 0.24 0.43 0.07 0.21
Other/mixed race 1.44 (0.55–3.81) 2.59 (0.97–6.90) 1.53 (0.36–6.52) 1.43 (0.33–6.15) 1.91 (0.41–8.96) 2.49 (0.49–12.65)

P 0.46 0.06 0.57 0.63 0.41 0.27
*Values are the odds ratio (95% confidence interval). Model 1 was adjusted for sex and age. Model 2 was adjusted for sex, age, rheumatic
disease, comorbidities, ever smoking, medication use prior to coronavirus disease 2019 (COVID-19), glucocorticoid use, and disease activity; 
sample size varies due to missing data on outcomes and certain covariates.
†Determined among hospitalized patients only.

http://onlinelibrary.wiley.com/doi/10.1002/art.41567/abstract
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Studies have shown that racial/ethnic minorities have worse 
COVID-19 outcomes compared to White patients, further exac-
erbating health disparities that were present prior to the pan-
demic. For example, African American race is associated with 
a 2-fold higher odds of hospitalization compared to White race 
(9–11). Other research has demonstrated higher COVID-19 hos-
pitalization rates among Latinx (21), Asians, and other races (10), 
and higher mortality among Asian patients diagnosed as having 
COVID-19 compared to White patients (22). We similarly observed 
higher odds of hospitalization among African American, Latinx, 
and Asian patients compared to White patients, and increased 
odds of ventilatory support among Latinx patients. However, we 
did not identify an association with other/mixed race and severe 
COVID-19 outcomes, possibly due to the heterogeneity of this 
group or limited sample size. We also did not find an associa-
tion between any race/ethnicity subgroup and mortality due to 
 COVID-19, consistent with prior studies (9,23); however, obser-
vation of a relatively small number of deaths may have contributed 
to a failure to detect significant differences.

Our study has certain limitations. The C19-GRA registry is 
voluntary, making it susceptible to selection bias (e.g., geographic 
location, disease severity) and does not capture all cases of 
COVID-19 in patients with rheumatic disease in a defined pop-
ulation. The approach to data collection places limitations on 
causal conclusions and temporal relationships, and therefore we 
can make only limited inferences based on our results. Missing 
data were present for some covariates and outcomes, including 
24% for ventilation status. We found a significant difference with 
respect to race/ethnicity and hospitalized patients with and those 
without missing ventilation status; however, no differences based 
on any other covariates were present, nor were there differences 
based on any other outcomes. Results were also consistent 
when presumptive cases were excluded, as well as when unre-
solved cases were excluded. Race/ethnicity was categorized by 
the entering physician, which may not have been consistent with 
the individual’s self-reported identity; however, chart review of a 
subsample of patients from 2 sites (n = 273; ~21% of the total 
analytic sample) indicated 81% concordance between EHR- and 
registry-entered race/ethnicity. Misclassification largely occurred 
with Hispanic/Latino ethnicity being characterized as “other” 
in the patient’s EHR. Therefore, the current registry data collec-
tion may potentially be more accurate than standard, EHR-based 
assessment of race/ethnicity. Additionally, we did not collect infor-
mation on insurance status or other markers of socioeconomic 
status, and therefore were unable to adjust for these factors. Last, 
there may be heterogeneous differences in outcomes within race/
ethnicity categories; for example, the Asian subgroup included 
East, South, and Southeast Asian patients, and the other/mixed 
race group included various combinations of race and ethnicity.

Our results highlight the need for focused attention on non-
White racial/ethnic rheumatic disease patient groups for which 
COVID-19 can further exacerbate existing health disparities. 

Racial/ethnic minority patients with rheumatic conditions tend to 
experience a higher burden of disease activity and severity com-
pared to White patients, including greater disease activity, poorer 
functional status, and worse quality of life (13–16). Therefore, 
disproportionate outcomes of COVID-19 may contribute to sub-
stantial impacts on patients’ health. More research is needed to 
understand and address drivers of these disparities, particularly 
those that relate to socioeconomic status and factors of health 
care access.

Findings from this study show a higher burden of poor out-
comes in racial/ethnic minorities compared to White patients, 
indicating that proactive measures to actively treat and focus 
attention on the care of these patients is urgently needed. Strate-
gies, such as targeted counseling to reduce the risk of  COVID-19 
transmission, ensuring patients with rheumatic diseases are 
able to access severe acute respiratory syndrome coronavirus 2 
testing, educating patients to access care early in the course of 
 COVID-19 illness, managing immunosuppressive drugs, and con-
trolling disease activity, should be employed (24,25). Additionally, 
work to mitigate factors that contribute to COVID-19 inequities 
at the public health, health care system, and policymaking level 
is critical, given structural racism in the US (8). The long-term 
impact of COVID-19 and other indirect consequences of the pan-
demic and shelter-in-place policies on patients with rheumatic 
diseases is unknown. Longitudinal studies examining the effect 
of  COVID-19 in the rheumatic disease population, especially by 
race/ethnicity, will be essential moving forward. Immediate action 
to address these disparities is warranted, and physicians caring 
for people with rheumatic diseases should employ measures to 
reduce risk among the most vulnerable populations.
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Allele-Specific Quantification of HLA–DRB1 Transcripts 
Reveals Imbalanced Allelic Expression That Modifies the 
Amino Acid Effects in HLA–DRβ1
Sehwan Chun,1 So-Young Bang,2 Eunji Ha,1 Jing Cui,3 Ki-Nam Gu,1 Hye-Soon Lee,2 Kwangwoo Kim,1  and 
Sang-Cheol Bae2

Objective. HLA association fine-mapping studies have shown the effects of missense variants in HLA–DRB1 on 
rheumatoid arthritis (RA) susceptibility, prognosis, and autoantibody production. However, the phenotypic effects of 
expression changes in HLA–DRB1 remain poorly understood. Therefore, we investigated the allele-specific expression 
of HLA–DRB1 and its effect on an HLA–DRβ1 structure–associated trait in RA.

Methods. We quantified the allele-specific expression of each HLA–DRB1 3-field classic allele in 48 Korean RA 
patients with anti–citrullinated protein antibodies (ACPAs) and 319 healthy European subjects by using both RNA 
sequencing and HLA–DRB1 genotype data to calculate the relative expression strength of multiple HLA–DRB1 alleles 
(n = 14 in Koreans and n = 25 in Europeans) in each population. The known association between ACPA level and 
alanine at position 74 of HLA–DRβ1 in ACPA-positive RA was revisited to understand the phenotypic effect of allele-
specific expression of HLA–DRB1 by modeling multivariate logistic regression with the genomic dosage or relative 
expression dosage of Ala-74 in 2 independent sets of 1,723 Korean RA patients with ACPA.

Results. The relative expression strength was highly allele-specific, causing imbalanced allelic expression in 
HLA–DRB1 heterozygotes. The association between HLA-DRβ1 Ala-74 and ACPA level in RA was better explained 
by relative expression dosage of Ala-74 than by the genomic dosage (change in Akaike’s information criterion = 
−6.98). Moreover, the expression variance of Ala-74 in Ala-74 heterozygotes with no genomic variance of Ala-74 was 
significantly associated with ACPA level (P = 2.26 × 10−3).

Conclusion. Our findings illustrate the advantage of integrating quantitative and qualitative changes in HLA–
DRB1 into a single model for understanding HLA–DRB1 associations.

INTRODUCTION

Sequencing analysis of the major histocompatibility com-
plex (MHC) region containing HLA genes has revealed a complex 
genetic architecture that helps to deal with a wide range of exter-
nal antigens to resist infectious diseases but is associated with 
numerous autoimmune diseases (1,2). For example, rheumatoid 
arthritis (RA) is one of the most common autoimmune diseases 
and is characterized by joint swelling, tenderness, and deformity 
(3). Genome-wide analyses of single-nucleotide polymorphisms 
(SNPs) in anti–citrullinated protein antibody (ACPA)–positive RA, 

followed by HLA imputation and fine-mapping association analy-
ses, identified the association between RA and missense variants 
encoding for residues at 5 amino acid positions (11, 13, 57, 71, 
and 74) in HLA–DRβ1. This finding explained most of the MHC–
disease associations (4). Additionally, ACPA level was associated 
with alanine at position 74 in the third hypervariable region of 
HLA–DRβ1 (5), which strongly affects arthritogenic peptide bind-
ing affinity and T cell signaling (6,7). All the associations reported 
for missense variants in HLA–DRB1 have been detected using 
regression models based on the genomic dosage of each variant. 
However, the effect of an amino acid can also be modified by its 
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expression level (8). For example, a disease-risk missense vari-
ant in HLA–DRB1 can confer more or less risk when the proteins 
encoded by the risk variant are more or less expressed, respec-
tively, which may change its effect size and penetrance.

Despite the importance of simultaneously considering the 
qualitative and quantitative effects of changes in HLA–DRB1 
when trying to understand a trait association, it is challenging to 
accurately measure the expression of HLA–DRB1 because of the 
following technical biases:

1. Variant-on-probe bias in expression microarrays or variant- 
on-primer bias in reverse transcriptase–polymerase chain re-
action (RT-PCR). Highly dense and diverse variants within the
HLA–DRB1 transcripts influence the binding affinity to probes
in microarrays or to primers in RT-PCR (9).

2. Mapping bias in RNA sequencing (RNA-Seq). The official
human reference sequence contains incomplete information
about HLA–DRB1 classic alleles. Most RNA-Seq reads from
the HLA–DRB1 classic alleles unlisted in the human genome
reference cannot be aligned to the reference sequence.

3. Bias from other HLA–DRβ genes. The HLA–DRβ genes
HLA–DRB2 to HLA–DRB9 can introduce measurement bias
in quantifying HLA–DRB1 expression in both microarray and
RNA-Seq analyses because of their sequence similarity to
HLA–DRB1.

For this study, we measured the expression of HLA–DRB1 
using both total RNA-Seq and HLA genotype data for HLA–DRB1 
classic alleles in Korean and European subjects, eliminating the 
aforementioned biases, and we identified the highly allele-specific 
expression of HLA–DRB1 classic alleles that contributed to an 
HLA–DRβ1 structure–associated phenotype, the level of ACPAs 
in patients with ACPA-positive RA.

PATIENTS AND METHODS

Brief overview of main analyses. We performed 4 main 
analyses to understand the allele-specific expression of HLA–
DRB1 and its modifying effects on HLA–DRβ1 amino acid vari-
ants: 1) individual- and allele-specific quantification of HLA–DRB1 
transcripts, 2) estimation of allele-specific expression strength at 
a multiallelic level, 3) localization of cis–expression quantitative trait 
loci (cis-eQTLs) for HLA–DRB1, and 4) estimation of the effect 
of HLA–DRB1 allele-specific expression on an HLA–DRβ1 struc-
ture–associated trait (Figure 1).

Subject characteristics. We recruited 1,805 Korean pa-
tients with ACPA-positive RA in 3 independent sets at Hanyang 
University Hospital for Rheumatic Diseases (48 were included in 
an expression analysis, 1,059 were included in one set for associ-
ation analysis, 664 were included in a separate association anal-
ysis set, and 34 were excluded due to cryptic relatedness). The 

institutional review board at Hanyang University approved this 
study (HYG-16-129-8, HYG-14-032-12), and all of the enrolled 
subjects provided written informed consent before study partic-
ipation. All patients met the American College of Rheumatology 
1987 classification criteria for RA (10). ACPA level was measured 
by an assay using second-generation anti–cyclic citrullinated pep-
tides (11). We set the threshold for positivity at >25 units/ml, and 
ACPA measurements were standardized by rank inverse normal 
transformation.

In addition, we analyzed data from 319 European descen-
dants in the 1000 Genomes Project whose HLA genotypes, 
RNA-Seq raw data, and SNP data were publicly available (12–
15). Among them, 89 samples were excluded due to ambiguous 
HLA genotype calls (see Supplementary Note 1, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41535/ abstract). These subjects represented 4 
European subpopulations.

RNA-Seq data. For the Korean subjects, we constructed 
RNA-Seq libraries from total RNA in peripheral blood mononu-
clear cells (PBMCs) from 48 Korean RA patients using a TruSeq 
Stranded Total RNA Ribo-Zero Globin Prep kit (Illumina), and 
we sequenced them on an Illumina HiSeq 2500 system with 
101-bp paired-end reads. For the 319 European subjects from 
the 1000 Genomes Project, total messenger RNA (mRNA) from 
lymphoblastoid cell lines derived from the same European sub-
jects was previously sequenced by the Geuvadis consortium to 
generate 75-bp paired-end reads (14). The raw fastq files are 
available under accession E-GEUV-1 of the Geuvadis project 
(https://www.inter natio nalge nome.org/data-porta l/data-colle 
ction/ geuvadis).

Genotype data. Of the 1,805 Korean subjects, the 48 
Korean subjects with RNA-Seq data were genotyped for HLA–
DRB1 and 3 functional HLA–DRB1 paralogs (HLA–DRB3, HLA–
DRB4, and HLA–DRB5) at the 3-field resolution using genomic 
DNA from PBMCs and Illumina next-generation sequencing tech-
nology in an American Society for Histocompatibility and Immu-
nogenetics–accredited laboratory at the Institute for Immunology 
and Infectious Diseases at Murdoch University (Perth, Australia) 
(16). The sequencing library was constructed using PCR-based 
enrichment of the exon 2–3 regions of all known alleles of HLA–
DRB1 and 3 functional paralogs (listed in the ImMunoGeneTics 
HLA  database Release 3.23.0) with a KAPA Hyper Prep Kit 
(KK8505) and sequenced on an Illumina MiSeq platform. The 
sequenced reads were processed using an allele caller program 
developed in-house (17) and verified using a panel of UCLA Qual-
ity Assurance Program DNA samples. Genome-wide SNP data 
were additionally generated using an Illumina Omni2.5Exome-8 
BeadChip and filtered by standard quality control procedures, 
keeping 10,496 MHC SNPs from the 48 samples (see Sup-
plementary Table 1, available on the Arthritis & Rheumatology 

http://onlinelibrary.wiley.com/doi/10.1002/art.41535/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41535/abstract
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website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41535/ 
abstract) (12,13,15).

The other 1,757 Korean subjects were genotyped for 
HLA–DRB1 at the 2-field resolution using a WAKFlow HLA 
typing kit, and genome-wide SNP data were generated using 
the Korea biobank array (18). A total of 8,860 MHC SNPs 
from the 1,723 subjects passed the SNP quality control pro-
cedures (see Supplementary Table 1). (Thirty-four subjects 
were excluded due to cryptic relatedness.) For the European 
samples from the 1000 Genomes Project, variant call data 
(15) in the 1000 Genomes Project phase 3 and HLA geno-
type data (12,13) were retrieved, and we additionally found 
the most likely classic alleles at 3-field resolution in individuals 
with ambiguous allele calls by using RNA-Seq data (see Sup-
plementary Note 1).

Measurement of HLA–DRB1 expression. To calculate 
read counts from the HLA–DRB1 transcripts without bias from 
the human reference genome and other HLA–DRβ genes, 
RNA-Seq reads from each individual were aligned on individual- 
specific reference sequences containing the sequences of actual 
(sequencing-confirmed) classic alleles of functional HLA–DRβ 
genes (HLA–DRB1, HLA–DRB3, HLA–DRB4, and HLA–DRB5) 
and all possible alleles of nonfunctional HLA–DRβ pseudogenes 
(HLA–DRB2, HLA–DRB6, HLA–DRB7, HLA–DRB8, and HLA–
DRB9). The Bowtie2 program (19) was used for alignment, 
allowing multiple alignments and no mismatches. An RNA-Seq 
fragment that uniquely aligned to an HLA–DRB1 classic allele with 
no mismatches was counted as one unit. An RNA-Seq fragment 
that perfectly aligned to multiple alleles of HLA–DRB1 and other 
HLA–DRβ genes was counted using the ratio of the number of 

Figure 1. Overview of 4 main analyses. Four main analyses were performed to understand the allele-specific expression of HLA–DRB1 and 
its phenotypic effects on an HLA–DRβ1 structure–associated trait. A, Individual- and allele-specific quantification of HLA–DRB1 transcripts. 
Allele-specific expression of HLA–DRB1 was quantified by RNA sequencing (RNA-Seq) using individual-specific HLA reference sequences for 
48 Korean patients with anti–citrullinated protein antibody (ACPA)–positive rheumatoid arthritis (RA) and 219 European individuals from the 
1000 Genomes Project. B, Estimation of the expression strength of each HLA–DRB1 classic allele. The relative expression strength of each 
allele was estimated from the pairwise relative expression ratios in the HLA–DRB1 heterozygotes in each population, using an analytic hierarchy 
process. C, Localization of cis–expression quantitative trait loci (cis-eQTLs) for HLA–DRB1. Association of normalized expression level of HLA–
DRB1 with variants in cis with HLA–DRB1 was investigated. D, Analysis of the phenotypic effect of quantitative changes in HLA–DRB1 on an 
HLA–DRβ1 structure–associated trait. This study investigated the association between ACPA level and alanine at position 74 in HLA–DRβ1 
to understand how expression changes in HLA–DRB1 contribute to ACPA level. The regression models were fit using the genomic dosage or 
relative expression dosage of Ala-74 in 1,723 Korean patients with ACPA-positive RA. SNP = single-nucleotide polymorphism.

http://onlinelibrary.wiley.com/doi/10.1002/art.41535/abstract
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fragments unique to the tested HLA–DRB1 allele to the number 
of fragments unique to the other alleles. Detailed information is 
provided in Supplementary Note 1.

Calculation of the allele-specific expression strength 
of HLA–DRB1. The relative expression ratio of pai red HLA–
DRB1 alleles was calculated based on the allele-specific 
read counts in each HLA–DRB1 heterozygote (45 Koreans 
and 209 Europeans). Assuming that 2 different alleles in 
an individual are expressed independently, the expression 
strength of each HLA allele can be calculated using the 
analytic hierarchy process (AHP) method (20). Expression 

strength was measured for 14 alleles in the Koreans and 
25 alleles in the Europeans. Detailed information is pro-
vided in Supplementary Note 2, available on the Arthritis 
& Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41535/ abstract).

Analysis of cis-eQTLs. The expression levels of human 
genes (excluding HLA–DRB1) in 48 Korean individuals and 219 
European individuals from the 1000 Genomes Project were 
estimated from the RNA-Seq data using Tophat2 (21) with 
the human reference genome assembly GRCh37 and HTSeq 
(22). The sum of the HLA–DRB1 allele-specific read counts, 

Figure 2. Imbalanced allelic expression ratios in HLA–DRB1 heterozygotes. The relative allelic expression ratio (RER) of the i-th allele to 
the j-th allele (y-axis; i < j) was calculated based on the number of allele-specific RNA-Seq fragments and was box-plotted in the natural 
logarithmic scale according to various HLA–DRB1 genotypes (x-axis) heterozygous at the 3-field resolution in Koreans (A) and Europeans 
(B). In B, the genotypes detected ≥2 times in the European samples are shown. Data are shown as box plots. Each box represents the 
25th to 75th percentiles. Lines inside the boxes represent the median. Circles represent individual subjects. CEU = Utah Residents of 
North and Western European ancestry; FIN = Finnish in Finland; GBR = British in England and Scotland; TSI = Toscani in Italy.

http://onlinelibrary.wiley.com/doi/10.1002/art.41535/abstract
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which we estimated carefully using individual-specific HLA–
DRB1 references, was normalized separately across Korean 
and European individuals using the trimmed mean of M values 
(TMM) method (23). Log-transformed TMM- normalized HLA–
DRB1 counts were tested for an association with each MHC 
SNP using a linear regression adjusted for the top 5 genetic 
principal components and sex of each population and of each 
European subpopulation. Statistical significance was deter-
mined at a false discovery rate (FDR) of 0.05 from variants 
clumped at r2 = 0.8.

Analysis of the association between ACPA level 
and HLA–DRβ1 Ala-74 in RA. We generated a linear 
regression model to fit the ACPA level using the genomic or 
relative expression levels of Ala-74 in 2 independent Korean 
population sets of a total of 1,723 Korean ACPA-positive RA 
patients. The nested patients (n = 1,090) who carried only 
the 14 HLA–DRB1 alleles with defined expression strengths 
were analyzed in subsequent analyses. Ala-74, which was 
previously shown to be associated with the ACPA level in 
RA (5), was validated by a conventional linear regression in 
an additive model based on the genomic dosage for Ala-74 
as follows:

where T is the level of ACPA standardized by the rank inverse 
normal transformation, θ is the intercept term, β is the regres-
sion coefficient of the linear summation of the genomic dosage 
of the i-th HLA–DRB1 classic allele (Gi) multiplied by the Ala-74 
indicator (Ai). Each γ is the regression coefficient of the j-th 
principal component (Pj), the sex indicator (S), or the data set 
indicator (D).

Alternatively, we replaced the genomic dosage with the indi-
vidual-specific relative expression level of each allele (Ei) in the 
regression model, as follows:

The individual-specific relative allelic expression level of the 
i-th HLA–DRB1 classic allele (Ei) was calculated by the follow-
ing equation using the allelic expression strength (S) and the 
copy number (G; 0, 1, or 2) of the k-th (or i-th) classic allele: 
Ei =

2SiGi
∑ n

k= 1
SkGk

. The expression strength S of each classic allele 
was predefined from the analysis of the Korean RA subjects with 
RNA-Seq based on the 2-field classic alleles.

RESULTS

Identification of allele-specific expression of HLA–
DRB1. In the allele-specific quantification using RNA-Seq 
read alignment to individual-specific HLA–DRB1 reference 
sequences, we calculated the relative allelic expression ratios 
of one HLA–DRB1 allele to another allele for the 45 Korean 
RA patients with heterozygous HLA–DRB1 genotypes, and we 
found highly imbalanced expression among most HLA–DRB1 
alleles (Figure 2A). The range of pairwise allelic expression 
ratios was wide (up to 3.36), but the ratios among individu-
als with the same genotype were highly consistent. To further 
validate the unequal expression among HLA–DRB1 alleles, we 
conducted the same analysis using the 209 European HLA–
DRB1 heterozygotes from the 1000 Genomes Project. Despite 
the differences in cell types used for the RNA-Seq, genetic 
architecture, and disease status analysis between the Korean 
and European subjects, we also found highly imbalanced allelic 
expression in the European subjects (Figure 2B). Similarly, 
highly consistent relative expression ratios appeared among 
European individuals with the same HLA–DRB1 genotype.

We then estimated the relative expression strength of each 
HLA–DRB1 classic allele at a multiallelic level using pairwise 
allelic expression ratios in diverse heterozygotes in each popula-
tion. Specifically, we constructed a pairwise comparison matrix 
containing the relative expression ratios of paired alleles in HLA–
DRB1 heterozygotes and calculated a multivariate weight vec-
tor indicating relative expression strength of HLA–DRB1 alleles 
using the AHP (20,24) method, after statistically validating that 
one allele in the HLA–DRB1 heterozygotes is expressed inde-
pendently of another allele (see Supplementary Note 2,  available 
on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41535/ abstract). The relative expres-
sion strengths calculated in this way varied much from allele to 
allele (Figure 3 and Supplementary Figure 1, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41535/ abstract), showing a reliable incon-
sistency index (20) (Saaty’s consistency ratio ≤ 0.0006). For 
example, the relative expression strength was 0.128 for HLA–
DRB1*09:01:02 and 0.047 for HLA–DRB1*08:03:02, indicating 
that HLA–DRB1*09:01:02 was expressed about 3-fold more 
than HLA–DRB1*08:03:02 in Korean RA patients carrying the 
2 alleles.

Analysis of cis-eQTLs for expression of HLA–DRB1. 
The presence of cis-eQTLs for HLA–DRB1 was confirmed by 
analyzing the normalized expression of HLA–DRB1 and neigh-
boring SNPs. The strongest cis-eQTL signal for HLA–DRB1 was 
~17 kb downstream of HLA–DRB1 (rs2760994) (Pmeta = 1.10 × 
10−17, β for  the minor allele = –0.427 [95% confidence interval 
(95% CI) –0.525, –0.329] in the meta-analysis; P = 6.00 × 10−15, 

T = � + �
∑

n
i= 1

GiAi +

∑

5

j= 1
� jPj + �6S + �7D + �,

Ai =

{

1, if the i− th HLA−DRB1 classic allele encodes Ala74

0, if the i− th HLA−DRB1 classic allele does not encode Ala74,

T = � + �
∑

n
i= 1

EiAi +

∑

5

j=1
� jPj + �6S + �7D + �.
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β = –0.436  [95% CI −0.537, –0.334] in Europeans; P = 0.103, 
β = −0.313 [95% CI –0.680, 0.055] in Koreans) (Figure 4) and 
within a strong enhancer region in immune cells (25). In a condi-
tional analysis controlling for the lead eQTL, the variant rs2097442, 
94 kb upstream of HLA–DRB1, was found to have a secondary 
association signal (conditional Pmeta = 3.71 × 10−6, β for the minor 
allele = 0.269 [95% CI 0.155, 0.383] in the meta-analysis; condi-
tional P = 5.61 × 10−6, β = 0.282 [95% CI 0.163, 0.401] in Europe-
ans; conditional P = 0.605, β = 0.111 [95% CI −0.306, 0.527] in 
Koreans) at an FDR threshold of 5% (Figure 4).

Considering the poor statistical power due to the limited 
sample size of Korean subjects, untested rare/low-frequency var-
iants, and untyped variants within and around HLA–DRB1 in both 
populations, more regulatory variants could be hidden in the MHC 
region. Each eQTL variant would be strongly linked with at least 
1 HLA–DRB1 classic allele (or a missense variant) because of a 
high linkage disequilibrium in the MHC region, as supported by 
the consistently unequal expression between paired HLA–DRB1 
classic alleles in the heterozygotes with the same genotype.

Effect of skewed allelic expression of heterozygous 
HLA–DRB1 alleles on the ACPA level in RA. The relative 
amount of an HLA–DRβ1 isoform in an individual heterozygous for 
HLA–DRB1 alleles can vary depending on the expression of the 

other HLA–DRβ1 isoform. We suspected that the relative expres-
sion level of an allele skewed by the unequal expression strength 
of the other HLA–DRB1 allele in heterozygotes might contribute to 
known HLA–DRβ1 structure–associated traits.

To test that hypothesis, we revisited a simple statistical model 
for the known association between HLA–DRβ1 Ala-74 and the 
level of ACPA, the hallmark autoantibody in RA. This model was 
previously constructed based on the genomic dosage of the Ala-
74 coding sequences (5). We analyzed the 2 independent sets of 
Korean ACPA-positive RA patients (n = 1,059 in set 1 and n = 664 
in set 2) who were genotyped for SNPs in the MHC region using 
a genome-wide SNP array, sequenced for HLA–DRB1 alleles, 
and measured the ACPA level. A stepwise conditional linear 
regression analysis identified that the genomic dosage for Ala-
74 best explained the entire MHC association with ACPA level in 
the Korean patients with ACPA-positive RA (Pmeta = 1.66 × 10−20; 
P = 8.88 × 10−14 for set 1; P = 9.36 × 10−8 for set 2) (Figure 5), rep-
licating the association previously reported in a Japanese popula-
tion (5). The effect size of the Ala-74 coding element on the ACPA 
level was 0.320 (95% CI 0.252, 0.387), indicating that more copies 
of the Ala-74 coding element were associated with higher levels 
of ACPA. Although no other variants reached the genome-wide 
significance threshold after conditioning on the effect of Ala-74, 
the association of tryptophan at position 9 (Trp-9) was suggestive 

Figure 3. Relative expression strength of each allele in Korean patients with anti–citrullinated protein antibody (ACPA)–positive rheumatoid 
arthritis (RA). The complete triangular matrix (left) of mean pairwise relative expression ratios (RERs) among 14 HLA–DRB1 classic alleles in 45 
Korean patients with ACPA-positive RA was used to calculate the relative expression strength of each allele (right) using the analytic hierarchy 
process. The relative expression strength varied from 0.038 to 0.128, with a Saaty’s consistency ratio of 5.27 × 10−4. Vertical dashed line in the 
right panel indicates the average relative expression strength.
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(conditional Pmeta = 1.30 × 10−6) at an FDR threshold of 5% (see 
Supplementary Figure 2, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41535/ 
abstract). No other variants were detected after conditioning on 
both Ala-74 and Trp-9.

We then modified the conventional regression model to 
use the relative expression dosage of Ala-74 to test for the 
effect of skewed allelic expression of HLA–DRB1 on the ACPA 
level in ACPA-positive RA. The relative expression dosage of 

Ala-74 in patients with ACPA-positive RA was inferred based on 
the  multiple-wise relative expression strengths of 14 HLA–DRB1 
alleles that we calculated from the 45 Korean ACPA-positive RA 
patients used in the expression analyses. We analyzed a nested 
data set of 1,090 samples (n = 673 in set 1 and n = 417 in set 
2) carrying only the expression strength–defined alleles in subse-
quent regression models. The relative expression level of Ala-74 
ranged from 0 (representing individuals homozygous for non–
Ala-74) to 2 (representing individuals homozygous for Ala-74). 

Figure 4. Analysis of cis–expression quantitative trait locus (cis-eQTL) signals for HLA–DRB1. Log-transformed, trimmed mean of M values 
(TMM)–normalized HLA–DRB1 expression levels were tested for an association with major histocompatibility complex variants within and around 
HLA–DRB1 (from 31.5 to 33.5 Mb of chromosome 6) in 48 Korean patients with anti–citrullinated protein antibody–positive rheumatoid arthritis 
and 219 European individuals from the 1000 Genomes Project. Regional association plots were generated from the negative logarithm of P 
values for cis-variants in a transancestral meta-analysis. A, Meta-analysis of unconditional linear regression results, showing the most significant 
eQTL signal at rs2760994 (P = 1.10 × 10−17). B, Meta-analysis of rs2760994-conditioned results, identifying the independent association of 
rs2097442 at a false discovery rate threshold of 5% (P = 3.71 × 10−6). C, No significant variants after conditioning on both rs2760994 and 
rs2097442. D and E, TMM-normalized HLA–DRB1 expression levels according to rs2760994 genotype in the 219 European individuals (D) and 
residuals of the expression levels regressed on the primary-effect variant rs2760994 according to rs2097442 genotype in the 219 European 
individuals (E). Data are shown as box plots. Each box represents the 25th to 75th percentiles. Lines inside the boxes represent the median. 
Whiskers represent the whole range of data excluding outliers. Circles indicate outliers.

http://onlinelibrary.wiley.com/doi/10.1002/art.41535/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41535/abstract


CHUN ET AL 388       |

For Ala-74 heterozygotes, the relative expression levels of Ala-74 
varied from 0.46 to 1.33 depending on the allelic combinations 
among 10 Ala-74–coding and 4 non–Ala-74–coding HLA–DRB1 
classic alleles. We found that the alternative model that simulta-
neously considered both the amino acid effect and the expres-
sion effect better fit the ACPA level (see Supplementary Table 2, 
available on the Arthritis & Rheumatology website at http://onlin e 

libr ary.wiley.com/doi/10.1002/art.41535/ abstract), with an improved 
delta Akaike’s information criterion (26) of −6.98. Consistently, 
the variance of the ACPA level explained by the alternative model 
was 5.83%, which is 10.5% larger than that explained by the 
conventional model  (variance 5.22%).

Furthermore, the relative expression levels of Ala-74 in the indi-
viduals heterozygous for Ala-74 (genomic dosage = 1) correlated 

Figure 5. Association of alanine at position 74 with the anti–citrullinated protein antibody (ACPA) level in ACPA-positive rheumatoid arthritis 
(RA). A and B, Associations between major histocompatibility complex variants and the level of ACPAs in Korean RA patient set 1 (A) and 
Korean RA patient set 2 (B), tested by linear regression adjusted for the top 5 genetic principal components and sex. C, Meta-analysis of the 
association results in the 2 sets of Korean RA patients. The most significant association was found at the genomic element encoding Ala-74 in 
HLA–DRB1. The negative logarithm of P values for the genetic association with normalized ACPA level is plotted along with the chromosomal 
positions of the tested variants. The amino acid variants in HLA genes are shown in red. Horizontal lines indicate the genome-wide significance 
threshold (P = 5 × 10−8).

http://onlinelibrary.wiley.com/doi/10.1002/art.41535/abstract
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significantly with the ACPA level (P = 2.26 × 10−3) (Figure 6 and 
Supplementary Table 2). The effect sizes of the expression dosage 
of Ala-74 in heterozygotes were highly consistent in the independ-
ent data sets (see Supplementary Table 2) and not significantly dif-
ferent from the effect size in all samples (P = 0.129 by Cochran’s Q 
test). Given that a single genomic copy for Ala-74 in heterozygotes 
has no explanatory power for the variance in the ACPA levels 
among Ala-74 heterozygotes, the observed association between 
the relative expression dosage of Ala-74 and the ACPA level in 
Ala-74 heterozygotes can be attributed solely to the allele-specific 
expression of HLA–DRB1.

DISCUSSION

In this study, we identified the allele-specific expression of 
HLA–DRB1 using an unbiased expression analysis to quantify 
RNA-Seq fragments from each HLA–DRB1 allele, and we esti-
mated allele-specific expression strength on a multiple-allele level. 
An HLA–DRB1 heterozygote produces 2 different HLA–DRβ1 
isoforms that appear on the surface of antigen-presenting cells at 
different levels, based on their allele-specific expression strengths, 
after they compete with each other to form HLA–DR heterodimers 
with HLA–DRα encoded by the practically invariable HLA–DRA (27).

All previous HLA–DRB1 association models have assumed 
the equal expression of all HLA–DRB1 alleles, so we next tried 
to understand the effects of the allele-specific expression of 

HLA–DRB1 on an HLA–DRB1-associated trait. To understand the 
contribution of HLA–DRB1 expression, we chose one of the most 
parsimonious HLA–DRB1 association models in RA. Our new 
association model, fitted with the relative expression strength of 
Ala-74, revealed that phenotypic variance in ACPA level was fur-
ther explained by the imbalanced allelic expression of HLA–DRB1. 
High expression of Ala-74–coding HLA–DRB1 alleles was associ-
ated with high ACPA levels in ACPA-positive RA, even in samples 
with a single genomic copy for Ala-74. The ability of regulatory 
variants to modify the effects of amino acid residues is supported 
by non-HLA gene analyses in other studies (8,28,29).

We made 3 major modifications to the general approaches 
used in transcriptome and genetic association analyses to pre-
cisely analyze the allele-specific expression and associations of 
HLA–DRB1. First, we determined individual-level genotypes of 
functional HLA–DRβ genes, including HLA–DRB1, in the 3-field 
resolution to construct individual-specific reference sequences for 
RNA-Seq read alignment. This process helped to eliminate the 
read alignment bias caused by the presence of dense, polymor-
phic variants within HLA–DRB1 transcripts and other homologous 
HLA–DRβ genes and maximized the measurement accuracy of 
HLA–DRB1 expression levels by mapping RNA-Seq reads on 
the most likely HLA–DRB1 alleles.

Second, individuals with diverse HLA–DRB1 genotypes 
provided a wide range of pairwise relative expression ratios that 
we used with the AHP method to infer the multiwise relative 

Figure 6. Significant correlation between the anti–citrullinated protein antibody (ACPA) level and the relative expression dosage of alanine 
at position 74–coding HLA–DRB1 alleles in Ala-74 heterozygotes with ACPA-positive rheumatoid arthritis. Rank inverse normal transformed 
ACPA levels were plotted against the genomic dosage of Ala-74 (A) and the relative expression level of Ala-74 (B). Regression lines (red) were 
calculated from the conventional association model using the genomic dosage in all samples in A and from the alternative association model 
using the relative expression dosage in B. Shaded bands show the 95% confidence interval. Red indicates Ala-74 homozygotes, green indicates 
heterozygotes, and blue indicates non–Ala-74 homozygotes. Data are shown as box plots. Each box represents the 25th to 75th percentiles. 
Lines inside the boxes represent the median. Whiskers represent the whole range of data excluding outliers. Circles indicate individual subjects. 
In B, box plots for Ala-74 heterozygotes were created for the tertile groups divided according to relative expression dosage.
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expression strength. We thus illustrated that AHP, which is one of 
the most popular methods in decision-making processes mostly 
from nonbiologic preference data (20,24), is a powerful method 
for understanding multiallelic expression strength and the reli ability 
of the estimated strength (20). One of the limitations of this study 
was the small sample size in each genotypic group, especially the 
single relative expression ratio estimates for some genotypes in 
Koreans, although the observed Saaty’s consistency ratio in this 
study showed our estimation was highly robust with no evidence 
of outliers in pairwise relative expression ratio data.

The correlation of the calculated allele-specific expression 
strength was relatively higher among the 4 European subpop-
ulations (0.68 ≤ r2 ≤ 0.94) than between European and Korean 
populations (r2 = 0.25). This finding may result from differences in 
the genetic backgrounds between Korean and European popu-
lations, especially with regard to allele frequencies of regulatory 
variants and linkage disequilibrium structure between regulatory 
variants and HLA–DRB1 classic alleles. It is also possible that 
tissue- specific regulatory elements and disease  condition may 
cause different allele-specific expression strength in 2 different 
populations, as the expression of HLA–DRB1 was measured 
in PBMCs in Korean RA patients and in Epstein-Barr virus– 
transformed B cell lines in healthy European individuals. In addi-
tion, unknown correlations between mRNA and protein isoforms 
of each HLA–DRB1 allele need to be investigated, because 
transcript levels may not necessarily reflect the amount of pro-
tein on the surface of antigen- presenting cells and subsequent 
immunologic function.

Third, we refined the regression model for the association 
between HLA–DRβ1 Ala-74 and the level of ACPAs by replacing the 
genomic dosage of Ala-74 with the relative expression level. The newly 
generated model does not require a larger number of independent 
parameters than the conventional model, which allows us to directly 
compare the fits between the 2 models and the effect sizes of the 
genomic dosage and relative expression dosage of Ala-74.

In summary, we demonstrated a high degree of variance in 
the expression level among HLA–DRB1 alleles in Koreans and 
Europeans, which modified the effects of the missense variant 
in HLA–DRB1 on the phenotype of RA in Koreans. This study 
suggests the advantage of integrating quantitative and qualitative 
changes in HLA–DRB1 in understanding HLA associations. Since 
this study was conducted using relatively small cohorts and a sin-
gle trait, future studies investigating the allelic expression level in a 
large cohort and other HLA-associated traits are needed.
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Inhalants With Autoantibodies and Disease Features in US 
Veterans With Rheumatoid Arthritis
Ariadne V. Ebel,1  Gabrielle Lutt,2 Jill A. Poole,1 Geoffrey M. Thiele,1 Joshua F. Baker,3  Grant W. Cannon,4

Angelo Gaffo,5 Gail S. Kerr,6 Andreas Reimold,7 Pascale Schwab,8 Namrata Singh,9 J. Steuart Richards,10 
Dana P. Ascherman,10  Ted R. Mikuls,1  and Bryant R. England1

Objective. To determine the association of inhalant exposures with rheumatoid arthritis (RA)–related autoantibodies 
and severity in US veterans.

Methods. Participants in the Veterans Affairs Rheumatoid Arthritis (VARA) registry were mailed surveys assessing 
occupational, agricultural, and military inhalant exposures. Demographic characteristics, disease activity, functional 
status, and extraarticular features were obtained from the VARA registry, while HLA–DRB1 shared epitope (SE) status, 
anti–cyclic citrullinated peptide (anti-CCP) antibodies, and rheumatoid factor (RF) were measured using banked DNA/
serum from enrollment. Associations between inhalant exposures and RA-related factors (autoantibodies, severity, 
and extraarticular features) were assessed using multivariable linear and logistic regression models adjusted for age, 
sex, race, and tobacco use and stratified by SE status. Adjusted odds ratios (ORs) and 95% confidence intervals 
(95% CIs) were calculated.

Results. Questionnaires were returned by 797 of 1,566 participants (50.9%). Survey respondents were older, more 
often White or male, and less frequently smokers, and had lower disease activity compared to nonrespondents. Anti-
CCP positivity was more common among veterans exposed to burn pits (OR 1.66 [95% CI 1.02, 2.69]) and military 
waste disposal (OR 1.74 [95% CI 1.04, 2.93]) independent of other factors. Among participants who were positive 
for SE alleles, burn pit exposure (OR 5.69 [95% CI 2.73, 11.87]) and military waste disposal exposure (OR 5.05 [95% 
CI 2.42, 10.54]) were numerically more strongly associated with anti-CCP positivity. Several inhalant exposures were 
associated with the presence of chronic lung disease, but not with the presence of RF or the level of disease activity.

Conclusion. Military burn pit exposure and military waste disposal exposure were independently associated 
with the presence of anti-CCP antibodies in RA patients. These findings are consistent with emerging evidence that 
various inhalant exposures influence autoantibody expression and RA risk.
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INTRODUCTION

Rheumatoid arthritis (RA) is a systemic autoimmune disease 
that affects 0.5–1% of adults in developed countries. Complex 
interactions between genetic factors and environmental expo-
sures trigger immune responses that lead to the production of 
 rheumatoid factor (RF) and/or anti–citrullinated protein antibodies 
(ACPAs) in 60–80% of RA patients (1). Although studies have sug-
gested that ACPAs may be pathogenic in RA, additional studies 
are needed to better characterize their role in RA (2–4). Moreover, 
the presence of these autoantibodies is associated with extraar-
ticular features such as interstitial lung disease (ILD) and subcuta-
neous nodules in RA (5,6).

Cigarette smoke is the strongest environmental risk factor for 
RA identified to date and is also associated with RA disease severity 
(7,8). Previous studies have shown a substantial gene–environment 
interaction between smoking and the presence of shared epitope 
(SE) alleles (9). The combination of smoking and the HLA–
DRB1 SE alleles, the major genetic risk factor for RA, resulted in 
a 21-fold increased risk of ACPA-positive RA when compared to 
nonsmokers negative for SE (9,10). While the mechanisms link-
ing cigarette smoking with RA are not fully understood, smoking 
appears to induce citrullination within the lungs (11). It is unclear 
whether the production of citrullinated peptides is a direct effect 
of smoking or is a consequence of airway inflammation resulting 
from smoking (12). Regardless, smoking appears to contribute to 
the generation of RA autoantibodies within the lungs (10,13).

Despite emerging evidence of the role of the lungs in RA 
pathogenesis, there have been few studies investigating the asso-
ciation of RA and inhalant exposures other than smoking. In a 
Swedish case–control study, men with RA were more than twice 
as likely as controls to have a farming occupation, and crops/
forage exposures were associated with an increased risk of RA 
in men (14). In the Agricultural Health Study, a cohort study of 
licensed pesticide applicators in Iowa and North Carolina, several 
pesticide exposures were independently associated with RA risk 
among men (15) and women (16). Findings from this cohort also 
identified associations of non-pesticide agricultural exposures and 
RA risk (17). Several other occupations associated with potential 
noxious inhalant exposures, including bricklayers and concrete 
workers, material handling operators, and electrical and elec-
tronics workers, have shown an increased risk of ACPA-positive 
RA in men (18). Silica and asbestos exposure, specifically, have 
been associated with the risk of developing RA (19–21). Further-
more, an elevated risk of incident autoimmune disease has been 
demonstrated among rescue workers with prolonged exposure 
to the vast quantities of dust, smoke, and toxins as a result of the 
World Trade Center disaster (22).

Exposure to emissions from open-air burn pits, particularly 
in military settings, has been strongly linked to various lung dis-
eases, including asthma, bronchitis, chronic obstructive pul-
monary disease (COPD), and constrictive bronchiolitis, but the 

effect of this exposure on RA is less known (23–25). Associa-
tions between RA and exposure to open-air burn pits have been 
assessed among Millennium Cohort participants deployed to 3 
different campsites in Iraq between 2003 and 2008 (26). In that 
study, proximity to a burn pit and cumulative days within a 3-mile 
radius of a burn pit were not consistently associated with newly 
reported RA, but there was increased RA risk with exposure to 
burn pits for 132–211 days. Notably, that study was limited by 
the small number of confirmed RA cases (n = 10 following medi-
cal record review), a short follow-up period (mean 1.7 years from 
exposure to survey completion for those reporting a new diagno-
sis of RA), and unknown autoantibody status.

Taken together, the studies described above suggest that 
there may be several inhalant exposures that affect RA risk. How-
ever, it remains to be determined how different inhalant exposures 
influence autoantibody expression and the clinical course of RA. 
Therefore, our objectives were 1) to evaluate the associations of 
agricultural, occupational, and military inhalant exposures and RA 
autoantibody expression in RA patients, stratified by SE status, 
and 2) to determine the associations between inhalant exposures 
and RA disease severity and extraarticular disease features. We 
hypothesized that inhalant exposures would be associated with 
higher RF and ACPA expression independent of smoking his-
tory and that associations of autoantibody concentrations would 
be enhanced in those with the HLA–DRB1 SE. Additionally, we 
hypothesized that inhalant exposures would be associated with 
higher disease activity, poorer functional status, and the presence 
of extraarticular manifestations.

PATIENTS AND METHODS

Study design and data source. We performed a nested, 
cross-sectional study evaluating inhalant exposures within the 
Veterans Affairs Rheumatoid Arthritis (VARA) registry. Exposure 
questionnaires were mailed to living participants in the VARA 
 registry, a prospective cohort of US veterans with RA that met 
the American College of Rheumatology (ACR) 1987 criteria (27). A 
second survey was mailed if a response was not received within 2 
weeks after the initial survey mailing. Upon enrollment in the VARA 
registry, participants’ demographic characteristics and a periph-
eral blood sample (serum, plasma, or DNA) are collected. Data on 
disease activity, functional status, and the presence of subcuta-
neous nodules are collected longitudinally in the VARA registry as 
part of routine care. ILD in this cohort is identified through admin-
istrative data screening and validation by standardized medical 
record review (28,29). Participating VARA registry sites for this 
study were Omaha, NE; Iowa City, IA; Portland, OR; Dallas, TX; 
Birmingham, AL; Salt Lake City, UT; Washington, DC; Pittsburgh, 
PA; and Philadelphia, PA. All participants provided informed con-
sent, and this study received institutional review board approval at 
each site as well as approval from the VARA Scientific Ethics and 
Advisory Committee.
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Inhalant exposure survey. We administered a survey to 
assess previous exposures to agricultural, occupational, military, 
and household inhalants. The questions included in the survey 
were adapted from the Agricultural Health Study (15), Million Vet-
erans Project (30), and prior studies conducted by members of 
our multidisciplinary study team (31,32). Questions asked were 
focused on inhalant exposures related to living/working on a 
farm, primary occupation, occupational exposures, military expo-
sures, and household exposures. To determine the timeframe and 
length of exposure, the beginning and ending dates of farm and/
or military exposures were collected. Participants also provided 
a detailed history of tobacco use and alcohol intake as well as 
the presence of chronic lung disease diagnoses, including COPD, 
ILD, asthma, farmer’s lung disease, and bronchiectasis.

Survey responses to individual exposures were grouped into 
related exposure categories for primary analysis (e.g., pesticides, 
herbicides, insecticides, fungicides, and fumigants were grouped 
together as pesticides). Occupations were grouped into 16 cate-
gories modeled after the US Department of Labor Standard Clas-
sifications (33). We categorized the duration of farm exposure as 
follows: no farm exposure, 1–10 years, >10–20 years, and >20 
years of exposure. While service period duration data were also 
collected, the individual exposures were not necessarily continuous 
(e.g., participants may have been deployed to different locations or 
performed different roles). Therefore, we did not consider it suit-
able to assess dose-response associations of military exposures. 
In order to limit the length and burden of the questionnaire on par-
ticipants, we did not inquire about specific years for each individual 
exposure within agricultural, occupational, and military categories. 
Responses to a history of Agent Orange exposure on the survey 
were compared to indicators of Agent Orange exposure recorded 
at Veterans Affairs (VA) enrollment to validate survey results.

Outcome measures. The primary study outcome mea-
sures were RA-related autoantibody positivity/concentration and 
RA disease severity. RA autoantibodies assessed were anti–cyclic 
citrullinated peptide antibodies (anti-CCPs) and rheumatoid factor 
(RF). Anti-CCP antibody concentrations were measured using a 
second-generation enzyme-linked immunosorbent assay, and RF 
concentrations were measured by nephelometry on banked serum 
from VARA registry enrollment, as previously described (34,35). RF 
positivity was defined as ≥15 IU/ml, and anti-CCP positivity was 
defined as ≥5 units/ml. Based on a previous study, seroconversion 
from autoantibody positivity to negativity was infrequent, so we 
would not expect that there would be a meaningful difference in 
our results if autoantibody measurements were taken proximate to 
survey administration (36). RA disease severity was assessed by 
calculating the mean Disease Activity Score in 28 joints (DAS28) 
and Multidimensional Health Assessment Questionnaire (MDHAQ) 
from VARA registry enrollment until the administration of the survey 
(37,38). Analyses using the disease activity and functional status 
scores most proximate to survey administration were consistent 

with the primary approach (data not shown). Secondary out-
come measures were chronic lung diseases (both self-reported 
from survey response and reported from VARA cohort ILD vali-
dation methods) and extraarticular manifestations, defined for this 
study as ILD (by survey response or cohort ILD validation methods 
as described above) and/or subcutaneous nodules.

SE status. We used banked cells/DNA from VARA registry 
enrollment to evaluate for the presence of HLA–DRB1 SE alleles 
(39). SE alleles were those with *01 and *04 (except *0402, *0403, 
*0406, *0407, *0414, *0417, *0420) sequences.

Statistical analysis. We compared patient  characteristics 
between survey respondents and nonrespondents using  chi- 
square tests and independent t-tests. Descriptive  statistics were 
evaluated by site to examine for any clustering of survey re s-
ponses by location, which only occurred for farm-related expo-
sures (data not shown). Associations of inhalant exposures 
with autoantibody positivity were assessed using multivariable 
logistic regression models. Inhalant exposures were assessed 
individually in separate models and were adjusted for potential 
confounders. Associations with autoantibody concentrations 
were assessed using ordinary least-squares regression after log- 
transforming  autoantibody concentrations for normality. Covari-
ates in these models were selected a priori and included age, sex, 
race, and tobacco use.

Regression models evaluating agricultural exposures were 
clustered by site, based on the results of initial descriptive analy-
ses. Because there was correlation at the site level for agricultural 
exposures, we accounted for this correlation in our variance–
covariance estimation to generate standard errors and 95% 
CIs by using the vce(cluster) option within Stata. Ordinary least-
squares regression was also used to examine the association 
of inhalant exposure with functional status and disease activity 
with the same covariates as listed above. To evaluate the asso-
ciations of specific inhalant exposures in the setting of SE alleles, 
we assessed combined exposure and SE status referent to those 
without exposure or SE alleles. Additive gene–environment inter-
actions of specific inhalant exposures with SE were assessed by 
calculating the relative excess risk due to interaction (RERI) (40). 
Values >0 are suggestive of an additive interaction. All statistical 
analyses were performed using Stata version 15. P values less 
than 0.05 (2-tailed) were considered significant.

RESULTS

Of the 1,566 participants, a total of 797 returned the surveys 
for a response rate of 50.9%. At the time of the VARA registry enroll-
ment, respondents were older (mean 69.5 years), more likely to 
be White (82.1%) and male (86.7%), but less likely to be current 
smokers (20.4%), compared to survey nonrespondents (Table 1). 
The mean ± SD time from VARA registry enrollment to the survey 
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administration was 6.5 ± 4.2 years. Respondents had lower disease 
activity (DAS28 score of 3.2 versus 3.6) and better functional status 
(MDHAQ score of 0.8 versus 0.9) compared to nonrespondents. The 
frequencies of the different agricultural, occupational, and military 
exposures are listed in Table 2. Inhalant exposures were common 
among respondents, with 72.2% reporting occupational dust expo-
sure, 31.1% reporting occupational asbestos exposure, and 25.6% 
reporting military asbestos exposure. Nearly half of the respondents 
(44.8%) had lived or worked on a farm. The most frequent occu-
pations included construction, production, and labor; maintenance, 
repairs, and mechanic; transportation; and farm, fish, and forestry. 
All military service periods and 99.4% of farm exposure were ini-
tiated prior to registry enrollment. Respondents served during the 
following periods of war: Vietnam (1961–1975; 70.8%), Persian Gulf 
(1990–1991; 11.5%), Korea (1950–1955; 8.8%), recent conflicts 
(2001 and after; 6.5%), and World War II (1941–1946; 0.5%).

We evaluated the validity of self-reported exposures in multi-
ple ways. In comparing respondents who indicated self-reported 
Agent Orange exposure to those with indicators of Agent Orange 
exposure at time of VA enrollment, we found 84% agreement. We 
also assessed the military service periods for respondents who 
self-reported burn pit exposures, using the dates from the VA 

Open Burn Pit Registry as an indicator of service during traditional 
open-air burn pit exposure periods (Operation Enduring Freedom 
[OEF], Operation Iraqi Freedom [OIF], Operation New Dawn, Oper-
ations Desert Shield/Desert Storm) (41). We found that 19% of 
those reporting burn pit exposures served during these periods.

Inhalant exposures, autoantibodies, and disease 
severity. The associations of selected inhalant exposures and 
autoantibody positivity are shown in Figures 1A and B. After 
adjusting for age, sex, race, and tobacco use, military burn pit 
and military waste disposal exposures were both associated with 
higher odds of anti-CCP positivity (OR 1.66 [95% CI 1.02, 2.69] 
for military burn pit exposure; OR 1.74 [95% CI 1.04, 2.93] for mil-
itary waste disposal exposure). In these models, tobacco use was 
strongly associated with anti-CCP positivity (in the burn pit model, 
OR 1.78 [95% CI 1.19, 2.66] for former tobacco use and OR 3.48 
[95% CI 1.88, 6.44] for current tobacco use). Military burn pits and 
waste disposal were also independently associated with higher 
anti-CCP concentrations (for burn pit exposure, log- transformed 
β 0.41 [95% CI 0.03, 0.80]; for waste disposal exposure, log- 
transformed β 0.20 [95% CI −0.20, −0.61]). Notably, military 
burn pit and waste disposal exposures were frequently reported 

Table 1. Demographic and clinical characteristics of the survey 
respondents and nonrespondents*

Respondents 
(n = 797)

Nonrespondents 
(n = 769) P†

Age, mean ± SD years 69.5 ± 9.7 68.2 ± 11.5 0.02
Sex, male 689 (86.7) 653 (85.1) 0.39
White 651 (82.1) 532 (69.4) <0.001
High school education 

or above
666 (92.1) 612 (90.3) 0.22

BMI, mean ± SD kg/m2 29.4 ± 5.9 28.9 ± 5.9 0.14
Smoking status <0.001

Current smoker 157 (20.4) 223 (30.2)
Former smoker 435 (56.6) 343 (46.4)
Never smoked 176 (22.9) 173 (23.4)

Anti-CCP positivity 782 (77.0) 490 (78.9) 0.42
RF positivity 481 (76.5) 489 (78.9) 0.31
Shared epitope allele 

positivity
495 (68.9) 432 (63.1) 0.02

RA disease duration, 
mean ± SD years

17.0 ± 11.0 17.5 ± 10.9 0.35

DAS28 score, 
mean ± SD

3.2 ± 1.1 3.6 ± 1.1 <0.001

MDHAQ score, 
mean ± SD

0.8 ± 0.5 0.9 ± 0.5 <0.001

Subcutaneous 
nodules

149 (18.7) 137 (17.82) 0.65

ILD‡ 48 (6.0) 53 (6.9) 0.48
* Except where indicated otherwise, values are the number (%) at 
the time of Veterans Affairs Rheumatoid Arthritis (VARA) registry 
enrollment except for age and RA duration, which are from time 
of survey administration. BMI = body mass index; anti-CCP = anti–
cyclic citrullinated peptide; RF = rheumatoid factor; RA = rheumatoid 
arthritis; DAS28 = Disease Activity Score in 28 joints; MDHAQ = 
Multidimensional Health Assessment Questionnaire; ILD = interstitial 
lung disease. 
† By chi-square or independent t-test. 
‡ Determined by VARA cohort screening methods. 

Table 2. Frequency of agricultural, occupational, and military exposures

Exposure No. (%)
Agricultural exposures

Ever lived/worked on farm 357 (44.8)
Duration on farm

0–10 years 126 (38.1)
10–20 years 94 (26.3)
>20 years 97 (27.2)

Agricultural pesticides* 210 (58.8)
Swine confinements 102 (28.6)

Occupational exposures
Total dust† 575 (72.2)
Gasoline 426 (53.5)
Adhesives 359 (45.0)
Metal grinding 331 (41.5)
Asbestos 248 (31.1)
Pesticides 241 (30.3)
Organic solvents 153 (19.2)

Occupations‡
Construction, production, and labor 128 (16.1)
Maintenance, repairs, and mechanic 112 (14.1)
Transportation 74 (9.3)
Farm, fish, and forestry 67 (8.4)

Military exposures
Gasoline 357 (44.8)
Asbestos 204 (25.6)
Agent Orange 232 (29.1)
Burn pits 148 (18.6)
Waste disposal 128 (16.0)
Industrial solvents 105 (13.2)
Air pollution 80 (10.5)

* Includes pesticides, herbicides, insecticides, fungicides, and 
fumigants. 
† Includes wood, sand, coal, grain, fumes, stored hay, stored grain, 
silage, grain dust, and other dust. 
‡ Most frequent occupations. 
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together (85% agreement; P = 0.07 by McNemar’s test). Sen-
sitivity analyses were performed for military burn pit and military 
waste disposal exposure associations with anti-CCP positivity, 
adjusted for smoking pack-years, and the results were consistent 
with those of the primary analyses (OR 1.73 [95% CI 1.05, 2.86] 
for burn pit exposure and OR 1.89 [95% CI 1.10, 3.25] for waste 
disposal exposure). Other inhalant exposures were not associated 
with anti-CCP positivity or concentration. Agricultural, occupa-
tional, and military inhalant exposures were not associated with 
RF positivity or concentration.

Several inhalant exposures, including occupational dust, 
occupational pesticides, occupational asbestos, military asbes-
tos, and military burn pits, were independently associated with the 
presence of chronic lung disease (Figure 1C). None of the inhal-
ant exposures were significantly associated with the presence 
of extraarticular manifestations of ILD or subcutaneous nodules 
(Figure 1D). Inhalant exposures were not significantly associated 
with mean disease activity scores or functional status throughout 
registry follow-up (Table 3). Similarly, duration of farm exposure 
was not associated with anti-CCP antibody positivity, RF positivity, 
chronic lung disease, extraarticular manifestations, or RA disease 
severity by disease activity or functional status (data not shown).

Interaction between inhalant exposures, SE status, 
and antibody positivity. Recognizing the gene– environment 
interaction between smoking and SE alleles for seropositive 
RA, we evaluated the associations of military burn pit and/

or military waste disposal exposure and anti-CCP antibodies 
in combination with SE alleles. Participants with burn pit expo-
sure and SE alleles had an OR of 5.69 (95% CI 2.73, 11.87) for 
anti-CCP positivity compared to those who were SE negative 
and not exposed to burn pits. This association was stronger 

Figure 1. Associations between exposures and rheumatoid arthritis (RA) autoantibodies, extraarticular manifestations, and lung diseases. 
Forest plots of odds ratios (ORs) were generated with 95% confidence intervals (95% CIs) and were adjusted for age, sex, race, and smoking 
status. * The category “agricultural pesticides” included pesticides, herbicides, insecticides, fungicides, and fumigants. A, Associations 
between inhalants and rheumatoid factor positivity. B, Associations between inhalants and anti–cyclic citrullinated peptide (anti-CCP) antibody 
positivity. C, Associations between inhalants and chronic lung disease. Presence of chronic lung disease (chronic obstructive pulmonary 
disease, interstitial lung disease [ILD], asthma, farmer’s lung disease, and bronchiectasis) was obtained by survey responses and Veterans 
Affairs Rheumatoid Arthritis (VARA) cohort ILD validation methods. D, Associations between inhalants and extraarticular manifestations, which 
included ILD and/or subcutaneous nodules. Presence of ILD was obtained by survey response or VARA cohort ILD validation methods.

Table 3. Associations between inhalant exposures, disease activ-
ity, and functional status*

Exposure
Mean MDHAQ,

β (95% CI)
Mean DAS28,

β (95% CI)
Ever lived/worked 

on farm
0.05 (−0.06, 0.16) −0.05 (−0.28, 0.18)

Agricultural 
pesticides†

0.01 (−0.02, 0.04) −0.02 (−0.13, 0.08)

Occupational dust 0.02 (−0.07, 0.11) 0.04 (−0.12, 0.21)
Occupational 

pesticides
0.004 (−0.08, 0.09) 0.11 (−0.06, 0.28)

Occupational 
asbestos

0.01 (−0.07, 0.10) 0.10 (−0.07, 0.27)

Agent Orange 0.09 (0.01, 0.18)‡ 0.08 (−0.09, 0.26)
Military asbestos 0.04 (−0.05, 0.13) 0.13 (−0.04, 0.31)
Military burn pits 0.06 (−0.04, 0.16) 0.09 (−0.11, 0.28)
Military waste 

disposal
0.04 (−0.06, 0.14) 0.04 (−0.17, 0.25)

* Beta coefficients were generated with 95% confidence interval (95%
CI) and were adjusted for age, sex, race, and tobacco use. Functional 
status and disease activity were measured as mean values during 
Veterans Affairs Rheumatoid Arthritis registry follow-up. MDHAQ = 
Multidimensional Health Assessment Questionnaire; DAS28 = Dis-
ease Activity Score in 28 joints. 
† Includes pesticides, herbicides, insecticides, fungicides, and 
fumigants. 
‡  P = 0.03. 
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than for either risk factor in isolation (OR 2.86 [95% CI 1.92, 
4.26] for SE alone and OR 1.28 [95% CI 0.58, 2.86] for burn pit 
exposure alone) (Figure 2A). Similar findings were observed for 
associations of military waste disposal and SE with anti-CCP 
positivity, as participants with military waste disposal exposure 
and SE alleles had an OR of 5.05 (95% CI 2.42, 10.54) for anti-
CCP positivity, which was a stronger association than for either 
risk factor alone (OR 3.18 [95% CI 2.13, 4.73] for SE alone 
and OR 2.19 [95% CI 0.92, 5.21] for waste disposal exposure 
alone) (Figure 2B). We performed additional sensitivity analyses 

assessing the associations of military burn pit exposure and 
waste disposal exposure with anti-CCP antibody positivity, 
adjusted for SE. While the point estimate for the association 
of military burn pit exposure with anti-CCP antibody positivity 
did not change, the 95% CI did span 1 (OR 1.66 [95% CI 0.98, 
2.80]). Analyses of waste disposal exposure were not mean-
ingfully changed (OR 1.82 [95% CI 1.04, 3.17]). The estimated 
RERI between military burn pit exposure and SE alleles was 
2.55 (95% CI −1.45, −6.54), which did not reach statistical 
significance. There was no evidence of an additive interaction 

Figure 2. Association of the combination of shared epitope (SE) status and military burn pit (BP) exposure and of the combination of SE status 
and military waste disposal (WD) exposure with anti–citrullinated protein antibody positivity. Results from analyses of anti–cyclic citrullinated peptide 
(anti-CCP) positivity in relation to SE status in combination with military burn pit exposure (A) or military waste disposal exposure (B) are shown. The 
combination of military burn pit exposure or military waste disposal exposure and the SE allele had a stronger association with anti-CCP positivity 
than that for either risk factor in isolation. Additive gene–environment interactions of specific inhalant exposures with SE were assessed by calculating 
the relative excess risk due to interaction (RERI) (40). Values >0 are suggestive of an additive interaction. 95% CI = 95% confidence interval.
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between military waste disposal exposure and SE (RERI 0.69 
[95% CI −3.21, −4.58]).

DISCUSSION

We found that multiple occupational and military-related inhal-
ant exposures were associated with the presence of chronic lung 
diseases, but no associations between agricultural or occupational 
inhalant exposures and RA autoantibodies or disease severity 
were found. However, military burn pit exposure and military waste 
disposal exposure were specifically associated with anti-CCP 
positivity independent of tobacco use. Furthermore, this associ-
ation was most notable among those with HLA–DRB1 SE alleles, 
which is similar to the gene–environment interaction between SE 
and tobacco use for autoantibody expression in other studies 
(9,42). Our findings suggest that other inhalant exposures, particu-
larly military-related burn pit exposure and military waste disposal 
exposure, may influence autoantibody expression and, thus, con-
fer risk for RA development. Although we did not find a statistically 
significant additive interaction between military burn pit exposure 
and SE, this gene–environment interaction may have been under-
powered. The estimated RERI was considerably greater than 1, 
the threshold defined for an additive interaction, and should be 
evaluated in future studies. Due to the simultaneous examination 
of several exposures, some of our findings may have been due to 
chance. However, we observed consistent associations of military 
burn pit exposure and waste disposal exposure with anti-CCP 
positivity and anti-CCP concentration despite adjustment for mul-
tiple covariates and several sensitivity analyses.

While a prior study did not find that deployment within a 3-mile 
radius of a documented burn pit was associated with the devel-
opment of RA (26), several differences between that study and 
ours may explain the contradictory findings. The prior study eval-
uated RA risk among veterans who served during a single  service 
period and was limited by the small number of confirmed RA cases 
(n = 10), short duration of follow-up (average of 1.7 years), and 
unknown autoantibody or SE status. In contrast, our study was 
conducted only among RA subjects who met ACR classification 
criteria, was focused on autoantibodies and disease outcomes, 
used standardized assays for RA autoantibodies and SE testing, 
and included veterans from several service periods.

Supporting the validity of our findings, several inhalant expo-
sures were associated with chronic lung diseases, which is con-
sistent with prior studies (43,44), and tobacco use was strongly 
associated with anti-CCP positivity (9,10). The independent 
association of burn pit exposure with chronic lung disease and 
anti-CCP, but not RF, suggests the possibility that this inhalant 
exposure may induce the generation of citrullinated proteins 
and inflammatory responses within the lungs, analogous to the 
pathophysiologic process being identified to accompany cigarette 
smoking (11,12). Ultimately, future research is needed to investi-
gate these potential mechanisms.

Besides burn pit exposure and waste disposal exposure, we 
did not find other inhalant exposures associated with anti-CCP 
positivity or concentration. An association of particulate fine mat-
ter with anti-CCP and RF was previously observed in this cohort 
(45). In the present study, most survey respondents reported sev-
eral inhalant exposures (e.g., 72% with dust exposure, 77% with 
tobacco exposure, and 59% with pesticide exposure), which may 
result in an underestimation of the associations of specific expo-
sures and anti-CCP positivity. Other studies evaluating the risk of 
RA in pesticide applicators have shown increased risk of RA, but 
these individuals likely had higher cumulative doses of pesticide 
exposure compared to our study respondents who were not all 
pesticide applicators by occupation (15,16). Specific time periods 
and dose of individual exposures were not collected in our study 
in order to avoid survey burden; however, military service periods 
and farm exposures were almost universally initiated prior to reg-
istry enrollment and time of autoantibody measurement. Future 
studies could provide additional insight into the links between 
other exposures and RA-related autoimmunity. We also did not 
find exposures to be associated with disease activity and func-
tional status. The exception was for Agent Orange, which was 
associated with higher MDHAQ scores but not disease activ-
ity. The small magnitude of this association, the cross-sectional 
design, and potential for residual confounding from comorbid 
conditions related to Agent Orange (e.g., diabetes mellitus, select 
cancers) (46) do not support a causal interpretation of this finding.

One limitation of our questionnaire is that to encourage com-
pletion and a high response rate, it did not collect extensive data on 
the specific site of deployment, proximity to burn pits, or duration 
of self-reported burn pit exposure. When those with self-reported 
burn pit exposure from our study were compared to those eligible 
to participate in the VA’s Airborne Hazards and Open Burn Pit Reg-
istry (41) based on the service period reported (e.g., Gulf war, OEF/
OIF), we found that only 19% of survey respondents served during 
service periods characterized by classic open-air burn pits on mili-
tary bases. However, there was significant overlap between military 
burn pit exposure and military waste disposal exposure in our study 
(85% concor dance). Thus, this discrepancy in burn pit exposure as 
reported by patients in our study may not represent what is tradi-
tionally classified as open-air burn pit exposures in that respective 
registry, but rather various means of disposing of trash and other 
waste products through incineration. When the validity of other 
self-reported exposures was assessed by comparing respondents 
who indicated self-reported Agent Orange exposure to those with 
indicators of Agent Orange exposure at the time of VA enrollment, 
we found 84% agreement. While military service periods and farm 
exposures nearly universally occurred prior to registry enrollment 
(and study outcome assessment), the timing of individual exposures 
was not collected, and some exposures may have occurred after 
RA onset.

Our study was also limited by the cross-sectional design 
among a homogenous veteran population, all of whom had an 
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established diagnosis of RA. Our study did not include a non-RA 
comparator group because this population was not available. How-
ever, our findings from a large study of RA patients demonstrated 
how unique inhalant exposures are associated with autoantibody 
expression and serves as a crucial foundation which can be built on 
by future, large, prospective studies that include non-RA subjects.

While there is emerging evidence that the lungs play an 
important role in development of RA and may be the site of 
autoantibody generation (13), the cross-sectional design of our 
study prohibited us from evaluating whether the association of 
inhalant exposures and chronic lung disease may subsequently 
drive autoantibody production. Longitudinal study designs will be 
needed to further investigate this hypothesis. Finally, because of 
the male predominance of the cohort, we were unable to evalu-
ate associations of inhalants and disease features among men 
and women separately. This may be important since prior stud-
ies have suggested that occupational exposures may be more 
closely associated with RA risk among men (14,19,47).

In conclusion, we found burn pit and military waste exposure 
to be specifically associated with anti-CCP positivity in a well- 
characterized cohort of veterans with RA, particularly in those 
positive for HLA–DRB1 SE. These findings support emerging 
evidence that various inhalant exposures may contribute to the 
generation of RA autoantibodies such as ACPAs. Prospective 
cohort studies comprehensively evaluating the impact of inhalant 
exposures, including military burn pits and waste disposal, and 
the impact of genetic factors on RA risk are needed.
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Profiling of Serum Oxylipins During the Earliest Stages of 
Rheumatoid Arthritis
Javier Rodríguez-Carrio,1  Roxana Coras,2 Mercedes Alperi-López,3 Patricia López,4 Catalina Ulloa,5 
Francisco Javier Ballina-García,3 Aaron M. Armando,6 Oswald Quehenberger,6 Mónica Guma,2  and 
Ana Suárez4

Objective. Eicosanoids modulate inflammation via complex networks involving different pathways and downstream 
mediators, including oxylipins. Although altered eicosanoids are linked to rheumatoid arthritis (RA), suggesting 
that metabolization is enhanced, the role of oxylipins in disease stratification remains unexplored. This study was 
undertaken to characterize oxylipin networks during the earliest stages of RA and evaluate their associations with 
clinical features and treatment outcomes.

Methods. In total, 60 patients with early RA (according to the American College of Rheumatology/European 
League Against Rheumatism 2010 criteria), 11 individuals with clinically suspect arthralgia (CSA), and 28 healthy 
control subjects were recruited. Serum samples were collected at the time of onset. In the early RA group, 50 patients 
who had not been exposed to disease-modifying antirheumatic drug (DMARD) or glucocorticoid treatment at the 
time of recruitment were prospectively followed up at 6 and 12 months after having received conventional synthetic 
DMARDs. A total of 75 oxylipins, mostly derived from arachidonic, eicosapentanoic, and linoleic acids, were identified 
in the serum by liquid chromatography tandem mass spectrometry.

Results. Univariate analyses demonstrated differences in expression patterns of 14 oxylipins across the RA, CSA, and 
healthy control groups, with each exhibiting a different trajectory. Network analyses revealed a strong grouping pattern of 
oxylipins in RA patients, whereas in individuals with CSA, a fuzzy network of oxylipins with higher degree and closeness 
was found. Partial least-squares discriminant analyses yielded variable important projection scores of >1 for 22 oxylipins, 
which allowed the identification of 2 clusters. Cluster usage differed among the groups (P = 0.003), and showed associations 
with disease severity and low rates of remission at 6 and 12 months in RA patients who were initially treatment-naive. 
Pathway enrichment analyses revealed different precursors and pathways between the groups, highlighting the relevance 
of the arachidonic acid pathway in individuals with CSA and the lipooxygenase pathway in patients with early RA. In 
applying distinct oxylipin signatures, subsets of seropositive and seronegative RA could be identified.

Conclusion. Oxylipin networks differ across stages during the earliest phases of RA. These distinct oxylipin 
networks could potentially elucidate pathways with clinical relevance for disease progression, clinical heterogeneity, 
and treatment response.
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INTRODUCTION

Rheumatoid arthritis (RA) is an immune-mediated rheu-
matic condition characterized by chronic inflammation and joint 
destruction (1). Early diagnosis and prompt treatment guided 
by treat-to-target goals is crucial to ensure long-term disease 
control (2). Interventions during the early phase of RA are asso-
ciated with higher rates of remission, probably due to patho-
genic mechanisms occurring at this point (3). Therefore, research 
into the early disease phase is of utmost scientific relevance. The 
development of RA is a multistep process, in which different 
phases can be distinguished (4). The recognition of the symp-
tomatic phase preceding clinical arthritis, referred to as clinically 
suspect arthralgia (CSA), represents the first opportunity to iden-
tify patients at risk for progression to RA (5). This stage serves 
not only to open a window for characterization of the changes 
underlying the shift from systemic autoimmu nity to overt joint 
synovitis, but also to delineate potential targets for prevention of 
disease progression (5,6). Although the cellular and proteomic 
characterization of these stages have been extensively pursued, 
the metabolomics, and mainly the lipidomics, have received less 
attention.

In the “omics” era, lipids are emerging as pivotal mediators 
for several biologic processes (7). Polyunsaturated fatty acids 
(PUFAs) and eicosanoids form one of the most complex networks 
in biology, controlling many physiologic and pathologic processes, 
often in opposing directions (8). The role of eicosanoids in RA 
dates back to the 1970s and mid-1980s, with the description of 
the cyclooxygenase (COX) and lipooxygenase (LOX) pathways (9). 
However, the presence of these enzymes could not be used to 
fully account for the underlying pathologic processes, and despite 
profound improvements in the clinical management of RA, these 
pathways were observed to remain active even after treatment (8). 
Consequently, a knowledge plateau was reached, in part due to 
technical limitations. It was not until recently that the CYP450- 
derived lipid species were described (10), although their role is still 
poorly characterized.

Lipidomics and high-throughput approaches have started 
a new investigative period aimed at attaining a better under-
standing of the control of local inflammation in RA and its pro-
gression to either resolution or chronification (11). A number of 
novel lipid mediators, such as oxylipins, are now recognized as 
active players in either controlling the resolution of the disease 
or fueling inflammation (11–13). Oxylipins have been reported to 
promote migration of polymorphonuclear cells, enhance vascular 
permeability, control cytokine production, and modulate oxidative 
stress species (11). Thus, oxylipins may be considered attractive 
candidate biomarkers for further clarifying the mechanisms of 
 tissue injury and disease aggravation.

Previous results from our group revealed altered levels of 
different PUFAs in patients with RA (14), which may reflect an 
accelerated metabolization toward their downstream mediators, 

including oxylipins. It is plausible that applying new analytical 
technologies will allow us to answer the question as to whether 
PUFA-derived oxylipin networks are altered in RA, and help us to 
comprehensively analyze how disturbed oxylipin networks may be 
associated with the clinical phenotype of the earliest stages of the 
disease. Therefore, the aims of the present study were to 1) ana-
lyze oxylipin levels and networks during the earliest stages of RA, 
including the preclinical CSA stage, 2) evaluate whether oxylipin 
expression patterns may help identify patients with specific clin-
ical features and treatment responses, and 3) evaluate whether 
profiling of oxylipins may identify pathways related to disease 
heterogeneity.

PATIENTS AND METHODS

Study participants. The study was approved by the local 
institutional review board (Comité de Ética de Investigación Clínica 
del Principado de Asturias) in compliance with the Declaration of 
Helsinki. All study subjects gave written informed consent.

Our study involved 60 patients with early RA, diagnosed 
according to the American College of Rheumatology (ACR)/
European League Against Rheumatism (EULAR) 2010 classifica-
tion criteria (15), from the early arthritic clinic in the Department 
of Rheumatology at Hospital Universitario Central de Asturias 
in Oviedo, Spain. Patients were recruited at the time of disease 
onset. A complete clinical examination (see Supplementary Meth-
ods, available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41537/ abstract) was per-
formed on all patients during the recruitment appointment. Com-
posite measures of disease activity were calculated, including the 
Disease Activity Score in 28 joints using the erythrocyte sedimen-
tation rate (DAS28-ESR) (16) and the Simplified Disease Activity 
Index (SDAI) (17). Patients who had not been exposed to any dis-
ease-modifying antirheumatic drugs (DMARDs) or glucocorticoids 
at the time of recruitment were considered to be treatment-naive 
(n = 50), and this group was prospectively followed up with com-
plete clinical examinations at 6 months (n = 46) and 12 months 
(n = 40) after having received treatment with conventional syn-
thetic DMARDs (csDMARDs).

Clinical management was performed according to the EULAR 
recommendations for the management of RA with synthetic and 
biologic DMARDs (18). Clinical response was evaluated using the 
EULAR response criteria (19) at 6 and 12 months of follow-up, 
and patients exhibiting a good response were considered to 
be responders, whereas those with moderate or no response 
were classified as nonresponders. Patients switching to a differ-
ent csDMARD during the first 12 months were also classified as 
nonresponders.

Individuals with CSA were recruited from the same clinic. 
These individuals were considered to have CSA if they met ≥4 of 
the criteria in the EULAR definition of arthralgia suspicious for pro -
gression to RA (5), which allows a sensitivity of 70% and specificity 
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of 93.6%. Subjects without arthritis were recruited as healthy 
 controls among age- and sex-matched individuals from the same 
population of subjects who were without a diagnosis of inflamma-
tory rheumatic disease.

Exclusion criteria applied to all of the groups included 
presence of a preexisting autoimmune or inflammatory con-
dition, medical prescription for nonsteroidal antiinflammatory 
drugs or coxibs, usage of fish oil supplements, or history of can-
cer or recent infection (within 3 months of study recruitment). A 
fasting blood sample was collected from all individuals by ven-
ipuncture, and serum samples were transferred to the labora-
tory, processed under controlled, standardized procedures, and 
stored at −80°C within 2 hours of processing. Plasma samples 
from a subgroup of subjects (n = 6) were collected and pro-
cessed in parallel.

Lipid extraction and liquid chromatography tandem  
mass spectrometry (LC-MS/MS) measurement of oxylip-
ins. All serum samples obtained at baseline were thawed once 
and immediately used for isolation of free fatty acids and oxylip-
ins as described previously (20,21). In brief, 50 µl of serum was 
spiked with a cocktail of 26 deuterated internal standards that also 
included some selected PUFAs, brought to a volume of 1 ml with 
10% methanol. Thereafter, the samples were purified by solid-phase 
extraction on a Strata-X column (see Supplementary Methods 
[http://onlin elibr ary.wiley.com/doi/10.1002/art.41537/ abstract]).

Oxylipins in the sera were analyzed and quantified by 
LC-MS/MS as described previously (20,21) (see Supplementary 
Methods [http://onlin elibr ary.wiley.com/doi/10.1002/art.41537/ 
abstract]). Oxylipins and free fatty acids were quantitated using 
the stable isotope dilution method. Identical amounts of deu-
terated internal standards were added to each sample and to 
all of the primary standards used to generate standard curves 
(see Supplementary Methods [http://onlin elibr ary.wiley.com/
doi/10.1002/art.41537/ abstract]). The levels of oxylipins are 
expressed in pmoles/ml.

Statistical analysis. Continuous variables are presented 
as the mean ± SD or median with interquartile range, whereas 
categorical variables are summarized as the number (percentage) 
of subjects. For each oxylipin, the fatty acid precursor and path-
way (first enzyme acting on the precursors) were retrieved from 
the literature. If a nonenzymatic mechanism was described in the 
literature, regardless of the experimental setting, it was included 
as well, in a conservative approach.

Nonparametric tests were used to evaluate differences in 
oxylipin profiles across the groups, and the P values obtained 
were adjusted for multiple testing using the Benjamini-Hochberg 
procedure (22). Linear regression models were used to control 
comparisons for potential confounders. Oxylipin levels were 
log-transformed, normalized to the median value, and scaled 
using the range-scaling method (23).

Correlograms and network analyses were built to analyze 
the correlations among the oxylipins across conditions. Central-
ity measures were calculated for each metabolite and condition 
(24). Partial least-squares discriminant analysis (PLS-DA) was 
used to identify discriminant metabolites, with the analyses con-
trolled for multicollinearity, and cross-validation accuracy and 
permutation model statistics were retrieved. Oxylipins contribut-
ing to group discrimination in the PLS-DA were selected on the 
basis of having a variable important projection (VIP) score of >1 
(24). VIP-selected metabolites were used in unsupervised cluster 
analyses.

For comparisons between 2 groups, orthogonal PLS-DA 
(OPLS-DA) models were constructed to evaluate group dis-
crimination. These models enhance the interpretation and dis-
crimination based on intra- and interclass information, without 
a significant effect on prediction power (25). Cross-validation of 
the OPLS-DA models was performed by permutation analyses, 
and Q2 P values were computed. Correlation analyses against 
prespecified patterns were assessed, and correlation coefficients 
(determined using Spearman’s rank correlation test), P values, 
and false discovery rates were computed.

Pathway enrichment analyses were performed using the 
KEGG human genome library, with a global test for pathway 
enrichment. Pathway topology analysis was used to assess 
betweenness centrality. Raw P values (adjusted), Holm’s 
P values, and pathway impact were obtained for each pathway. 
Statistical analyses were carried out using R version 3.6.3 and 
MetaboAnalyst version 4.0.

RESULTS

Serum oxylipin levels during the earliest stages of 
RA. Serum oxylipins were measured in 60 patients with early RA 
(including 50 treatment-naive patients), 11 individuals with CSA, 
and 28 matched healthy controls (characteristics of the sub-
jects are listed in Supplementary Table 1, available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41537/ abstract). A total of 74 oxylipins derived 
from arachidonic acid (AA) (n = 39), docosahexanoic acid (DHA) 
(n = 13), linoleic acid (LA) (n = 7), eicosapentanoic acid (EPA) 
(n = 7), dihomo-γ-linolenic acid (DHGLA) (n = 3), α-linolenic 
acid (ALA) (n = 2), and oleic acid (OA) (n = 2) were identified by 
LC-MS/MS in the serum from patients with early RA (a com-
plete list of the identified oxylipins is shown in Supplementary 
Table 2, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41537/ abstract). 
In subgroup analyses, a good correlation was observed 
between the oxylipin levels measured in the serum and oxylipin 
levels measured in the plasma (median Spearman’s R = 0.870, 
range 0.750–1.000).

Moreover, the peaks corresponding to leukotriene B4 
(LTB4) and 5S,12S-dihydroxyeicosatetraenoic acid (5S,12S- 

http://onlinelibrary.wiley.com/doi/10.1002/art.41537/abstract
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Figure 1. Analyses of correlations among oxylipins. A, Correlation matrices among oxylipins were plotted in correlograms by group (healthy 
controls [HC], individuals with clinically suspect arthralgia [CSA], and patients with rheumatoid arthritis [RA]). Tile colors represent the proportional 
strength of the correlation between each pair of oxylipins. B, Network analyses based on oxylipin concentrations were performed across study 
groups. Each node corresponds to a single oxylipin (numbered 1–74). Node colors represent each precursor, including arachidonic acid (AA), 
docosahexanoic acid (DHA), eicosapentanoic acid (EPA), linoleic acid (LA), dihomo-γ-linolenic acid (DHGLA), α-linolenic acid (ALA), and oleic 
acid (OA). Lines between nodes illustrate the strength (width) and type (positive [green] versus negative [red]) of the correlations between each 
pair of oxylipins. The relative position of the nodes parallels its correlation: nodes more closely correlated are located closer to each other. 1 = 
thromboxane B2; 2 = prostaglandin F2α; 3 = prostaglandin E2; 4 = prostaglandin D2; 5 = thromboxane B1; 6 = prostaglandin E1; 7 = thromboxane B3; 
8 = prostaglandin E3; 9 = 20-hydroxy-prostaglandin E2; 10 = 13,14-dihydro-15-keto-prostaglandin E2; 11 = tetranor 12-hydroxyeicosatetraenoic 
acid; 12 = 12-hydroxy-5,8,10-heptadecatrienoic acid; 13 = 11-hydroxyeicosatetraenoic acid; 14 = 11-hydroxyeicosa-pentaenoic acid; 15 = 
13-hydroxy-docosahexaenoic acid; 16 = prostaglandin B2; 17 = prostaglandin J2; 18 = 9-hydroxyeicosatetraenoic acid; 19 = 9-hydroxyeicosa-
pentaenoic acid; 20 = 16-hydroxy-docosahexaenoic acid; 21 = 20-hydroxy-docosahexaenoic acid; 22 = leukotriene B4; 23 = 20-OH-
leukotriene B4; 24 = 12-oxo-leukotriene B4; 25 = leukotriene E4; 26 = 5-hydroxyeicosatetraenoic acid; 27 = 5- hydroxyeicosa-pentaenoic acid; 
28 = 4-hydroxyoctadeca-4,7,10,12,16-pentaenoic acid; 29 = 9-hydroxy-10,12,15-octadecatrienoic acid; 30 = 5-hydroxyicosatrienoic acid; 
31 = 7,17-dihydroxy-5,8,10,13,15,19-docosahexaenoic acid/resolvin D5; 32 = 10,17-dihydroxydocosahexaenoic acid/neuroprotectin D1; 33 = 
15-hydroxyeicosatetraenoic acid; 34 = 15-hydroxy-5,8,11,13,17-eicosapentaenoic acid; 35 = 17-hydroxy-docosahexaenoic acid; 36 = 13-hydroxy-
9,11-octadecadienoic acid; 37 = 13-hydroxy-10,12,15-octadecatrienoic acid; 38 = 15-hydroxyicosatrienoic acid ; 39 = 8-hydroxyeicosatetraenoic 
acid; 40 = 10-hydroxy-docosahexaenoic acid; 41 = 8-hydroxyicosatrienoic acid; 42 = 12-hydroxyeicosatetraenoic acid; 43 = 12-hydroxyeicosa-
pentaenoic acid; 44 = 14-hydroxy-docosahexaenoic acid; 45 = 11-hydroxy-docosahexaenoic acid; 46 = 9-hydroxy-9,11-octadecadienoic 
acid; 47 = 12-oxoeicosa-5,8,10,14-tetraenoic acid; 48 = 9-oxooctadeca-10,12-dienoic acid; 49 = 20-hydroxyeicosatetraenoic acid; 50 = 
18-hydroxyeicosatetraenoic acid; 51 = 17-hydroxyeicosatetraenoic acid; 52 = 16-hydroxyeicosatetraenoic acid; 53 = 18-hydroxyeicosa-pentaenoic 
acid; 54 = 5,6-epoxyeicosa-8,11,14-trienoic acid; 55 = 8,9-epoxyeicosa-8,11,14-trienoic acid; 56 = 11,12-epoxyeicosa-8,11,14-trienoic acid; 
57 = 14,15-epoxyeicosa-8,11,14-trienoic acid; 58 = 16(17)-epoxy-4,7,10,13,19-docosapentaenoic acid; 59 = 19,20-dihydroxy-4,7,10,13,16-
docosapentaenoic acid; 60 = 9,10-epoxyoctadec-12-enoic acid; 61 = 12,13-epoxyoctadec-12-enoic acid; 62 = 5,6-dihydroxyicosatrienoic acid; 
63 = 8,9-dihydroxyicosatrienoic acid; 64 = 11,12-dihydroxyicosatrienoic acid; 65 = 14,15-dihydroxyicosatrienoic acid; 66 = 9,10-dihydroxy-12-
octadecenoic acid; 67 = 12,13-dihydroxy-12-octadecenoic acid; 68 = arachidonic acid; 69 = adrenic acid; 70 = eicosapentanoic acid; 71 = 
docosahexanoic acid; 72 = 20-carboxy-arachidonic acid; 73 = 9-nitrooleate; 74 = 10-nitrooleate.
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diHETE) were compared in the serum samples from patients 
with RA. Both metabolites showed similar fragmentation 
patterns by MS, but showed baseline separation under the 
LC conditions employed, thus excluding the possibility of a 
potential overlap in the chromatogram. Furthermore, a com-
parative analysis of both analytes allowed us to exclude the 
possibility of a significant platelet–neutrophil activation matrix 
during sample collection and preparation (see Supplementary 
Figure 1, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41537/ abstract), 
as 5S,12S-diHETE is considered a product of activated 
 platelets and neutrophils.

A total of 14 oxylipins exhibited different serum levels across 
the groups (see Supplementary Table 3, available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41537/ abstract). Oxylipins exhibited different 
trajectories, with some showing peaking levels in patients with 
RA, whereas others showed peaking levels in individuals with 
CSA or healthy controls (see Supplementary Figure 2, available 
on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41537/ abstract). The change was not 
always gradual across the groups, thus pointing to the existence 
of complex, individual patterns requiring a global approach. No 
associations with age, sex, body mass index, or traditional cardi-
ovascular risk factors were observed in any of the study groups 
(all P > 0.05). Similarly, exclusion of patients who were receiv-
ing medications at the time of recruitment (n = 10) did not change 
these results. Oxylipin levels were not observed to parallel the 
extent of disease activity in RA patients (all P > 0.05). It must 
be noted that most of the patients had a status of high disease 
activity.

Correlograms showing the associations among the oxylipins 
(Figure 1A) provided evidence of more defined oxylipin groupings 
in healthy controls and patients with RA, in contrast to a more 
widespread pattern in individuals with CSA. Network graphs 
were generated to analyze the interactions among the oxylipins 
(Figure 1B). These analyses confirmed that the different clinical 
stages were hallmarked by distinct oxylipin profiles. Healthy con-
trols exhibited a well-defined group of oxylipins that were closely 
associated with each other, comprising mostly AA-derived and 
DHA-derived oxylipins, the latter being in a central location. 
Overall, a relatively clear grouping pattern by precursors could 
be distinguished.

In patients with RA, a smaller group of oxylipins could be 
observed. These oxylipins were strongly correlated with each 
other, were located in an eccentric location, and included 
EPA-, DHA-, and AA-derived species, although a more diverse 
grouping was noted. Moreover, some nodes served as links 
between this group and smaller groups within the rest of the 
network.

Finally, the oxylipin network in individuals with CSA 
exhibited a fuzzy pattern, with less clear groupings, a more 

heterogeneous distribution of nodes, and a higher number of 
connections among them. Values for each centrality measure 
(degree, expected influence, betweenness, and closeness) 
supported these findings, since higher degree and closeness 
was observed in individuals with CSA, whereas specific com-
pounds exhibited higher betweenness in patients with RA (see 
Supplementary Figure 3, available on the Arthritis & Rheuma-
tology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41537/ abstract). These results confirm that quantitative 
and qualitative differences in oxylipin levels were present dur-
ing the earliest phases of RA, even at the preclinical stage of 
arthralgia.

Identification of clinically relevant clusters by oxylipin 
profiling. Multivariate approaches were conducted to capture 
the global picture of oxylipin disturbances. A PLS-DA with all 
identified metabolites (12.1% of the total variance explained, 
R2 = 0.461, 71.0% cross-validation accuracy, and empiri-
cal permutation P = 5 × 10−4) achieved a partial discrimina-
tion among the groups (Figure 2A), although a certain overlap 
existed. Interestingly, the PLS-DA findings in the CSA group 
revealed an intermediate oxylipin profile, falling between the 
profiles of the healthy control and RA groups. These findings 
indicate that oxylipin profiles may not be useful for accurate 
prediction of group classification, but do suggest that oxylip-
in-based group similarities may exist.

A total of 22 oxylipins had a VIP score of >1 (Figure 2B). 
This finding was used for heatmap visualization and cluster anal-
ysis (including all study subjects). A group-averaged heatmap 
(Figure 2C) confirmed the previous global differences in oxylipin 
levels, with an intermediate, “transitional” profile observed in indi-
viduals with CSA, although some CSA-specific disturbances were 
also noted. Interestingly, the RA and CSA groups showed a close 
similarity of profiles.

Results of the cluster analysis (Figure 2D) allowed the iden-
tification of 2 oxylipin clusters (cluster I and cluster II). Cluster 
usage differed among the groups (P = 0.003) (Figure 2E), thus 
confirming the differences observed in network analyses and the 
partial overlap observed in the PLS-DA model. These findings 
point to a potential clinical relevance of the oxylipin profiles.

Whereas the healthy controls mostly had groupings in clus-
ter I, individuals with CSA and patients with RA were observed 
to have groupings in both cluster I and cluster II. Therefore, we 
analyzed whether the different oxylipin clusters were related to 
specific clinical features in RA. Patients with RA exhibiting clus-
ter I had higher scores on visual analog scales (VAS) for patient 
global assessment (P = 0.016) and patient assessment of pain 
(P = 0.003) as compared to the scores from their cluster II coun-
terparts, whereas no between-cluster differences in other RA fea-
tures were noted (Table 1).

The clinical response to csDMARD treatment (low-dose glu-
cocorticoids and methotrexate) was compared between clusters 
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among the RA patients who were initially treatment-naive. Inter-
estingly, at 6 months following csDMARD treatment, cluster I 
patients were less likely to achieve a EULAR good response com-
pared to their cluster II counterparts (5 [31.2%] of 16 patients in 
cluster I versus 21 [70.0%] of 30 patients in cluster II classified as 
responders; P = 0012). Equivalent results were observed when the 
response at 6 months was assessed as achievement of DAS28 
remission (4 of 16 patients in cluster I versus 20 of 30 patients 
in cluster II; P = 0.007) and SDAI remission (3 of 13 patients in 

cluster I versus 14 of 29 patients in cluster II; P = 0.05). Further-
more, differences in response between the 2 clusters were also 
seen at 12 months, according to the frequency of a EULAR good 
response (4 of 13 patients in cluster I versus 17 of 27 patients in 
cluster II; P = 0.056) and achievement of remission based on the 
DAS28 criteria (4 of 13 patients in cluster I versus 17 of 27 patients 
in cluster II; P = 0.056). Two patients in cluster I and 3 patients in 
cluster II were switched to a different csDMARD at 12 months. No 
patients were switched to a biologic DMARD.

Figure 2. Oxylipin profiling across study groups. A, Partial least-squares discriminant analysis (PLS-DA) was used to assess the discriminant 
capacity of all identified oxylipins, based on the amount of variance explained by the first 2 components. B, The top 25 oxylipins were ranked based 
on variable important projection (VIP) scores from the PLS-DA model (left). The heatmap indicates the concentration ranks across the different groups 
(right). C, A group-averaged heatmap was constructed based on the 22 oxylipins with a VIP score >1. D, A heatmap based on the 22 oxylipins 
with a VIP score >1 was used to identify 2 oxylipin clusters according to levels (ranging from high [shades of red] to low [shades of blue]). In C and 
D, the upper key indicates group classes. E, The number (%) of individuals in each oxylipin cluster is shown by study group. 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.41537/abstract.
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All of these results suggest that oxylipin profiling can delin-
eate disease clusters that could be differentiated across condi-
tions, with CSA showing an intermediate profile. Moreover, these 
profiles are associated with clinical features and early treatment 
response in RA. Thus, our findings support the role of oxylipins in 
shaping the early RA clinical phenotype.

Identification of pathways with clinical relevance for 
arthritis using oxylipin signatures. We next aimed to identify 
whether oxylipins could delineate metabolic pathways related to 
disease progression or clinical heterogeneity at the onset of RA. 
First, an OPLS-DA method was carried out to evaluate whether 
oxylipins can discriminate between healthy controls and individ-
uals with CSA (Figure 3A) (permutation empiric Q2 P = 0.014). 
Since a discrimination was achieved, a correlation analysis against 
the prespecified transition pattern of healthy control→CSA was 
performed to identify those oxylipins showing a linear increase 
in absolute levels in individuals with CSA relative to healthy con-
trols (Figure 3B). A group of 8 oxylipins showing this pattern was 
identified, deriving from AA (4 oxylipins), LA (2 oxylipins), DHA 
(1 oxylipin), and DHGLA (1 oxylipin) precursors, and from the LOX 

(4 oxylipins), CYP (3 oxylipins), and COX (1 oxylipin) pathways (see 
Supplementary Table 4, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41537/ 
abstract).

A similar discriminant analysis for the pattern of CSA→RA 
(permutation empiric Q2 P = 0.054) was carried out, resulting 
in identification of 5 species of significance in discriminating 
patients with early RA, derived from LA (2 oxylipins), EPA (1 
oxylipin), AA (1 oxylipin), and DHGLA (1 oxylipin), with almost 
all (4 of the 5) originating from the LOX pathway (Figures 3C 
and D) (see also Supplementary Table 5, available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41537/ abstract).

Furthermore, pathway enrichment analyses confirmed a 
higher impact of AA metabolism for the healthy control versus 
CSA comparison, whereas LA metabolism was ranked as the 
pathway with the highest impact for the CSA versus RA com-
parison (see Supplementary Tables 6 and 7, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41537/ abstract). Interestingly, analysis of the healthy 
 control→CSA→RA pattern identified a group of 18 species, mostly 

Table 1. Clinical features of the rheumatoid arthritis patients at the time of recruitment, by oxylipin cluster*

Cluster I
(n = 23)

Cluster II
(n = 37)

Clinical features
Duration of symptoms, weeks 24.00 (11.50–37.00) 20.00 (8.50–30.00)
Morning stiffness, minutes 60.00 (15.00–90.00) 30.00 (12.50–120.00)
Tender joint count (of 28 joints) 9.00 (6.00–14.00) 8.00 (4.50–13.00)
Swollen joint count (of 28 joints) 6.00 (3.00–10.00) 5.00 (3.00–8.50)
ESR, mm/hour 19.00 (11.00–37.00) 20.00 (7.50–34.00)
CRP, mg/dl 0.80 (0.30–3.20) 0.60 (0.20–1.65)
Patient global assessment (0–100 VAS) 70.00 (60.00–90.00) 50.00 (40.00–72.50)†
Patient pain assessment (0–10 VAS) 8.00 (7.00–8.00) 6.00 (5.00–8.00)‡
DAS28 (scale 0–10) 5.66 (4.68–6.45) 5.05 (3.86–6.07)
SDAI (scale 0–86) 29.60 (23.12–39.37) 26.30 (18.15–35.05)
HAQ (scale 0–3) 1.50 (1.66–0.65) 1.10 (0.60–1.65)
Fatigue (0–10 VAS) 5.00 (0.00–8.00) 6.00 (1.50–8.00)
RF+, no. (%) 16 (69.5) 21 (56.7)
ACPA+, no. (%) 15 (65.2) 20 (54.0)
RF−/ACPA−, no. (%) 5 (21.7) 14 (37.8)

Traditional CV risk factors, no. (%)
Hypertension 9 (39.1) 12 (32.4)
Diabetes 3 (13.0) 4 (10.8)
Dyslipidemia 8 (34.7) 11 (29.7)
Smoking 6 (26.0) 17 (45.9)

Treatments, no. (%)
None§ 18 (78.2) 32 (86.4)
Glucocorticoids 4 (17.3) 4 (10.8)
Methotrexate 2 (8.6) 3 (8.1)

* Except where indicated otherwise, values are the median (interquartile range). Differences were assessed 
by Mann-Whitney U or chi-square test (or Fisher’s exact test, as appropriate), according to the distribution 
of the variables; other than those indicated by footnotes, all P values between cluster I and cluster II were 
nonsignificant at P < 0.05. ESR = erythrocyte sedimentation rate; CRP = C-reactive protein; VAS = visual analog 
scale; DAS28 = Disease Activity Score in 28 joints; SDAI = Simplified Disease Activity Index; HAQ = Health 
Assessment Questionnaire; RF+ = rheumatoid factor–positive; ACPA+ = anti–citrullinated protein antibody– 
positive; CV = cardiovascular. 
† P = 0.016 versus cluster I. 
‡ P = 0.003 versus cluster I. 
§ Among the patients with early rheumatoid arthritis, 50 were recruited before being exposed to any 
treatment (designated treatment-naive). 
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deriving from AA (12 species) and from the COX pathway (8  species) 
(see Supplementary Figures 4A and B, available on the Arthritis 
& Rheumatology website at http://onlin elibr ary.wiley.com/doi/10. 
1002/art.41537/ abstract).

In addition, we evaluated whether oxylipin  expression 
patterns can reveal differences between the  seropositive RA 
(rheumatoid factor [RF]–positive/anti–citrullinated  protein 
antibody [ACPA]–positive) subset and the seronegative RA  (RF- 
negative/ACPA-negative) subset. An OPLS-DA of the oxylipin 
profiles revealed a good discrimination between healthy controls 
and patients with seronegative RA  (permutation empiric Q2 
P = 0.05) (Figure 4A). Correlation analyses  identified a group of 
7 oxylipins that were differentially expressed (Figure 4B), mostly 
deriving from AA (3 oxylipins) and OA (2 oxylipins), with the 
COX pathway (3 oxylipins) and nitration pathway (2 oxylipins) 
being the most important (see Supplementary Table 8, 
available on the Arthritis & Rheumatology website at http:// 
onlin elibr ary.wiley.com/doi/10.1002/art.41537/ abstract). An 

OPLS-DA of the oxylipin profiles also revealed that healthy 
controls could be discriminated from patients with seropositive 
RA (permutation Q2 empiric P = 0.054), although a partial 
overlap was noted (Figure 4C). In this case, a higher number 
of oxylipins (13 oxylipins) was found to be significant in the 
correlation analysis (Figure 4D), with AA (9 oxylipins) and 
5-LOX (6 oxylipins) being the most common precursors and 
pathways retrieved, respectively (see Supplementary Table 9, 
available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41537/ abstract). 
Accordingly, pathway enrichment analyses revealed a higher 
relevance of the AA metabolism pathway in the seropositive 
RA subset than in  the seronegative RA subset (see Supp-
lementary Tables  10  and 11, available on the Arthritis & 
Rheumatology website at http://onlin elibr ary.wiley.com/doi/ 
10. 1002/art.41537/ abstract).

Thus, oxylipin profiling may help define the relevant pathways 
related to disease heterogeneity in patients with RA. We found that 

Figure 3. Oxylipin signatures associated with the earliest stages of RA. A and C, Orthagonal partial least-squares discriminant analysis 
models were constructed to evaluate the discriminant capacity of all oxylipins identified, showing comparisons between the healthy control and 
CSA groups (A) or the CSA and RA groups (C). B and D, Correlation patterns were determined for the top 25 oxylipins exhibiting the transition 
patterns healthy control→CSA (B) or CSA→RA (D), based on Spearman’s rank correlation test as a distance measure. Oxylipins with statistically 
significant correlations are highlighted in boldface type. 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.41537/abstract.
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different species were related to the different disease stages under-
lying the early phase of RA. Similarly, the oxylipin profiles revealed 
divergent pathways between seronegative and seropositive RA.

DISCUSSION

A growing body of studies supports the use of lipidomics 
to gain a greater understanding of complex diseases and unveil 
pathogenic circuits linked to disease progression and new targets. 
The results herein support, for the first time, the occurrence of 
alterations in PUFA-derived oxylipins during the earliest phases 
of arthritis. Oxylipin profiling can identify subsets of patients with 
different clinical features and treatment responses, and may eluci-
date specific metabolic pathways that are differentially expressed 
between disease subsets. Based on our findings, oxylipin profil-
ing could be considered an attractive source of biomarkers and 
potential targets for the early phase of inflammatory arthritis.

A remarkable finding from our study was the noticea-
ble disturbance in oxylipin networks across the groups, which 
delineated distinct global patterns among the healthy controls, 
individuals with CSA, and patients with RA. Importantly, these 
patterns could not be attributed to class-specific (ω-3– or ω-6–
derived) general impairments, but rather, might be attributed to 
distinct patterns for each individual compound. This notion has 
already been previously documented by our group (14) and by 
others (26) at the level of fatty acid precursors, thus underlining 
the need for complex, global approaches to account for the het-
erogeneity of these species and for a simultaneous assessment 
of the main pathways involved. Equivalent results were obtained 
in synovial fluid (27), thereby supporting this notion. Moreover, 
oxylipin levels were not related to demographic features or tra-
ditional cardiovascular risk factors in any of the study groups, 
consistent with previously reported findings. Furthermore, our 
findings in the cohort of treatment-naive patients with early RA 

Figure 4. Oxylipin signatures associated with seropositivity in early RA. A and C, Orthagonal partial least-squares discriminant analysis 
models were constructed to evaluate the discriminant capacity of all oxylipins identified, showing comparisons between the healthy control and 
seronegative RA (rheumatoid factor–negative/anti–citrullinated protein antibody–negative) groups (A) or the healthy control and seropositive RA 
groups (C). B and D, Correlation patterns were determined for the top 25 oxylipins exhibiting the transition patterns healthy control→seronegative 
RA (B) or healthy control→seropositive RA (D), based on Spearman’s rank correlation test as a distance measure. Oxylipins with statistically 
significant correlations are highlighted in boldface type. 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.41537/abstract.
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rule out the possibility of the influence of disease duration and 
treatment exposure, thus pointing to oxylipin networks as play-
ing an active role in the disease, as opposed to being innocent 
bystanders.

The most interesting result from our study was the identifi-
cation of alterations in oxylipins during the earliest stages of RA, 
including early RA as well as CSA. Preventive interventions at the 
CSA stage (28) are limited because of the poor characterization of 
the underlying pathogenic mechanisms. Although previous studies 
have identified some metabolites (29), the lipid compartment has 
been largely neglected. Our results support the role of  oxylipins as 
potential factors in this setting. These findings are in line with stud-
ies showing lower ω-3–derived PUFA levels in individuals at high 
risk of developing RA (30), and demonstrating changes in gene 
expression related to lipid metabolism at this stage (31). More-
over, we have recently reported that reduced circulating DHA, 
EPA, and AA levels can be found in patients with RA at the time of 
disease onset (14), suggesting that lipid metabolism is potentially 
disturbed in RA. The results herein reinforce this hypothesis, and 
go further by identifying the actual species altered in the  arthralgia 
stage downstream of the main PUFA precursors.

Individuals with CSA exhibited a genuine widespread oxylipin 
network with higher degree and betweenness. This may be the 
result of a transitional status in which a high number of metabolic 
interactions are operating, or also a consequence of group heter-
ogeneity. CSA itself is a very heteroge neous stage of arthritis, with 
a number of possible clinical outcomes reported (32), from res-
olution to chronification. The fact that individuals with CSA were 
equally represented in the 2 oxylipin clusters identified and that 
there was overlap in the PLS-DA findings between the healthy 
control and RA groups support this idea. More importantly, abso-
lute levels of oxylipins also revealed specific alterations in the CSA 
group that were not present in patients with RA or healthy con-
trols. Furthermore, an important number of oxylipins exhibited 
decreased levels in individuals with CSA, with a certain degree of 
recovery observed in patients with RA, although other trajectories 
were also noted (see Supplementary Figure 2, [http://onlin elibr ary.
wiley.com/doi/10.1002/art.41537/ abstract]), and therefore further 
research is warranted.

Correlation analyses comparing healthy controls to individuals 
with CSA or individuals with CSA to patients with RA led to insights 
into the potential changes occurring in the multistep development 
of RA. First, the analysis comparing healthy controls to individuals 
with CSA identified 8 differentially expressed species originating 
from 4 different precursors and major pathways, whereas the com-
parison of individuals with CSA to patients with RA yielded fewer 
differentially expressed species, mostly derived from LAs and the 
LOX pathway. Pathway analyses supported these differences. 
Overall, these findings suggest that distinct oxylipin alterations are 
associated with the different stages along the course of RA. A more 
diverse picture is evident in the earlier preclinical arthralgia stage, 
which is consistent with the different risk factors and mechanisms 

associated with the first events in the triggering of RA (33), while 
a more convergent effect is evident when comparing individuals 
with CSA to patients with RA, in which mechanisms are thought to 
be shared among disease subsets (34,35). Importantly, these dis-
crepancies may be the result of the natural regulation of eicosanoid 
pathways, hallmarked by an initial production of proinflammatory 
species (mostly AA-derived) that prompt a class-switch to an anti-
inflammatory, homeostatic response (36,37). However, antiinflam-
matory and proresolving functions are not equivalent (38), and it is 
plausible that a stronger shift toward proresolution may be needed 
to control the phase of CSA transitioning to RA.

Oxylipins showing a significant difference between individu-
als with CSA and patients with RA may be conceived as potential 
therapeutic targets to prevent disease progression. Actually, the 
LOX pathway has been recently described to be up-regulated at 
the syno vial level in patients with RA in comparison to patients with 
osteoarthritis, while other enzymatic pathways remain unchanged 
(27). Due to the relevance of LOX-derived species in this setting, 
LOX inhibition may be an attractive therapeutic candidate. In fact, 
zileuton-mediated LOX inhibition has already been studied in 
patients with RA, although no clinical efficacy was demonstrated 
in those with established disease (39). However, in light of our 
results, further research on the effect of LOX inhibition on disease 
progression, rather than on management of the disease, must 
be considered. This is supported by studies in animal models in 
which treatment was administered very early (40). The fact that 
LOX expression is persistent along the disease course, remaining 
unchanged by conventional treatments (41), emphasizes the need 
to initiate earlier intervention. Alternatively, and due to the synergis-
tic effects among the oxylipins, dual COX/LOX inhibitors may also 
be considered (42).

Importantly, differences were noted between the 2-step anal-
yses (healthy controls versus individuals with CSA and individu-
als with CSA versus patients with RA) and the global analyses 
(healthy controls versus individuals with CSA versus patients with 
RA). Although the latter global approach mostly supported the role 
of AA and LOX as a whole, a compartmentalization was noted in 
the 2-step process, which aligns with the different oxylipin tra-
jectories and allows for the identification of potential targets for 
tailored strategies, the main goal of personalized medicine (43), 
thus supporting the rationale of our analyses.

Our results shed new light on the potential role of oxylipins 
in early RA. Decreased EPA and DHA levels, which were linked 
to the altered levels of their derived species, were observed at 
the time of disease onset, thereby strengthening our previous 
findings (14). Cluster analyses revealed that 2 oxylipin profiles 
could be distinguished among RA patients. One of the clusters 
was predominantly present in healthy controls, which may be 
a more homeostatic profile, whereas the other cluster identified a 
group of RA patients with more severe clinical features, including 
higher VAS pain scores. This is aligned with previous evidence 
from clinical trials assessing fish oils and omega-3 supplements, 
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in which a protective effect on pain was demonstrated in patients 
with RA (44,45). Importantly, eicosanoid metabolites are known to 
activate nociceptive pathways (46), but the actual mediators are 
unknown. Moreover, this cluster was also associated with csD-
MARD treatment outcomes. Since early remission is an important 
aim in treat-to-target strategies (47,48), oxylipin networks should 
be further studied either for their role as biomarkers or for their 
actionable mechanisms, to facilitate clinical management.

Finally, oxylipin profiling led us to identify differences between 
seronegative and seropositive RA. Although previous metabo-
lomics studies have shown distinct metabolomic signatures in 
seronegative RA patients, the exact compounds have not been 
elucidated (49). Our results confirm that whereas both subsets 
could be distinguished from controls based on oxylipin signa-
tures, the precursors and pathways greatly differed between 
them. These results underscore the differences between these 2 
RA subsets and add another layer of complexity by identifying 
oxylipin networks as potential contributors. Whereas AA metab-
olism clearly dominated the oxylipin signature in seropositive RA 
patients, less impact was observed in seronegative RA patients, 
as demonstrated in the correlation and pathway analyses. Impor-
tantly, OA-derived nitrooleates, which are strong antiinflammatory 
lipids (50), and DHA- and EPA-derived species, in addition to COX 
products, were associated with seronegative RA. Due to the com-
plexity of the seronegative subset of the disease, these findings 
warrant further research into these pathways.

In summary, the results of this study demonstrate that serum 
oxylipin levels were altered during the earliest stages of RA, 
and specific alterations were found even at the arthralgia stage, 
which may reflect an altered PUFA metabolism. Oxylipin networks 
at the time of onset of RA were related to the clinical phenotype 
of the disease and can be predictive of the response to treatment. 
More importantly, oxylipin profiling helped to identify metabolic 
pathways relevant to the heterogeneity of the disease.

Our study has key strengths, such as the comprehensive 
recruitment of the study subjects as well as characterization 
of the subjects from a clinical point of view, the use of a robust 
targeted metabolomics platform, and the use of a robust and 
well-adjusted multiparametric statistical approach. Yet, this study 
has some limitations that must be noted, including the cross- 
sectional design, which did not allow for prospective follow-up 
of the subjects with CSA, and lack of information on other lipid 
species. Although our approach included cross-validation and 
permutation tests, an important limitation of our findings is the 
lack of an external validation cohort. Under these circumstances, 
it is unclear whether the results could be generalized beyond the 
patient cohort recruited.

The potential effect of diet may also be a factor that should be 
considered, although our previous results failed to demonstrate 
a significant effect of diet on PUFA levels (51,52). Moreover, the 
effect of the sample type (serum versus plasma) must be taken 
into account to ensure comparability with other studies.

Finally, pathway assignment was based on information from 
the existing literature. Whether a promiscuous oxylipin production 
by other enzymes or by nonenzymatic reactions exists in patho-
logic conditions cannot be totally ruled out. However, data on the 
involvement of nonenzymatic pathways were extracted from the 
broad literature, and it has not been proven that these pathways 
were the main mechanisms in the setting of RA; therefore, its rel-
evance needs to be evaluated with caution. Nevertheless, the use 
of pathway enrichment analyses and a well-recognized genome 
library confers some degree of validation to our results.

Taken together, these findings should notably improve our 
understanding of the eicosanoid networks in very early RA and 
should pave the ground for future, larger, multicentric and pro-
spective studies to address this topic. However, studies in larger 
external cohorts of patients are needed to ensure the generaliz-
ability of our findings. In addition, to assess underlying metabolic 
changes in the inflamed joint, future research should also focus 
on the synovial membrane, as has been the focus in studies by 
other groups (27), including analysis of paired serum and syno-
vial samples from RA patients. Expanding the lipid spectra to be 
investigated in patients with RA and conducting a global inte-
gration of the lipid layer with the rest of the clinical and biologic 
data are key steps that should be implemented as part of the 
research agenda.
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Erratum

DOI 10.1002/art.41688 

In the article by FitzGerald et al in the June 2020 issue of Arthritis & Rheumatology (2020 American College of Rheu-
matology Guideline for the Management of Gout [pages 879– 895]), under the section “High- fructose corn syrup” on 
page 889, the following sentence was incorrect: “In the National Health and Nutrition Examination Survey, artificially 
sweetened carbonated beverage consumption was associated with higher SU levels (101).” The correct sentence 
should be “In the National Health and Nutrition Examination Survey, sugar- sweetened carbonated beverage con-
sumption was associated with higher SU levels (101).”

We regret the error.
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Mechanosensitive Control of Articular Cartilage and 
Subchondral Bone Homeostasis in Mice Requires 
Osteocytic Transforming Growth Factor β Signaling
Karsyn N. Bailey,1  Jeffrey Nguyen,2 Cristal S. Yee,3 Neha S. Dole,3  Alexis Dang,4 and Tamara Alliston1

Objective. Transforming growth factor β (TGFβ) signaling plays a complex tissue-specific and nonlinear role in 
osteoarthritis (OA). This study was conducted to determine the osteocytic contributions of TGFβ signaling to OA.

Methods. To identify the role of osteocytic TGFβ signaling in joint homeostasis, we used 16-week-old male mice 
(n = 9–11 per group) and female mice (n = 7–11 per group) with an osteocyte-intrinsic ablation of TGFβ receptor 
type II (TβRIIocy−/− mice) and assessed defects in cartilage degeneration, subchondral bone plate (SBP) thickness, 
and SBP sclerostin expression. To further investigate these mechanisms in 16-week-old male mice, we perturbed 
joint homeostasis by subjecting 8-week-old mice to medial meniscal/ligamentous injury (MLI), which preferentially 
disrupts the mechanical environment of the medial joint to induce OA.

Results. In all contexts, independent of sex, genotype, or medial or lateral joint compartment, increased SBP 
thickness and SBP sclerostin expression were spatially associated with cartilage degeneration. Male TβRIIocy−/− mice, 
but not female TβRIIocy−/− mice, had increased cartilage degeneration, increased SBP thickness, and higher levels of 
SBP sclerostin compared with control mice (all P < 0.05), demonstrating that the role of osteocytic TGFβ signaling on 
joint homeostasis is sexually dimorphic. With changes in joint mechanics following injury, control mice had increased 
SBP thickness, subchondral bone volume, and SBP sclerostin expression (all P < 0.05). TβRIIocy−/− mice, however, 
were insensitive to subchondral bone changes with injury, suggesting that mechanosensation at the SBP requires 
osteocytic TGFβ signaling.

Conclusion. Our results provide new evidence that osteocytic TGFβ signaling is required for a mechanosensitive 
response to injury, and that osteocytes control SBP homeostasis to maintain cartilage health, identifying osteocytic 
TGFβ signaling as a novel therapeutic target for OA.

INTRODUCTION

Osteoarthritis (OA), considered a “whole joint” disease, 
is characterized by the irreversible disruption of multiple 
joint tissues, including articular cartilage and subchondral 
bone (1). While the relationship between cartilage degener-
ation and subchondral bone changes is an established hall-
mark of OA, the causal mechanisms driving the coordinated 
loss of homeostasis in these 2 tissue types remains unclear. 

The subchondral bone plate (SBP), for example, undergoes 
dynamic remodeling in OA, with thinning and increased 
remodeling in early joint disease and thickening that is spatially 
associated with cartilage degeneration in late-stage OA (1–7). 
SBP changes can impact both the mechanical and biologic 
environment of the joint. Given its proximity to the articular 
cartilage, the SBP can impact the stress concentration at the 
articular cartilage during joint loading (2), which is one possi-
ble explanation for the spatial association of SBP thickening 
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and cartilage degeneration. Additionally, the SBP acts as a 
physical boundary, regulating cartilage exposure to vascula-
ture, oxygen, nutrients, and cytokines (1). During OA progres-
sion, the SBP becomes permeabilized with increased vascular 
invasion, disrupting the homeostatic biologic environment and 
aggravating cartilage degeneration (1). While SBP thickening 
is considered an indisputable sign of late-stage OA, the under-
lying mechanisms of the thickening are still largely unknown, 
and whether it contributes to or is the consequence of carti-
lage degeneration remains elusive.

The transforming growth factor β (TGFβ) signaling pathway 
plays an important role in both bone and cartilage homeostasis, 
and imbalanced TGFβ signaling results in disease in each tissue 
type, such as osteogenesis imperfecta in bone (8) and OA in car-
tilage (9–11). TGFβ signaling is critical for maintaining bone mass 
and quality (12–15), and balanced TGFβ signaling in each tissue 
compartment is integral for joint health. In some contexts, TGFβ 
signaling protects against OA (9–11,16–19), and in other contexts 
TGFβ signaling exacerbates OA (20,21). Two key concepts clarify 
the sophisticated function of TGFβ in joint homeostasis. First, TGFβ 
action in the joint is tissue compartment– and cell type–specific. 
Second, the effect of TGFβ on the joint is nonlinear, such that 
an optimal level of signaling is required for joint homeostasis, and 
highly active, suppressed, or imbalanced canonical and nonca-
nonical TGFβ signaling drives joint degeneration. More specifically, 
loss-of-function mutations in the canonical TGFβ effector SMAD3 
increase the incidence of OA in humans (16,18) and in mice (9–11). 
In the absence of chondrocyte-intrinsic Smad3, TGFβ signaling 
activates noncanonical pathways that prevent cartilage anabolism 
and stimulate matrix metalloproteinase 13–dependent cartilage 
catabolism (9–11). Conversely, systemic inhibition of TGFβ signal-
ing in mice has been shown to exert dose-dependent benefits on 
joint health, in part, by suppressing TGFβ signaling within mesen-
chymal stem cells (20,21). Taken together, these findings further 
emphasize the need to determine the precise role of TGFβ sig-
naling in each joint tissue to maintain homeostasis.

The role of TGFβ signaling in bone cell types in OA is 
less well-defined. Although osteocytes participate in human 
and mouse OA (22), the role of osteocyte-intrinsic TGFβ sig-
naling in joint homeostasis is unknown. In addition to coordi-
nating the flow of nutrients through the canalicular network and 
regulating the mechanosensitivity of bone, osteocytes may also 
impact cartilage through a process known as perilacunar/canali-
cular remodeling (PLR) (23). During PLR, osteocytes secrete acid 
and proteases to dynamically resorb and then replace their sur-
rounding bone matrix to maintain the mineral homeostasis, the 
canalicular network, and bone quality (24–27). Osteocyte-intrinsic 
inhibition of TGFβ signaling causes PLR suppression, including 
disrupted canalicular networks, dysregulation of PLR enzyme 
expression, increased trabecular bone volume, and inferior bone 
quality in male, but not in female, mice (23,28). Thus, osteocytic 
TGFβ signaling functions to maintain both biologic and structural 

properties of bone, each of which could impact cartilage integrity. 
Combined with the known role of TGFβ signaling in skeletal mech-
anobiology (29–32), osteocytic TGFβ signaling may contribute to 
joint homeostasis through a number of mechanisms.

To dissect the osteocyte-specific contributions of TGFβ 
signaling to joint homeostasis, we tested the hypothesis that loss of 
osteocytic TGFβ signaling exacerbates OA through its control of 
subchondral bone. Our findings reveal that osteocytic TGFβ sig-
naling is critical for cartilage health, SBP homeostasis, and mech-
anosensitive response to injury, elucidating a new mechanism of 
bone–cartilage crosstalk.

MATERIALS AND METHODS

Mice. To assess the role of osteocytic TGFβ signaling in joint 
homeostasis, mice were bred to generate TβRIIocy−/− mice (DMP1-
Cre+; TβRIIfl/fl) and littermate control mice (DMP1-Cre−; TβRIIfl/fl) 
(23,28). Animals were housed in groups in a pathogen-free facility 
at 22°C on a 12-hour light/dark cycle and supplied with standard 
irradiated mouse chow and water ad libitum. The Institutional Ani-
mal Care and Use Committee at the University of California San 
Francisco approved all animal procedures.

For the basal joint phenotype, hind limbs were collected 
from 16-week-old male and female control and TβRIIocy−/− mice 
(n = 7–11 mice per group). To analyze the effect of joint 
injury, male control and TβRIIocy−/− mice (8 weeks of age) 
were subjected to bilateral sham or meniscal/ligamentous 
injury (MLI) surgery (n = 9–11 mice per group), as previously 
described (33). Under sterile conditions and in isoflurane- 
anesthetized mice, incisions were made through the skin and 
joint capsule medial to the patella, and the medial collateral lig-
ament was transected and the medial meniscus was removed. 
Sham-injured animals received bilateral incisions with-
out medial collateral ligament transection or meniscal removal. 
Incisions were closed with sutures, and animals received an 
injection of long-acting buprenorphine analgesic. Hind limbs 
were collected 8 weeks after surgery.

Micro–computed tomography (micro-CT) analysis. 
A 4-mm region of the left hind limb, centered on the joint, was 
scanned using a Scanco μCT50 specimen scanner with an X-ray 
potential of 55 kVp, current of 109 μA, voxel size of 10 μm, and 
integration time of 500 msec. Thresholding was performed as pre-
viously described (22,23,34).

The tibial plateau subchondral bone region was designated 
200 μm from the proximal surface of the tibia to exclude the SBP 
and extended 250 μm distally. Contours were delineated in a 
blinded manner at the periosteal surface with a linear boundary 
bisecting the medial and lateral halves, and bone volume fraction 
was reported.

The femoral SBP was contoured in a blinded manner in 
sagittal micro-CT images of the femoral condyles. Femoral SBP 
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thickness, rather than tibial SBP thickness, was analyzed because 
tibial SBPs were too thin and too close to the growth plate for mean-
ingful analysis (7). For quantification, circles with a diameter of 750 
μm were consistently placed on grayscale 3-dimensional thick-
ness maps, centered on the lateral anterior, medial anterior, lateral 
posterior, and medial posterior regions, as previously described 
(7), and mean pixel intensity was measured. Pixel intensity was 

converted to SBP thickness in micrometers (n = 9–10 mice per 
group). Representative grayscale images were converted to pseu-
docolor for illustration in figures.

Qualitative differences in shape between control and TβRIIocy−/−  
mice were identified in a blinded manner on 2-dimensional sagittal 
images of the knee, using cross-section of the patella as a land-
mark (n = 7–11 mice per group).

Figure 1. Osteocytic transforming growth factor β (TGFβ) signaling is required for canalicular network and articular cartilage homeostasis in 
16-week-old male mice. A and C, Immunofluorescence (IF) of TGFβ receptor type II (TβRII) in articular cartilage (A) and subchondral bone (A and 
C) from male control mice and male TβRIIocy−/− mice. There was a significant repression of TβRII expression in subchondral bone osteocytes, but
no difference in expression in articular chondrocytes, in male TβRIIocy−/− mice compared with male control mice. B, Osteocyte-specific loss of TβRII 
expression in TβRIIocy−/− mice. Bars show the mean ± SD (n = 4 per genotype). D, Ploton silver staining showing disruption of lacunocanalicular 
networks of the subchondral bone in male TβRIIocy−/− mice compared with control mice. E, Significantly decreased canalicular length in male 
TβRIIocy−/− mice compared with male control mice. Bars show the mean ± SEM (n = 5 mice per genotype). F and G, Safranin O–Fast Green staining 
of the lateral and medial compartments (F) and of the medial tibia (G) in male control and TβRIIocy−/− mice. Arrowheads indicate proteoglycan loss 
and hypertrophic chondrocytes. H and I, Significantly increased Mankin scores in the whole joint (H) and the lateral and medial joint compartments 
(I) in 16-week-old male TβRIIocy−/− mice compared with control mice. Bars show the mean ± SEM (n = 10 mice per genotype). * = P < 0.05 by 
Student’s unpaired t-test.
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Histologic analysis. Right hind limbs were paraffin- 
embedded at 90° of flexion in the coronal orientation and sec-
tioned at 6 μm thickness. Brightfield images were acquired on 
a Nikon Eclipse E800 microscope, and fluorescent images were 
acquired on a Leica DMi8 confocal microscope.

Immunofluorescence was used to identify cells expressing 
TGFβ receptor type II (TβRII) or sclerostin in the subchondral bone 
and articular cartilage of the mouse knee. Sections (6 μm) were 
incubated with the following primary antibodies: rabbit anti-TG-
FβRII antibody (1:500 for male mice; 1:250 for female mice) (cat-
alog no. ab186838; Abcam), goat anti-Sost/sclerostin (1:200) 
(catalog no. AF1589; R&D Systems), or species-specific nonim-
mune IgG-negative controls. Sections were then incubated with 
Alexa Fluor 594–conjugated secondary antibody (for TβRII, goat 
anti-rabbit [1:1000] [catalog no. AB_2534079; Invitrogen]; for 
sclerostin, donkey anti-goat [1:1000] [catalog no. AB_2534105; 
Invitrogen]). Positively stained cells were counted in a blinded man-
ner in 20× visual fields from each joint quadrant using ImageJ 

and reported as percent positive cells in each respective tissue 
(n = 4–8 mice per group).

The osteocytic lacunocanalicular network was visualized using 
Ploton silver staining with Cresyl Violet counterstaining, and articular 
cartilage was visualized using Safranin O–Fast Green staining. Sec-
tions (6 μm) were selected from the mid-joint region using the identifi-
cation of the anterior cruciate ligament and posterior cruciate ligament 
as landmarks and stained, as previously described (22,23,35,36).

For subchondral bone mean canalicular length, 4 images 
per joint quadrant at 100× visual field were acquired, and length 
was quantified in a blinded manner using ImageJ by tracing 10 
can aliculi per osteocyte and 3 osteocytes per image (48 osteo-
cytes per animal; n = 5 mice per group). Canalicular lengths were 
averaged to obtain a mean canalicular length for each sample, 
and mean lengths were averaged and reported for each group.

For OA score, each joint quadrant (medial tibia, lateral 
tibia, medial femur, and lateral femur) was imaged and graded by 
3 graders in a blinded manner using modified Mankin (37) and 

Figure 2. The requirement of osteocytic transforming growth factor β receptor type II (TβRII) for canalicular network and articular cartilage 
homeostasis in mice is sexually dimorphic. A, Immunofluorescence (IF) of TβRII expression in female control and TβRIIocy−/− mice. There was a 
significant repression of TβRII expression in subchondral bone osteocytes, but no difference in expression in articular chondrocytes, in female 
TβRIIocy−/− mice compared with control mice. B, Osteocyte-specific loss of TβRII in female TβRIIocy−/− mice. Bars show the mean ± SD (n = 4 mice 
per genotype). C, Ploton sliver staining showing that lacunocanalicular networks were indistinguishable between female control and TβRIIocy−/− 
mice. D, Canalicular length in female control and TβRIIocy−/− mice. Bars show the mean ± SEM (n = 5 mice per genotype). E and G, No difference 
in Mankin scores in the whole joint (E) or in the lateral and medial joint compartments (G) in 16-week-old female control and TβRIIocy−/− mice. Bars 
show the mean ± SEM (n = 7–11 mice per genotype). F, Safranin O–Fast Green staining of the lateral and medial compartment in 16-week-old 
female control and TβRIIocy–/– mice, showing no differences in cartilage degeneration between the genotypes. * = P < 0.05 by Student’s unpaired 
t-test. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41548/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41548/abstract


BAILEY ET AL 418       |

OA Research Society International (OARSI) (38) grading schemes 
(n = 7–11 mice per group). Scores from all graders were averaged to 
obtain a mean score, and mean scores were then averaged within 
each group. The total score represents the sum of all 4 quadrants.

Statistical analysis. Comparisons between genotypes, 
for male and female mice, were tested using Student’s unpaired 
2-tailed t-test. Genotype and injury were compared using two-
way analysis of variance followed by Tukey’s post hoc tests. Sta-
tistical analyses were performed in GraphPad Prism 8. Values are 
expressed as the mean ± SD for outcomes reporting a mean of 
individual measurements or as the mean ± SEM for outcomes 
reporting a mean of mean measurements. P values less than 0.05 
were considered significant.

RESULTS

Requirement of osteocytic TβRII for subchondral 
bone canalicular homeostasis. To determine the specificity of 
the DMP1-Cre promotor in the joint, we evaluated the expression 
of TβRII in control (DMP1-Cre−;TβRIIfl/fl) and TβRIIocy−/− (DMP1-
Cre+;TβRIIfl/fl) mouse knees. Relative to a control nonimmune 
IgG, immunofluorescence revealed TβRII expression throughout 
the meniscus, cartilage, subchondral bone, and bone marrow 
of control mice (Figures 1A and C). A blinded semiquantitative 
analysis of TβRII expression in subchondral bone osteocytes 
revealed a significant 38% decrease in TβRII expression in male 

TβRIIocy−/− mice compared with male control mice, with no change 
in the percentage of TβRII-positive articular chondrocytes 
(Figure 1B) or in osteocyte density. This selective disruption of 
TβRII in subchondral bone allows us to evaluate the role of osteo-
cytic TGFβ sig naling in joint homeostasis.

We have previously reported that male TβRIIocy−/− mice 
demonstrate osteocyte PLR suppression within the cor-
tical femur, with reduced expression of several essential 
PLR enzymes and a corresponding reduction in canalicular 
length (23,28). We evaluated the effect of osteocyte-intrinsic 
TβRII-deficiency on canalicular length in subchondral bone. 
TβRIIocy−/− mice exhibited a significant reduction in canalicular 
length within the subchondral bone of the tibial plateau and 
femoral condyles compared with control mice at 16 weeks of 
age (Figures 1D and E). In our model of an osteocyte-specific 
loss of TGFβ signaling, we found evidence of impaired PLR in 
the subchondral bone of male TβRIIocy−/− mice.

Requirement of osteocytic TβRII for cartilage homeo
stasis is sexually dimorphic. Given the evidence for osteo-
cyte dysfunction in human OA (22) and the cell type–specific 
role of TGFβ in OA, we evaluated the cartilage phenotype of 
TβRIIocy−/− mice to elucidate the role of osteocytic TGFβ signa-
ling in joint homeostasis. When compared with control mice, 
TβRIIocy−/− mice had significantly increased Mankin scores in the 
whole joint and in the medial and lateral compartments, with a 
disruption of articular cartilage structure, loss of proteoglycan 

Figure 3. Subchondral bone plate (SBP) thickness and sclerostin expression are increased in male, but not in female, TβRIIocy−/− mice. A and 
F, Micro–computed tomography thickness maps of SBP thickness in the femoral condyles of male control and TβRIIocy−/− mice (A) and female 
control and TβRIIocy−/− mice (F). Spatial differences (arrowheads) in SBP thickness were observed in the femoral condyles of TβRIIocy−/− mice 
compared with male control mice. B and G, SBP thickness in the lateral and medial condyles of male control and TβRIIocy−/− mice (B) and female 
control and TβRIIocy−/− mice (G). There were no significant differences in SBP thickness between female control and female TβRIIocy−/− mice. Bars 
show the mean ± SD (n = 10 mice per genotype in B; 7–11 mice per genotype in G). C and H, Immunofluorescence of sclerostin expression 
in articular cartilage and subchondral bone in the medial tibia of male control and TβRIIocy−/− mice (C) and female control and TβRIIocy−/− mice 
(H). Sclerostin expression was significantly increased in male TβRIIocy–/– mice compared with male control mice, while there were no significant 
differences between genotypes for the female mice. D and I, Sclerostin expression in osteocytes from male control and TβRIIocy−/− mice (D) and 
female control and TβRIIocy−/− mice (I). Bars show the mean ± SD (n = 8 mice per genotype in D; 4 mice per genotype in I). E and J, Sclerostin 
expression in the lateral femur, lateral tibia, medial femur, and medial tibia from male control and TβRIIocy−/− mice (E) and female control and 
TβRIIocy−/− mice (J). Bars show the mean ± SD (n = 8 mice per genotype in E; 4 mice per genotype in J). * = P < 0.05 by Student’s unpaired 
t-test. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41548/abstract.
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Figure 4. Osteocytic transforming growth factor β receptor type II is critical for injury-induced changes in subchondral bone and sclerostin 
expression in mice. A, Micro–computed tomography thickness maps of subchondral bone plate (SBP) thickness in the femoral condyles of 
control and TβRIIocy–/– mice subjected to sham operation or medial meniscal/ligamentous injury (MLI). Arrowheads indicate spatial differences 
in SBP thickness. B, Immunofluorescence of sclerostin expression in articular cartilage and subchondral bone in the medial tibia of control and 
TβRIIocy−/– mice subjected to sham operation or MLI. C and D, SBP thickness in the medial (C) and lateral (D) femoral condyles of control and 
TβRIIocy–/– mice subjected to sham operation or MLI. Injury resulted in a significant increase in SBP thickness in the medial and lateral femoral 
condyles of control mice. Bars show the mean ± SD (n = 9–10 mice per group). F and G, Subchondral bone volume fraction (BV/TV) in the 
medial tibial plateau (F) and lateral tibial plateau (G) of control and TβRIIocy–/– mice subjected to sham operation or MLI. Bars show the mean ± 
SD (n = 9–10 mice per group). I and J, Osteocytic sclerostin expression in the medial tibia (I) and lateral tibia (J) of control and TβRIIocy–/– mice 
subjected to sham operation or MLI. There was a genotype-dependent increase in osteocytic sclerostin expression in the medial and lateral 
tibia of sham-operated mice and an injury-dependent increase in the medial tibia of control mice. Bars show the mean ± SD (n = 4 mice per 
group). E, H, and K, Percent difference between sham-operated mice and mice subjected to MLI in SBP thickness (E), tibial plateau BV/TV 
(H), and osteocytic sclerostin expression (K) in control and TβRIIocy–/– mice. TβRIIocy−/− mice were insensitive to injury-induced changes. Bars 
show the mean ± SD (n = 9–10 mice per group in E and H; 4 mice per group in K). * = P < 0.05 by two-way analysis of variance and Tukey’s 
post hoc test. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41548/
abstract.
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staining, increased hypertrophic chondrocytes, and increased 
subchondral bone thickness (Figures 1F–I). TβRIIocy−/− mice did 
not have a significant increase in OARSI score (data not shown).

Although female TβRIIocy−/− mice also had reduced osteocytic 
expression of TβRII in the subchondral bone, by 45% (Figures 2A 
and B), with regard to canalicular length and Mankin score, female 
TβRIIocy−/− mice were indistinguishable from female controls (Fig-
ures 2C–G). Therefore, phenotypic differences in male and female 
TβRIIocy−/− mice are not the result of differences in a reduction 
in osteocytic TβRII, and the requirement of osteocytic TβRII for 
subchondral bone lacunocanalicular network maintenance and 
articular cartilage homeostasis is sexually dimorphic.

Increased SBP thickness in male, but not female, 
TβRIIocy−/− mouse joints. Osteocytic defects in TGFβ signal-
ing could drive cartilage degeneration in male mice by disrupting 
the mechanical or biologic environment of the subchondral bone. 
Changes in joint mechanics and SBP thickness are closely linked 
to OA development, suggesting that disruption of subchondral 
bone mechanics exacerbates cartilage degeneration (2,39). To 
examine the relationship between osteocytic TβRII, subchondral 
bone mechanics, and cartilage degeneration, we quantified SBP 
thickness in male and female mice, focusing on the load- bearing 

posterior regions of control and TβRIIocy−/− mouse distal fem-
ora (7). We found that the SBP was significantly thicker in male 
 TβRIIocy−/− mice than in control mice on both the lateral and medial 
condyles (Figures 3A and B). The load-bearing femoral SBP thick-
ness in female TβRIIocy−/− mice, however, did not differ significantly 
from that in female control mice (Figures 3F and G). Coupled 
with the sex-specific effect of osteocytic TGFβ signaling on the 
canalicular network and SBP thickness in the bone, the sexual 
dimorphism in OA raises the possibility that altered joint mechan-
ics in male TβRIIocy−/− mice leads to cartilage degeneration, while 
female TβRIIocy−/− mice have relatively normal joint mechanics and 
therefore healthy cartilage.

Coupled deregulation of sclerostin expression, SBP 
thickness, and cartilage homeostasis. Sclerostin is a neg-
ative regulator of bone formation, and TGFβ regulates load- 
dependent bone formation in a sclerostin-dependent manner 
(32,40). We sought to determine if SBP sclerostin expression is 
sensitive to osteocytic TGFβ signaling, and furthermore, if this reg-
ulation is sexually dimorphic. Sclerostin was not detected in chon-
drocytes or articular cartilage under any condition (Figures 3C 
and H and 4B). Sclerostin expression was significantly increased 
in male TβRIIocy−/− mouse SBP compared with male control mouse 

Figure 5. Loss of osteocytic transforming growth factor β signaling exacerbates joint degeneration with injury. A, Safranin O–Fast Green 
staining of the lateral and medial compartments of control and TβRIIocy−/− mice subjected to either sham operation or meniscal/ligamentous 
injury (MLI), where representative images indicate average or severe responses to MLI. Cartilage degeneration was worsened on the medial side 
after injury in TβRIIocy−/− and control mice, and injured TβRIIocy−/− mice had a worsened osteoarthritic phenotype compared with injured control 
mice. B–D, Total Mankin score (B), medial tibial Mankin score (C), and lateral tibial Mankin score (D) in control and TβRIIocy−/− mice subjected 
to sham operation or MLI. Injured TβRIIocy−/− mice had a significantly higher whole joint Mankin score than injured control mice. Medial injury 
increased the total joint Mankin score and medial tibia Mankin score in control and TβRIIocy−/− mice compared with the respective sham-operated 
controls. There was no difference between injured TβRIIocy−/− mice and injured control mice in the medial tibia, but the lateral tibial Mankin score 
was significantly higher in injured TβRIIocy–/– mice than in injured control mice. Bars show the mean ± SEM (n = 9–11 mice per group). * = P 
< 0.05 by two-way analysis of variance and Tukey’s post hoc test. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.41548/abstract.
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SBP (Figures 3C and E), corresponding to the increased SBP 
thickness observed in TβRIIocy−/− mice. We previously observed 
elevated sclerostin levels in male mice expressing dominant- 
 negative TβRII under the control of the osteocalcin promoter (32), 
and we found the same to be true in male mice with an osteocytic 
ablation of TβRII. However, the female mouse SBP showed no 
genotype-dependent difference in sclerostin expression  (Figures 
3H–J), indicating that SBP sclerostin expression in TβRIIocy−/− mice 
is also sexually dimorphic. Thus, we observed a close relationship 
among cartilage degeneration, SBP thickness, and deregulated 
sclerostin expression; in male TβRIIocy−/− mice, genotype-dependent 
increases in cartilage degeneration colocalized with SBP thickening 
and excessive sclerostin, whereas in female TβRIIocy−/− mice, none 
of these outcomes differed from those in female control mice. The 

extent to which these structural or biologic changes in subchon-
dral bone drive OA is unclear.

Requirement of osteocytic TGFβ signaling for injury 
induced changes in subchondral bone and sclerostin 
expression. Given the need to clarify the relationship between 
OA progression and the changes in SBP thickness and scle-
rostin expression in TβRIIocy−/− mice, and the extent to which 
these may be mechanoregulated, we implemented an OA model 
in which MLI preferentially disrupts the mechanical environment 
of the medial joint. MLI of control mice significantly increased 
SBP thickness, subchondral bone volume, and SBP sclerostin 
expression in the medial joint but elicited a more modest increase 
in SBP thickness on the lateral side (Figure 4). Importantly, MLI did 

Figure 6. Injury represses osteocytic transforming growth factor β (TGFβ) signaling and diminishes genotype-dependent differences in 
canalicular length. A, Immunofluorescence of TGFβ receptor type II (TβRII) expression in control and TβRIIocy−/− mice subjected to sham operation 
or medial meniscal/ligamentous injury (MLI). B, TβRII-positive osteocytes in the subchondral bone of control and TβRIIocy−/− mice subjected to 
sham operation or MLI. Compared with sham-operated control mice, sham-operated TβRIIocy−/− mice exhibited fewer TβRII-positive osteocytes 
in the subchondral bone. Injury eliminated this genotype-dependent difference, resulting in a decrease in TβRII-positive osteocytes in injured 
control mice compared with sham-operated control mice (P = 0.051). Bars show the mean ± SD (n = 4 mice per genotype). C, Ploton silver 
staining showing disruption of lacunocanalicular networks in the subchondral bone of sham-operated TβRIIocy−/− mice compared with sham-
operated control mice, but not in injured TβRIIocy−/− mice compared with injured control mice. D, Significant decrease in canalicular length in 
TβRIIocy−/− mice compared with sham-operated control mice, but no significant difference between injured control and TβRIIocy−/− mice. Bars 
show the mean ± SEM (n = 5 mice per group). E, Schematic illustration showing that mechanosensitive function of bone requires osteocytic 
TGFβ to regulate subchondral bone thickness (SBP) and sclerostin in a concerted manner to maintain joint homeostasis. * = P < 0.05 by two-
way analysis of variance and Tukey’s post hoc test. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.
com/doi/10.1002/art.41548/abstract.
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not affect any of these parameters on either the “loaded” medial 
side or the lateral side of TβRIIocy−/− mouse subchondral bone, 
indicating that injury-induced changes in subchondral bone 
require osteocytic TGFβ signaling (Figures 4E, H, and K). Fur-
thermore, on the medial side, apparent genotype-dependent dif-
ferences in subchondral bone volume and sclerostin expression 
in sham-operated mice disappeared following MLI (Figures 4F 
and I). Taken together with prior evidence implicating TGFβ in the 
anabolic response of bone to mechanical load (32), these data 
reveal that osteocytic TGFβ signaling is required for mechano-
sensitive changes in subchondral bone formation and sclerostin 
expression.

Increased cartilage degeneration in injured male 
TβRIIocy−/− mice. Compartmental evaluation of OA severity in 
this medial injury model allows dissection of mechanisms of 
joint crosstalk. Injury further exacerbated joint degeneration in 
TβRIIocy−/− mice compared with injured control mice, resulting in 
a significantly increased total Mankin score due to more severe 
disruption of the articular cartilage structure, loss of proteogly-
cans, and increased hypertrophic chondrocytes (Figures 5A and 
B). Compartmental analysis revealed that the increased Mankin 
score in injured TβRIIocy−/− joints resulted from increased cartilage 
degeneration on the uninjured lateral side of the TβRIIocy−/− joints 
relative to controls (Figure 5D). Importantly, on the injured medial 
side, the effect of MLI on cartilage in the control and TβRIIocy−/− mice 
was indistinguishable (Figure 5C). Thus, on the injured medial side, 
cartilage degeneration correlates with increased subchondral bone 
and sclerostin levels, independently of genotype. On the uninjured 
lateral side, where the mechanical environment is less affected, 
we observed worsened cartilage degeneration in TβRIIocy−/− mice, 
similar to that observed in the uninjured TβRIIocy−/− mice (Figure 1). 
Overall, independent of genotype, sex, or injury, increased SBP 
thickness corresponded spatially to cartilage degeneration. These 
findings suggest a critical role for osteocytic TGFβ signaling in con-
trolling the SBP response to mechanical changes with injury.

Interestingly, our data suggest that osteocytic TGFβ signal-
ing plays a bidirectional role in response to injury. Following injury, 
osteocytic TβRII expression in subchondral bone of control mice 
was indistinguishable from that in TβRIIocy−/− mice, resulting in an 
injury-dependent decrease (P = 0.051) in osteocytic TβRII expres-
sion in control mice (Figures 6A and B), further implicating osteo-
cytic TGFβ signaling as key in the mechanosensitive response to 
injury. We examined possible mechanisms that could contribute 
to the more severe phenotype in male TβRIIocy−/− mouse joints. 
First, our findings suggest that the worsened cartilage phenotype 
on the lateral side in TβRIIocy−/− mice with MLI (Figure 5D) is due, at 
least in part, to the underlying increased SBP thickness, subchon-
dral bone volume, and SBP sclerostin levels observed prior to 
injury (Figures 4D, G, and J). Second, changes in SBP thickness 
are insufficient to explain why injured TβRIIocy−/− mice exhibit more 
cartilage degeneration than sham-operated TβRIIocy−/− mice 

(Figure 5B). Indeed, TβRIIocy−/− mice were insensitive to injury- 
induced changes in SBP thickness, subchondral bone volume, 
or sclerostin levels (Figures 4C–K), indicating that with injury, other 
bone-independent factors, such as inflammation or increased 
direct loading on the cartilage with meniscectomy, worsen car-
tilage degeneration in injured TβRIIocy−/− mice. We additionally 
observed a number of genotype-dependent differences that may 
play a role. The expected genotype-dependent reduction in can-
alicular length was lost in the context of MLI (Figures 6C and D). 
Finally, we detected qualitative genotype-dependent differences in 
the shape of the femoral condyles in TβRIIocy−/− mice, which were 
apparent in both male and female TβRIIocy−/− mice (data available 
upon request from the corresponding author).

DISCUSSION

In this study, we showed that loss of osteocytic TGFβ sig-
naling plays a causal role in articular cartilage degeneration 
through its spatial control of subchondral bone. Using an estab-
lished mouse model of osteocyte-specific ablation of TβRII (23), 
we observed a close relationship among cartilage degeneration, 
SBP thickening, and osteocytic sclerostin up-regulation in male 
TβRIIocy−/− mice and injured control mice, which additionally showed 
an injury-dependent decrease in osteocytic TβRII. In contrast, 
female TβRIIocy−/− mice did not show these differences, indicat-
ing a sex- specific role for osteocytic TGFβ signaling in OA. With 
injury- induced changes in joint mechanics, control mice exhibited 
increased SBP thickness and sclerostin expression in spatial asso-
ciation with cartilage degeneration and repression of osteocytic 
TβRII within the subchondral bone. Without osteocytic TβRII, how-
ever, SBP thickness and sclerostin expression were not increased 
in injured TβRIIocy−/− mice, suggesting that SBP mechanosensa-
tion requires osteocytic TGFβ signaling. Overall, we found that 
increased SBP thickness and sclerostin expression, whether upon 
genetic loss of osteocytic TGFβ signaling or upon medial injury, 
drives cartilage degeneration. Taken together, these findings pro-
vide new insight into the factors driving changes in SBP thickness 
during joint degeneration, identifying osteocytes as potential tar-
gets for OA therapeutics.

Bone quality (41,42) and OA (43,44) show sex-specific differ-
ences in humans and mice. OA is more prevalent in women than 
in men, particularly after menopause, demonstrating a need to bet-
ter understand the sex-specific pathogenesis of OA (44). We have 
recently shown that osteocytic TGFβ signaling induces PLR in a 
sex-specific manner (28). While male TβRIIocy−/− mice demonstrate 
hallmarks of suppressed PLR in the cortical bone, including blunted 
canalicular networks, reduced expression of PLR enzymes, and 
defective bone quality, PLR and bone quality remain intact in female 
TβRIIocy−/− mice (28). This set of observations remained true in this 
study, where 16-week-old male TβRIIocy−/− mice showed a disrup-
tion of the subchondral bone canalicular network, increased SBP 
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thickness, and signs of worsened joint degeneration, while female 
TβRIIocy−/− mice did not, demonstrating that the sexually dimorphic 
role of osteocytic TGFβ signaling extends to the joint. These findings 
are consistent with the idea that altered mechanics at the SBP lead 
to cartilage degeneration. However, female TβRIIocy−/− mouse joints 
were not entirely normal. Both male and female TβRIIocy−/− mouse joints 
showed qualitative differences in the shape of the femoral condyle, 
including a marked thickening of the SBP in the anterior region and 
an apparent rounding of the condyle, as well as increased SBP 
thickness in the relatively unloaded anterior region of the femo-
ral condyle (data available upon request from the corresponding 
author). These differences in female TβRIIocy−/− mouse joints appear 
insufficient to affect joint degeneration at this time point, and further 
work is needed to understand the injury-induced mechanosensitive 
response in osteocytes in female TβRIIocy−/− mice. Osteocytes emerge 
as important regulators of SBP thickness and joint shape, and 
female TβRIIocy−/− mice are thus able to maintain joint health in the 
absence of osteocytic TGFβ signaling.

SBP thickness changes over the course of OA progression, 
and the spatial association of SBP thickening with cartilage degen-
eration is a hallmark of late-stage OA (1–7). Additionally, TGFβ sig-
naling participates in mechanoregulation of the skeleton (29–32), 
which, in the context of osteocytic TGFβ signaling, could impact 
the response of the SBP to changes in joint mechanics. Using  
TβRIIocy–/– mice, we found evidence that the mechanoresponse 
to injury at the SBP requires osteocytic TGFβ signaling. Unlike 
injured control mice, injured TβRIIocy−/− mice were insensitive to 
injury- induced changes in SBP thickness, subchondral bone 
volume, and SBP sclerostin expression. Notably, injured TβRII-
ocy−/− mice still had worsened cartilage degeneration, which was 
primarily driven by an increase in OA score on the uninjured lateral 
tibia (Figure 5D). This finding suggests that the underlying increase 
in SBP thickness on the “uninjured” lateral side of TβRIIocy−/− mice 
is sufficient to disrupt the normal mechanical environment of the 
joint and drives cartilage degeneration. Notably, although we pre-
viously observed an injury-dependent disruption of the subchon-
dral bone lacunocanalicular network in a different mouse model 
of PLR suppression (22), we did not observe an injury-dependent 
decrease in canalicular length in this study, possibly due to genetic 
differences in these mouse models or selected regions of inter-
est. Taken together, these findings indicate that osteocytic TGFβ 
signaling is critical for the spatial association between cartilage 
degeneration and SBP thickness in late-stage OA and the mech-
anosensitive response to injury.

In contrast to previous studies, we observed an increase in 
sclerostin expression in the setting of increased SBP thickness 
and cartilage degeneration. Others have observed an inverse 
relationship between sclerostin levels and OA severity in humans 
(45) and a repression of sclerostin with increased SBP thickness 
in late-stage OA in mice (7). Because sclerostin expression is 
induced by TGFβ (32,40), repressed in response to load (46), 

and stimulates PLR (27), we expected to observe decreased 
sclerostin expression in TβRIIocy−/− mice and injured control mice. 
Surprisingly, we instead observed a significant increase in scleros-
tin-positive osteocytes in all cases with increased SBP thickness, 
which was spatially confined to the SBP and not the cortical femur 
(data available upon request from the corresponding author). 
One possible explanation for the elevated sclerostin expression 
is that increased SBP thickness reduces osteocyte sensitivity to 
equivalent loads. Additionally, sclerostin up-regulation may indi-
cate a compensation for defective PLR due to loss of osteocytic 
TβRII (27) or altered dynamics of osteocytic differentiation. Taken 
together, the findings of our study and others (7) demonstrate that 
coordinated regulation of sclerostin and the SBP is critical in joint 
homeostasis, which is likely dynamic over the course of OA pro-
gression. While sclerostin has been studied in the context of OA 
in mice and rats, either through sclerostin inhibition or treating with 
recombinant Sost protein (47,48), the extent to which sclerostin 
exacerbates the joint phenotype remains unclear. Given the cur-
rent clinical use of romosozumab, an anti-sclerostin antibody, for 
human osteoporosis (49,50), further work is needed to resolve 
the mechanistic role of sclerostin in the joint and OA.

Limitations of this study include the use of a mouse model 
with constitutive ablation of osteocytic TβRII, which confounds the 
observed TβRIIocy−/− joint phenotype with the effects of TβRII in 
joint development. While this work describes a correlation among 
 osteocytic TGFβ signaling, SBP thickness, and SBP scleros-
tin expression, further work is needed to establish a causal role 
for SBP sclerostin in the cartilage phenotype. Though uninjured 
TβRIIocy−/− mice had an increased Mankin score when compared 
with  uninjured  controls, sham-operated TβRIIocy−/− mice did not 
have a geno type- dependent increase in cartilage degeneration, 
suggesting that other factors impact joint homeostasis, such as 
inflammation following incision in the sham-operated groups. 
Finally, additional work is needed to elucidate the mechanisms 
by which joint injury re press es subchondral bone osteocytic TβRII 
expression.

In summary, our findings demonstrate that mechanoreg-
ulation of bone requires osteocytic TGFβ signaling to regulate 
 sclerostin and SBP thickness and maintain cartilage homeostasis 
(Figure 6E). We observed increased sclerostin expression at the 
SBP and exacerbated joint degeneration in settings with increased 
SBP thickness, such as in male TβRIIocy−/− mice or on the medial 
side of injured control mice, but not in female  TβRIIocy–/– mice. 
These findings suggest that osteocyte-intrinsic defects in TGFβ 
signaling can play a contributory role in OA progression, further 
implicating osteocytes as being key participants in healthy joint 
homeostasis through bone–cartilage crosstalk.
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MicroRNA-34a-5p Promotes Joint Destruction During 
Osteoarthritis
Helal Endisha,1 Poulami Datta,2 Anirudh Sharma,2 Sayaka Nakamura,2 Evgeny Rossomacha,2 Carolen Younan,2 
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Objective. MicroRNA-34a-5p (miR-34a-5p) expression is elevated in the synovial fluid of patients with late-stage 
knee osteoarthritis (OA); however, its exact role and therapeutic potential in OA remain to be fully elucidated. This 
study was undertaken to examine the role of miR-34a-5p in OA pathogenesis.

Methods. Expression of miR-34a-5p was determined in joint tissues and human plasma (n = 71). Experiments 
using miR-34a-5p mimic or antisense oligonucleotide (ASO) treatment were performed in human OA chondrocytes, 
fibroblast-like synoviocytes (FLS) (n = 7–9), and mouse OA models, including destabilization of the medial meniscus 
(DMM; n = 22) and the accelerated, more severe model of mice fed a high-fat diet and subjected to DMM (n = 11). Wild-
type (WT) mice (n = 9) and miR-34a–knockout (KO) mice (n = 11) were subjected to DMM. Results were expressed as 
the mean ± SEM and analyzed by t-test or analysis of variance, with appropriate post hoc tests. P values less than 
0.05 were considered significant. RNA sequencing was performed on WT and KO mouse chondrocytes.

Results. Expression of miR-34a-5p was significantly increased in the plasma, cartilage, and synovium of patients 
with late-stage OA and in the cartilage and synovium of mice subjected to DMM. Plasma miR-34a-5p expression was 
significantly increased in obese patients with late-stage OA, and in the plasma and knee joints of mice fed a high-fat 
diet. In human OA chondrocytes and FLS, miR-34a-5p mimic increased key OA pathology markers, while miR-34a-
5p ASO improved cellular gene expression. Intraarticular miR-34a-5p mimic injection induced an OA-like phenotype. 
Conversely, miR-34a-5p ASO injection imparted cartilage-protective effects in the DMM and high-fat diet/DMM 
models. The miR-34a–KO mice exhibited protection against DMM-induced cartilage damage. RNA sequencing of 
WT and KO chondrocytes revealed a putative miR-34a-5p signaling network.

Conclusion. Our findings provide comprehensive evidence of the role and therapeutic potential of miR-34a-5p 
in OA.

INTRODUCTION

Despite its being the most common type of arthritis, the patho-
genesis of osteoarthritis (OA) is not fully understood due to its com-
plex etiology. Consequently, no disease-modifying therapies have 

been effective to date. Obesity is the most prominent modifiable 
risk factor for OA development (1). A combination of mechanical 
and molecular mechanisms drives progressive articular cartilage 
loss. Molecular mechanisms contributing to OA include increased 
expression of extracellular matrix (ECM) catabolic enzymes 
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(e.g., matrix metalloproteinase 13 [MMP-13] and ADAMTS-5), 
inflammatory cytokines (e.g., interleukin-1β [IL-1β], IL-6, and tumor 
necrosis factor [TNF]), and mediators of apoptosis (e.g., caspase 
3 and its substrate, poly(ADP-ribose) polymerase [PARP]), in addi-
tion to reduced expression of anabolic genes (e.g., COL2A1 and 
ACAN) and modification of homeostatic processes, including auto-
phagy (2–9). These changes result in cartilage degradation, syno-
vial inflammation, fibrosis, and subchondral bone sclerosis, which 
contribute to joint pain, stiffness, and reduced mobility (10,11).

Concerted efforts have been dedicated to understanding 
the genetic and epigenetic mechanisms underlying OA (12). The 
expression of a wide array of genes that regulate joint structure 
and function is controlled by microRNAs (miRNAs) (13). MiRNAs 
are short noncoding RNA segments that bind specific comple-
mentary sequences in the 3′-untranslated region of target mes-
senger RNAs (mRNAs) to negatively regulate gene expression 
(14). Differential miRNA expression patterns in OA patients com-
pared to healthy individuals highlight the importance of miRNAs in 
OA pathophysiology (15–19). Previous studies have identified crit-
ical roles for miRNAs in chondrogenesis, ECM regulation, inflam-
matory cytokine production, and other biologic processes that 
govern normal joint function and maintain homeostasis (19–23). 
For instance, miR-26a expression is reported to alleviate both 
 synovial inflammation and cartilage injury in surgically induced OA 
in rats (24).

MicroRNA-34a-5p (miR-34a-5p) is a p53-regulated tumor 
suppressor miRNA that modulates biologic functions such as p53- 
induced cell cycle arrest, apoptosis, senescence, and proliferation 
(25–27). We previously showed that miR-34a-5p expression is sig-
nificantly increased in the synovial fluid of patients with late-stage OA 
(Kellgren/Lawrence [K/L] grade 3 or 4) compared to patients with 
K/L grade 1 or 2 radiographic knee OA (28). Its expression is also 
increased in chondrocytes from late-stage OA cartilage compared 
to healthy cartilage and has been linked to increased apoptosis and 
reduced proliferation (29,30). Zhang et al showed that rats receiv-
ing a miR-34a antagomir injection followed by surgical OA induction 
have reduced chondrocyte death and cartilage degeneration (31), 
indicating a prophylactic effect. However, the overall contribution 
of miR-34a-5p to OA pathophysiology, including its function, signal-
ing, and therapeutic potential, remains to be fully elucidated.

In this study, we examined the role and therapeutic potential 
of targeting miR-34a-5p in knee OA pathogenesis using human 
OA biospecimens, in vivo and in vitro models subjected to miR-
34a-5p mimic and miR-34a-5p antisense oligonucleotide (ASO) 
treatments, and miR-34a–knockout (KO) mice.

MATERIALS AND METHODS

OA patient recruitment. Blood, cartilage, and syn-
ovial tissue were obtained from patients with a K/L grade of 3 
or 4 who were scheduled to undergo total knee replacement 
(TKR), using Research Ethics Board (REB)–approved protocols 

(07-0383-BE and 14-7592-AE). Informed consent was obtained 
from all patients. Plasma was obtained from healthy individu-
als without musculoskeletal injury, pain that persisted at least 
1 month, or pain present on at least half the days of the month 
prior to providing consent (REB 07-0383-BE). Synovial tissue 
was obtained from patients with early radiographic knee OA (K/L 
grade 0 or 1) undergoing joint arthroscopy (REB 16-5969-AE). 
Biospecimens used in this study were not donor-matched (Sup-
plementary Table 1,  available on the Arthritis & Rheumatology 
website at http://onlinelibrary.wiley.com/doi/10.1002/art.41552/
abstract). The sample numbers for individual biospecimen groups 
are detailed in the respective text below.

Expression of miR-34a-5p in plasma and joint  tissues. 
Expression of miR-34a-5p in human plasma (n = 37 patients under-
going TKR; n = 34 healthy controls) was determined by quantita-
tive reverse transcriptase–polymerase chain reaction (qRT-PCR). 
To account for OA-related changes in the circulatory levels of miR-
34a-5p as practically as possible, samples from patients who 
self-reported various preexisting conditions were excluded (see 
Supplementary Methods, available on the Arthritis & Rheumatology  
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41552/ 
abstract). Expression of miR-34a-5p was also determined in human 
articular cartilage (n = 11 patients with OA [undergoing TKR]; n = 8 
normal cadaver controls) and synovial tissue (n = 7 patients with 
late radiographic OA [K/L grade 3 or 4]; n = 7 patients with early 
radiographic OA [K/L grade 0 or 1]) by qRT-PCR. To determine the 
localization of miR-34a-5p in joint tissues, in situ hybridization (ISH) 
was performed on tissue sections of human articular cartilage with 
no evidence of degeneration (n = 4) and articular cartilage obtained 
from TKR patients (n = 4), and on knee joints of 10-week-old 
C57BL/6J mice subjected to destabilization of the medial menis-
cus (DMM) or sham surgery (n = 4 per group). Additional details are 
 provided in Supplementary Methods.

Treatment of chondrocytes and fibroblast-like syno-
viocytes (FLS) with miR-34a-5p mimic or miR-34a-5p 
ASO. OA chondrocytes and FLS from each individual patient 
sample (n = 7–9 independent TKR patient samples) were equally 
seeded in a 12-well plate (60,000 cells/well) and transfected with 
100 nM miR-34a-5p mimic, miR-34a-5p ASO, or control oligo-
nucleotide for 24 hours. Relative expression levels of key OA 
phenotypic markers (Supplementary Table 2, available on the 
Arthritis & Rheumatology website at http://onlinelibrary.wiley.com/
doi/10.1002/art.41552/abstract) were investigated by qRT-PCR, 
as detailed in Supplementary Methods, and analyzed in a pair-
wise manner to account for this non-independence.

Intraarticular injection of miR-34a-5p mimic in 
C57BL/6J mice. Ten-week-old male C57BL/6J mice were 
injected intraarticularly with 5 μg of in vivo–ready miRCURY 
LNA miR-34a-5p mimic or control mimic into the right or left knee, 

http://onlinelibrary.wiley.com/doi/10.1002/art.41552/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41552/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41552/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41552/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41552/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41552/abstract
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respectively (see Supplementary Methods for details). Joints 
were harvested 8 weeks post-injection (n = 8 per group). Histo-
pathologic analysis, Osteoarthritis Research Society International 
(OARSI) scoring, and immunohistochemistry were performed as 
described in Supplementary Methods.

Intraarticular injection of the miR-34a-5p inhibitor 
locked nucleic acid (LNA)–ASO in the DMM mouse model 
of knee OA. Ten-week-old male C57BL/6J mice were subjected 
to DMM of the right knee (n = 22). Mice were injected with 5 μg 
of in vivo–ready miRCURY LNA miR-34a-5p-ASO (mmu-miR-
34a-5p [catalog no. Y104100981; Exiqon]; n = 11) or control 
 oligonucleotide (catalog no. Y100199006 [Exiqon]; n = 11) at 2, 
4, and 6 weeks after DMM surgery (a total of 3 injections). Mouse 
knee joints were collected 10 weeks after DMM surgery for his-
topathologic analysis, OARSI scoring, and immunohistochemistry 
(see Supplementary Methods for details).

Expression of miR-34a-5p in mice fed a high-fat diet. 
Ten-week-old male C57BL/6J mice were fed a high-fat diet (n = 19) 
or lean diet (n = 25) for 18 weeks, and miR-34a-5p expression 
was determined in mouse plasma and knee joints by qRT-PCR 
and ISH, respectively, as detailed in Supplementary Methods.

Intraarticular injection of miR-34a-5p LNA-ASO in  
mice fed a high-fat diet and subjected to DMM surgery. 
Ten-week-old male C57BL/6J mice were fed a high-fat diet for 9 
weeks. At the end of the diet, the 19-week-old mice were sub-
jected to DMM surgery. Mice were injected with miR-34a-5p 
LNA-ASO (n = 6) or control oligonucleotide (n = 5) at 2, 3, and 
4 weeks after DMM surgery (a total of 3 injections). Mouse knee 
joints were collected 5 weeks after DMM surgery for histologic 
analysis and OARSI scoring, as described in Supplementary 
Methods.

MiR-34a–KO mice. Ten-week-old male homozygous miR-
34a–KO mice (n = 11) and wild-type (WT) controls (n = 9) were 
subjected to DMM surgery followed by histopathologic assess-
ment and OARSI scoring 10 weeks after DMM surgery. Addition-
ally, articular chondrocytes isolated from 5-week-old female WT 
and miR-34a–KO mouse cartilage (hip and knee) were subjected 
to qRT-PCR (n = 9 WT and 7 KO mice) (Supplementary Table 2, 
available on the Arthritis & Rheumatology website at http://online 
l ibrary.wiley.com/doi/10.1002/art.41552/abstract), RNA sequenc-
ing (n = 3 WT and 3 KO mice), and computational analysis. See 
Supplementary Methods for details.

Statistical analysis. Data are presented as scatterplots or 
bar graphs with error bars (showing the mean ± SEM). Relative 
expression data and percent positivity were log-transformed to 
fit a normal distribution prior to statistical analyses. ROUT outlier 
test (Q [maximum false discovery rate] =1%) was conducted on 

log-transformed data to determine the presence of outliers using 
GraphPad Prism software, version 8. Statistical analysis was per-
formed on log fold-change values of miR-34a-5p mimic–treated 
or miR-34a-5p ASO–treated chondrocytes and FLS compared to 
paired control oligonucleotide–treated corresponding cells to test 
for differences in response to treatment using Student’s paired 
t-test. ROUT outlier test was also conducted on log fold-change 
values. To accurately display donor variability, as well as the 
response of individual patient cells to miR-34a-5p mimic or miR-
34a-5p ASO compared to control oligonucleotide, relative gene 
expression data were graphed in raw scale. Statistical significance 
comparing 2 groups with parametric data was assessed by Stu-
dent’s unpaired or paired 2-tailed t-tests. Statistical significance 
comparing 2 groups with nonparametric data was assessed by 
Mann-Whitney U tests. Statistical analysis comparing multiple 
groups with parametric data was performed by two-way analysis 
of variance followed by Tukey’s multiple comparisons post hoc 
tests. Correlation analysis was conducted using Pearson’s cor-
relation coefficient on log-transformed values. P values less than 
0.05 were considered significant for all comparison tests. Addi-
tional experimental procedures are provided in Supplementary 
Methods.

RESULTS

Systemically and locally increased miR-34a-5p ex-
pression in patients with late-stage radiographic knee OA. 
Expression of miR-34a-5p has been shown to be significantly 
increased in synovial fluid from patients with late-stage radio-
graphic knee OA (undergoing TKR) compared to patients with 
K/L grade 1 or 2 radiographic knee OA (28). To determine 
whether systemic levels of miR-34a-5p are altered in OA, we per-
formed miRNA qRT-PCR analysis on plasma samples from TKR 
patients and healthy controls (Supplementary Table 1, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41552/ abstract). Significantly higher levels 
of miR-34a-5p were detected in plasma from TKR patients com-
pared to healthy controls (Figure 1A). Since these cohorts were 
not age-matched, we conducted a Pearson correlation analysis 
between age and plasma miR-34a-5p levels in healthy controls 
and TKR patients collectively. We identified a weak-to-moder-
ate positive correlation between age and plasma miR-34a-5p in 
our cohort (r = 0.3488, r2 = 0.1216, [95% confidence interval 
0.1257–0.5383]; P = 0.0029); however, only 12% of the variation 
in expression can be explained by age (Supplementary Figure 1, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41552/ abstract).

We then explored whether miR-34a-5p expression was 
dysregulated locally in joint tissues. Expression of miR-34a-5p 
was significantly increased in articular cartilage and synovial tis-
sue from TKR patients compared to normal cadaveric cartilage 
and synovial tissue from patients with early radiographic knee OA 
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(K/L grade 0 or 1), respectively (Figures 1B and C). ISH of human 
TKR cartilage revealed a significantly higher percentage of miR-
34a-5p–positive chondrocytes in degenerated, proteoglycan- 
depleted articular cartilage compared to control non-degenerated 
cartilage (Figures 1D and E).

To investigate whether miR-34a-5p expression is also 
increased in a mouse model of knee OA, OA was surgically 
induced in mice by DMM. The severity of cartilage pathology 
in mouse knee joints 10 weeks after DMM surgery was quanti-
fied using the OARSI grading system (32) and compared to that in 

Figure 1. Local and systemic increases in microRNA-34a-5p (miR-34a-5p) in patients with late-stage radiographic knee osteoarthritis (OA; 
who underwent total knee replacement [TKR]) and in the knee joints of mice with OA induced by destabilization of the medial meniscus (DMM). 
A, Expression of miR-34a-5p in plasma from healthy controls (n = 34) and patients with late-stage knee OA (TKR; n = 37), as determined by 
quantitative reverse transcriptase–polymerase chain reaction. B, Expression of miR-34a-5p in normal cadaveric cartilage (n = 8) and knee 
OA (TKR) articular cartilage (n = 11). C, Expression of miR-34a-5p in synovial tissue from patients with early radiographic knee OA (Kellgren/
Lawrence [K/L] grade 0 or 1; n = 7) and patients with OA with a K/L grade of 3 or 4 (TKR; n = 7). D, Safranin O histologic staining (top) and 
in situ hybridization (ISH; bottom) of miR-34a-5p in control non-degenerated and degenerated knee OA cartilage from TKR patients. E, ISH 
quantification of the percentage of miR-34a-5p positively stained cells from control non-degenerated (n = 4) and degenerated (n = 4) human 
knee cartilage. F, ISH of miR-34a-5p in knee sections obtained from mice 10 weeks after sham or DMM surgery. Bottom rows show higher-
magnification views (original magnification × 40) of the 2 boxed areas in the top row (original magnification x 4) showing regions of the tibial 
plateau articular cartilage; top right panels show higher-magnification views (original magnification × 10) of the boxed area showing the medial 
anterior aspect of the synovial lining. Arrows indicate miR-34a-5p positively stained chondrocytes. G, ISH quantification of percentage of miR-
34a-5p positively stained cells in mouse knee articular cartilage, synovium, and the meniscus 10 weeks after sham surgery (n = 4) or DMM 
surgery (n = 4). In A–C, E, and G, data were log-transformed prior to analysis. Each symbol represents an individual subject; horizontal lines 
and error bars show the mean ± SEM. * = P < 0.05; ** = P < 0.01, by Student’s unpaired 2-tailed t-test.
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control mice subjected to sham surgery (Supplementary Figure 2, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41552/ abstract). ISH of mouse 

knee joints subjected to DMM and harvested 4 and 10 weeks after 
surgery showed significantly more miR-34a-5p–positive cells in the 
synovial lining, menisci, and articular cartilage at 10 weeks and in 

Figure 2. Modulation of the expression of key OA markers in chondrocytes and fibroblast-like synoviocytes (FLS) in vitro by miR-34a-5p. A and 
B, Expression of mRNA for anabolic markers (COL2A1 and ACAN), autophagy markers (ATG5, ATG3, and ULK1), catabolic markers (MMP13 
and ADAMTS5), an inflammatory marker (IL1B), and a hypertrophy marker (COL10A1) in human OA chondrocytes treated with 100 nM miR-
34a-5p mimic (A) or miR-34a-5p antisense oligonucleotide (ASO) (B) for 24 hours compared to human OA chondrocytes treated with control 
oligonucleotide, as determined by quantitative reverse transcriptase–polymerase chain reaction (qRT-PCR). C and D, Expression of mRNA 
for an extracellular matrix component (COL1A1), a myofibroblast marker (ACTA2), autophagy markers (ATG5, ATG3, and ULK1), a profibrotic 
cytokine (TGFB), and proinflammatory cytokines (TNF and IL6) in human OA FLS treated with 100 nM miR-34a-5p mimic (C) or miR-34a-5p 
ASO (D) for 24 hours compared to human OA FLS treated with control oligonucleotides, as determined by qRT-PCR. Relative expression data 
were log-transformed prior to analysis. Each symbol represents an individual patient sample; horizontal lines and error bars show the mean ± 
SEM (n = 7–9 patients per group). * = P < 0.05; ** = P < 0.01, by Student’s unpaired 2-tailed t-test. See Figure 1 for other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.41552/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41552/abstract


MicroRNA-34a-5p IN OSTEOARTHRITIS PATHOGENESIS |      431

the synovial lining and menisci at 4 weeks compared to  tissues 
from mice subjected to sham surgery (Figures 1F and G and Sup-
plementary Figure 3, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41552/ 
abstract). Taken together, these results indicate that miR-34a-5p 
expression is increased locally in OA knee joint tissues from both 
humans and mice, and its expression is also increased systemi-
cally in late-stage human knee OA.

Altered expression of key OA phenotypic markers 
in human chondrocytes treated with miR-34a-5p mimic 
or miR-34a-5p ASO. Since we observed increased miR-34a-5p 
expression in OA articular cartilage from humans and mice, we next 
used human OA chondrocyte cultures from the cartilage of TKR 
patients to examine the mechanistic contribution of miR-34a-5p to 
OA pathology. Human OA chondrocytes (obtained from patients 
undergoing TKR) were treated with 100 nM miR-34a-5p mimic 
or control oligonucleotide for 24 hours (Supplementary Figure 4A, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41552/ abstract) to examine the  
expression of key markers involved in ECM composition, as well 
as cartilage catabolic, inflammatory, autophagic, and hyper-
trophic mechanisms. MiR-34a-5p mimic treatment significantly 
decreased the expression of the key ECM markers COL2A1 and 
ACAN, and the pro-autophagy marker ATG5, compared to con-
trol oligonucleotide treatment, while the autophagy markers ATG3 
and ULK1 did not show significant changes (Figure 2A). Con-
versely, miR-34a-5p mimic treatment significantly increased the 
expression of key catabolic markers (MMP13 and ADAMTS5), an 
inflammatory marker (IL1B), and a hypertrophic marker (COL10A1) 
in OA chondrocytes compared to control oligonucleotide treatment.

To determine whether miR-34a-5p inhibition could modu-
late the expression of OA markers in human chondrocytes, cells 
were treated with 100 nM miR-34a-5p ASO or control oligonu-
cleotide (Supplementary Figure 4A). Quantitative RT-PCR analysis 
revealed that treatment with miR-34a-5p ASO for 24 hours signif-
icantly increased the expression of cartilage ECM genes COL2A1 
and ACAN, and autophagy genes ATG5, ATG3, and ULK1, in 
human OA chondrocytes. No significant differences in COL10A1, 
MMP13, ADAMTS5, or IL1B expression were observed in miR-
34a-5p ASO–treated OA chondrocytes compared to control oligo-
nucleotide–treated cells (Figure 2B).

Taken together, these results indicate that miR-34a- 
 5p mimic promotes the expression of key cartilage destruc-
tive markers, while miR-34a-5p ASO treatment promotes the 
expression of key cartilage ECM/anabolic markers in human 
OA chondrocytes.

Altered expression of synovitis-associated markers in 
OA FLS treated with miR-34a-5p mimic or miR-34a-5p ASO. 
We next investigated the in vitro effects of miR-34a-5p modulation 
via mimic or ASO on human OA FLS (Supplementary Figure 4B). 

Following treatment with mimic or ASO, expression levels of key 
proinflammatory cytokines (TNF and IL6), a profibrotic cytokine 
(transforming growth factor β [TGFβ]), a key ECM marker (COL1A1), 
a myofibroblast marker (α-smooth muscle actin [α-SMA], encoded 
by ACTA2 gene), and autophagy markers (ATG5, ATG3, and ULK1) 
were assessed (2,33). In FLS treated with miR-34a-5p mimic, 
expression of COL1A1, ACTA2, TGFB, IL6, TNF, and autophagy 
genes ATG5 and ULK1, was increased compared to FLS treated 
with control oligonucleotide (Figure 2C). In contrast, miR-34a-5p 
ASO–treated FLS showed a significant decrease in COL1A1, 
ACTA2, TGFB, TNF, ATG5, and ATG3 expression (Figure 2D). ULK1 
expression levels were moderately, but not significantly, reduced in 
response to miR-34a-5p ASO (P = 0.0509), while IL6 expression 
levels did not change significantly. Taken together, these data show 
that miR-34a-5p may contribute to synovial pathology during OA 
by promoting the expression of key inflammatory, ECM, profibrotic, 
and autophagy markers, while miR-34a-5p ASO reduces the 
expression of some of these synovitis- associated markers in vitro.

OA-like phenotype in the knee joints of C57BL/6J mice 
treated with miR-34a-5p mimic. We next investigated the in 
vivo effects of in vivo–grade miR-34a-5p mimic injected once into 
the knees of 10-week-old male C57BL/6J mice. We found that a 
single intraarticular injection of miR-34a-5p mimic (5 μg) resulted in 
reduced proteoglycan staining, reduced chondrocyte cellularity, car-
tilage fissuring and fibrillation, increased OARSI score, and increased 
expression of key apoptotic markers (PARP p85 and caspase 3) 
compared to control oligonucleotide treatment (Figures 3A–E and 
O). Furthermore, the synovium of miR-34a-5p mimic–treated mice 
showed increased histologic evidence of synovial thickening and 
ECM deposition compared to controls, as assessed by Masson’s 
trichrome histochemical staining (Figure 3F). The synovitis score 
was found to be higher following in vivo miR-34a-5p mimic injec-
tion compared to control oligonucleotide injection (Figure 3G). Thus, 
our in vivo data supported our in vitro findings of the pathologic 
effects of increased miR-34a-5p expression on knee joint tissues 
and demonstrated that a single intraarticular injection of miR-
34a-5p mimic has destructive effects on the joint.

Cartilage-protective effects of miR-34a-5p LNA-ASO 
in the mouse DMM model of knee OA. Taken together, our in 
vitro and in vivo data showed that miR-34a-5p mimic promoted the 
development of an OA-like phenotype. Therefore, we next hypoth-
esized that targeting miR-34a-5p using an in vivo–grade LNA-ASO 
would protect against OA development. Five micrograms of in vivo–
grade miR-34a-5p LNA-ASO or control oligonucleotide was injected 
into the mouse knee joints subjected to DMM at 2, 4, and 6 weeks 
after DMM surgery (Figure 3H). Mouse knee joints were collected 
10 weeks after DMM surgery for histologic and immunohistochemi-
cal analyses. Injections of miR-34a-5p LNA-ASO protected articular 
cartilage against degeneration, evidenced by reduced proteoglycan 
loss, chondrocyte loss, cartilage fibrillation, and OARSI score, as 

http://onlinelibrary.wiley.com/doi/10.1002/art.41552/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41552/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41552/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41552/abstract


ENDISHA ET AL 432       |

Figure 3. Intraarticular injection of miR-34a-5p mimic promotes knee OA development in mice, while intraarticular delivery of miR-
34a-5p locked nucleic acid (LNA)–antisense oligonucleotide (ASO) protects against DMM-induced OA. A, Schematic illustration showing 
the experimental design for injection of in vivo–grade miR-34a-5p mimic or control oligonucleotide (control oligo) into the knees of male 
C57BL/6J mice. B and C, Safranin O staining of (B) and Osteoarthritis Research Society International (OARSI) scores for (C) the femoral 
condyle and tibial plateau obtained from mice 8 weeks after injection with control oligonucleotide or miR-34a-5p mimic. Arrows show 
cartilage fissuring and fibrillation. D and E, Immunohistochemical (IHC) staining and quantification of caspase 3 (D) and poly(ADP-ribose) 
polymerase (PARP) p85 (E) in knee joints from mice injected with control oligonucleotide or miR-34a-5p mimic. F and G, Masson’s 
trichrome histologic staining of the medial anterior aspect of the mouse synovium (F) and synovitis scores for (G) mice injected with control 
oligonucleotide or miR-34a-5p mimic. Bottom row in F shows higher-magnification views of the boxed areas in the top row. H, Schematic 
illustration showing the experimental design for injection of in vivo–grade miR-34a-5p LNA-ASO or control oligonucleotide into the knees of 
mice subjected to DMM. I and J, Safranin O staining of (I) and OARSI scores for (J) the medial femoral condyle and tibial plateau of mice 
subjected to DMM and injected with control oligonucleotide or miR-34a-5p LNA-ASO. Mice were assessed 10 weeks after DMM. K–M, 
IHC staining and quantification of caspase 3 (K), PARP p85 (L), and matrix metalloproteinase 13 (MMP-13) (M) in the knee joints of mice 
subjected to DMM and injected with control oligonucleotide or miR-34a-5p LNA-ASO. N, IHC staining for C1,2C in the knee joints of mice 
subjected to DMM and injected with control oligonucleotide (n = 5) or miR-34a-5p LNA-ASO (n = 5). O and P, Chondrocyte cellularity per 
unit area in mice injected with control oligonucleotide or miR-34a-5p mimic (O) and in mice subjected to DMM and injected with control 
oligonucleotide or LNA-ASO (P). In C–E, G, J–M, O, and P, each symbol represents an individual mouse; horizontal lines and error bars 
show the mean ± SEM (n = 8 mice per group in C, G, and O; 4 mice per group in D and E; 11 mice per group in J; 5 mice per group in 
K–M; and 6 mice per group in P). * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001, by Mann-Whitney U test in C, G, and J 
and by Student’s unpaired 2-tailed t-test in D, E, K, L, M, O, and P. See Figure 1 for other definitions.



MicroRNA-34a-5p IN OSTEOARTHRITIS PATHOGENESIS |      433

well as reduced expression of caspase 3, PARP p85, MMP-13, and 
collagen breakdown product (C1,2C) compared to control oligo-
nucleotide injection (Figures 3I–N and P). Histopathologic changes 

in the degree of synovitis of miR-34a-5p LNA-ASO–injected mice 
compared to control-injected mice were not significantly different 
(Supplementary Figure 5A, Arthritis & Rheumatology website at 

Figure 4. Expression of miR-34a-5p is increased during obesity in humans and mice, and miR-34a-5p locked nucleic acid (LNA)–antisense 
oligonucleotide (ASO) treatment imparts cartilage-protective effects in a high-fat diet (HFD)–induced accelerated knee OA model in mice. A, 
Expression of miR-34a-5p in the plasma of nonobese patients (n = 29) and obese patients (n = 22) with knee OA (TKR), as determined by 
quantitative reverse transcriptase–polymerase chain reaction. B, Expression of miR-34a-5p in the plasma of 10-week-old C57BL/6J mice 
(baseline; n = 13), mice fed a high-fat diet for 18 weeks (n = 19), and mice fed a lean diet (LD) for 18 weeks (n = 25). In A and B, relative 
expression data were log-transformed prior to analysis. Each symbol represents an individual mouse; horizontal lines and error bars show the 
mean ± SEM. * = P < 0.05; ** = P < 0.01, by two-way analysis of variance and Tukey’s multiple comparisons test. C, ISH and percentage of miR-
34a-5p positively stained cells in mouse articular cartilage and synovium (medial compartment of the knee) at the end of 18 weeks of a lean diet 
or a high-fat diet. Data were log-transformed prior to analysis. Each symbol represents an individual mouse; horizontal lines and error bars show 
the mean ± SEM (n = 3 mice per group). * = P < 0.05, by Student’s unpaired 2-tailed t-test. D, Schematic illustration showing the experimental 
design for intraarticular injection of miR-34a-5p LNA-ASO or control oligonucleotide into mice fed a high-fat diet and subjected to DMM surgery. 
E, Safranin O staining of and Osteoarthritis Research Society International (OARSI) scores for the medial femoral condyle and tibial plateau from 
mice fed a high-fat diet, subjected to DMM, and injected with control oligonucleotide or miR-34a-5p LNA-ASO. The chondrocyte cellularity per 
unit area of mice fed a high-fat diet, subjected to DMM, and injected with control oligonucleotide or miR-34a-5p LNA-ASO is also shown. Mice 
were assessed 5 weeks after DMM surgery. Each symbol represents an individual mouse; horizontal lines and error bars show the mean ± SEM 
(n = 5 mice injected with control oligonucleotide and 6 mice injected with miR-34a-5p LNA-ASO). * = P < 0.05; ** = P < 0.01, by Mann-Whitney 
U test for OARSI score; by Student’s unpaired 2-tailed t-test for chondrocyte cellularity. See Figure 1 for other definitions.



ENDISHA ET AL 434       |

http://onlin elibr ary.wiley.com/doi/10.1002/art.41552/ abstract). 
Thus, our preclinical data support the therapeutic potential of 
intraarticular delivery of miR-34a-5p LNA-ASO to protect against 
DMM-induced cartilage damage.

Increased circulating levels of miR-34a-5p in obese 
compared to nonobese patients with knee OA. Increased 
circulating levels of miR-34a-5p have been associated with  obesity, 
the most modifiable risk factor for OA (34); thus, we next tested 
whether obese OA (TKR) patients exhibited a differential expres-
sion  profile of miR-34a-5p compared to nonobese OA (TKR) 
patients (Supplementary Table 1). Obese TKR patients (body mass 
index [BMI] ≥30) had significantly higher miR-34a-5p plasma lev-
els  than nonobese TKR patients (BMI 18.9–29.9) (Figure 4A). 
Despite the obese TKR group expressing significantly higher miR-
34a-5p than the nonobese TKR group, we did observe hetero-
geneity in miR-34a-5p expression levels in both of these groups.

Elevated miR-34a-5p expression levels in the circula-
tion and knee joint tissues of mice fed a high-fat diet. Since 
we observed increased miR-34a-5p expression in obese OA (TKR) 
patients compared to nonobese OA (TKR) patients, we measured 
plasma levels of miR-34a-5p in a mouse model of obesity induced 
by a high-fat diet. Ten-week-old (baseline) male C57BL/6J mice 
were fed a high-fat diet for 18 weeks and were significantly heavier 
than mice fed a lean diet for the same duration (Supplementary Fig-
ures 6A and B, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41552/ abstract). 
Quantitative RT-PCR analysis revealed that plasma miR-34a-5p 
levels were significantly increased after 18 weeks of a high-fat diet 
compared to both baseline and 18 weeks of a lean diet (Figure 4B).

To understand molecular changes in the knee joints of mice 
with diet-induced obesity, we determined whether a high-fat diet 
altered local knee joint miR-34a-5p expression. Following 18 
weeks of a high-fat diet or a lean diet, mouse knee joints were 
collected and miR-34a-5p expression was evaluated using ISH. 
Consistent with increased plasma levels, miR-34a-5p expression 
was significantly increased in the cartilage and synovium of mice 
fed a high-fat diet compared to mice fed a lean diet (Figure 4C). 
Thus, our findings indicate that elevated miR-34a-5p expression 
was induced by high-fat diet–induced obesity both systemically in 
circulation and locally in mouse knee joint tissues.

Cartilage-protective effects of miR-34a-5p LNA-ASO 
in mice fed a high-fat diet and subjected to DMM surgery. 
Since we observed increased miR-34a-5p expression in the knee 
joints of mice fed a high-fat diet, we next tested the therapeutic 
effects of miR-34a-5p LNA-ASO in a preclinical model of severe 
OA by subjecting mice with high-fat diet–induced obesity to DMM 
surgery (35). Mice fed a high-fat diet for 18 weeks, subjected to 
DMM surgery, and intraarticularly injected with 5 μg of miR-34a-5p 
LNA-ASO or control oligonucleotide at 2, 4, and 6 weeks after 

DMM surgery showed a severe OA phenotype with marked deple-
tion of articular cartilage exposing the subchondral bone (Supple-
mentary Figure 6). Therefore, the extent of joint damage rendered it 
impossible to evaluate the therapeutic effects of miR-34a-5p LNA-
ASO. To circumvent this, 10-week-old mice were fed a high-fat 
diet for 9 weeks (as opposed to 18 weeks), subjected to DMM 
surgery at 19 weeks of age, and then given weekly (as opposed 
to biweekly) injections of 5 μg of miR-34a-5p LNA-ASO or control 
oligonucleotide at 2, 3, and 4 weeks after DMM surgery.

Mice fed a high-fat diet for 9 weeks were significantly heavier 
and had significantly higher fasting blood glucose levels than mice 
at baseline (Supplementary Figures 6D and E). Joints were col-
lected at 5 weeks (rather than 10 weeks) after DMM surgery 
to capture early changes with or without LNA-ASO treatment 
(Figure 4D). Histopathologic assessment of control oligonucleo-
tide–injected knees from mice fed a high-fat diet revealed exten-
sive proteoglycan loss, enlarged empty chondrocyte lacunae, 
deep cartilage fissures, and erosion at 5 weeks after DMM surgery 
(Figure 4E). Conversely, we observed significant protection against 
both articular cartilage damage and chondrocyte loss in miR-
34a-5p LNA-ASO–injected mice fed a high-fat diet compared to 
controls (Figure 4E). We did not, however, observe differences in 
the severity of synovitis between the 2 groups (Supplementary 
Figure 5B). Overall, intraarticular miR-34a-5p LNA-ASO injections 
imparted cartilage-protective effects in both a moderately severe 
OA mouse model (DMM surgery) and a severe, accelerated 
OA mouse model (high-fat diet plus DMM surgery).

Characterization of miR-34a–KO mice. To identify po-
tential downstream signaling mechanisms through which miR-
34a-5p operates within articular cartilage, homozygous miR-34a 
(which includes both miR-34a-5p and miR-34a-3p) global KO and 
WT mice were bred from heterozygous KO mice, as described in 
Supplementary Methods (Figures 5A and B and Supplementary 
Figure 7A, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41552/ abstract). 
KO of miR-34a was confirmed by genotyping (Figure 5C) and 
qRT-PCR analysis of mouse chondrocytes (Figure 5D). Quan-
titative RT-PCR analysis showed that chondrocytes from miR-
34a–KO mice exhibited significantly increased Col2a1 and Acan 
expression compared to WT mice (Figure 5E), suggesting that 
genetic ablation of miR-34a enhances expression levels of mRNA 
for major ECM components of the articular cartilage.

Reduced severity of cartilage degeneration in   
miR-34a–KO mice in vivo. We next determined the effect 
of miR-34a genetic ablation on the severity of cartilage degen-
eration by subjecting WT and miR-34a–KO mice to DMM sur-
gery (Figure 5F), followed by histopathologic assessments and 
OARSI scoring. Safranin O staining of 10-week-old WT and miR-
34a–KO mouse knee joints before DMM surgery showed no 
joint histomorphometric differences (Supplementary Figure 7B). 
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Similar to miR-34a-5p LNA-ASO intraarticular intervention, artic-
ular cartilage was significantly protected against DMM-induced 
damage at the medial tibial plateau and femoral condyle in miR-
34a–KO mice compared to WT mice 10 weeks after DMM sur-
gery, as demonstrated by OARSI scoring (Figure 5G). As 
observed with miR-34a-5p LNA-ASO treatment, the degree of  

synovitis in miR-34a–KO and WT mice was comparable 10 weeks 
after DMM surgery (Supplementary Figure 5C).

Downstream signaling network of miR-34a-5p in 
articular chondrocytes, determined by RNA sequencing. 
In order to profile the miR-34a-5p downstream signaling network, 

Figure 5. Genetic ablation of miR-34a protects mice against DMM-induced cartilage damage. A, Schematic illustration of the breeding strategy 
used to generate miR-34a homozygous (homo)–knockout (KO) and wild-type (WT) mice. het = heterozygous. B, Lengths of 10-week-old WT and 
miR-34a homozygous–KO mice. C, Cre and miR-34a genotyping of mouse genomic DNA by polymerase chain reaction. D, Relative expression 
of miR-34a-5p in mouse chondrocytes isolated from articular cartilage of 5-week-old WT and miR-34a homozygous–KO mice, determined by 
quantitative reverse transcriptase–polymerase chain reaction (qRT-PCR). Relative expression data were log-transformed. Each symbol represents 
an individual mouse; horizontal lines and error bars show the mean ± SEM (n = 7 WT mice and 5 KO mice). **** = P < 0.0001, by Student’s 
unpaired 2-tailed t-test. E, Relative expression of Col2a1 and Acan in chondrocytes from 5-week-old WT mice and miR-34a homozygous–KO 
mice, determined by qRT-PCR. Relative expression data were log-transformed. Bars show the mean ± SEM (n = 7 WT mice and 9 KO mice). * = 
P < 0.05; ** = P < 0.01, by Student’s unpaired 2-tailed t-test. F, Schematic illustration of the experimental design for DMM surgery of male WT or 
miR-34a–KO mice. G, Safranin O staining of and Osteoarthritis Research Society International (OARSI) scores for the medial femoral condyle and 
tibial plateau from WT mice and KO mice 10 weeks after DMM surgery. Each symbol represents an individual mouse; horizontal lines and error bars 
show the mean ± SEM (n = 9 WT mice and 11 KO mice). *** = P < 0.001; **** = P < 0.0001, by Mann-Whitney test. See Figure 1 for other definitions.
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articular cartilage was collected and pooled from the hips and 
knees of 5-week-old miR-34a–KO and WT mice, and chon-
drocytes were subjected to RNA sequencing (Figure 6A). RNA 
sequencing data from primary mouse KO and WT chondrocytes 
identified 175 differentially expressed genes (84 up-regulated  

and 91 down-regulated) (Figure 6B; Supplementary Table 3, 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41552/ abstract). Since we used a KO of miR-
34a, which involves genetic deletion of both -5p and -3p strands, 
the next steps were used to specifically identify the target genes 

Figure 6. RNA sequencing of wild-type (WT) and microRNA-34a–knockout (miR-34a–KO) mouse chondrocytes identifies a miR-34a-5p 
signaling network. A, Schematic illustration of the experimental design for chondrocyte collection from mouse hip and knee articular cartilage, 
sample preparation, and RNA sequencing. B, Heatmap representing differentially expressed genes in miR-34a–KO mouse chondrocytes 
compared to WT mouse chondrocytes. Each row represents an individual sample (n = 3 WT mice and 3 KO mice), and each column represents 
a gene transcript. The scale represents log fold-change of KO transcript expression relative to the corresponding mean of the WT group in each 
gene. C, Venn diagram illustrating the overlap of 6 genes between 84 up-regulated miR-34a–KO mouse chondrocyte genes identified from RNA 
sequencing and 1,339 mirDIP-derived human putative miR-34a-5p and miR-34a-3p direct gene targets. The 6 overlapping genes identified 
are all predicted targets of miR-34a-5p in humans. D, Combined transcription factor (TF) and protein–protein interaction (PPI) and miR-34a-5p 
target network for the differentially expressed genes in miR-34a–KO mouse chondrocytes. Red directed lines are from mirDIP, blue directed lines 
are from the TF network, and green (undirected) lines are PPIs. Blue nodes are genes from the TF network only, while red nodes are connected 
by both TF and PPIs. Outlined nodes are linked by validated edges. Triangles pointing up represent up-regulated genes, while triangles pointing 
down represent down-regulated genes.
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of miR-34a-5p with both mouse and human relevance. Subse-
quent analysis of the top 1% of putative targets of human miR-
34a-5p and miR-34a-3p (obtained using mirDIP [36]) identified 
1,330 and 9 putative targets for each miRNA, respectively. Of the 
1,339 total human putative targets of miR-34a, only 6 overlapped 
with the list of up-regulated genes and 4 overlapped with the 
down-regulated genes identified from sequenced RNA transcripts 
in miR-34a–KO mouse compared to WT mouse articular chon-
drocytes. Focusing on up-regulated genes, the 6 putative targets 
were exclusively found in the list of miR-34a-5p human target 
genes (Figure 6C), which included Pparg, Cadm1, Abcc5, Reck, 
Maoa, and Adgrg2. The remaining 169 differentially expressed 
genes in KO mouse compared to WT mouse chondrocytes could 
be modulated by miR-34a-5p or miR-34a-3p in vivo; however, 
given that only the top 1% of putative targets were considered, 
it is unknown whether other genes are also direct targets of miR-
34a in humans.

Integrative network analysis of the 6 up-regulated and 4 
down-regulated differentially expressed genes (identified in mouse 
and common to human putative miR-34a-5p target genes) delin-
eated the possible direct and indirect links on miR-34a-5p (red lines 
in Figure 6D), protein–protein interactions (green undirected lines in 
Figure 6D), and transcription factor connections (blue directed lines 
in Figure 6D) among the differentially expressed genes identified 
using RNA sequencing (bioinformatic resources used for network 
integration and visualization listed in Supplementary Table 4, avail-
able on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.41552/abstract). It should be noted 
that while Pparg was identified as one of the 6 putative targets 
of miR-34a-5p, it was undetected in the WT mouse chondrocytes 
and poorly expressed in 2 of 3 KO mouse chondrocytes subjected 
to RNA sequencing. Overall, we identified 6 human putative gene 
targets of miR-34a-5p; however, further validation is needed to 
determine which of these genes are direct targets of miR-34a-5p 
in articular cartilage.

DISCUSSION

This study elucidated the role and therapeutic potential 
of miR-34a-5p, which is up-regulated in OA and disrupts articu-
lar cartilage homeostasis. Our in vitro data show that miR-34a-5p 
promotes the expression of key catabolic markers and reduces 
the expression of key ECM markers in human OA chondrocytes. 
Interestingly, the expression of ECM and autophagy markers was 
increased in miR-34a-5p ASO–treated OA chondrocytes; however, 
the expression levels of MMP13, ADAMTS5, IL1B, and COL10A1 
were not significantly altered, suggesting that targeting miR-34a-5p 
using an ASO is insufficient to reduce the expression of some of 
these cartilage-destructive markers in vitro. Our in vitro data also 
suggest that miR-34a-5p contributes to synovial pathology by pro-
moting the expression of key inflammatory, ECM, profibrotic, and 
autophagy markers in OA FLS. Interestingly, miR-34a-5p mimic 

treatment reduced the expression of autophagy markers in OA 
chondrocytes; however, the same treatment in OA FLS resulted 
in an increase in autophagy markers. In rheumatoid arthritis, 
synovial hyperproliferation and thickening is facilitated in part by 
increased autophagy and correlates with disease activity (37). 
Thus, in OA, miR-34a-5p could play a role in synovitis partly by 
increasing autophagy gene expression. These differences in how 
OA chondrocytes and FLS respond to miR-34a-5p mimic or miR-
34a-5p ASO suggest differential regulation of cellular metabolism 
processes by miR-34a-5p in different cell types.

Intraarticular injection of in vivo–grade miR-34a-5p mimic 
induced an OA-like phenotype associated with cartilage damage, 
proteoglycan loss, increased expression of apoptotic markers, 
and synovial ECM deposition. However, the diffusion of the mimic 
within the joint space and its uptake by intraarticular tissues in con-
tact with the synovial fluid still remains to be investigated. Future 
studies could use a fluorescently labeled miR-34a-5p mimic to 
better understand its uptake mechanism.

Our in vivo mouse studies using ISH demonstrate an 
increased percentage of cells positive for miR-34a-5p in the syno-
vium, meniscus, and articular cartilage of mouse knee joints sub-
jected to DMM. In knee OA (TKR) patients, not only is miR-34a-5p 
increased in synovial fluid (28), but we determined miR-34a-5p 
is also increased locally in joint tissues and systemically in circu-
lation. Due to the challenges of obtaining samples from healthy, 
aged individuals with no history of musculoskeletal disease, our 
healthy controls and TKR patients were not age-matched, a limi-
tation of our study. Although beyond the scope of our study, future 
investigations should be conducted to comprehensively identify 
associations between levels of miR-34a-5p and age, sex, comor-
bidities, and patient-reported pain, which could provide greater 
insight into its clinical utility as a biomarker.

We also identified that miR-34a-5p expression is elevated 
in obese TKR patients compared to nonobese TKR patients, 
as well as in mice with obesity induced by a high-fat diet. 
Our preclinical evidence further support cartilage-protective 
effects of miR-34a-5p LNA-ASO treatment in both a moder-
ately severe OA mouse model (DMM surgery), and a severe 
and accelerated OA mouse model (high-fat diet plus DMM 
surgery). Whether the cartilage-protective effects are a direct 
result of articular cartilage uptake of the LNA-ASO or a sec-
ondary effect due to synovial tissue uptake warrants further 
investigation. However, our findings are consistent with pre-
vious studies showing cartilage-protective effects of miR-34a 
antagomir or lentiviral vector encoding miR-34a in attenuating 
surgically induced OA in rats (31,29).

The role of miR-34a in OA pathophysiology was further 
supported by our in vivo data showing that miR-34a–KO mice 
subjected to DMM surgery exhibit protection from cartilage degen-
eration. Notably, the degree of cartilage protection observed in 
the miR-34a–KO mice, which has a deletion of both miR-34a-5p 
and miR-34a-3p strands, that were subjected to DMM surgery 
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was similar to that observed with intraarticular miR-34a-5p LNA-
ASO injections after DMM surgery in C57BL/6J mice. This sug-
gests that miR-34a-5p, as opposed to miR-34a-3p, is specifically 
involved in cartilage degeneration; however, further experiments 
distinguishing roles and functions of miR-34a-5p and miR-34a-3p 
in OA pathogenesis should be conducted to determine potential 
differential contributions.

While ASO treatment exhibited cartilage-protective 
effects, we observed no beneficial effect on the degree of syn-
ovitis in our preclinical mouse models. Despite our attempts 
to comprehensively evaluate articular cartilage and synovial 
changes, future studies should include evaluation of subchon-
dral bone in order to assess the effects of miR-34a-5p LNA-
ASO on other joint tissues.

In this study, we subjected mice to DMM surgery at 10 
weeks of age (38–40), except for in the high-fat diet model 
(in which mice were subjected to DMM at 19 weeks of age). 
It is now recommended that DMM be performed on skele-
tally mature mice at ~12 weeks of age or older in order to 
better translate results to adult humans (41). While our findings 
remain plausible, recent recommendations should be consid-
ered for future investigations.

MiR-34a–KO mouse chondrocytes expressed higher levels of 
articular cartilage ECM components (Col2a1 and Acan) compared 
to WT chondrocytes. Unbiased screening using RNA sequencing 
of WT and miR-34a–KO mouse chondrocytes identified 6 differ-
entially expressed mouse genes (Cadm1, Abcc5, Reck, Maoa, 
Adgrg2, and Pparg) that overlapped with mirDIP-predicted miR-
34a-5p putative direct targets in humans. Although we have iden-
tified a putative miR-34a-5p signaling network in this study, further 
validation is required to determine whether these genes are direct 
targets of miR-34a-5p in articular cartilage.

To conclude, we show that increased levels of miR-34a-5p 
have joint destructive effects and can be targeted using ASO 
technology to attenuate cartilage degeneration during OA.
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Familial Clustering of Erosive Hand Osteoarthritis in a 
Large Statewide Cohort
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Objective. Erosive hand osteoarthritis (OA) is a severe and rapidly progressing subset of hand OA. Its etiology 
remains largely unknown, which has hindered development of successful treatments. This study was undertaken to 
test the hypothesis that erosive hand OA demonstrates familial clustering in a large statewide population linked to 
genealogical records, and to determine the association of potential risk factors with erosive hand OA.

Methods. Patients diagnosed as having erosive hand OA were identified by searching 4,741,840 unique medical 
records from a comprehensive statewide database, the Utah Population Database (UPDB). Affected individuals were 
mapped to pedigrees to identify high-risk families with excess clustering of erosive hand OA as defined by a familial 
standardized incidence ratio (FSIR) of ≥2.0. The magnitude of familial risk of erosive hand OA in related individuals 
was calculated using Cox regression models. Association of potential erosive hand OA risk factors was analyzed 
using multivariate conditional logistic regression and logistic regression models.

Results. We identified 703 affected individuals linked to 240 unrelated high-risk pedigrees with excess clustering 
of erosive hand OA (FSIR ≥2.0, P < 0.05). The relative risk of developing erosive hand OA was significantly elevated 
in first-degree relatives (P < 0.001). There were significant associations between a diagnosis of erosive hand OA and 
age, sex, diabetes, and obesity (all P < 0.05).

Conclusion. Familial clustering of erosive hand OA observed in a statewide database indicates a potential genetic 
contribution to the etiology of the disease. Age, sex, diabetes, and obesity are risk factors for erosive hand OA. 
Identification of causal gene variants in these high-risk families may provide insight into the genes and pathways that 
contribute to erosive hand OA onset and progression.

INTRODUCTION

Hand osteoarthritis (OA) is the most prevalent form of OA and 
is a major cause of disability (1–7). It is a heterogeneous disorder 
with a substantial genetic contribution (8). Despite the significant 
heritability of hand OA, very few genes and pathways have been 
discovered that modify the course of the disease (6,7). Erosive 
hand OA is often considered a more severe form of hand OA that 
affects the distal and proximal interphalangeal joints, although it 
is unclear if erosive hand OA represents a distinct form of general 
hand OA or simply a more severe stage of the disease (9–13). Ero-
sive hand OA is defined by its sudden onset, rapid progression, 

radiologic evidence of central subchondral erosions that have a 
“gull-wing” or “saw-tooth” appearance, collapse of the subchon-
dral bone, and marginal osteophyte formation (9,14,15). Despite 
the prevalence and severity of erosive hand OA (16,17), there are 
no therapeutics that are effective in preventing the onset or limiting 
the progression of the disease (18).

The main obstacle to the development of disease-modifying 
therapies is limited understanding of the disease process (19,20). 
We have limited knowledge of the genes that confer susceptibility 
to erosive hand OA (21–23). It has been suggested that erosive 
hand OA has a familial contribution (24), but that analysis was lim-
ited to sibling pairs. The genetic studies of erosive hand OA to date 
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have been limited in size and scope, which has hindered the identi-
fication of targets for development of therapeutic intervention.

Several risk factors have been shown to be associated with 
erosive hand OA, including sex, alcohol consumption, and obe-
sity, although there has been some discrepancy in risk factors 
between cohorts (16,17,25,26). Determining the contribution of 
risk factors in different cohorts allows for a more representative 
view of patient characteristics associated with the pathogenesis 
of erosive hand OA, and may provide clinically useful information 
to identify groups at an increased risk of disease development.

Our goal was to utilize the Utah Population Database (UPDB), 
a large statewide population database linked to comprehensive 
genealogical records (27–34), to perform a retrospective popula-
tion-based study to 1) test our hypothesis that erosive hand OA 
clusters in large families, 2) define the magnitude of familial risk 
of erosive hand OA, and 3) evaluate our cohort for potential risk 
factors associated with erosive hand OA.

PATIENTS AND METHODS

Study approval. This study was approved by the Institu-
tional Review Boards of the University of Utah (IRB # 79442) and 
Intermountain Healthcare (IRB # 1050554) and by the Resource 
for Genetic and Epidemiologic Research.

The Utah Population Database. Our study used data 
from the UPDB (https://uofuh ealth.utah.edu/hunts man/ utah-popu l 
a tion -datab ase/). The UPDB is one of the world’s largest and most 
comprehensive sources of linked population-based information 
for demographic and genetic studies. The UPDB contains data 
on >11 million individuals from the late 18th century to the pres-
ent. Data are updated as they become available from statewide 
birth and death certificates, hospitalizations, ambulatory surger-
ies, and driver’s licenses. The UPDB creates and maintains links 
between the database and the medical records held by the 2 
largest healthcare providers in Utah as well as Medicare claims. 
The multigenerational pedigrees representing Utah’s founders and 
their descendants were constructed based on data provided by the 
Genealogical Society of Utah (GSU). Pedigrees spanning the past 
century have been expanded extensively based on vital records 
and, together with the GSU data, form the basis of the deep genea-
logical structure of the UPDB. The UPDB has been used in the early 
investigational stages to demonstrate familial clustering of diseases 
(35–37), and has been instrumental to the discovery of many dis-
ease-causing genes, including those that cause breast and ovarian 
cancer (31,34), colon cancer (28), and prostate cancer (38).

Selection of cases. We identified individuals diagnosed as 
having erosive hand OA between October 1, 2015 and December 
31, 2019 in the UPDB using the International Statistical Classifi-
cation of Diseases and Related Health Problems, Tenth Revision 
(ICD-10) code M15.4 from 4,741,840 unique medical records. 

Individuals were excluded if they were also diagnosed as having 
rheumatoid arthritis (RA; ICD-9 714.0, ICD-10 M05.xx), other RA 
subtypes (ICD-9 714.2, ICD-10 M06.xx), or juvenile rheumatoid 
arthritis (ICD-9 714.3, ICD-10 M08.xx). The ICD codes are entered 
by the provider based on patient visits, with the possibility of the bill-
ing team reviewing and modifying the codes for improved accuracy 
(https://uofuh ealth.utah.edu/hunts man/utah-popul ation -datab ase/
data/). Affected individuals were required to have relatives in the 
UPDB to be included in our study cohort so that we could link them 
to pedigrees. The selection of  controls for familial risk analysis and 
unaffected individuals for age- standardized sex-specific erosive 
hand OA incidence rate analysis are described below.

Validation of cases. We selected 57 random cases to 
review to determine if the erosive hand OA diagnosis based on 
coding was correct. Of the 57 cases, we were able to review 
the medical charts for 48 (84.2%). All 48 individuals had a ver-
ifiable diagnosis of erosive hand OA confirmed by radiographic 
evidence (44 of 48) or diagnosis by a rheumatologist (33 of 48) or 
orthopedic surgeon. None of the individuals had gout, RA, or pso-
riatic arthritis. Three individuals (6.25%) had psoriasis noted on a 
skin exam, but documentation of associated psoriatic arthritis was 
absent for all three. One individual (2.1%) had evidence of erosive 
OA in another joint (the first metatarsophalangeal joint). We were 
unable to verify the erosive hand OA diagnosis of 9 individuals 
(15.8%) because we did not have access to their medical records. 
These individuals were likely diagnosed outside of the University 
of Utah Healthcare System and Intermountain Healthcare Hospital 
and Clinics. These 2 health systems serve ~75–85% of the state, 
and this number correlates well with the number of individuals 
whose charts we were able to review (84.2%).

Identification of high-risk pedigrees. To determine if 
there was excess familial clustering of erosive hand OA in each 
pedigree, we used the familial standardized incidence ratio (FSIR) 
(39). FSIR allows for the quantification of familial risk of a disease 
by comparing the incidence of a disease in a family to its expected 
incidence in the general population. FSIR is a statistical method 
that accounts for the number of biologic relatives in a pedigree, 
the degree of relatedness, and the age at which an individual was 
diagnosed (39). Exact one-sided Poisson probabilities were calcu-
lated under the null hypothesis of no familial enrichment of erosive 
hand OA. Individuals were grouped into 14 categories based on 
age (0–30 years, 31–40 years, 41–50 years, 51–60 years, 61–70 
years, 71–80 years, and 81–120 years) and sex.

To determine the incidence ratio, the numbers of years prior 
to and after diagnosis were calculated for all affected and unaf-
fected individuals, and then the number of living diagnosed years 
was divided by the number of living undiagnosed years. To deter-
mine the pedigree incidence ratio, the UPDB was analyzed to 
identify the founders of pedigrees containing an affected individ-
ual, the affection status of every individual biologic relative in each 

https://uofuhealth.utah.edu/huntsman/utah-population-database/
https://uofuhealth.utah.edu/huntsman/utah-population-database/
https://uofuhealth.utah.edu/huntsman/utah-population-database/data/
https://uofuhealth.utah.edu/huntsman/utah-population-database/data/
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pedigree was determined, and incidence ratio was calculated as 
described above. The pedigree’s incidence ratio divided by the 
whole population incidence ratio was used to determine the FSIR. 
Pedigrees were considered high risk if they had ≥2 living affected 
individuals, and if the FSIR was ≥2 and significant (P < 0.05) as 
determined by a chi-square test as described by Kerber (39).

Familial risk analysis. Controls with no history of ero-
sive hand OA were randomly selected from the Utah population 
and matched 10:1 to corresponding erosive hand OA cases with 
regard to sex, birth year, and whether they were born in Utah. 
Additionally, we imposed the restrictions that controls must be 
alive in the matched cases’ diagnosis year. Cases and controls 
were followed up from birth until death, 2019, or diagnosis year, 
whichever occurred first. Estimates of familial risk were based on 
a hazard rate ratio of familial recurrence, which represents the ratio 
of the hazard rate for the occurrence of erosive hand OA among 
relatives of the cases to the comparable hazard rate among the 
relatives of the matched controls. The hazard rate ratios were 
calculated using Cox regression models, additionally adjusted 
for sex and birth year. Because observations within families are 
non-independent, a Huber-White sandwich estimator of variance 
for clustered data was used to correct for any families that were 
analyzed multiple times because of the multiple erosive hand OA 
cases within the family (40). Analyses in which specific groups of 
relatives of the cases were compared to the comparable relatives 
of the matched controls were performed for first-degree relatives, 
second-degree relatives, first cousins, and second cousins.

Age-standardized sex-specific erosive hand OA inci-
dence rates. We selected all individuals with birth year and 
informative sex who resided in Utah from 2015 until 2018 or died 
in Utah, whichever happened first. This resulted in the identifica-
tion of 606 individuals with erosive hand OA. In contrast to the 
erosive hand OA cohort used to determine familial risk and identify 
high-risk pedigrees, we chose to exclude the patients diagnosed 
as having erosive hand OA in 2019 because 2018 is the last year 
the UPDB received death certificates as of when the analysis was 
performed. Demographic characteristics of the erosive hand OA 
cases and non–erosive hand OA population were compared using 
t-tests for continuous variables and chi-square tests for categorical 
variables (no adjustments) (Supplementary Table 1, available on 

the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41520/ abstract).

Age-standardized incidence rates by sex were calculated 
using the direct method. Person-years were calculated for 
affected individuals (cases) and unaffected individuals. Cases 
contributed 1 person-year for every year lived in Utah from 2015 
until diagnosed with erosive hand OA. Each unaffected individual 
contributed 1 person-year for every year lived in Utah from 2015 
until death or 2018, whichever occurred first. The female-to-male 
incidence ratios were calculated by dividing the rate in males by 
that in females for each age group, and the corresponding 95% 
confidence interval (95% CI) was estimated assuming log-normal 
distribution. Logistic regression models were used to assess the 
association between erosive hand OA and sex, additionally adjust-
ing for birth year and whether the subjects were white or Hispanic.

Risk factor analysis. Specific ICD-9 and ICD-10 codes 
were used to identify risk factors among study patients (Supple-
mentary Table 2, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41520/ abstract). 
Relative risk (RR) of erosive hand OA was calculated using sex- 
specific Cox proportional hazards models with adjustments for sex, 
birth year, race, and ethnicity, and clustering for common mothers. 
We adjusted independently for obesity and diabetes since obesity 
is a risk factor for type 2 diabetes mellitus. Follow-up time was 
defined as years from 2015 to date of death, date of last residence 
in Utah, or date of first erosive hand OA diagnosis, whichever hap-
pened first. Odds ratios and 95% CIs were calculated.

RESULTS

Identification and demographic characteristics of 
the erosive hand OA cohort. To identify individuals diagnosed 
as having erosive hand OA, we searched the UPDB for individu-
als with the ICD-10 code ICD-10 M15.4 from October 2015 to 
December 2019 and excluded patients with an RA diagnosis. This 

Table 1. Baseline characteristics of the 703 patients in the erosive 
hand osteoarthritis cohort
Age, years

Mean ± SD 67 ± 11.54
Range 12–94

Race, no. (%)
White 639 (90.9)
Nonwhite 64 (9.1)

Sex, no. (%)
Female 564 (80.23)
Male 139 (19.77)

Table 2. High-risk pedigrees with excess familial clustering of 
erosive hand osteoarthritis*

Founder 
birth year

Number of 
descendants

Number of affected 
individuals FSIR†

1682‡ 109,720 15 2.1
1789 81,204 12 2.1
1758 34,750 8 3.5
1795 30,010 8 3.0
1715 38,586 8 2.4
1780 34,156 7 2.8
1794 7,262 5 9.7
1779 13,015 5 4.7
1762 6,677 4 11.8
1805 5,182 3 15.5

* The familial standardized incidence ratio (FSIR) and P values were 
calculated according to the method of Kerber (39). 
† All P < 0.05. 
‡ For the pedigree represented in Figure 1.  

http://onlinelibrary.wiley.com/doi/10.1002/art.41520/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41520/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41520/abstract
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query identified 703 individuals for analysis. The mean ± SD age at 
time of diagnosis was 67 ± 11.54 years, 80.23% of the subjects 
were female, and 90.9% were white (Table 1). We performed man-
ual chart review on a random subset of individuals to verify the 
erosive hand OA diagnosis (see Methods and Supplementary 
Figure 1, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41520/ abstract).

High-risk pedigrees. To test whether there was signif-
icant familial clustering of erosive hand OA in our cohort, we 
analyzed individuals diagnosed as having erosive hand OA that 
linked to a pedigree using the FSIR calculation (39). We iden-
tified 240 unrelated, multigenerational, high-risk pedigrees that 
had ≥2 living members in the UPDB and an increased cluster-
ing of erosive hand OA, defined by an FSIR ≥2.0 (P < 0.05). 

For the 240 high-risk pedigrees, the FSIR ranged from 2.0 to 
210.8 (mean ± SD 11.7 ± 210.2; interquartile range 4.8–11.7). 
Founder birth year, number of descendants, number of affected 
individuals, and FSIR values are indicated for 10 representative 
high-risk pedigrees in Table 2. Figure 1 shows an example of 
a multigenerational high-risk pedigree with at least 15 individuals 
known to be affected and an FSIR of 2.06 (affected individuals 
are represented by black circles or squares and individuals with 
an unknown affection status are represented by white circles or 
squares). The identification of high-risk pedigrees indicates sig-
nificant familial clustering of erosive hand OA in our cohort.

Familial risk. To determine whether there was an increased 
risk of erosive hand OA among closely related individuals, we 
examined the RR of developing erosive hand OA in first- and 

Figure 1. A, Example of a high-risk erosive hand osteoarthritis (OA) pedigree identified in the Utah Population Database. Arrow indicates 
family founder. Solid symbols = affected subjects; open symbols = subjects with unknown affection status. B, C, and D indicate subjects for 
whom hand radiographs are shown. B–D, Hand radiographs of individuals in the high-risk erosive hand OA pedigree shown in A. Asterisks 
indicate central subchondral erosions; arrowheads indicate a “gull-wing” appearance of the joint.

http://onlinelibrary.wiley.com/doi/10.1002/art.41520/abstract
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second-degree relatives and first and second cousins in our 
cohort. The risk of developing erosive hand OA was ~5.5-fold 
greater in first-degree relatives of erosive hand OA cases com-
pared to controls (RR 5.53 [95% CI 2.1–14.58], P < 0.001) 
(Table 3). We were unable to detect a significant elevated risk of 
erosive hand OA in second-degree relatives or first and second 
cousins of erosive hand OA cases. Taken together with the famil-
ial clustering of erosive hand OA, these data suggest a potential 
underlying genetic contribution to erosive hand OA.

Age-standardized sex-specific erosive hand OA inci-
dence rates. Hand OA affects females more than males, and this 
trend appears to be valid for erosive hand OA (6,7,13,24,25). To 
determine whether there is an age and sex bias associated with 
erosive hand OA, we examined age-standardized sex-specific 
incidence rates of erosive hand OA in our statewide cohort from 
October 2015 to December 2018. We found a significant associa-
tion of sex and age with erosive hand OA. Of 2,065,277 unaffected 
individuals and 606 erosive hand OA cases, a higher proportion of 
cases were female (80% of erosive hand OA cases versus 51.5% 
of unaffected individuals), and cases were older (mean ± SD birth 
year 1950.7 ± 11.5 for erosive hand OA cases and 1979.8 ± 23 
for unaffected individuals) (P < 0.001) (Supplementary Table 1). We 
also determined that females had a significantly higher rate of ero-
sive hand OA from the ages of 40–89 years compared to males, 
with the highest female-to-male incidence ratio being 4.730  
(95% CI 3.956–5.655) in the age group 60–69 years (Table 4). 
Logistic regression analysis indicated that females had a 3.48-fold 
increased risk of erosive hand OA diagnosis compared to males, 

even after adjusting for birth year, race, and ethnicity (RR 3.48 
[95% CI 2.85–4.25]). Our results indicate that being female is a 
significant risk factor for erosive hand OA.

Risk factors associated with erosive hand OA. Knowl-
edge of risk factors that may contribute to erosive hand OA 
remains incomplete. We analyzed the association of several risk 
factors with erosive hand OA that have previously been associ-
ated with general hand OA and erosive hand OA (for risk factor 
diagnostic codes, see Supplementary Table 2, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41520/ abstract) (16,17,25,26). We examined the 
association of erosive hand OA with tobacco use, alcohol use, 
diabetes, obesity, and having a first-degree relative with erosive 
hand OA in the same cohort used for the age- and sex-specific 
analysis. Because females were at a higher risk for erosive hand 
OA (Table 4), we examined the RR of the above risk factors inde-
pendently in males and females while adjusting for demographic 
features (see Methods and Supplementary Table 1, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41520/ abstract). A history of obesity was 
significantly associated with erosive hand OA in females (RR 1.50 
[95% CI 1.18–1.90]), while diabetes was significantly associated 
with erosive hand OA in males (RR 1.65 [95% CI 1.05–2.59]). In 
both the female and male erosive hand OA cohorts, independent 
of obesity and diabetes, having a first-degree relative was a sig-
nificant risk factor for erosive hand OA, with the risk being greater 
in males than females (Table 5). No significant associations were 
detected between erosive hand OA diagnosis and tobacco use or 

Table 3. Increased familial risk of erosive hand osteoarthritis*

Relationship

Cases Controls

RR (95% CI)Affected Unaffected Affected Unaffected
First-degree relative 8 2,654 15 27,902 5.53 (2.1–14.58)†
Second-degree relative 2 5,661 10 57,601 2.14 (0.46–10.06)
First cousin 6 6,835 34 73,694 11.08 (1.09–112.58)
Second cousin 18 49,275 289 520,441 0.66 (0.4–1.06)

* RR = relative risk; 95% CI = 95% confidence interval. 
† P < 0.001. 

Table 4. Age-specific incidence rate of erosive hand osteoarthritis by sex, and female-to-male incidence ratios*

Age, years

Male Female

Female-to-male ratio
(95% CI)No. of cases

Rate per 1,000  
person-years No. of cases

Rate per 1,000  
person-years

<20 2 0.002 8 0.007 4.135 (0.878–19.472)
20–29 11 0.02 10 0.016 0.790 (0.336–1.860)
30–39 7 0.012 16 0.026 2.073 (0.853–5.038)
40–49 34 0.07 76 0.149 2.129 (1.421–3.189)
50–59 79 0.182 388 0.851 4.676 (3.671–5.956)
60–69 144 0.37 728 1.753 4.730 (3.956–5.655)
70–79 151 0.646 519 1.993 3.080 (2.570–3.693)
80–89 49 0.436 178 1.281 2.936 (2.140–4.028)
≥90 7 0.252 17 0.378 1.475 (0.612–3.558)

* 95% CI = 95% confidence interval. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41520/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41520/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41520/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41520/abstract
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alcohol use. These data indicate that obesity, diabetes, and hav-
ing a first-degree relative with erosive hand OA are all significant 
risk factors for erosive hand OA.

DISCUSSION

We used a unique statewide medical genetics resource, 
the UPDB, to identify a cohort of individuals diagnosed as hav-
ing erosive hand OA. From this cohort we have 1) identified 240 
unrelated high-risk pedigrees demonstrating familial enrichment 
of erosive hand OA, 2) determined that first-degree relatives of 
an individual with erosive hand OA have an ~5.5-fold increased 
risk of developing erosive hand OA, and 3) shown that sex, age, 
diabetes, obesity, and having a first-degree relative with erosive 
hand OA are significant risk factors associated with erosive hand 
OA. In sum, these data suggest that both genetic and physiologic 
factors contribute to the development of erosive hand OA in a 
large population-based cohort.

Although hand OA is highly heritable (8), few genes with large 
effects have been associated with the onset and progression of 
hand OA (6,7), and only 3 genes have been associated with the 
erosive hand OA phenotype (21–23). The predominant approach 
used to discover hand OA gene variants has been the genome-
wide association study (GWAS) (41–46), which relies on large 
cohorts of cases and controls and well-defined phenotypes. The 

heterogeneous nature of hand OA has likely been a confounding 
factor in some GWAS. An alternative approach to GWAS is to study 
families with highly penetrant, severe, or early-onset forms of OA.

The study of rare variants in affected families is a powerful way 
to identify gene variants with a determinant effect on disease devel-
opment (47–50). Using the UPDB, we identified 240 large multi-
generational, high-risk pedigrees segregating erosive hand OA. 
Although a previous study described an association of erosive hand 
OA in sibling pairs (24), our study is unique because it is the first to 
identify a large number of multigenerational erosive hand OA ped-
igrees and determine RR among family members. Identification of 
causal gene variants in these families will inform us about genes and 
pathways that when disrupted contribute to erosive hand OA (51).

We examined the risk of developing erosive hand OA based 
on sex and age and found that females are 3.48-fold more likely 
to develop erosive hand OA than males, with the highest female-
to-male incidence ratios in the age group 60–69 years. This sug-
gests that erosive hand OA is similar to general hand OA in that 
females are disproportionately affected (6,7,13,24,25). When we 
subdivided risk factors based on sex and adjusted for a family 
history of erosive hand OA and other demographic factors, we 
found that obesity was a risk factor in females and diabetes was a 
risk factor in males, while having a first-degree relative with erosive 
hand OA was a risk factor common to both sexes. Our data are 
consistent with other studies that have examined risk factors for 
erosive hand OA in other populations (16,17,25,26). Awareness 
of these comorbidities that have been observed to be significantly 
associated with erosive hand OA in the present study may help 
guide the clinical diagnosis of this condition in at-risk populations.

This study has several limitations. As with all database 
studies, it is unclear how errors in diagnostic coding would 
impact the study findings, and manual chart review was not 
possible for all individuals included in the analysis. We were 
able to review the medical charts of 48 (84.2%) of 57 randomly 
selected individuals. Of those 48 we were able to confirm that all 
individuals were correctly diagnosed (by radiography [44 of 48] 
and by a provider) as having erosive hand OA. Our results are 
consistent with those of prior investigations, which have shown 
rates of accuracy of 93–97% for UPDB diagnostic coding when 
compared to manual chart review (52–54). The RR and FSIR 
calculations are likely underestimates for erosive hand OA and 
are representative of symptomatic erosive hand OA, which 
is due to several factors. Our cohort was limited to individu-
als with an ICD-10 diagnosis for erosive hand OA, which has 
only been in use since October 2015, and our high-risk ped-
igree analysis can only identify individuals diagnosed in Utah. 
We did not have data on individuals who were diagnosed using 
different codes prior to October 2015, those diagnosed out of 
state, or affected individuals who have not sought out medical 
care. Because of these factors, our analyses are likely an under-
representation of erosive hand OA, and in high-risk pedigrees 
we consider individuals without an erosive hand OA diagnosis 

Table 5. Risk factors associated with erosive hand OA*

Risk factor/clinical 
diagnosis RR (95% CI) P

Not adjusted for obesity
Females

Tobacco use 1.3 (1.00–1.68) 0.051
Alcohol use 0.80 (0.26–2.51) 0.707
Diabetes 1.23 (0.95–1.60) 0.114
FDR with erosive 

hand OA
6.40 (2.65–15.43) <0.001

Males
Tobacco use 0.79 (0.48–1.30) 0.361
Alcohol use 2.48 (0.93–6.62) 0.069
Diabetes 1.65 (1.05–2.59) 0.031
FDR with erosive 

hand OA
16.99 (5.37–53.75) <0.001

Not adjusted for 
diabetes

Females
Tobacco use 1.27 (0.98–1.65) 0.075
Alcohol use 0.80 (0.26–2.50) 0.704
Obesity 1.50 (1.18–1.90) 0.001
FDR with erosive 

hand OA
6.42 (2.66–15.49) <0.001

Males
Tobacco use 0.82 (0.49–1.35) 0.426
Alcohol use 2.48 (0.93–6.64) 0.069
Obesity 1.22 (0.66–2.24) 0.526
FDR with erosive 

hand OA
16.92 (5.35–53.54) <0.001

* OA = osteoarthritis; RR = relative risk; 95% CI = 95% confidence
interval; FDR = first-degree relative. 
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as “affection status unknown” until we can definitively determine 
if they are unaffected or affected.

Our study did not evaluate the extent to which erosive hand 
OA is genetic. The enrichment of erosive hand OA in pedigrees is 
suggestive of a genetic contribution, especially in distant relatives, 
but we cannot rule out environmental or physiologic influence on 
erosive hand OA, particularly in light of the risk factor associations 
we observed. Although erosive hand OA segregates as an appar-
ent dominant trait in many pedigrees, until we can phenotype all 
individuals, we cannot preclude the possibility that erosive hand 
OA may be polygenic in some families.

To conclude, we showed that erosive hand OA demonstrates 
familial enrichment, and has an increased RR among first-degree 
relatives, and identified significant risk factors for erosive hand OA. 
Taken together, these findings suggest that erosive hand OA has 
genetic and environmental components to its etiology. Genomic 
analysis of individuals within our high-risk pedigrees holds promise 
in identifying genetic variants associated with erosive hand OA. 
By identifying and studying gene variants that cause erosive hand 
OA, we may learn about the biologic mechanisms that lead to 
other forms of OA, which may provide significant insight into sur-
gical treatment or therapeutic intervention.
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Efficacy of Intensive Acupuncture Versus Sham 
Acupuncture in Knee Osteoarthritis: A Randomized 
Controlled Trial
Jian-Feng Tu,1 Jing-Wen Yang,1 Guang-Xia Shi,1 Zhang-Sheng Yu,2 Jin-Ling Li,1 Lu-Lu Lin,1 Yu-Zheng Du,3  
Xiao-Gang Yu,4 Hui Hu,5 Zhi-Shun Liu,6 Chun-Sheng Jia,7 Li-Qiong Wang,1 Jing-Jie Zhao,8 Jun Wang,9 Tong Wang,10 
Yang Wang,2 Tian-Qi Wang,1 Na Zhang,1 Xuan Zou,1 Yu Wang,11 Jia-Kai Shao,11 and Cun-Zhi Liu12

Objective. To assess the efficacy of intensive acupuncture (3 times weekly for 8 weeks) versus sham acupuncture 
for knee osteoarthritis (OA).

Methods. In this multicenter, randomized, sham-controlled trial, patients with knee OA were randomly assigned 
to receive electroacupuncture (EA), manual acupuncture (MA), or sham acupuncture (SA) 3 times weekly for 8 weeks. 
Participants, outcome assessors, and statisticians were blinded with regard to treatment group assignment. The 
primary outcome measure was response rate, which is the proportion of participants who simultaneously achieved 
minimal clinically important improvement in pain and function by week 8. The primary analysis was conducted using 
a Z test for proportions in the modified intent-to-treat population, which included all randomized participants who 
had ≥1 post-baseline measurement.

Results. Of the 480 participants recruited in the trial, 442 were evaluated for efficacy. The response rates at week 
8 were 60.3% (91 of 151), 58.6% (85 of 145), and 47.3% (69 of 146) in the EA, MA, and SA groups, respectively. 
The between-group differences were 13.0% (97.5% confidence interval [97.5% CI] 0.2%, 25.9%; P = 0.0234) for EA 
versus SA and 11.3% (97.5% CI −1.6%, 24.4%; P = 0.0507) for MA versus SA. The response rates in the EA and MA 
groups were both significantly higher than those in the SA group at weeks 16 and 26.

Conclusion. Among patients with knee OA, intensive EA resulted in less pain and better function at week 8, 
compared with SA, and these effects persisted though week 26. Intensive MA had no benefit for knee OA at week 8, 
although it showed benefits during follow-up.

INTRODUCTION

Knee osteoarthritis (OA) is one of the leading causes of 
chronic pain and disability in older adults (1). The prevalence of 
knee OA was found to be 16% among the general population 
in the late 20th to early 21st centuries, and has doubled since 

the mid-20th century (2). The socioeconomic burden of knee 
OA is high, representing between 1.0% and 2.5% of gross 
domestic product for Western countries (3). Worse still, this 
situation will be exacerbated by increased longevity and the 
burgeoning obesity epidemic, especially in the US and other 
developed countries.
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Since no disease-modifying pharmaceutical agents have been 
approved, current knee OA treatments are mainly used to treat symp-
toms. Exercise therapy is considered as one of the key elements 
for management of knee OA; however, broad implementation of and 
long-term adherence to exercise therapy remain as challenges (1). 
Nonsteroidal antiinflammatory drugs (NSAIDs) are widely prescribed 
for knee OA; however, side effects of NSAIDs, such as upper gastro-
intestinal tract bleeding and worsening kidney function, limit their use 
in many instances (4,5). Additional treatments may include an even-
tual total knee replacement, but this procedure has minimal effects 
on quality-adjusted life years at the group level (6). Identifying novel 
therapies for knee OA, beyond the common pharmacologic agents 
and potential surgery, remains an important priority for research.

Although the number of acupuncture research studies on knee 
OA has grown markedly (7), its efficacy remains a subject of contro-
versy (8–10). Factors contributing to this controversy likely include the 
dose of acupuncture in previous trials. A systematic review suggests 
that higher doses of acupuncture are related to better treatment out-
comes in knee OA (11). Frequency of acupuncture sessions is an 
important determinant of acupuncture dose (12), and unfortunately, it 
was inadequate in many prior studies (<2 sessions per week) (13–15).  
Our recent trial suggests that 3 acupuncture sessions per week 
immediately improved knee pain and dysfunction compared with 1 
session per week, and the benefits of 3 sessions per week persisted 
throughout the 16-week follow-up period (16). Electroacupuncture 
(EA) and manual acupuncture (MA) are both frequently used in clin-
ical practices. EA combines MA with additional electric stimuli (17). 
The present study was designed to evaluate the effects of intensive 
acupuncture (EA and MA), compared with sham acupuncture (SA), 
for joint pain and function in participants with knee OA.

PATIENTS AND METHODS

Study design. This multicenter, randomized controlled trial 
was approved by the institutional review boards of Beijing Hospi-
tal of Traditional Chinese Medicine affiliated with Capital Medical 
University (ref. no. 2017BL-077-01) and 8 other study hospitals, 
prior to participant enrollment, and was conducted in accordance 
with the Declaration of Helsinki. The protocol (NCT03366363) (18) 
and the statistical analysis plan (19) were previously published. 
Protocol changes are summarized in Supplementary Methods, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41584/ abstract. There was no 
interim analysis conducted prior to these changes being made. 
Written informed consent was provided by all participants before 
randomization. Participants did not receive any financial incentive 
during the trial, but all acupuncture treatments and radiographic 
examinations were conducted free of charge.

Patient enrollment. Patients were recruited using a multi-
modal strategy, including a social media networking tool (WeChat), 
newspaper, patient database, and posters at community service 

centers. Patients, diagnosed as having knee OA according to the 
American College of Rheumatology clinical criteria (20), were eli-
gible if they were 45–75 years old, had reported knee pain for 
longer than 6 months, had radiologic confirmation of osteoar-
thritis (Kellgren/Lawrence score of 2 or 3) (21), and had a pain 
score of >4 (range 0–10 on the numeric rating scale [NRS]; higher 
scores indicate greater pain [22]). Exclusion criteria included the 
following: history of knee arthroplasty for the more painful knee or 
awaiting any knee surgery for either knee, knee pain caused by 
other  diseases, arthroscopy in the last 12 months or intraarticular 
injection within the previous 6 months, acupuncture treatment in 
the last 3 months, serious acute or chronic organic diseases or 
psychiatric disorders, blood coagulation disorders, cardiac pace-
maker, metal allergy or needle phobia, pregnancy or breastfeed-
ing, or participation in other clinical trials in the past 3 months.

Randomization and blinding. Eligible participants were 
randomized to 3 groups by a central stratified randomization sys-
tem at a 1:1:1 ratio. The randomization sequence was generated 
using SAS version 9.3 by an independent statistician and was strat-
ified according to enrollment hospital, with a randomized block size 
of 6 or 9. Acupuncturists were not blinded with regard to treatment 
group, so that they could assume the responsibility of delivering 
acupuncture treatment. However, participants, outcome assessors, 
and statisticians were all blinded with regard to group assignment.

Treatments. Each participant was treated in a single treat-
ment room during the trial. Both knees were needled for patients 
with bilateral knee OA, whereas only the affected knee was sub-
jected to acupuncture for those with unilateral OA symptoms (23). 
Thirty-minute sessions of treatment were delivered 3 times weekly 
for 8 weeks, with a total of 24 sessions for all groups. Disposable 
sterile needles (0.25-mm × 25–40-mm; Hwato) and HANS-200 
EA devices (Nanjing Jisheng Medical Co., Ltd) were used. Twen-
ty-three registered acupuncturists (with a mean ± SD 11.7 ± 4.9 
years of experience) performed the procedures. All acupuncturists 
were trained in standardized operating procedures prior to the start 
of the study; this training included locations of acupoints and non- 
acupoints and manipulation of needles. Paracetamol (Shanghai 
Johnson & Johnson Pharmaceuticals, Ltd) was administered as 
needed, except during the 48 hours before outcome measurements.

The acupuncture prescription was based on traditional Chi-
nese medicine and was developed from clinical practices and 
expert consensus (23). Five obligatory acupoints and 3 adjunct 
acupoints were used in both EA and MA groups. The obligatory 
acupoints included Dubi (ST35), Neixiyan (EX-LE5), Ququan (LR8), 
Xiyangguan (GB33), and an Ashi point (the point where the par-
ticipant felt the most pain). Adjunct acupoints were selected from 
the acupoint pool (Supplementary Table 1, http://onlin elibr ary.
wiley.com/doi/10.1002/art.41584/ abstract) at the acupuncturist’s 
discretion, depending on which meridian was affected. De qi was 
required for both EA and MA groups; it is a composite of sensations 

http://onlinelibrary.wiley.com/doi/10.1002/art.41584/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41584/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41584/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41584/abstract
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including soreness, numbness, distention, and heaviness. In 
the SA group, 8 non-acupoints (Supplementary Table 2, http:// 
onlin elibr ary.wiley.com/doi/10.1002/art.41584/ abstract), which were  
not near the conventional acupoints or meridians, were superfi-
cially penetrated (2–3 mm in depth), without needle manipulation, 
for de qi. The locations of acupoints and non-acupoints are pre-
sented in Supplementary Figure 1 (http://onlin elibr ary.wiley.com/
doi/10.1002/art.41584/ abstract).

Electrodes from the EA apparatus were attached, by a 
research assistant, to the handles of needles at LR8, GB33, and 
2 adjunct acupoints for both EA and MA groups or at 4 non- 
acupoints for the SA group. In the EA group, a dilatational wave 
of 2/100 Hz was chosen, and the electric current was gradually 
increased until the needles began to vibrate slightly. During treat-
ment, the power light of the EA apparatus was switched on in 
the MA and SA groups but with no electrical current output. For 
blinding, all patients were told that the electricity may be below the 
threshold that a human can sense. Details on the interventions are 
summarized in Supplementary Table 3 (http://onlin elibr ary.wiley.
com/doi/10.1002/art.41584/ abstract).

Outcome measures. The more painful knee, identified at 
baseline, was assessed continually throughout the study in patients 
with bilateral knee OA, whereas only the affected knee was assessed 
in patients with unilateral knee OA (24). Participants completed 
questionnaires at baseline and at weeks 4, 8, 16, and 26.

The primary outcome measure was response rate at week 8. 
Response rate (25) is defined as the proportion of participants who 
simultaneously achieved minimal clinically important improvement 
(MCII) on the NRS (22) and the Western Ontario and McMaster 
Universities Osteoarthritis Index (WOMAC) function subscale (26). 
MCII on the 11-point NRS was set at 2 points, which was extrapo-
lated from a 19.9-mm MCII reported for the 100-mm visual analog 
scales (14,27). MCII on the 68-point WOMAC function subscale 
(Likert version 3.1) was set at 6 points, which was extrapo-
lated from a 9.1-point MCII reported for the standardized 100-
point WOMAC function subscale (14,27). The procedures used 
to define a responder are presented in Supplementary Figure 2 
(http://onlin elibr ary.wiley.com/doi/10.1002/art.41584/ abstract).

Secondary outcome measures included average knee pain 
over the previous week using the following: NRS (range 0–10) and 
WOMAC pain subscale (range 0–20); average knee function over the 
previous week using the WOMAC function subscale (range 0–68); 
average knee stiffness over the previous week using the WOMAC 
stiffness subscale (range 0–8) (26); quality of life using the 12-item 
Short Form (SF-12) health survey (range 0–100) (28); paracetamol 
use; and patient’s global assessment (PGA) using a 5-point ordinal 
scale (ranging from not at all improved to extremely improved) (29).

To evaluate the success of blinding, all patients were asked to 
guess which type of acupuncture they received at weeks 4 and 8 
after randomization. The credibility and expectancy of participants 
were measured using the Credibility/Expectancy Questionnaire 

Figure 1. Study enrollment. EA = electroacupuncture; MA = manual acupuncture; SA = sham acupuncture.* Participants who were 
randomized and had ≥1 post-baseline measurement were included in the modified intent-to-treat population.

480 randomly assigned

160 assigned EA

3 did not receive SA
   2 declined to participate
   1 moved far away

11 discontinued treatment
     4 lack of treatment effect
     2 loss to follow up
     2 family illness
     2 concurrent disease
     1 ineligible

6 discontinued treatment
    2 loss to contact
    2 family illness
    1 protocol violation
    1 lack of treatment effect

8 discontinued treatment
    5 loss to contact
    2 protocol violation
    1 moved far away

4 discontinued follow-up
   (loss to contact)

7 discontinued follow-up
    6 loss to contact
    1 increased knee pain

4 did not receive EA
   (declined to participate)

5 discontinued treatment
   2 loss to contact
   1 lack of treatment effect
   1 adverse events
   1 concurrent disease

8 discontinued treatment
    3 loss to contact
    3 protocol violation
    1 lack of treatment effect
    1 moved far away

151 completed 4-week treatment

143 completed 8-week treatment

2 discontinued follow-up
    1 moved far away
    1loss to contact 

141 completed 26-week follow-up

151 included in the modifued 
intention-to-treat population*

160 assigned MA

5 did not receive MA
    4 declined to participate
    1 ineligible

145 completed 4-week treatment

139 completed 8-week treatment

135 completed 26-week follow-up

145 included in the modifued 
intention-to-treat population*

160 assigned SA

146 completed 4-week treatment

138 completed 8-week treatment

131 completed 26-week follow-up

146 included in the modifued 
intention-to-treat population*

10 discontinued treatment
     4 loss to follow up
     4 family illness
     1 lack of treatment effect
     1 concurrent disease
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(30) within 5 minutes after the first acupuncture session. All 
adverse events (AEs) were appropriately managed and docu-
mented throughout the trial. Based on the potential relationship 
with acupuncture, AEs were categorized as treatment-related or 
non–treatment-related.

Statistical analysis. The following 2 null hypotheses were 
tested simultaneously for the primary outcome measure: there is 
no difference in response rates between the EA and SA groups 
(H1), and there is no difference in response rates between the 
MA and SA groups (H2). Based on our previous pilot study (16), 
response rates in the EA, MA, and SA groups at week 8 were 
expected to be 70%, 60%, and 40%, respectively. To detect a 
between-group difference of 20% in response rate, 128 patients 

per group were required to attain 80% power (2-sided test; 
adjusted α = 0.025 for 2 comparisons). To accommodate an esti-
mated dropout rate of 20%, 160 patients per group were required 
(480 participants in total).

The primary analysis was based on the modified intent-to-
treat principle, which included all randomized patients who had ≥1 
post-baseline measurement. Missing data on the NRS and WOMAC 
function scores at week 8 were imputed using the baseline values 
for the primary outcome measure. Two comparisons of response 
rates (EA versus SA, and MA versus SA, respectively) were ana-
lyzed using the Z test for proportions. Comparison of response rates 
between the EA and MA groups was not the aim of this study.

For the NRS, a comparison among the 3 groups was 
assessed with a mixed-effects model with repeated measurement 

Table 1. Baseline characteristics of the patients in the modified intent-to-treat analysis*

Characteristic
EA group
(n = 151)

MA group
(n = 145)

SA group
(n = 146)

All patients
(n = 442)

Age, mean ± SD years 62.7 ± 6.6 63.0 ± 7.2 62.8 ± 7.6 62.8 ± 7.1
Female, no. (%) 119 (78.8) 111 (76.6) 106 (72.6) 336 (76.0)
Race, no. (%)

Han 146 (96.7) 139 (95.9) 145 (99.3) 430 (97.3)
Minorities 5 (3.3) 6 (4.1) 1 (0.7) 12 (2.7)

BMI, mean ± SD kg/m2 25.4 ± 2.9 25.1 ± 3.4 26.0 ± 3.5 25.5 ± 3.3
Knee OA duration, mean ± SD 

years
6.0 ± 5.3 6.3 ± 5.6 7.5 ± 6.1 6.6 ± 5.7

Radiologic grade, no. (%)
Grade 2 91 (60.3) 83 (57.2) 91 (62.3) 265 (60.0)
Grade 3 60 (39.7) 62 (42.8) 55 (37.7) 177 (40.0)

Affected knee, no. (%)
Unilateral knee 14 (9.3) 17 (11.7) 17 (11.6) 48 (10.9)
Bilateral knees 137 (90.7) 128 (88.3) 129 (88.4) 394 (89.1)

Past treatment, no. (%)†
Medication 73 (48.3) 85 (58.6) 60 (41.1) 218 (49.3)
Physical therapy 42 (27.8) 42 (29.0) 42 (28.8) 126 (28.5)
Acupuncture 14 (9.3) 10 (6.9) 15 (10.2) 39 (8.8)
Injections 7 (4.6) 8 (5.5) 7 (4.8) 22 (5.0)

Concomitant diseases, no. (%)
0 78 (51.7) 70 (48.3) 78 (53.4) 226 (51.1)
1 47 (31.1) 46 (31.7) 52 (35.6) 145 (32.8)
2 22 (14.6) 23 (15.9) 14 (9.6) 59 (13.3)
≥3 4 (2.6) 6 (4.1) 2 (1.4) 12 (2.7)

History of acupuncture, no. (%)
Yes 62 (41.1) 61 (39.6) 59 (40.4) 182 (41.2)
No 89 (58.9) 84 (60.4) 87 (59.6) 260 (58.8)

NRS score, mean ± SD 6.1 ± 1.3 6.1 ± 1.3 5.8 ± 1.3 6.0 ± 1.3
WOMAC score, mean ± SD

Function subscale 21.1 ± 9.0 20.7 ± 8.9 20.8 ± 8.3 20.9 ± 8.7
Pain subscale 6.7 ± 2.9 6.6 ± 2.8 6.4 ± 2.7 6.5 ± 2.8
Stiffness subscale 2.1 ± 1.5 2.1 ± 1.5 2.2 ± 1.7 2.2 ± 1.6

SF-12 health survey score, 
 mean ± SD
Physical health 30.9 ± 8.0 31.6 ± 8.1 30.9 ± 7.8 31.1 ± 7.9
Mental health 51.5 ± 11.3 51.1 ± 11.2 51.3 ± 10.9 51.3 ± 11.1

CEQ score, mean ± SD
Credibility 0.2 ± 2.7 −0.1 ± 2.6 −0.1 ± 2.8 0 ± 1.0‡
Expectancy 0.3 ± 2.8 −0.2 ± 2.1 −0.2 ± 2.2 0 ± 1.0‡

* EA = electroacupuncture; MA = manual acupuncture; SA = sham acupuncture; BMI = body mass index; OA = 
osteoarthritis; NRS = numeric rating scale; WOMAC = Western Ontario and McMaster Universities Osteoarthritis 
Index; SF-12 = 12-item Short Form; CEQ = Credibility/Expectancy Questionnaire. 
† Defined as treatments sought for knee pain previously. More than 1 subcategory type is allowed. 
‡ Scale has a mean of 0.0 and SD of 1.0 because items were converted to Z scores before averaging. 
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(MMRM) analysis, using NRS scores at all follow-up time points 
as the dependent variable, treatment as the main factor, baseline 
value as a covariate, and a random intercept to model within- 
subject correlation. The same approach was used to analyze 
WOMAC subscales and SF-12 responses. Chi-square test was 
used for the group comparisons of PGAs and the prevalence of 
acupuncture-related AEs. All patients who underwent ≥1 acu-
puncture session were included in the safety analyses. The James 
blinding index (range 0–1) was used to assess blinding (0 = total 
absence of blinding, 0.5 = completely random blinding, and 1 =  
complete blinding).

Sensitivity analyses were conducted for response rates in 
the per-protocol set, which included all participants who com-
pleted the treatment and follow-up without major violations. To 
examine the robustness of the conclusion in sensitivity analyses, 
3 schemes were used to deal with missing data for the response 
rates: last observation carried forward approach, listwise deletion, 
and multiple imputation (Markov chain Monte Carlo) (31). A pre-
planned subgroup analysis was conducted to test the interactive 
effect between the Kellgren/Lawrence grade and treatment, using 
a logistic model.

A post hoc analysis of response rates between groups at 
week 8 was performed in the (unmodified) intent-to-treat set, 
which included all randomized patients. An additional post hoc 
subgroup analysis of primary outcome measure was conducted 
based on history of acupuncture use. History of acupuncture 
use was dichotomized, and an interaction term with treatment 
group was fitted to the analysis models to obtain the P value for 
interaction.

All statistical analyses were performed using SAS version 
9.3 and R software 3.6.0. For the primary outcome meas-
ure, Bonferroni adjustment was used for multiple compar-
isons (α = 0.025) for each independent comparison of EA 
versus SA groups and MA versus SA groups. For multiple 
comparisons of secondary outcome measures, no adjust-
ment was made.

RESULTS

Patients. Between December 25, 2017 and October 10, 
2018, 1,243 patients were screened (Supplementary Figure 3, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41584/ abstract). 
A total of 480 patients were included and randomly assigned 
to the 3 study groups (Figure 1). Among them, 156 patients in 
the EA group, 155 in the MA group, and 157 in the SA group 
received ≥1 session of treatment and were included in the safety 
analysis; 151 patients in the EA group, 145 in the MA group, and 
146 in the SA group had ≥1 post-baseline measurement and 
were included in the primary analysis. By week 26, 407 patients 
(84.8%) had completed the study. The baseline characteris-
tics and results of the Credibility/Expectancy Questionnaire are 
shown in Table 1.

Efficacy. For the primary outcome measure, response 
rates at week 8 were 60.3% (91 of 151 patients) in the EA 
group, 58.6% (85 of 145 patients) in the MA group, and 47.3% 
(69 of 146 patients) in the SA group. The between-group differ-
ences were 13.0% (97.5% confidence interval [97.5% CI] 0.2%, 
25.9%; P = 0.0234) for EA versus SA and 11.3% (97.5% CI 
−1.6%, 24.4%; P = 0.0507) for MA versus SA (Table 2). Similar 
results were observed in the sensitivity analyses (Supplementary 
Table 4, http://onlin elibr ary.wiley.com/doi/10.1002/art.41584/  
abstract). The response rates in the EA and MA groups were 
both significantly higher than in the SA group at weeks 16 and 26 
(Table 2). The trajectory of response rates over time is presented 
in Figure 2.

Both EA and MA significantly decreased the NRS and 
WOMAC pain score, compared with SA, during the 26-week 
period. The between-group differences in NRS at week 8 were 
−0.79 (95% CI −1.2, −0.37) for EA versus SA and −0.51 (95% 
CI −0.93, −0.09) for MA versus SA. EA significantly improved the 
WOMAC function and stiffness scores, compared with SA, during 
the 26-week period. However, no significant difference was found 
in either WOMAC function score or WOMAC stiffness score 
between the MA and the SA groups. The between-group differ-
ences in WOMAC function score at week 8 were −2.51 (95% CI 
−4.30, −0.72) for EA versus SA and −0.95 (95% CI −2.79, 0.88) 
for MA versus SA. There was no significant difference at each 
time point among the 3 groups, except at week 16 for SF-12 
physical health scores and at week 26 for SF-12 mental health 
scores (Table 2). Similar results were observed in the modified 
MMRM model, which included center effect (Supplementary 
Table 5, http://onlin elibr ary.wiley.com/doi/10.1002/art.41584/ abstract).  
PGA results at weeks 4, 8, and 16 in the EA and MA groups 
were better than in the SA group (Supplementary Table 6, http:// 
onlin elibr ary.wiley.com/doi/10.1002/art.41584/ abstract). Four patients  

Figure 2. Trajectory of response rates over time in the EA group 
(red line), MA group (blue line), and SA group (green line). Bars show 
the 97.5% confidence interval. * = P < 0.025 versus SA group. See 
Figure 1 for definitions.
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in the EA group, 2 in the MA group, and 10 in the SA group 
received paracetamol during the study. In subgroup analyses, 
there was no significant interaction between radiologic grade and 
treatment, either EA or MA, on response rates (P = 0.85 and  
P = 0.57, respectively) (Supplementary Figure 4, http://online 
 library.wiley.com/doi/10.1002/art.41584/abstract).

Post hoc analysis. The results of the (unmodified) intent- 
to-treat analyses were similar to those of the primary analysis 
(Supplementary Table 4, http://onlin elibr ary.wiley.com/doi/10. 
1002/art.41584/ abstract). There was no significant interaction 
between history of acupuncture and treatment, either EA or MA, 
on response rates (P = 0.71 and P = 0.83, respectively) (Sup-
plementary Figure 5, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41584/ abstract). After excluding patients who had received 
acupuncture in the past year, the between-group differences 
were 14.0% (97.5% CI 0.8%, 27.2%; P = 0.018) for EA versus 
SA and 12.3% (97.5% CI −3.0%, 23.0%; P = 0.040) for MA ver-
sus SA (Supplementary Table 7, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41584/ abstract).

AEs. Acupuncture-related AEs, including subcutaneous 
hematoma, post-needling pain, and pantalgia occurred in 11.5% 
of patients (18 of 156) in the EA group, 14.2% of patients (22 of 
155) in the MA group, and 10.8% of patients (17 of 157) in the 
SA group (Table 3). All acupuncture-related AEs were mild and 
resolved spontaneously in the subsequent week. AEs unrelated to 
acupuncture were infrequent (Supplementary Table 8, http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41584/ abstract).

Blinding. Patients were unaware of assigned treatments at 
week 4 (James blinding index 0.64 [95% CI 0.50, 0.78]). Success-
ful blinding was maintained at week 8 (James blinding index 0.63 
[95% CI 0.46, 0.79) (Table 4).

DISCUSSION

This multicenter, randomized, sham-controlled trial demon-
strated that participants with knee OA who received intensive EA 
had significantly higher response rates than those who received 
SA. The therapeutic benefits of EA for pain and function in knee 
OA were maintained through week 26. Differences between MA 
and SA groups did not meet the statistical significance threshold 
by week 8. Interestingly, by week 16, the MA group also showed 
benefits, compared with SA, in pain and function in knee OA, 
which were sustained through week 26.

In this trial, an expected between-group difference of 20% 
in response rate was used for sample size calculation, but the 
actual differences were 13.0% (EA versus SA) and 11.3% (MA 
versus SA). The study power might be lower than anticipated, and 
the confidence intervals were therefore wide in the present trial. 
A difference of ≥10% in response rate above that of the control 
group was suggested to be clinically meaningful for renal colic 
(32). Although a clinically meaningful response rate for knee OA 
is not available in the literature, a difference of 11.3%, which indi-
cates a number needed-to-treat (33) of 9, is acceptable in clinical 

Table 4. Blinding assessment among patients*

Treatment guess, no. (%)

EA group
(n = 151)

MA group
(n = 145)

SA group 
(n = 146)

James blinding index
(95% CI)†

Week 4 0.64 (0.50, 0.78)
EA 11 (7.3) 30 (20.7) 29 (19.9)
MA 103 (68.2) 59 (40.7) 49 (33.6)
SA 8 (5.3) 16 (11.0) 22 (15.1)
Unsure 29 (19.2) 40 (27.6) 46 (31.5)

Week 8‡ 0.63 (0.46, 0.79)
EA 11 (7.7) 31 (22.3) 33 (23.9)
MA 98 (68.5) 59 (42.4) 50 (36.2)
SA 8 (5.6) 14 (10.1) 21 (15.2)
Unsure 26 (18.2) 35 (25.2) 34 (24.6)

* 95% CI = 95% confidence interval (see Table 1 for other definitions). 
† Range 0–1; 0 indicates total absence of blinding, 0.5 indicates completely random blinding, and 1 indicates 
complete blinding. 
‡ Eight participants in the EA group, 6 in the MA group, and 8 in the SA group did not complete the blinding 
assessment at week 8. 

Table 3. AEs related to treatment*

EA group
(n = 156)†

MA group
(n = 155)†

SA group
(n = 157)†

Total AEs, no. (%) 18 (11.5) 22 (14.2) 17 (10.8)
Severe AEs 0 0 0
Subcutaneous  

hematomas
7 (4.5) 10 (6.5) 9 (5.7)

Post-needling pain 10 (6.4) 13 (8.4) 10 (6.4)
Pantalgia‡ 1 (0.6) 0 0

* Adverse events (AEs) were counted according to type, rather than 
frequency, in the same participant. AEs of different types occurring 
in a single participant were defined as independent AEs. An AE with 
multiple occurrences in a single participant was defined as 1 AE. See 
Table 1 for other definitions. 
† Four participants in the EA group, 5 in the MA group, and 3 in the SA 
group did not receive treatment. 
‡ Defined as pain throughout the whole body (joints and muscles). 
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practice. Moreover, the expected 20% difference in response 
rate was achieved during the follow-up period due to sustained 
effects of acupuncture in both EA and MA groups. These persis-
tent effects are consistent with recent meta-analyses, which con-
cluded that acupuncture was effective for chronic pain without a 
notable decrease in efficacy over 12 months (34,35).

Nonetheless, Hinman et al (14) reported that acupuncture did 
not confer benefits over SA for pain or function in knee OA. The 
reason for these seemingly contradictory findings may be inade-
quate dose of acupuncture in the previous trials (36). Acupunc-
ture has a dose-dependent effect. The dose of acupuncture can 
be measured by frequency and total number of acupuncture ses-
sions, number of needles, retention time and mode of stimulation, 
location of needles, and treatment timing (12). Therefore, an inten-
sive acupuncture program was designed for the present study, 
and it is also in accordance with the expert consensus on stan-
dardized acupuncture treatment for knee OA (23). EA provides 
continuous electrical stimulation and may provide an additional 
dose of acupuncture. Not surprisingly, a network meta-analysis 
suggested that EA might be one of the best types of acupuncture 
for knee OA (37). Moreover, a recent trial indicated that strong- 
electricity EA was better than weak-electricity EA in alleviating 
knee pain (38). In this trial, however, we adjusted the electric 
stimulation to be as imperceptible as possible in the EA group for 
blinding purposes, which may account for the actual response 
rate (60.3%) being less than the expected 70%.

The effect size of EA for knee OA in this study was simi-
lar to that of topical NSAIDs, which are recommended prior to 
oral NSAIDs for knee OA, according to treatment guidelines 
(8). In the present trial, 60.3% of participants in the EA group 
achieved significant improvement in pain and function; this 
was almost the same rate as the use of topical diclofenac or 
ketoprofen for pain relief in chronic musculoskeletal pain (60%) 
(39). The response rate of 60.3% with EA in this trial was also 
consistent with findings on acupuncture for joint pain from aro-
matase inhibitors. In women with early-stage breast cancer 
who developed joint pain while receiving aromatase inhibitors, 
58% reported significantly decreased joint pain, with acupunc-
ture, at 6 weeks (40).

Experimental evidence suggests that adenosine, cannabi-
noids, opioids, dopamine D2 receptors, and muscarinic choliner-
gic receptors are involved in the analgesia effect of acupuncture 
for inflammatory pain (41). A neuroimaging study suggested 
that acupuncture may achieve its therapeutic effects on knee 
OA pain by preventing cortical thinning and a decrease in func-
tional connectivity in major pain-related areas, thereby mod-
ulating pain in the descending pain modulatory pathway (42). 
The mechanism of the persistent effects of acupuncture is not 
well understood. A laboratory study indicated that repeated 
non-nociceptive stimuli, such as EA, reduce nociception 
through generalized habituation from the non-nociceptive stim-
ulus–response pathway to the nociceptive pathway, where 

endocannabinoid-mediated neuromodulation is required (43). 
Aside from the time-dependent responses, persistent activities 
after acupuncture were also identified in the anterior insula and 
prefrontal cortices using functional magnetic resonance imag-
ing (44). Nonetheless, the therapeutic mechanisms of acupunc-
ture for knee OA as an intervention in general deserve further 
investigation.

Strengths of our study include the adequate dose of acu-
puncture, the use of the primary outcome measures at an indi-
vidual level, and rigorous methodology. In clinical trials, results 
are usually reported as the means of outcome measures at 
the group level, which is difficult to interpret for patients and 
policy makers. The concept of MCII, which is defined as the 
smallest improvement in the domain of interest that patients 
perceive as beneficial, was introduced to present the effect of 
intervention at the individual level. An advisable design using 
MCII is based on a “responder analysis,” namely, comparing the 
proportion of patients with each intervention who experience a 
change greater than MCII. This type of data presentation can 
provide patients and policy makers with more straightforward 
information that allows them to decide whether a treatment 
should be used.

This trial has several limitations. First, 3 sessions per 
week may be burdensome for patients in the US and other 
developed countries, even though 5 sessions per week is com-
mon in China (45). Furthermore, the noninvasive acupoint stim-
ulator, which can be manipulated by the patients themselves 
at home after training by acupuncturists, may be an alterna-
tive option for chronic diseases, although further research and 
development are required. Second, the study population rep-
resented a highly selected group of patients whose radiologic 
grade of knee OA was 2 or 3. Therefore, it is unclear whether 
acupuncture would be beneficial for patients with a radiologic 
grade of 4. Third, both primary and secondary outcome meas-
ures were subjective and vulnerable to potential biases from 
self-reporting, although a blinding method was adopted and the 
James blinding index indicated that it was successful. Fourth, 
the significance level was not adjusted for multiple compari-
sons for secondary outcome measures, and these analyses 
should be interpreted as exploratory. Fifth, no blinding test for 
outcome assessors was performed; influences from outcome 
assessors remain unknown. Sixth, acupuncture has been sug-
gested as a cost-effective treatment in patients with chronic 
OA pain (46) and dysmenorrhea (47), but there is not enough 
information to substantiate a cost effectiveness analysis in the 
present trial.

In summary, intensive EA treatment, compared with SA, 
resulted in less pain and better function among patients with knee 
OA. The effects of EA persisted through week 26. Intensive MA 
treatment had no benefit for knee OA at week 8, but its effect 
became statistically significant by week 16 and was maintained 
at week 26.
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Modulation of Cardiometabolic Disease Markers by Type I 
Interferon Inhibition in Systemic Lupus Erythematosus
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Objective. Neutrophil dysregulation and the type I interferon (IFN) axis have been proposed to contribute to 
premature cardiovascular disease, a leading cause of mortality in patients with systemic lupus erythematosus (SLE). 
In the present study, we evaluated the ability of anifrolumab, a type I IFN receptor–blocking antibody, to reduce 
neutrophil extracellular trap (NET) formation and modulate cardiometabolic disease markers in comparison to 
placebo.

Methods. Study subjects comprised patients with moderate-to-severe SLE who were enrolled in phase IIb of the 
MUSE trial (A Phase II, Randomized Study to Evaluate the Efficacy and Safety of MEDI-546 in Subjects with Systemic 
Lupus Erythematosus), with healthy individuals as controls. Blood samples were collected from SLE patients (n = 
305) and healthy controls (n = 10–20) before the initiation of treatment (baseline) and from SLE patients after they had 
been treated with 300 mg of anifrolumab (n = 99) or placebo (n = 102). Baseline IFN gene signature test status was 
determined, and the IFN gene signature (21-gene panel) was monitored over time. Serum proteins were measured 
by multiplex immunoassay or ultrasensitive Simoa assay. NET complexes, cholesterol efflux capacity (CEC), and 
glycoprotein acetylation (GlycA) and other lipid parameters were assessed in plasma.

Results. Formation of NET complexes and levels of tumor necrosis factor (TNF) and interleukin-10 (IL-10) were 
correlated with extent of type I IFN pathway activity. NET complexes and IL-10 levels were up-regulated in SLE 
patients compared to healthy controls (P < 0.008). The cardiometabolic disease markers CEC and GlycA were also 
found to be dysregulated in patients with SLE (P < 0.001 versus healthy controls). Type I IFN receptor inhibition 
with anifrolumab significantly reduced NET complexes and GlycA and improved CEC compared to baseline (P < 
0.05) whereas no improvements were seen with placebo. Levels of TNF and IL-10 were reduced with anifrolumab 
compared to placebo (P < 0.05).

Conclusion. These data support a key role for type I IFNs in modulating factors contributing to SLE 
vasculopathy and suggest that inhibition of this pathway could decrease cardiovascular risk in individuals with  
SLE.
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INTRODUCTION

Cardiovascular disease (CVD) resulting from premature 
atherosclerosis is one of the predominant causes of mortality in 
systemic lupus erythematosus (SLE) (1). Traditional cardiovascu-
lar risk factors cannot fully account for this enhanced CVD (2). 
Immune dysregulation likely contributes to vascular damage in 
SLE (3). However, the exact cellular and molecular mechanisms 
underlying accelerated atherosclerosis in SLE remain unclear.

SLE patients frequently display an elevated type I interferon 
(IFN) gene signature (IFNGS) (4). Type I IFNs have direct and indi-
rect deleterious effects on the vasculature (5–7) and have been 
implicated in the induction of insulin resistance (IR) (8). Subclini-
cal markers of CVD have been shown to be associated with type 
I IFN activity in SLE, independent of Framingham CVD risk factors 
(6), and the observed concurrence of cardiometabolic manifes-
tations and interferonopathy raises the question of a causal link 
between type I IFN and CVD (9).

Neutrophil dysregulation has also been implicated in cardio-
vascular damage in SLE (10–13). Neutrophils release neutrophil 
extracellular traps (NETs) in a cell death–associated process (14), 
and this phenomenon has proatherogenic effects (15). Immune 
complexes containing NET autoantigens induce plasmacytoid den-
dritic cells and other innate immune cells to aberrantly enhance type 
I IFN synthesis (16–18). In turn, type I IFNs can prime neutrophils to 
extrude NET complexes when exposed to SLE autoantibodies (18).

Increased levels of netting neutrophils and NET complexes 
have been identified in the tissues and blood of SLE patients 
(11,19,20). Moreover, low-density granulocytes (LDGs), a subset 
of neutrophils characterized by enhanced NET formation, are ele-
vated in SLE and are associated with vascular inflammation and 
coronary plaque severity (10–12).

In addition, NETs increase cardiovascular risk through 
 oxidant-generating enzymes, such as myeloperoxidase (MPO), 
which oxidizes high-density lipoprotein (HDL) (21). HDL oxidation 
promotes inflammatory responses in macrophages and impairs 
cholesterol efflux capacity (CEC), as demonstrated by a reduced 
capacity of plasma HDL to accept cholesterol from macrophages 
(21,22). Impaired CEC promotes accumulation of lipid-laden mac-
rophages in atherosclerotic lesions, which are a hallmark of ath-
erosclerosis (23).

Current practical CVD assessments (e.g., carotid and cor-
onary plaque quantification) in SLE patients require expensive 
imaging technology and capture disease at late stages. Therefore, 
there is interest in the potential of circulating biomarkers to predict 
CVD risk in SLE (12). Indeed, impaired CEC is associated with 
CVD risk in the general population (21,22) and with greater non-
calcified coronary plaque burden in SLE (12).

A recently described biomarker for cardiometabolic disease 
and systemic inflammation is glycoprotein acetylation (GlycA), a 
nuclear magnetic resonance (NMR) signal found on acute-phase 
response proteins (24). GlycA is a predictor of CVD risk and 

a measure of subclinical CVD in SLE, rheumatoid arthritis, and 
psoriasis (25,26).

We hypothesized that type I IFN pathway inhibition could 
reduce NET formation, immune mediators of endothelial dysfunc-
tion, and cardiometabolic disease biomarkers such as CEC and 
GlycA. We quantified markers of vascular damage in SLE patients 
before and after treatment with anifrolumab, a human monoclonal 
antibody specific for the type I IFN receptor IFNAR-1 that potently 
inhibits the IFNGS (27). These markers were assessed in samples 
from patients with moderate-to-severe SLE who participated in 
the phase IIb MUSE trial (A Phase II, Randomized Study to Evalu-
ate the Efficacy and Safety of MEDI-546 in Subjects with Systemic 
Lupus Erythematosus) of anifrolumab (27).

PATIENTS AND METHODS

Patient population and sample collection. Details of 
the randomized, double-blind phase IIb MUSE trial (ClinicalTrials.
gov identifier: NCT01438489) and patient population (including 
patient disposition, inclusion/exclusion criteria, and patient demo-
graphic/baseline characteristics) have been previously published 
(27). In the MUSE trial, blood samples were obtained from adults 
ages 18 to 65 years who fulfilled at least 4 of the 11 American Col-
lege of Rheumatology 1997 classification criteria for SLE (28) and 
who had moderate-to-severe SLE as assessed by SLE Disease 
Activity Index 2000 (SLEDAI-2K) (29).

Patients were randomized at a 1:1:1 ratio to receive intrave-
nous infusions of 300 mg of anifrolumab (n = 99), 1,000 mg of 
anifrolumab (n = 104), or placebo (n = 102) every 4 weeks along 
with standard therapy, with final doses administered at 48 weeks. 
Plasma/sera from fasting patients were collected on days 0, 169, 
and 365. IFNGS test status was measured prior to randomiza-
tion, and oral glucocorticoid tapering was allowed after random-
ization (27). For healthy donor fasting samples, whole blood was 
collected after written informed consent was obtained from donors 
recruited by the MedImmune Blood Donor Program. Healthy 
donors consisted of MedImmune or AstraZeneca employees, who 
were anonymously enrolled in the MedImmune Research Spec-
imen Collection Program. The healthy controls were matched to 
the cohort of SLE patients by age, race, and sex. Analyses were 
performed using samples from the placebo group and the 300 mg 
anifrolumab group (the dosage selected for progression to phase 
III clinical trials), with the exception of baseline assessments of pro-
teomics, complete blood cell count (CBC), and gene signature, 
where available samples from the full study cohort were assessed.

The present study was conducted in accordance with the 
Declaration of Helsinki and the International Council for Harmo-
nisation Guidelines for Good Clinical Practice. Independent eth-
ics committee or independent Institutional Review Board (IRB) 
approvals were obtained (Syneos; IRB no. 201300430), and all 
patients provided written informed consent in accordance with 
local requirements.
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Measurement of neutrophil numbers. Blood samples 
from patients were collected before the initiation of treatment on 
day 1, and neutrophil numbers were derived from the CBC with 
the differential cell count.

Analysis of IFNGS test status and expression in 
SLE patients. IFNGS test. An analytically validated 4-gene 
(IFI27, IFI44, IFI44L, and RSAD2) IFNGS test was conducted in 
whole blood by quantitative polymerase chain reaction (qPCR) 
as noted in a previous publication (27) in order to determine 
IFNGS test status. Patients were categorized into IFNGS test–
high and IFNGS test–low groups at baseline using a prede-
termined ∆Ct-based cutoff point in the trough of the bimodal 
distribution.

A 21-gene IFNGS panel (21-IFNGS). The 21-IFNGS was 
generated using a 21-gene qPCR assay to measure the extent 
of type I IFN signaling dysregulation in patients with SLE as pre-
viously described (4).

Measurement of NET complexes and LDG gene sig-
nature. NET complexes in patient sera were quantified using 
capture enzyme-linked immunosorbent assays (ELISAs) that 
detect complexes of MPO–DNA, neutrophil elastase (NE)–DNA, 
or citrullinated histone H3 (CitH3)–DNA, as published previously 
(17). For detection of MPO–DNA, patient samples were incubated 
overnight on high-binding 96-well ELISA plates with a mouse 
anti- human MPO antibody (clone 4A4; AbD Serotec) at 4°C in 
Cell Death Detection kit (Roche) coating buffer. Nonspecific bind-
ing sites were blocked in 1% bovine serum albumin, and plasma 
samples diluted in blocking buffer were incubated overnight at 
4°C. After washing, anti-DNA–peroxidase (Roche) detection 
antibody was incubated for 1.5 hours at room  temperature, and 
3,3',5,5'-tetramethylbenzidine substrate (Sigma) was added 
before stopping reagent (Sigma), and absorbance was measured 
at 450 nm. Similarly, NE–DNA and CitH3–DNA were detected 
using rabbit anti-human NE (Calbiochem) or rabbit anti-human 
CitH3 (Abcam ab5103) capture antibodies, respectively, fol-
lowed by 1-hour incubations with the monoclonal mouse anti– 
double-stranded DNA primary antibody (Millipore) and anti-mouse 
IgG horseradish peroxidase-conjugated (Bio-Rad) secondary 
antibody.

The gene signature of LDGs (12) from patients with SLE 
was measured as described in the Supplementary Methods 
(available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41518/ abstract).

Serum protein measurements. Serum samples were 
stored at −80°C and then shipped to Myriad RBM (Austin, Texas). 
Serum IFNα, IFNβ, IFNγ, interleukin-10 (IL-10), and tumor necro-
sis factor (TNF) were quantified using a Simoa immunoassay. All 
other serum proteins were measured using a Luminex quantitative 
immunoassay according to standard procedures.

Measurement of CEC. HDL CEC assays were  performed 
using J774 cells derived from a murine macrophage cell line 
according to previously published methods (30). Briefly, 3 × 
105 J774 cells per well were plated and radiolabeled with 2 
µCi of 3H-cholesterol/ml. ATP-binding cassette transporter A1 
was up-regulated via incubation for 16 hours with 0.3 mM of 
8-(4- chlorophenylthio)-cAMP. Apolipoprotein B–depleted plasma 
(2.8%) was added to the efflux medium for 4 hours. Liquid scin-
tillation counting was used to quantify the efflux of  radioactive 
cholesterol from the cells. Efflux was calculated as follows: 
[μCi of 3H-cholesterol in medium containing 2.8% apolipo-
protein B–depleted subject plasma – µCi of 3H-cholesterol in 
 plasma-free medium]/[µCi of 3H-cholesterol in medium containing 
2.8% apolipoprotein B–depleted pooled control plasma – µCi of 
3H-cholesterol in pooled control plasma-free medium].

A CEC defect was identified based on values that were 
2 SD below the mean level of CEC in plasma obtained from 5 
healthy adult volunteers (Supplementary Figure 1, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41518/ abstract). All assays were performed in 
duplicate.

GlycA and LipoProfile NMR spectroscopy. Based on 
the methods described in the study by Otvos et al (24), plasma 
samples were adjusted to a density of 1.22 g/ml in sodium bromide 
and centrifuged at 84,000g for 48 hours at a temperature of 4°C 
to separate the lipoprotein and protein fractions. The 2 fractions 
were dialyzed against NMR diluent (50 mM sodium phosphate, 
120 mM KCl, 5 mM Na2EDTA, 1 mM CaCl2, pH 7.4) and adjusted 
for concentration before centrifugal passage through a 10-kd 
Centricon ultrafilter (Merck Millipore) to yield the desired molecular 
weight fraction. A standard 0.01-M N- acetylglucosamine  sample 
was prepared in NMR diluent. GlycA and other lipid parameters 
were measured in plasma by NMR spectroscopy (LabCorp) 
using the NMR LipoProfile test spectrum (24). Cutoff values to 
determine the dysregulation of GlycA and lipids were defined as 
the mean ± 2 SD of values in healthy donors.

Insulin resistance (IR). IR was measured as described in 
the Supplementary Methods, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41518/ abstract.

Statistical analysis. Mann-Whitney 2-tailed U tests were 
used to compare the levels of CEC, GlycA, IL-10, IR, neutrophils, 
NET complexes, and TNF between SLE patients and healthy 
donors and between SLE patients who received 300 mg of anifro-
lumab and SLE patients who received placebo. Spearman’s rank 
correlation was used to analyze associations of vascular inflam-
mation marker levels, neutrophil numbers, and NET complexes 
with the 21-IFNGS analyses and IFNα protein levels. Associations 
of vascular inflammation markers, neutrophil numbers, and NET 

http://onlinelibrary.wiley.com/doi/10.1002/art.41518/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41518/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41518/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41518/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41518/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41518/abstract
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complexes with IFNGS test status, SLEDAI scores, and Cuta-
neous Lupus Erythematosus Disease Area and Severity Index 
(CLASI) scores were analyzed using Welch’s t-test for group com-
parisons. Changes from baseline for the aforementioned markers 
following treatment with 300 mg of anifrolumab or placebo were 
compared using signed rank tests. Statistical analyses were per-
formed using RStudio 1.1.383.

RESULTS

Association of IFNα with a type I IFNGS in SLE. Due 
to low abundance, the relative contribution of the major type I 
IFN proteins, IFNα and IFNβ, to atherosclerosis pathogenesis 
in SLE remains unclear. Using ultrasensitive immunoassays, we 
analyzed the association of serum protein levels of IFNα and 
IFNβ with the type I IFNGS at baseline in the MUSE cohort. IFNα 

was quantifiable in serum samples obtained at baseline from 
the majority of patients (205 of 256, or 80.1%), including 96.3% 
(184 of 191) who were IFNGS test–high and 32.3% (21 of 65) 
who were IFNGS  test–low (Figure 1A). In contrast, IFNβ was 
quantifiable in only 2.0% of patients (5 of 256), indicating that 
IFNα is the dominant type I IFN protein in circulation in lupus.

Significantly higher serum IFNα protein concentrations 
were observed in IFNGS test–high patients compared to IFNGS 
test–low patients (area under the curve [AUC] 0.92, P < 0.001). 
Median IFNα protein level in IFNGS test–high patients was 
greater than the maximum level assessed in healthy donors 
(Figure 1A). While the 4-gene IFNGS test categorizes patients 
into 2 distinct subgroups, the 21-IFNGS test generates a contin-
uous 21-IFNGS score (4). Serum IFNα protein levels correlated 
with the whole blood 21-IFNGS in SLE patients (Spearman’s 
rank correlation R = 0.81, P < 0.001) (Figure 1B), supporting 

Figure 1. Elevated type I interferon (IFN) pathway activity and neutrophil extracellular trap (NET) complex levels in patients with systemic lupus 
erythematosus (SLE). A, Levels of IFNα protein measured by quantitative Simoa immunoassay in type I IFN gene signature (IFNGS) test–low 
patients and IFNGS test–high patients with moderate-to-severe SLE. Broken lines represent the maximum IFNα level in healthy donors (HD 
high [0.53 pg/ml]) as well as the lower limit of quantification (LLOQ [0.073 pg/ml]). B, Levels of IFNα protein measured by Simoa immunoassay 
versus levels of 21-IFNGS expression. C, Number of neutrophils versus levels of IFNα protein measured by Simoa immunoassay. D, Levels 
of the NET complexes citrullinated histone H3 (CitH3)–DNA, myeloperoxidase (MPO)–DNA, and neutrophil elastase (NE)–DNA measured by 
capture enzyme-linked immunosorbent assay in healthy donors and in patients with moderate-to-severe SLE. Values in A and D are shown as 
box plots. Each box represents the 25th and 75th percentiles, lines inside the boxes represent the median, and whiskers represent the ranges. 
Symbols represent individual subjects. P values were calculated using a Mann-Whitney 2-tailed U test (A and D) or 2-tailed Spearman’s rank 
correlation (B and C). AUC = area under the curve; WB = whole blood; OD = optical density. Color figure can be viewed in the online issue, 
which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41518/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41518/abstract
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the theory that there is a direct contribution of IFNα to lupus IFN 
gene signatures.

Proteins that significantly correlated with both IFNα protein 
levels and the 21-IFNGS comprised several atherosclerosis- and 
vascular dysfunction–associated proteins, including TNF, IL-10, 
angiopoietin 2, vascular cell adhesion molecule 1, macrophage 
inflammatory protein 3β, monocyte chemotactic protein 1, pro-
granulin, IFNγ–inducible 10-kd protein, and von Willebrand factor 
(Table 1) (31–36).

Modulation of NET levels in SLE by inhibition of type 
I IFN signaling. Neutrophil dysregulation has been proposed as 
promoting vascular disease in SLE (37). To better understand the 

relationship between type I IFN signaling, neutrophil dysregulation, 
and associated biologic processes, we first assessed the correla-
tion of IFNα protein levels and the 21-IFNGS with other analytes in 
sera. These and other serum analyte correlations are reported in 
Supplementary Table 1, available on the Arthritis &  Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41518/ 
abstract. Neutrophil numbers negatively correlated with serum 
IFNα protein levels in whole blood (R = −0.29, P < 0.001) 
(Figure 1C) and with the 21-IFNGS, whereas significantly fewer 
neutrophils were observed in IFNGS test–high patients compared 
to IFNGS test–low patients. These results support a direct asso-
ciation between neutrophils and multiple measures of type I IFN 
pathway activity.

Table 1. Serum analytes showing a correlation with IFNα protein levels and IFN 21-gene signature expression in patients with 
systemic lupus erythematosus*

Analyte†

IFNα 21-IFNGS

No. Rho P FDR No. Rho P FDR
IFN and IFN-inducible cytokines

21-IFNGS 255 0.82 <10–14 <10–14 – – – –
IFNα – – – – 255 0.82 <10–14 <10–14

MCP-2 256 0.65 <10–14 <10–14 301 0.67 <10–14 <10–14

IP-10 256 0.63 <10–14 <10–14 301 0.63 <10–14 <10–14

BAFF 256 0.62 <10–14 <10–14 301 0.57 <10–14 <10–14

MIP-3β 256 0.60 <10–14 <10–14 301 0.63 <10–14 <10–14

I-TAC 256 0.59 <10–14 <10–14 301 0.56 <10–14 <10–14

BLC 256 0.43 3.49 × 10–13 2.48 × 10–12 301 0.43 4.44 × 10–15 3.61 × 10–14

MCP-1 256 0.37 7.48 × 10–10 4.03 × 10–9 301 0.34 1.54 × 10–9 7.93 × 10–9

Eotaxin 2 256 −0.23 1.88 × 10–4 6.21 × 10–4 301 −0.21 1.84 × 10–4 6.10 × 10–4

Vascular damage/lipid dysregulation
TNF 254 0.62 <10–14 <10–14 253 0.61 <10–14 <10–14

IL-10 254 0.55 <10–14 <10–14 253 0.51 <10–14 <10–14

Angiopoietin 2 256 0.52 <10–14 <10–14 301 0.47 <10–14 <10–14

VCAM-1 256 0.49 <10–14 <10–14 301 0.47 <10–14 <10–14

vWF 255 0.32 1.42 × 10–7 6.35 × 10–7 300 0.33 6.37 × 10–9 3.15 × 10–8

Apo A-I 50 −0.33 0.021 0.044 50 −0.37 0.009 0.021
Medium HDL particle count 50 −0.34 0.015 0.032 50 −0.36 0.010 0.023
HDL cholesterol 50 −0.37 0.009 0.020 50 −0.41 0.003 0.009
Total cholesterol 50 −0.39 0.005 0.013 50 −0.39 0.005 0.012
HDL in the H3P size range 50 −0.50 2.07 × 10–4 6.81 × 10–4 50 −0.46 8.69 × 10–4 0.003

Neutrophil dysregulation
Progranulin 256 0.62 <10–4 <10–14 301 0.57 <10–14 <10–14

CitH3–DNA 185 0.23 0.001 0.004 188 0.22 0.002 0.006
MPO–DNA 185 0.19 0.008 0.020 188 0.21 0.003 0.009
Neutrophil number 251 −0.29 2.13 × 10–6 8.89 × 10–6 296 −0.18 0.002 0.005

Immune dysregulation/other
β2-microglobulin 255 0.52 <10–14 <10–14 300 0.52 <10–14 <10–14

Ficolin 3 256 0.45 3.02 × 10–14 2.28 × 10–13 301 0.48 <10–14 <10–14

IL-2 253 0.43 6.89 × 10–13 4.75 × 10–12 252 0.40 2.37 × 10–11 1.44 × 10–10

IFNγ 256 0.42 1.67 × 10–12 1.08 × 10–11 255 0.46 1.04 × 10–14 8.17 × 10–14

IgE 256 0.37 1.22 × 10–9 6.40 × 10–9 301 0.33 6.37 × 10–9 3.15 × 10–8

TRAIL-R3 256 −0.22 5.11 × 10–4 0.002 301 −0.24 2.20 × 10–5 8.08 × 10–5

IL-1RII 256 −0.36 4.08 × 10–9 2.05 × 10–8 301 −0.29 4.09 × 10–7 1.80 × 10–6

Leukocyte number 251 −0.41 7.62 × 10–12 4.79 × 10–11 296 −0.33 9.53 × 10–9 4.63 × 10–8

Lymphocyte number 251 −0.48 1.33 × 10–15 1.09 × 10–14 296 −0.49 <10–14 <10–14

* IFNα = interferon-α; 21-IFNGS = 21-gene type I IFN gene signature; MCP-2 = monocyte chemotactic protein 2; IP-10 = IFNγ-
inducible 10-kd protein; MIP-3β = macrophage inflammatory protein 3β; I-TAC =IFN-inducible T cell α chemoattractant; BLC = B 
lymphocyte chemoattractant; TNF = tumor necrosis factor; IL-10 = interleukin-10; VCAM-1 = vascular cell adhesion molecule 1; vWF = 
von Willebrand factor; Apo A-I = apolipoprotein A-I; HDL = high-density lipoprotein; CitH3–DNA = citrullinated histone H3–DNA; MPO–
DNA = myeloperoxidase–DNA; IL-1RII = IL-1 receptor type II. 
† Includes analytes measured with a P value of <0.05 and a false discovery rate (FDR) of <0.05. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41518/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41518/abstract


CASEY ET AL 464       |

Type I IFNs prime NET formation with specific immune com-
plexes, and NETs reciprocally induce IFNα production (17,18). 
Circulating NET complex levels (CitH3–DNA, MPO–DNA, and NE–
DNA) were elevated in SLE patients compared to healthy donors 
(Figure 1D) and were negatively correlated with neutrophil numbers 
(Supplementary Table 1, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41518/ 
abstract). IFNGS test–high patients had a significantly elevated 
number of CitH3–DNA NET complexes compared to IFNGS test–
low patients (P = 0.030), and the numbers of CitH3–DNA com-
plexes were correlated with the 21-IFNGS and IFNα protein levels 
(Table 1). Similar associations were observed between the levels 
of other NET complexes (MPO–DNA and NE–DNA) and measures 
of type I IFN pathway activity (Table 1 and Supplementary Table 1). 
Thus, increased numbers of circulating NET complexes in SLE are 
associated with reduced neutrophil numbers and elevated type I 
IFN activity.

Statistical correlations of the type I IFN pathway with NET 
complexes and neutrophils are shown in Figure 2. Associations 
with lupus disease activity are shown in Supplementary Figure 2 
and the Supplementary Results, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41518/ abstract.

Given the association between NETs and the type I IFN 
pathway, we quantified circulating NET complexes on days 1 
and 365 in patients who received the anti–IFNAR-1 antibody 
anifrolumab (300 mg) or placebo (Figure 3). Notably, median 
circulating NET complex levels were significantly decreased on 
day 365 in patients receiving anifrolumab. Patients who received 
placebo had increased levels of CitH3–DNA (but not the other 

NET complexes) on day 365 (P = 0.006 versus day 1). There 
were no changes in LDG-associated gene signature (12) in 
patients who received anifrolumab. These results demonstrate 
that type I IFN pathway inhibition significantly reduced circulating 
NET complexes without an apparent reduction of gene expres-
sion previously associated with LDGs (12). This may indicate that 
anifrolumab suppressed NET complex formation without altering 
LDG number.

Modulation of cytokines associated with vascular 
dysfunction following anifrolumab treatment. Type I IFN 
signaling and NET formation have been shown to directly impact 
the vasculature (6,11), and our study showed that NET complexes 
were up-regulated in SLE patients (Figure 1). TNF and IL-10 also 
induce vascular dysfunction (7,38), but their association with type I 
IFN in SLE is not completely understood. Serum levels of TNF were 
elevated in IFNGS test–high patients compared to IFNGS test–
low patients (P < 0.001) (Supplementary Figure 3, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41518/ abstract). The median TNF con cen tration 
in IFNGS test–high patients, but not IFNGS test–low patients, was 
above the range of healthy donors. Levels of TNF, 21-IFNGS, and 
IFNα protein were observed to be significantly  correlated in SLE 
patients (Figure 2 and Table 1).

IFNGS test–high patients had significantly higher IL-10 lev-
els compared to IFNGS test–low patients (P = 4.4 × 10–10) (Sup-
plementary Figure 3 [http://onlin elibr ary.wiley.com/doi/10.1002/
art.41518/ abstract]). Similar to TNF, serum IL-10 levels correlated 
with the 21-IFNGS (R = 0.506, P < 10–14) and serum IFNα pro-
tein levels (R = 0.549, P < 10–14) (Figure 2 and Table 1). TNF and 

Figure 2. Association of traditional risk factors for cardiovascular disease (CVD), levels of interleukin-10 (IL-10), number of neutrophils, levels 
of tumor necrosis factor (TNF), and number of NET complexes with the type I IFN axis in patients with SLE. Age, body mass index (BMI), levels of 
high-density lipoprotein cholesterol (HDL-C), smoking history, levels of total cholesterol, cholesterol efflux capacity (CEC), levels of IL-10 protein, 
numbers of neutrophils per microliter of whole blood, TNF protein levels, and levels of circulating NET complexes (CitH3–DNA, MPO–DNA, and 
NE–DNA) were compared to 3 measures of the type I IFN pathway: IFNα protein levels, the 21-IFNGS, and IFNGS test status (IFNGS test–high 
versus IFNGS test–low). Spearman’s rank correlation was used to analyze the correlation between the parameters and the 21-IFNGS and IFNα 
protein levels. Associations of parameters with IFNGS test status was analyzed by Welch’s t-test and was expressed as the log2 fold change. 
Values are shown as forest plots with 95% confidence intervals. 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.41518/abstract.
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IL-10 levels were correlated (R = 0.732, P < 10–14) (Supplemen-
tary Table 1, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41518/ abstract). 
Together, these results demonstrate an association between TNF, 
IL-10, and type I IFN signaling—3 putative key mediators of vas-
cular dysfunction in SLE.

Levels of TNF and IL-10 significantly decreased in IFNGS 
test–high patients after anifrolumab treatment compared to 
patients who received placebo at various time points (Supple-
mentary Figure 3). In IFNGS test–high patients, but not in IFNGS 
test–low patients, IL-10 levels decreased with anifrolumab treat-
ment compared to placebo on day 169 (P = 0.037) and day 365 
(P = 0.016), and TNF levels were decreased on day 85 (P = 0.013), 
day 169 (P = 0.001), and day 365 (P = 0.010).

Modulation of cardiometabolic disease markers 
by inhibition of type I IFN signaling. Cholesterol efflux 
capacity (CEC). Given that NETs can oxidize HDL and impact 
CEC (21,22), we assessed the impact of NET inhibition with 
anifrolumab on these parameters. Baseline CEC values were 

significantly reduced in SLE patients compared to healthy con-
trols in both IFNGS test–low and IFNGS test–high patients, 
suggesting proatherogenic dysregulation of HDL function 
(Figure 4A). Whereas multiple proinflammatory and proather-
ogenic proteins were associated with the type I IFN pathway 
(Table 1), we found no association between CEC and IFNGS 
test status, serum IFNα, or the 21-IFNGS in this cohort (Figure 2 
and Supplementary Table 1, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41518/ abstract). In contrast, a significant negative correlation 
was observed between CEC and circulating NET complex lev-
els (Figure 4B), a finding that was consistent with the observed 
aberrant HDL function resulting from NET complex–mediated 
oxidation.

To investigate whether treatment with anifrolumab could 
reverse the impairment of CEC in SLE patients (defined as 
CEC  levels that were ≥2 SD below the mean value in healthy 
donors)  (Supplementary Figure 1 [http://onlin elibr ary.wiley.com/
doi/10.1002/art.41518/ abstract]), we measured CEC levels in 
patients before and after treatment. In IFNGS test–high patients 

Figure 3. Significantly decreased levels of circulating NET complexes with type I IFN pathway inhibition following 1 year of treatment with 
anifrolumab. Levels of NET complexes (CitH3–DNA, MPO–DNA, and NE–DNA) were measured by capture enzyme-linked immunosorbent 
assay on day 1 and day 365 in patients with moderate-to-severe SLE who received 300 mg of the anti–IFNAR-1 antibody anifrolumab or 
placebo. Values are shown as box plots. Each box represents the 25th and 75th percentiles, lines inside the boxes represent the median, and 
whiskers represent the ranges. Symbols represent individual subjects. P values were calculated using Wilcoxon’s signed rank test. 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.41518/abstract.
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who received anifrolumab treatment, CEC levels were significantly 
improved (increased 17.3%) on day 365 compared to baseline 
(P < 0.001) (Figure 4C). In contrast, no significant improvement in 
CEC levels was observed in IFNGS test–low patients or patients 
who received placebo. This effect was more pronounced in patients 
with the greatest CEC impairments at baseline  (Supplementary 
Figure 4, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41518/ abstract). 
CEC was not altered by glucocorticoid tapering alone (Supplemen-
tary Figure 5, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41518/ abstract).

Lipoproteins and traditional CVD risk factors. We also 
quantified lipoprotein levels (including particle count and size) 
by NMR in IFNGS test–high SLE patients. Levels of HDL choles-
terol, HDL in the H3P size range, HDL particle count (medium 
and total), apolipoprotein A-I, and very large  triglyceride-rich 
lipoprotein particles were significantly lower in SLE patients 
than in healthy controls, whereas levels of medium triglycer-
ide-rich lipoprotein particles were significantly higher in SLE 
patients compared to healthy controls (Supplementary Table 2, 
available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41518/ abstract).

Figure 4. Correlation of impaired cholesterol efflux capacity (CEC) in SLE patients at baseline with NET complex levels and normalization 
of CEC following type I IFN–signaling inhibition. A, Levels of CEC in apolipoprotein B (Apo-B)–depleted plasma samples from healthy donors, 
IFNGS test–low patients with SLE, and IFNGS test–high patients with SLE. Values are shown as box plots. Each box represents the 25th and 
75th percentiles, lines inside the boxes represent the median, and whiskers represent the ranges. Symbols represent individual subjects. B, 
Association between CEC and NET complexes (CitH3–DNA, MPO–DNA, and NE–DNA) assessed in SLE patients using Spearman’s rank 
correlation. C, Change in CEC levels in Apo-B–depleted plasma samples from IFNGS test–high patients with moderate-to-severe SLE who had 
defects in CEC at baseline and who were treated with 300 mg of anifrolumab or placebo. CEC defects were defined as levels ≥2 SD below the 
mean level in healthy donors (mean 0.96). CEC in healthy donors at baseline are shown for reference. Results are the mean ± SEM. P values 
were calculated using Wilcoxon’s signed rank test. NS = not significant (see Figure 1 for other definitions).
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Given that dysregulated HDL levels and function have been 
associated with CVD in SLE (12,39,40), we assessed the correla-
tion of HDL cholesterol and total cholesterol with IFNα protein, the 
21-IFNGS, and IFNGS test status. IFNGS test–high patients had 
reduced total cholesterol and HDL cholesterol levels compared 
with IFNGS test–low patients (Figure 2). Total cho lesterol and 
HDL cholesterol levels negatively correlated with the 21-IFNGS 
and IFNα. Traditional CVD risk factors like body mass index (BMI) 
and age also had an inverse association with type I IFN measures 
(Supplementary Results, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41518/ 
abstract). These results indicate that, although IFNGS test–high 
patients had reduced traditional CVD risk factors (age, BMI, total 
cholesterol) compared with IFNGS test–low patients, they dis-
played higher levels of several immune markers of vascular dys-
function and neutrophil dysregulation and lower HDL cholesterol 

levels, thus supporting the possibility that elevated CVD risk is not 
predicted by traditional CVD risk factors alone.

To further examine the association between lipoprotein/
lipid parameters and the type I IFN pathway in SLE patients, we 
evaluated the effect of anifrolumab treatment on lipid parame-
ters that were found to have defects in ≥10 patients at baseline 
(i.e., values defined as ≥2 SD below the mean value in healthy 
donors) (Supplementary Table 3, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41518/ abstract). In patients with reduced levels of HDL in the 
H3P size range at baseline, the levels of H3P-sized HDL signif-
icantly increased from baseline following treatment with anifro-
lumab (P = 0.022), whereas no significant change was observed 
in patients who received placebo. There were no significant, 
treatment-specific changes in the levels of medium, small, or very 
small triglyceride-rich lipoprotein particles.

Figure 5. Reduction from baseline in the levels of glycoprotein acetylation (GlycA) following type I IFN pathway inhibition in patients with SLE. 
A, GlycA levels measured at baseline by nuclear magnetic resonance spectroscopy in healthy donors or IFNGS test–high patients with SLE. 
The AUC is indicated, along with P values calculated by Mann-Whitney U test. B, GlycA levels measured on day 1 and day 365 in IFNGS test–
high GlycA-high patients with SLE who were treated with 300 mg of anifrolumab or placebo. GlycA-high was defined as levels ≥2 SD above 
the mean level in healthy donors (mean 500 μM). P values were calculated using Wilcoxon’s signed rank test. Values are shown as box plots. 
Each box represents the 25th and 75th percentiles, lines inside the boxes represent the median, and whiskers represent the ranges. Symbols 
represent individual subjects. 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.41518/abstract.
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IR status. As lipoprotein dysregulation and type I IFN 
 signaling have been associated with IR, a CVD risk factor (8,41), 
we analyzed whether the level of IR was correlated with type 
I IFN measures at baseline. Analysis of all patients, regardless 
of IR status, showed no significant difference in the level of IR 
between IFNGS test–high patients and IFNGS test–low patients. 
No correlation was observed between level of IR and IFNα  levels 
or the 21-IFNGS (Supplementary Table 1 [http://onlin elibr ary.
wiley.com/doi/10.1002/art.41518/ abstract]). However, among 
the patients who had early IR (>1.9 on the homeostatic model 
assessment for IR [HOMA-IR] of which 0.5–1.4 is the optimal 
range for insulin sensitivity) (42), IFNGS test–high patients had 
greater IR than IFNGS test–low patients (P = 0.046). There was 
no reduction in the percentage of IR change from baseline with 
anifrolumab compared to placebo, even in patients in the upper 
quartile of IR on the HOMA-IR (≥3.9). Overall, these results do not 
support a role for type I IFN pathway inhibition in IR modulation in 
SLE, although there may be value in examining this relationship 
in a cohort further enriched for patients with varying levels of IR.

Glycoprotein acetylation (GlycA). GlycA, a marker of cardi-
ometabolic disease assessed by NMR, was previously found to 
be dysregulated in SLE (26). GlycA levels were significantly ele-
vated in IFNGS test–high patients compared to healthy donors 
(AUC 0.84, P < 0.001) (Figure 5A). We investigated the effect 
of anifrolumab treatment on GlycA levels in IFNGS test–high 
patients who had increased levels of GlycA at baseline. GlycA 
levels were significantly decreased by day 365 in 10 patients 
who received anifrolumab treatment (P = 0.006), but not in 
11 patients who received placebo (Figure 5B). These results 
demonstrate that inhibition of the type I IFN signaling pathway in 
patients with SLE may significantly normalize the levels of GlycA 
to levels approaching those found in healthy donors.

DISCUSSION

Significant advances have been made in understanding the 
underlying mechanisms by which aberrant activation of the type 
I IFN axis and neutrophil dysregulation drive SLE pathogene-
sis. Type I IFNs have also been linked to disturbances in vas-
cular function, leading to increased incidence of cardiovascular 
events in patients with SLE. Based on our previous work, which 
identified associations between type I IFN signaling, neutrophil 
dysfunction, and vascular disease in SLE (6,12,16,17), and our 
current findings, we hypothesize that these dysregulated pro-
cesses play prominent roles in increased CVD risk in SLE through 
a wide range of interdependent, downstream, immunopathologic 
effects.

In patients with moderate-to-severe SLE, we found signifi-
cant correlations between type I IFN pathway measures and NET 
complexes, TNF, and IL-10. Some of these variables were directly 
associated with markers of cardiometabolic dysregulation. Impor-
tantly, we found that type I IFN pathway inhibition significantly 

improved various immunologic and subclinical cardiometabolic 
parameters implicated in vasculopathy.

The relative contributions of individual type I IFNs in driving 
downstream immune effects that underlie SLE pathogenesis and 
the type I IFNGS have been of significant interest. Here, we report 
the first assessment of the contributions of IFNα and IFNβ to 
IFNGS test status in the context of an interventional trial in patients 
with SLE. Previous use of a similar ultrasensitive immunoassay for 
IFNα identified elevated levels of circulating IFNα protein in plasma 
from SLE patients compared to controls, and this increase in IFNα 
levels correlated with the IFN-stimulated gene score (43); however, 
IFNβ was not assessed. We now confirm that IFNα protein has 
a positive association with IFNGS test status and the 21-IFNGS, 
whereas serum IFNβ was detected in only a small number of SLE 
patients. Thus, of the type I IFN proteins, serum IFNα is a major 
contributor to the IFNGS in SLE. Our results demonstrate a pre-
dominant role for IFNα at the systemic level in lupus, although a 
role for locally produced, tissue-specific IFNβ cannot be ruled out.

Treatment with anifrolumab provided the first opportunity to 
study the effect of type I IFN receptor inhibition on the levels of 
TNF protein. In a subset of patients with rheumatoid arthritis, treat-
ment with anti-TNF–blocking antibody significantly elevated type I 
IFN signaling through a proposed counterbalance of the TNF and 
type I IFN pathways (44). In SLE, a positive association between 
TNF and IFNα activity has been described (45). In the present 
study, serum levels of TNF were significantly lowered with anifro-
lumab therapy, suggesting that the cross-regulation of TNF and 
type I IFN signaling pathways is complex and context dependent.

While the proinflammatory effects of TNF are well understood, 
less is known about the role of IL-10 in SLE vascular disease. We 
have previously described the impairment of endothelial cell differ-
entiation by IL-10 (7). In SLE, type I IFN can impart proinflamma-
tory functions on IL-10, a canonical antiinflammatory cytokine in 
other diseases (46). As serum IL-10 levels were also decreased 
with anifrolumab, results suggest that type I IFN pathway inhibi-
tion down-regulates 2 cytokines that may contribute to vascular 
dysfunction.

We observed that lower levels of neutrophils in SLE samples, 
which were previously observed to rapidly correct with anifro-
lumab treatment during the MUSE trial (47), correlated with lev-
els of circulating NET complexes, consistent with enhanced cell 
death through NET formation. NET complex levels may predict 
worsening of SLE disease and have been shown to be associated 
with endothelial cell activation and cardiovascular comorbidity or 
arterial thrombosis (20). Extracellular release of oxidizing enzymes 
within NET complexes, such as MPO, can directly damage the 
vasculature and oxidize HDL, impairing its antiatherogenic func-
tions (21). We found a significant correlation between levels of 
circulating NET complexes and impaired CEC resulting from the 
proatherogenic oxidized HDL. In our study, type I IFN pathway 
inhibition with anifrolumab significantly normalized NET complex 
levels and CEC, with limited effect on other lipid parameters and 

http://onlinelibrary.wiley.com/doi/10.1002/art.41518/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41518/abstract


TYPE I IFN RECEPTOR BLOCKADE TO REDUCE CVD RISK IN SLE |      469

no detectable effect on IR. These findings are especially notewor-
thy from a mechanistic perspective given that statins do not sys-
tematically improve CEC in CVD (22). Our results suggest that 
NET complex formation and the proatherogenic effects of HDL 
are modulated by type I IFNs, supporting previous findings that 
type I IFN primes SLE neutrophils to produce NET complexes (18). 
As NET complexes also induce aberrant type I IFN production by 
plasmacytoid dendritic cells, our results support a mechanism by 
which type I IFNs and NET complexes may form a self-amplifying 
pathogenic loop (16–18).

Similar to the observed normalization of CEC, we found 
that type I IFN pathway inhibition decreased GlycA levels in SLE 
patients. GlycA was previously associated with neutrophil gene 
networks, and the major protein contributors to the GlycA NMR 
signal (α1-acid glycoprotein and haptoglobin) can be synthesized 
and secreted from neutrophil granules (48), indicating that type I 
IFN pathway inhibition improved a measure of neutrophil effector 
function. Additionally, multiple immunomodulatory analytes asso-
ciated with atherosclerosis correlated with type I IFN measures 
and were previously shown to normalize toward baseline levels 
with anifrolumab treatment (47). Together, these findings support 
a model where vascular damage occurs through multiple mech-
anisms driven by the downstream effects of unabated IFNα- 
mediated inflammation.

Growing evidence suggests that abrogating chronic in-
flammation may be beneficial for reducing CVD risk. In the 
 Canakinumab Anti-Inflammatory Thrombosis Outcomes Study, 
neutralization of IL-1β resulted in a decreased number of adverse 
cardiac events, independent of lipid levels (49,50). Whether other 
chronic inflammation pathways drive CVD, especially in autoim-
mune diseases, is an important question. We have provided the 
first foundational evidence in a clinical SLE setting that type I IFN–
mediated inflammation may play a similar role in driving CVD pro-
gression, thereby paving the way for future studies to understand 
the potential benefit for SLE patients.

A limitation of this study is that impaired CEC and altered lev-
els of GlycA are suggestive of the presence of subclinical vascular 
disease, rather than being direct clinical markers of CVD. While 
we have demonstrated that blocking type I IFN diminishes proath-
erogenic markers, further work is needed to show that inhibition 
of this pathway results in clinical improvement of SLE vascular 
dysfunction and of adverse cardiovascular events. However, CEC 
and GlycA are associated with signs of clinical CVD (coronary dis-
ease and plaque burden) (22,26) and represent accessible serum 
biomarkers that may enable earlier CVD detection in patients with 
SLE.

Direct measurements of aortic vascular inflammation in 
patients with CVD can be obtained with positron emission tomog-
raphy/computed tomography and can be used as risk markers for 
CVD progression (12). Short-term changes in arterial inflammation 
are associated with long-term disease progression of atheroscle-
rosis, validating the benefit of measuring subclinical early stage 

biomarkers to assess CVD risk (51). However, these advanced 
imaging techniques are not accessible to all patients. Further-
more, studying CVD risk in SLE using traditional approaches has 
low feasibility given disease incidence/prevalence and the rela-
tively young age at which lupus is typically diagnosed. Using the 
identification of meaningful CVD risk biomarkers in the selection 
of patients for intervention is a promising approach to address 
such challenges. Our findings demonstrate that several subclin-
ical markers with proposed physiologic links to SLE-associated 
CVD risk (enhanced NET formation, impaired CEC, and elevated 
GlycA levels) are significantly modulated by type I IFN pathway 
inhibition. Further studies are needed to determine how these 
subclinical markers, or other proatherogenic analytes assessed in 
this study, are associated with CVD progression in SLE and other 
autoimmune diseases. If such associations are established, these 
biomarkers have the potential to be practical tools to facilitate ear-
lier CVD detection and improved symptom monitoring of CVD risk 
and vasculopathy.
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Suppression of Serum Interferon-γ Levels as a Potential 
Measure of Response to Ustekinumab Treatment in 
Patients With Systemic Lupus Erythematosus
Matteo Cesaroni,1 Loqmane Seridi,1  Matthew J. Loza,1 Jessica Schreiter,1 Kristen Sweet,1 Carol Franks,1 
Keying Ma,1 Ashley Orillion,1 Kim Campbell,1 Robert M. Gordon,1 Patrick Branigan,1 Peter Lipsky,2  
Ronald van Vollenhoven,3 Bevra H. Hahn,4 George C. Tsokos,5  Marc Chevrier,1 Shawn Rose,1 
Frédéric Baribaud,1 and Jarrat Jordan6

Objective. In a previously reported phase II randomized, placebo-controlled, interventional trial, we demonstrated 
that treatment with ustekinumab, an anti–interleukin-12 (IL-12)/IL-23 p40 neutralizing monoclonal antibody, improved 
global and organ-specific measures of disease activity in patients with active systemic lupus erythematosus (SLE). 
Utilizing the biomarker data from this phase II clinical study, we sought to determine whether modulation of the 
expression of IL-12, IL-23, or both cytokines by ustekinumab is associated with clinical efficacy in patients with SLE.

Methods. This phase II randomized, placebo-controlled study enrolled 102 patients with autoantibody-positive SLE 
whose disease remained active despite standard-of-care therapy. Patients were randomized at a 3:2 ratio to receive  
~6 mg/kg ustekinumab intravenously or placebo at week 0, followed by subcutaneous injections of 90 mg ustekinumab 
or placebo every 8 weeks, with placebo crossover to 90 mg ustekinumab every 8 weeks. The SLE Responder Index 4 
(SRI-4) at week 24 was used to determine which patients could be classified as ustekinumab responders and which 
could be classified as nonresponders. In addition to measurements of p40 and IL-23, serum levels of interferon-γ 
(IFNγ), IL-17A, IL-17F, and IL-22, as a proxy for the IL-12 and IL-23 pathways, were quantified by immunoassay.

Results. Changes in the serum levels of IL-17A, IL-17F, and IL-22 at different time points after treatment were not 
consistently significantly associated with an SRI-4 clinical response to ustekinumab in patients with SLE. In contrast, 
an SRI-4 response to ustekinumab was significantly associated (P < 0.01) with durable reductions in the serum IFNγ 
protein levels at several time points relative to baseline, which was not observed in ustekinumab nonresponders or 
patients who received placebo.

Conclusion. While not diminishing a potential role of IL-23, these serum biomarker assessments indicate that IL-
12 blockade has an important role in the mechanism of action of ustekinumab treatment in patients with SLE.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a heteroge
neous, multiorgan autoimmune disease that is associated 
with a variety of morbidities and increased risk of death. 
Ustekinumab, a monoclonal antibody targeting the p40 
subunit shared by interleukin12 (IL12) and IL23, demon
strated significant improvement across multiple disease fea
tures in patients with moderatetosevere SLE in a phase II 
study (1). The results of this interventional trial support pre
clinical and clinical case report data implicating a potential 
role of IL12 and/or IL23 in the pathogenesis of SLE. Nota
bly, internal analysis and an independent comprehensive 
drug repositioning analysis identified ustekinumab as having 
the highest potential for the treatment of SLE (2).

IL12 is a heterodimeric cytokine composed of the sub
units p35 and p40, and is a critical cytokine in immunity that 
is primarily produced by antigenpresenting cells. IL12 pro
motes the differentiation of Th1 cells, which release the proto
typical Th1 cytokine interferonγ (IFNγ). Th1derived cytokines 
stimulate innate and adaptive immune cell functions and are 
important for defense against certain intracellular pathogens. 
IL12 also drives the development and function of human 
T follicular helper cells, which stimulate B cells to produce 
immunoglobulins, including pathogenic autoantibodies (3). In 
addition, IL12 promotes the activation and function of cyto
toxic cells, such as natural killer cells, γδ T cells, and cytotoxic 
CD4+ and CD8+ T lymphocytes.

Both IL12 and IL23 have been implicated in the pathogene
sis of SLE. For example, genetic deletion of p35, an IL12–specific 
subunit, resulted in the reduction of both antinuclear antibodies and 
glomerulonephritis in a mouse model of lupuslike disease (4). IL23 
is composed of the p40 subunit, which it shares with IL12, and a 
unique p19 subunit. IL23 is also an important factor in the survival 
and expansion of cells, including those that produce the proinflam
matory cytokine IL17, such as Th17 cells. The IL23/Th17 pathway 
has been implicated in several immunemediated inflammatory dis
eases, including SLE. Observations from previous research in mice 
have suggested that the IL23/Th17 pathway contributes to lupus 
pathogenesis and may be particularly relevant to renal disease (5), a 
finding that has been corroborated in human profiling studies (5,6). 
Thus, ustekinumab may modulate SLE by neutralizing the function 
of 2 proinflammatory cytokines that signal through their shared p40 
subunit.

Despite evidence of a potential role of multiple cytokines in 
SLE, the relative importance of IL12 and IL23 in SLE pathogen
esis is currently unclear. To address this question, we assessed 
serum biomarkers for both the IL12 (IFNγ) pathway and the IL23 
(IL17A, IL17F, IL22) pathway in order to understand how these 
distinct mediators are affected following treatment with ustekinumab.  
For this purpose, we utilized a targeted analytic approach to better 

understand the mechanism of action of ustekinumab in SLE. Our 
findings suggest that blockade of the IL12 pathway represents 
an important component of the mechanism of action of usteki
numab in patients with SLE.

PATIENTS AND METHODS

Study design and patients. The present study assessed 
biomarker data from a phase II multicenter, randomized, 
placebocontrolled trial of ustekinumab in adult patients  
(ages 18–75 years) with active SLE, the details of which  
have been previously reported (1). Eligible patients were 
those who had a diagnosis of SLE (in accordance with the 
Systemic Lupus International Collaborating Clinics clas
sification criteria [7]) for at least 3 months before the first 
study drug administration. Patients were randomized to 
receive an intravenous infusion of ustekinumab (~6 mg/
kg) or placebo at week 0, followed by subcutaneous injec
tions of 90 mg ustekinumab or placebo every 8 weeks, with 
placebo crossover to 90 mg ustekinumab every 8 weeks. 
These treatments were administered in addition to stand
ardofcare therapy.

In the current analysis, efficacy was assessed using the SLE 
Responder Index 4 (SRI4). The SRI4 is a composite measure 
that requires at least a 4point improvement in the SLE Disease 
Activity Index 2000 score, no worsening (<10mm increase) in 
the physician global assessment of disease activity score from 
baseline, no new British Isles Lupus Assessment Group (BILAG) 
2004 domain A score, and no more than 1 new BILAG domain 
B score (8).

Proteomics analysis. Serum for targeted proteomics anal
ysis was collected from both placebo and ustekinumabtreated 
patients at baseline and weeks 4, 8, 12, 24, 28, 40, and 48 (see 
the time course outlined in Supplementary Figure 1, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41547/ abstract). For comparative purposes, 
serum was also obtained from age, sex, and racematched healthy 
control subjects (provided by external vendors). Serum levels of 
IFNγ and p40 were quantified using the Meso Scale Discovery plat
form. Serum levels of IL23, IL17A, IL17F, and IL22 were profiled 
using the highsensitivity Single Molecule Counting Erenna Immu
noassay. Serum samples were also collected from ustekinumab 
treated patients with psoriasis from a previous phase III clinical trial, 
NAVIGATE (A Phase 3, Multicenter, Randomized, Doubleblind 
Study to Evaluate the Efficacy and Safety of Guselkumab for the 
Treatment of Subjects With Moderate to Severe Plaquetype Pso
riasis and an Inadequate Response to Ustekinumab; ClinicalTri
als.gov identifier: NCT02203032) (9). Patients with psoriasis were 
evaluated for serum levels of IL17A, IL17F, IL22, and IFNγ using 
the same methods as described above.

http://onlinelibrary.wiley.com/doi/10.1002/art.41547/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41547/abstract
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RESULTS

Characteristics of the patients and outcomes. A total 
of 102 patients with active SLE were randomized in a 3:2 ratio to 
receive either ustekinumab (n = 60) or placebo (n = 42); patient 
demographic and disease characteristics have been previously 
described (1). The primary end point was achieved, with 62% of 
patients in the ustekinumab group and 33% of patients in the pla
cebo group achieving an SRI4 treatment response at week 24 
(P = 0.006) (1).

Association of IFNγ suppression with response to  
ustekinumab. To understand the mechanism of action of uste 
kinumab treatment in patients with SLE in greater detail, we 
examined downstream cytokines associated with IL12 and IL23 
signaling. Serum levels of p40 (shared by IL12 and IL23), p19 
(IL23), IFNγ, IL17A, IL17F, and IL22 were quantified in the 
serum samples collected from SLE patients at baseline and lon
gitudinally after ustekinumab administration. Levels of the p40 
subunit, the target of ustekinumab, was elevated at baseline in 
the SLE trial population compared to healthy controls, but were 

not significantly different between ustekinumab responders and 
nonresponders (Figure 1A). Over time, the levels of p40 accumu
lated in only the ustekinumabtreated patients (Figure 1C), which 
was indicative of the expected target engagement response and 
is similar to findings in previous trials with this agent in which bind
ing of ustekinumab to p40 prolongs the halflife of the antigen. 
Levels of p40 accumulation after ustekinumab administration 
were similar between responders and nonresponders (Figure 1C). 
Unlike what was observed with p40, the baseline levels of IL23 
were not  elevated in the serum of patients with SLE compared 
to healthy controls, and accumulation of IL23 in ustekinumab 
treated patients was not observed (Figures 1B and D).

Serum IFNγ levels were elevated at baseline in the SLE trial 
population compared to healthy controls (P < 0.0001). No remark
able differences in the baseline levels of IFNγ were noted between 
responders and nonresponders in either the ustekinumab or placebo 
treatment groups (Figure 2A). Following treatment with ustekinumab,  
levels of IFNγ were significantly downmodulated over time rela
tive to baseline levels in the responder population only, at week 4  
(P < 0.001), week 8 (P < 0.01), and week 12 (P < 0.01), and were 
significantly lower than those in nonresponders at weeks 4 and 8 

Figure 1. Assessment of serum levels of p40 and interleukin23 (IL23). A and B, Serum levels of p40 (A) and IL23 (B) were determined 
in healthy controls (n = 60) and at baseline in patients with systemic lupus erythematosus (SLE) in the placebo (PBO) or ustekinumab (UST) 
treatment groups (subject numbers at week 0 shown at bottom of C and D) by response status at week 24 (responder [R] versus nonresponder 
[NR]). 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 outliers. C and D, Longitudinal serum concentrations of p40 (C) 
and IL23 (D) were compared between the ustekinumab and placebo groups of SLE patients by response status. Results are shown as the 
median change from baseline with median absolute deviation of the change. Numbers of subjects with available samples are indicated at each 
time point. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001 versus baseline within group in C and D or as indicated in A. Asterisk 
color in C and D matches the treatment response group in which a significant difference was achieved. P values were computed using ttests.
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(each P < 0.05) (Figure 2B). Serum IFNγ levels remained decreased 
at the 24week time point in ustekinumab responders when com
pared to nonresponders and patients who received placebo.

Changes in serum levels of IL17A, IL17F, and IL22 were 
not significantly associated with an SRI4 clinical response to 

ustekinumab in patients with SLE, but did reach significance at a 
single time point after baseline for each analyte (week 4 for IL17A, 
week 8 for IL17F, and week 12 for IL22) (Figure 3). Of note, 
decreases in the median serum levels of IL17A, IL17F, and IL22 
following ustekinumab treatment have previously been observed 

Figure 2. Assessment of serum levels of interferonγ (IFNγ). A, Serum levels of IFNγ were determined in healthy controls (n = 60) and at 
baseline in patients with SLE in the placebo or ustekinumab treatment groups (subject numbers at week 0 shown at bottom of B) by response 
status at week 24. 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 outliers. B, Longitudinal serum concentrations of 
IFNγ were compared between the ustekinumab and placebo groups of SLE patients by response status. Results are shown as the median 
change from baseline with median absolute deviation of the change. Numbers of subjects with available samples are indicated at each time 
point. ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001 versus baseline within group in B or as indicated in A. † = P < 0.05 for responders versus 
nonresponders. Footnote symbol color matches the treatment response group in which a significant difference was achieved. P values were 
computed using ttests. See Figure 1 for other definitions.

Figure 3. Assessment of serum levels of IL17A, IL17F, and IL22 through week 24 in the placebo and ustekinumab treatment groups of SLE 
patients according to response status. Results are shown as the median change from baseline with median absolute deviation of the change. 
Numbers of subjects with available samples at each time point are indicated below the graphs. * = P < 0.05; ** = P < 0.01 versus baseline 
within group. Asterisk color indicates the treatment response group in which a significant difference was achieved. P values were computed 
using ttests. See Figure 1 for definitions.
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in a phase III trial of ustekinumab in patients with psoriasis (9) 
(see Supplementary Figure 2, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41547/ abstract). In the current SLE trial, no significant dif
ferences in the serum levels of IL17A, IL17F, and IL22 were 
observed between the responders and nonresponders in either 
the ustekinumab or placebo treatment groups at any time point. 
Serum IFNγ and IL17A biomarker findings were durable up to 
week 48 in SLE patients in the ustekinumab group who continued 
to receive ustekinumab treatment after week 24 (see Supplemen
tary Figure 3, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41547/ abstract).

DISCUSSION

In this study, targeted proteomics analyses were performed 
on serum samples from patients with SLE in a phase II trial of 
ustekinumab to elucidate the mechanism of action of ustekinumab  
in this cohort. Despite a lack of modulation of type I IFN 
responses following treatment with ustekinumab in patients 
with SLE, as was also reported previously (1), we observed sig
nificant reductions in the type II IFN (IFNγ) responses in the 
ustekinumabtreated responders only. Interestingly, ustekinumab 
treated responders and nonresponders both exhibited sim
ilarly elevated serum levels of IFNγ at baseline, suggesting 
that serum IFNγ expression in ustekinumab responders may  
be dependent on p40 signaling, whereas in nonresponders,  
serum IFNγ expression may be perpetuated by additional p40 
independent factors. The reduction in serum IFNγ levels in 
 ustekinumabtreated responders was observed to be greatest at  
4 weeks postdosing, although these reductions were durable up 
to 48 weeks. It can be speculated that the ustekinumab induc
tion dose may be a factor in the robustness of the reduction in 
IFNγ expression at 4 weeks. While early reductions in circulating 
IFNγ levels were associated with an SRI4 clinical response to  
ustekinumab, this and other biomarker findings from our study need 
to be confirmed with larger studies in SLE. Of note, the phase III  
LOTUS trial (Multicenter, Randomized, Doubleblind, Placebo 
controlled, Parallelgroup Study of Ustekinumab in Subjects with 
Active Systemic Lupus Erythematosus; ClinicalTrials.gov identifier:  
NCT03517722) was recently stopped due to a preplanned interim  
efficacy analysis, but additional analysis is needed because the 
participants in this study were not limited to those experiencing 
abnormalities in the IL12/IL23 target pathway. The biologic 
insights derived from the placebocontrolled ustekinumab phase 
II study described herein are valuable and may promote additional 
hypotheses to test in this heterogeneous disease.

It is important to note that IFNγ antagonism has consistently 
been associated with improvements in disease features in mul
tiple mouse models of lupus (10). IFNγ has also been reported 
to be one of the earliest dysregulated cytokines preceding SLE 
classification, even prior to IFNα elevation and autoantibody 

accumulation, suggesting a potentially more central role of IFNγ 
in establishing a diagnosis of lupus (11). Despite these data, 
no substantial benefits in disease activity were observed with 
a monoclonal antibody targeting IFNγ (AMG811) after evaluation 
in several small trials in patients with lupus (12,13). It is unclear 
whether the lack of clear efficacy in those trials was related to 
the molecule, the dosage studied, or the target itself.

Analysis of cytokines downstream of IL23 (IL17A, IL17F, 
and IL22) failed to demonstrate consistent reductions in cytokine 
levels or associations with ustekinumab treatment or response in 
this SLE trial. Indeed, serum IL23 levels were neither elevated at 
baseline nor modulated by ustekinumab treatment in the present 
study, despite clear target engagement, as demonstrated by accu
mulation of p40 in ustekinumabtreated patients. We were unable 
to reliably quantify IL12/p70 in a sufficient number of patients to 
include in this study, presumably because of limitations in the assay 
sensitivity. It is important to note that reductions in the serum levels 
of IL17A, IL17F, and IL22 have been consistently observed with 
ustekinumab in diseases in which the IL23/IL17 pathway has 
been implicated in disease pathogenesis, such as in psoriasis (14) 
and psoriatic arthritis (15), and baseline levels of these cytokines 
were elevated in patients relative to healthy controls. However, it 
should be noted that the small sample size in this phase II SLE 
trial may be a limitation in detecting a consistent reduction in the 
levels of IL17A, IL17F, and IL22. Examination of several available 
Th17 gene signatures indicated that they were not modulated after 
ustekinumab treatment in this phase II SLE trial (data not shown).

One important limitation of this study is the lack of data 
on tissuebased biomarkers, which may be important in attain
ing robust measurements of IL23 pathway biomarkers. Indeed, 
recent data have suggested that IL23 signaling has an important 
role, particularly in the kidney, among patients with lupus nephritis 
(5). Because of the small number of patients in the ustekinumab 
trial who had lupus nephritis (as determined by kidney biopsy), the 
effect of ustekinumab treatment on kidney manifestations could 
not be confidently assessed.

Other than the association with the SRI4 response, analy
ses of other measures of disease activity did not reveal any asso
ciations with clinical biomarkers or serum IFNγ levels. While not 
diminishing a potential role of IL23, these serum data suggest 
that blockade of the IL12 pathway represents an important com
ponent of the mechanism of action of ustekinumab in patients 
with SLE.
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Type I Interferon–Activated STAT4 Regulation of Follicular 
Helper T Cell–Dependent Cytokine and Immunoglobulin 
Production in Lupus
Xuemei Dong,1 Olivia Q. Antao,2 Wenzhi Song,1 Gina M. Sanchez,2 Krzysztof Zembrzuski,2 Fotios Koumpouras,1 
Alexander Lemenze,2 Joe Craft,1 and Jason S. Weinstein3

Objective. To assess the role of STAT4 activation in driving pathogenic follicular helper T (Tfh) cell secretion of the 
cytokines interleukin-21 (IL-21) and interferon-γ (IFNγ) in murine and human lupus.

Methods. The effect of STAT4-dependent Tfh cell signaling on cytokine production and autoreactive B cell 
maturation was assessed temporally during the course of lupus in a murine model, with further assessment of Tfh 
cell gene transcription performed using RNA-Seq technology. STAT4-dependent signaling and cytokine production 
were also determined in circulating Tfh-like cells in patients with systemic lupus erythematosus (SLE), as compared 
to cells from healthy control subjects, and correlations with disease activity were assessed in the Tfh-like cells from 
SLE patients.

Results. IL-21– and IFNγ-coproducing Tfh cells expanded prior to the detection of potentially pathogenic IgG2c 
autoantibodies in lupus-prone mice. Tfh cells transcriptionally evolved during the course of disease with acquisition 
of a STAT4-dependent gene signature. Maintenance of Tfh cell cytokine synthesis was dependent upon STAT4 
signaling, driven by type I IFNs. Circulating Tfh-like cells from patients with SLE also secreted IL-21 and IFNγ, with 
STAT4 phosphorylation enhanced by IFNβ, in association with the extent of clinical disease activity.

Conclusion. We identified a role for type I IFN signaling in driving STAT4 activation and production of IL-21 and 
IFNγ by Tfh cells in murine and human lupus. Enhanced STAT4 activation in Tfh cells may underlie pathogenic B 
cell responses in both murine and human lupus. These data indicate that STAT4 guides pathogenic cytokine and 
immunoglobulin production in SLE, demonstrating a potential therapeutic target to modulate autoimmunity.

INTRODUCTION

Systemic autoimmune diseases such as rheumatoid arthritis 
(RA) and systemic lupus erythematosus  (SLE) are characterized 
by T cell activation driving the production of pathogenic class-
switched autoantibodies (1). Activated CD4 T cell levels in SLE 
are correlated with autoantibody production and disease activity, 
suggesting their role in the promotion of disease progression (1,2). 
An understanding of pathways driving heightened T cell activation 
in SLE is necessary to identify and define therapeutic targets.

Follicular helper T (Tfh) cells are a subset of CD4 T cells 
that promote B cell maturation in conventional and systemic 

autoimmune responses as well as autoantibody production in 
SLE. Tfh cells deliver soluble signals, including interleukin-21 (IL-
21) and interferon-γ (IFNγ), which promote B cell maturation with
plasma cell formation and autoantibody production (3–6). Autoan-
tibody production and disease activity in murine lupus are dimin-
ished in the absence of IL-21 or IFNγ (7–9), but the specific effects 
of these cytokines in disease remain unknown. Conversely, the 
frequency of Tfh-like cells and the amount of IL-21 in circulation 
are associated with autoantibody production and disease activity 
in SLE (1,10). While IL-21 and IFNγ are pathogenic in lupus, the 
regulation of these T cell–dependent cytokines in disease remains 
unclear.
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STAT4 and Tbx21 (encoding T-bet) can regulate cytokine 
production in Tfh cells (11). Tfh cells produce IFNγ and IL-21 upon 
type 1 immune challenge, with Bcl-6 promoting lineage differen-
tiation and STAT4 and T-bet driving the production of IFNγ and 
STAT4 required for IL-21 production (11). Expression of both of 
these transcription factors declines as the germinal center (GC) 
response continues, although cytokine production continues with 
the gene loci for Tbx21 and Bcl-6 remaining accessible (11,12). 
STAT4 activation and signaling is driven by type 1 inflammatory 
cytokines IL-12 and type I IFN (13) in both Th1 and Tfh cells upon 
viral infection. Aberrant production of IL-12 and type I IFN is a 
hallmark of lupus, with these cytokines promoting GC persistence 
and production of pathogenic, inflammatory IgG autoantibodies 
(14–18). Thus, in the setting of chronic autoimmune conditions, 
type 1 inflammatory cytokines may drive STAT4 and T-bet– 
mediated transcription of IL-21 or IFNγ in Tfh cells.

STAT4 is strongly associated with disease susceptibility 
in SLE. The single-nucleotide polymorphism (SNP) rs7574865 
located within intron 3 in the STAT4 locus has been shown in 
genome-wide association studies (GWAS) to be a risk allele for 
SLE (19–21). A separate SNP, rs7574885T, enhances the risk for 
lupus susceptibility by increasing Stat4 transcription and augment-
ing responses to IL-12 and type I IFN signaling (21,22). In MRL-
lpr/lpr lupus-prone mice, Stat4-specific antisense oligonucleotide 
therapy decreases the severity of lupus nephritis (23). Yet, the  
distinct contribution of STAT4 to lupus susceptibility remains unclear.

We hypothesized that STAT4 signaling, in response to ongo-
ing cytokine stimuli in lupus, promotes dysregulated cytokine pro-
duction by Tfh cells and aberrant B cell maturation. To address 
this hypothesis, we dissected the phenotype and function of Tfh 
cells in murine lupus by assessing their transcriptional landscape 
at differing stages of disease, and we determined their inflam-
matory cytokine response and that of human circulating Tfh-like 
cells in patients with SLE. We found that Tfh cells are chronically 
expanded in murine lupus with coproduction of IL-21 and IFNγ 
driving pathogenic IgG2c autoantibody production. Maintenance 
of Tfh cell cytokine synthesis was STAT4-dependent, and height-
ened by type I IFN, with a similar phenotype and cytokine response 
observed in circulating Tfh-like cells from patients with SLE. Thus, 
the STAT4 pathway is critical for the maintenance of pathogenic 
Tfh cell function in both murine and human lupus.

PATIENTS AND METHODS

Isolation and analysis of human peripheral blood  
mononuclear cells (PBMCs). Twenty-five SLE patients ages 
18–75 years and 19 age-matched healthy controls were enrolled 
in the present study. Demographic characteristics of the study pop-
ulations are available in Supplementary Table 1, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41532/ abstract. Disease activity was assessed 
with the SLE Disease Activity Index 2000 (SLEDAI-2K) (24). PBMCs 

were isolated by Ficoll-Paque density-gradient centrifugation and 
rested in Dulbecco’s modified Eagle’s medium (DMEM) with 10% 
serum overnight. Phosphorylated STAT4 in circulating Tfh cells and 
CD4+ T memory cells were analyzed as previously described (11). 
Isolated PBMCs were rested and then stimulated by IFNβ (1,000 
units/ml) or IL-12 (10 ng/ml) for 20 minutes in DMEM with 1% 
serum. Stimulated cells were immediately fixed with 4% parafor-
maldehyde for 15 minutes, and cold methanol was used to perme-
abilize the cells for staining by flow cytometry. Antibodies used for 
flow cytometry are listed in Supplementary Table 2, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41532/ abstract. Informed consent was obtained 
from human subjects.

Mice. Mice were housed in pathogen-free conditions at the 
Yale School of Medicine or Rutgers New Jersey Medical School. 
C57BL/6J (B6), B6.Sle1.Yaa, and MRL-lpr/lpr/J animals were pur-
chased from The Jackson Laboratory. All animals were ages 8–28 
weeks during the course of the study, with approval for proce-
dures given by the Institutional Animal Care & Use Committees of 
Yale University and Rutgers New Jersey Medical School.

Enzyme-linked immunosorbent assay (ELISA) as-
sessment of autoantibodies and IFNβ. Antichromatin and 
anti–double-stranded DNA (anti-dsDNA) were measured by 
ELISA using sonicated chicken chromatin and calf thymus dsDNA, 
respectively. Serum samples were tested at a 1:250 dilution fol-
lowed by incubation with alkaline phosphatase–labeled goat 
anti-mouse IgG (1:1,000 dilution) (Southern Biotechnology), and 
development with  p-nitrophenyl phosphate substrate (Sigma- 
Aldrich). Optical density at a wavelength of 405 nm was read 
using a VersaMax microplate reader (Softmax Pro 3.1 software; 
Molecular Devices). Sera IFNβ concentrations were measured 
using the VeriKine-HS Mouse IFN Beta ELISA kit (PBL Assay  
Science) according to the manufacturer’s instructions.

In vivo IFNα receptor 1 (IFNAR-1) blockade. For 
4 weeks, 4-month-old lupus-prone mice were injected twice 
a week intraperitoneally with either 375 μg of anti-IFNAR1 
(MAR1-5A3 monoclonal antibodies) (Bio X Cell) (25) or 1 mg of 
anti-rat IgG isotype control (Sigma-Aldrich).

Flow cytometry and cell sorting. Tissue samples were 
homogenized as previously described (11). Antibodies used 
for flow cytometry staining are listed in Supplementary Table 2, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41532/ abstract. Intracellular 
staining of cytokines was performed using Cytofix/Cytoperm kits 
(BD Biosciences) according to the manufacturer’s instructions. 
Stained and rinsed cells were analyzed using an LSRII Cytometer 
(BD Biosciences). For sorting, CD4+ T cells were enriched using 
an EasySep magnetic separation kit (StemCell Technologies) prior 

http://onlinelibrary.wiley.com/doi/10.1002/art.41532/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41532/abstract
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to cell surface staining, with specific populations sorted using a 
FACSAria (BD Biosciences).

Microscopy. Spleens were snap-frozen in OCT tissue- 
freezing solution and stored at a temperature of −80°C. Tissues  
were cut into 8-μm sections and processed as previously 
described (26). Reagents used to stain sections are listed in Sup-
plementary Table 2, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41532/ 
abstract. Images were obtained from a 510 META laser-scanning 
confocal microscope (Carl Zeiss) at 25× magnification. Germinal 

center and B cell follicle size, distance measurements, and T cell 
counting were measured using ImageJ software, with these anal-
yses performed in a blinded manner.

RNA sequencing (RNA-Seq) and analysis. Tfh cell pop-
ulations were sorted by flow cytometry, with 2 separate sortings  
performed on different days, pooling spleens of 3 mice each 
day. Quality verification, library preparation, and sequencing were 
performed at the Yale Center for Genome Analysis. Samples 
were sequenced on an Illumina HiSeq 2500 system with 75-bp 
paired-end reads. RNA-seq analysis was performed as previously 

Figure 1. Temporal formation of follicular helper T (Tfh) cells and Th1 cells during different stages of disease. Spleens were harvested from 
either B6.Sle1.Yaa mice at ages 2 months (2 Mo), 4 months, and 7 months or healthy wild-type (WT) B6 control mice at age 2 months. A 
and B, Top, Representative flow cytometry plots showing Th1 cells with high expression of Ly-6c (Ly-6chigh) and P-selectin glycoprotein ligand 
1 (PSGL-1high) (A) and Tfh cells with high expression of CXCR5 (CXCR5high) and programmed death 1 (PD-1high) (B) in B6.Sle1.Yaa mice at 
each age compared to WT controls. Bottom, Quantitative results from flow cytometry analyses of Th1 cells (A) and Tfh cells (B). C, Levels of 
antichromatin IgG (top) and anti–double-stranded (anti-dsDNA) IgG antibodies (bottom) in the sera of B6.Sle1.Yaa mice at ages 2 months, 4 
months, and 7 months. Broken lines represent the mean OD in serum from 6-month-old wild-type B6 mice. D, Intracellular interleukin-21 (IL-
21) and interferon-γ (IFNγ) staining in Tfh cells (top left) and Th1 cells (bottom left) from B6.Sle1.Yaa mice at each age, with results expressed
as percentages of cytokine-positive cells gated relative to the values in unstimulated cells (top and bottom right). Results are representative of 
3 separate experiments with 3–5 mice per group. Bars show the mean ± SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001 by Student’s t-test.

http://onlinelibrary.wiley.com/doi/10.1002/art.41532/abstract
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described (11) and in accordance with NF-Core RNA-seq guidelines 
version 1.4.2. Pathway enrichment analysis was performed using 
MetaCore version 6.31. Enrichment analysis was performed using 
GSEA software version 3.0, series GSE15 6578 (Broad Institute).

Assay for Transposase-Accessible Chromatin with 
sequencing (ATAC-seq). ATAC was performed as previously 
described (11). Sorted cells were lysed in buffer (10 mM Tris HCl, 
10 mM NaCl, 3 mM MgCl2, and 0.1% Triton X-100) for 15 minutes 
at a temperature of 4°C, then centrifuged and resuspended with 
a transposase reaction mixture (2× tagmented DNA buffer, trans-
posase [Ilumina Nextera], and nuclease-free water) and incubated 
for 30 minutes at a temperature of 37°C. Cells were then ampli-
fied by polymerase chain reaction (PCR) in KAPA HiFi 2× mixture 
(Kapa Biosystems) with barcoding primers. Quantitative PCR library 
amplification testing and PCR library amplification were performed 
as previously described (11). DNA processing and high-throughput 
sequencing were performed as described earlier in the Methods. 
Sequenced reads were mapped to the mouse genome based on 
the National Center for Biotechnology Information build 38 (mm10) 
and using the Burrows-Wheeler Aligner version 0.7.9a. Differentially 
accessible regions of statistical significance were then identified (11).

Deposition of data. RNA-Seq and ATAC-seq data have 
been deposited into the GEO database (accession nos. GSE15 
6578 and GSE15 6575).

Statistical analysis. Data were analyzed using Student’s 
t-test, Mann-Whitney unpaired t-test, and Pearson correlation 
coefficient with GraphPad Prism 8 Software.

RESULTS

Development of Tfh cells prior to autoantibody devel-
opment in murine lupus. Tfh cells are associated with disease 
severity in both human and murine lupus (2). Though Tfh cells pro-
mote autoantibody production in lupus-prone mice (26,27), the 
kinetics of their development and expansion during disease pro-
gression are unknown. Accordingly, in the present study, splenic 
Tfh and Th1 cells were analyzed over time in 2 murine lupus mod-
els, B6.Sle1.Yaa mice (ages 2, 4, and 7 months) and MRL-lpr/
lpr mice (ages 2 months and 6 months), with the aim of assessing 
whether these cells evolve phenotypically and genetically as lupus 
develops and persists. In 2-month-old B6.Sle1.Yaa mice, num-
bers and percentages of CD4+CD44highLy6chighPSGL-1high Th1 
cells were reduced by age 4 months compared to B6 control mice 
(Figure 1A) (11,28). Conversely, numbers and percentages of 
CD4+CD44highLy6clowPSGL-1lowCXCR5highPD-1high Tfh cells from 
B6.Sle1.Yaa mice were similarly increased among all 3 age groups 
compared to control mice (Figure 1B). There were no significant 
differences in percentages and numbers of splenic CD4+C-
D44highLy6clowPSGL-1low Tfh cells from MRL lupus-prone mice at 

different ages (26,29) (Supplementary Figure 1A, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41532/ abstract).

To determine if the presence of Tfh cells or Th1 cells was linked 
with the onset of autoantibody production, antichromatin and anti-
dsDNA production was examined in B6.Sle1.Yaa mice at ages 2, 4, 
and 7 months. Although Tfh cells and Th1 cells were present and 
expanded in 2-month-old B6.Sle1.Yaa mice compared to B6 mice, 
we found no differences in the levels of antichromatin or anti-dsDNA 
autoantibodies (Figure 1C). Hence, we will refer to the 2-month time 
point as the predisease stage. Whereas the expanded numbers of 
Tfh cells persisted in mice at age 4 months (being referred to as 
the disease onset stage, since autoantibody levels were significantly 
increased compared to the predisease stage), the numbers of Th1 
cells declined in mice at age 4 months, although there were still fewer 
Th1 cells than were observed in 6-month-old mice (referred to as the 
diseased stage). Taken together, these data show that expansion 
of Tfh cells, and not Th1 cells, precedes autoantibody production.

Maintained production of IL-21 and IFNγ during  
disease progression. Tfh and Th1 cells coproduce IL-21 and 
IFNγ in the presence of acute viral infection in nonautoimmune mice 
(11). We thus investigated whether the temporal onset of autoanti-
bodies was due to varied production of Tfh cell–specific IL-21 and 

Figure 2. Temporal expression of T-bet and Bcl-6 in Tfh cells 
of lupus-prone mice. Spleens were harvested from B6.Sle1.Yaa 
mice at ages 2 months, 4 months, and 7 months. Representative 
flow cytometry plots depict intracellular Bcl-6 and T-bet in 
splenic Ly6clowPSGL-1lowCXCR5highPD-1high Tfh cells (top). Bar 
graphs summarize the quantified mean ± SEM geometric mean 
fluorescence intensity (MFI) of staining of Bcl-6 (left) or T-bet (right), 
with broken lines representing the mean MFI in 6-month-old WT B6 
mice. Results are representative of 3 separate experiments with 3–5 
mice per group. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** =  
P < 0.0001 by Student’s t-test. See Figure 1 for other definitions.

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE156578
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IFNγ over the course of disease, examining Tfh and Th1 cytokines 
from B6.Sle1.Yaa mice at ages 2, 4 and 7 months. There were 
comparable percentages of IL-21+IFNγ+ and IL-21+IFNγ–secreting  
Tfh and Th1 cells at the 3 time points, as autoantibodies  
expanded (Figure 1D). Likewise, Tfh cells from 2-month-old and 
6-month-old MRL mice maintained cytokine production as disease 
progressed (Supplementary Figure 1B [http://onlin elibr ary.wiley.
com/doi/10.1002/art.41532/ abstract]). These data suggest that 
IL-21– and IFNγ-producing Tfh and Th1 cells develop prior to the 
onset of autoantibodies, yet Tfh cells, but not Th1 cells, are main-
tained chronologically.

Temporal decrease of Bcl-6 and T-bet expression in 
Tfh cells. Given the coproduction of Tfh cell cytokines in B6.Sle1.
Yaa mice over time (Figure 1D), we examined their transcription factors 
Bcl-6 and T-bet. Tfh cells from 4-month-old and 7-month-old mice 
with lupus showed a significant decrease in Bcl-6 and T-bet expres-
sion compared to cells from 2-month-old mice with lupus (Figure 2). 
Bcl-6 and T-bet expression continued to decrease in Tfh cells from 
7-month-old mice with lupus compared to cells from 4-month-
old mice with lupus (Figure 2). We observed similar decreased levels 
of Bcl-6 and T-bet expression in Tfh cells from MRL mice as well 
as Th1 cells in B6.Sle1.Yaa mice at 6 months of age compared to 

Figure 3. Characterization of germinal center (GC) B cells during the progression of disease. Spleens were harvested from B6.Sle1.Yaa mice 
at ages 2 months, 4 months, and 7 months or healthy wild-type B6 control mice at age 2 months. A, Representative flow cytometry plots 
of CD4−B220+IgDlowCD95highGL-7high GC B cells in B6.Sle1.Yaa mice at each age and WT control mice at age 2 months (left), with results 
expressed as cell percentages (right). B, Splenic B cell follicles of B6.Sle1.Yaa mice stained with anti-IgD, anti-CD4, and peanut agglutinin (PNA) 
(left), with GC sizes quantified (top right) and numbers of T cells per GC size (bottom right). C, Representative flow cytometry plots of dark zone 
(DZ) (CD86−CXCR4+) and light zone (LZ) (CD86+CXCR4−) GC B cells gated on CD4−B220+IgDlowCD95highGL-7high GC B cells (top), with cell 
percentages and numbers (bottom). Results are representative of 3 separate experiments with 3–5 mice per group. Bars show the mean ± 
SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001 by Student’s t-test. See Figure 1 for other definitions.
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2 months of age (Supplementary Figures 1C and D [http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41532/ abstract]). Thus, Tfh cells 
in murine lupus continually produced pathogenic IL-21 and IFNγ, 
despite decreased levels of T-bet and Bcl-6 expression.

Development of GCs prior to disease onset. Autore-
active B cells in lupus undergo antigen selection within the GC 
(30). Since Tfh cells are generated at the predisease stage prior 
to the onset of autoantibodies (Figures 1B and C), we assessed 
the temporal generation of B cells within the GC in B6.Sle1.
Yaa mice at ages 2, 4, and 7 months. The percentages of 

splenic B220+IgDlowCD95highGL-7high B cells in the GC were sim-
ilarly increased among all 3 age groups compared to cells from 
nonautoimmune control mice at all 3 time points (Figure 3A). 
Moreover, the number and size of GCs did not differ over time 
(Figure 3B) with similar numbers of Tfh cells located within the 
GCs (Figure 3B).

Tfh cell signaling to B cells in the GC is necessary for light 
zone to dark zone transition (31). Whereas the total number of 
B cells in the GC did not change over time, the percentage of 
B220+IgDlowCD95highGL-7highCXCR4highCD86low dark zone B cells  
in the GC were significantly decreased in 4-month-old and 

Figure 4. Evolving transcriptional profile of Tfh cells during the progression of disease. Spleens were harvested from B6.Sle1.Yaa mice at ages 
2, 4, and 7 months or from lymphocytic choriomeningitis virus (LCMV)–infected mice 8 days postinfection. A and C, Heatmaps of normalized 
hit counts for differentially expressed genes in B6.Sle1.Yaa mice at each age compared to LCMV-infected mice (A) and selected T cell–related 
genes (C) in Tfh cells from B6.Sle1.Yaa mice at each age. Genes that were differentially expressed between the mice at ages 2 months and 
7 months with an estimated false discovery rate (FDR) of <0.05 were considered significant. B and D, Venn diagrams showing differentially 
expressed genes in Tfh cells from mice ages 2 months, 4 months, and 7 months compared to 2-month-old naive control mice (B) or LCMV-
infected mice 8 days postinfection (D). E, Pathway enrichment analyses of the up-regulated genes in Tfh cells in mice at age 2 months versus 7 
months, with the top 4 pathways listed, including the enrichment P value. F, Gene set enrichment analysis of STAT4-bound genes. A significant 
enrichment in STAT4-dependent genes was revealed in Tfh cells from mice at age 7 months compared to mice at age 2 months. Number in top-
right corner is the enrichment score (ES). Data are representative of 2 replicate experiments with 3 mice per group. PI3K = phosphatidylinositol 
3-kinase; ROS = reactive oxygen species; (see Figure 1 for other definitions).
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7-month-old mice compared to 2-month-old mice (Figure 3C). 
However, the percentage of B220+IgDlowCD95highGL-7highCXCR-
4lowCD86high light zone GC B cells remained unchanged through-
out the study (Figure 3C). Thus, Tfh cells were observed to persist 
within the GC, but dysregulation of B cell subsets in the GC only 
occurred later during disease.

Temporal transcriptomic analysis of Tfh cells in 
lupus. During disease progression, Tfh cells maintained pro-
duction of IL-21 and IFNγ despite diminished transcription factor 
expression. We next assessed the temporal transcriptional pro-
files of sorted Tfh cells (CD4+CD44+GITR−PSGL-1lowCXCR5high-

PD-1high) from mice ages 2, 4, and 7 months compared to naive 
CD4 T cells from B6.Sle1.Yaa mice. In Tfh cells from 4-month-
old mice, 732 genes were found to be differentially expressed as 
compared to 2-month-old mice, while 1,021 genes were differen-
tially expressed in Tfh cells from 7-month-old mice as compared 
to 2-month-old mice (Figures 4A and B). Next, we compared the 
differentially expressed genes between the 3 disease stages in 
lupus and found that of the 1,021 differentially expressed genes in 
Tfh cells from mice ages 2 months and 7 months, 474 overlapped 
with genes that were already differentially expressed by 4 months 
of age (Figure 4B).

To further analyze the transcriptional differences among 
the Tfh cell populations, we examined a curated set of genes 
that had been previously described to be up-regulated or down- 
regulated in Tfh cells compared to other CD4+ Th cell subsets 
(32). Despite the temporal increase in differentially expressed 
genes in Tfh cells, the 3 Tfh cell populations shared expres-
sion of Tfh cell–defining genes including Bcl6, Icos, and Pdcd1 
(Figure 4C). Although we observed temporal decline of Bcl-6, Tfh 
cell–defining gene expression was consistent with maintenance of 
CXCR5 and programmed death 1 (PD-1) expression (Supplemen-
tary Figure 2B, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41532/ abstract).

Compared to Tfh cells from mice with acute lympho-
cytic choriomeningitis virus infection, Tfh cells from predisease 
2-month-old lupus-prone mice had the fewest differentially 
expressed genes compared to Tfh cells from older lupus-
prone mice (Figure 4D), indicating greater divergence in older 
lupus-prone mice from the physiologic response to acute 
infection. Enrichment analysis of up-regulated genes revealed 
increased expression of genes involved in pathways of type I 
IFN signaling (Figure 4E). Type I IFN promotes phosphorylation of 
STAT4, the gene of which is associated with lupus susceptibility 
and regulation of IL-21 and IFNγ production during acute viral 
infection in mice (11). Gene set enrichment analysis (GSEA) using 
a published STAT4 chromatin immunoprecipitation sequenc-
ing data set (33) identified enrichment of STAT4-bound genes 
in Tfh cells from mice with lupus ages 2 months to 7 months 
(Figure 4F). Hence, as disease progressed, Tfh cells developed 
an enhanced Stat4 gene signature.

Promotion of STAT4 phosphorylation in murine 
lupus by type I IFN. Inflammatory cytokines abundant in lupus, 
including IL-12 and type I IFN, drive STAT4 activation (14–16). 
While we found no difference in the temporal expression of Stat4 
in Tfh cells from lupus-prone mice (Figure 4C), the expression of 
IL-12 and IFNβ in B6.Sle1.Yaa mice (34) compared to controls was 
found to possibly promote phosphorylation of STAT4 (pSTAT4) in 
Tfh cells (11). As such, we measured pSTAT4 in splenic Tfh cells 
upon stimulation with IL-12 or IFNβ at early and late stages of 
disease activity. In response to IL-12 stimulation, Tfh cells from 
7-month-old (diseased stage) mice with lupus showed modestly 
increased levels of pSTAT4 compared to Tfh cells from 2-month-
old mice (Figure 5A). In response to IFNβ stimulation, pSTAT4 was 
significantly increased in Tfh cells from 7-month-old mice with 
lupus compared to 2-month-old mice with lupus.

We next examined IL-12– or IFNβ-induced STAT4 activation 
in Th1 cells, finding significantly enhanced pSTAT4 in cells from 
7-month-old mice with lupus compared to 2-month-old mice with 
lupus (Supplementary Figure 3A, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41532/ abstract). Thus, IL-12 and IFNβ more readily activated 
STAT4 in splenic Tfh cells and Th1 cells at a later stage of disease 
compared to the predisease stage, which is consistent with the 
Tfh cell–enhanced Stat4 gene signature (Figure 4F).

As type I IFN promoted increased activation of STAT4 in 
Tfh cells from lupus-prone mice, we next investigated whether 
the amount of type I IFN increased with disease progression, as 
we found no difference in the concentration of circulating IFNβ 
between 2-month-old mice with lupus and 7-month-old mice 
with lupus (Supplementary Figure 3B [http://onlin elibr ary.wiley.
com/doi/10.1002/art.41532/ abstract]). The temporal increase in 
pSTAT4 was also not due to a difference in the expression of the 
type I IFN receptor (IFNAR-1) on Tfh cells, as its expression on 
cells from older mice was similar compared to that of 2-month-old 
and 4 month-old mice (Figure 5B), suggesting that Tfh cells from 
older mice were more responsive to type I IFN.

To determine if type I IFN signaling was regulating IL-21 and 
IFNγ production, we treated 4-month-old B6.Sle1.Yaa mice at the 
onset of disease for 4 weeks with either anti–IFNAR-1 or con-
trol rat IgG antibody. Treatment with anti–IFNAR-1 resulted in a 
decrease in the percentages and numbers of Tfh cells compared 
to the control group (Figure 5C). Tfh cells from mice treated with 
anti–IFNAR-1 had reduced levels of IFNγ or IL-21 secretion com-
pared to healthy controls (Supplementary Figure 3C [http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41532/ abstract]). Moreover,  
anti–IFNAR-1–treated mice had significantly reduced percentages 
of IL-21+IFNγ+– and IL-21+IFNγ−–secreting Tfh cells compared 
to the control group (Figure 5D).

To determine if the effect of IFNAR-1 blockade on Tfh cell  
production of IL-21 and IFNγ was a consequence of altered 
chromatin accessibility, ATAC-seq was used to character-
ize their gene loci. Comparison of differentially called peaks in 3 
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replicates of Tfh cells from anti–IFNAR-1–treated mice compared to  
control -treated mice revealed no significant differences in chro-
matin accessibility at the Il21 and Ifng loci (Figure 5E). These findings 
suggest that in Tfh cells, Il21 and Ifng remain accessible in the absence 
of type I IFN signaling, though cytokine production is not maintained.

In accordance with the decreased levels of Tfh cell cytokine 
production in mice treated with anti–IFNAR-1, we also observed 

enhanced IgG1 switching in autoantibodies and total immuno-
globulins compared to that in control animals (Figures 5F and G), 
though without an effect on B cell formation in the GC (Supple-
mentary Figures 3D and E) or IgG2c antibodies and autoantibod-
ies (Figure 5F). Overall, type I IFN signaling via STAT4-promoted 
IL-21 and IFNγ production at the onset of disease in lupus-
prone mice, along with this effect of enhanced IgG1 switching 

Figure 5. Type I IFN regulates IL-21 and IFNγ production in Tfh cells in lupus. Spleens were harvested from B6.Sle1.Yaa mice at ages 2 and 7 
months. A, Splenocytes from mice at ages 2 months and 7 months were stimulated with IL-12 or type I IFN. Left, Representative flow histograms 
of the levels of pSTAT4 determined by intracellular staining of Tfh cells as compared to unstimulated (Unstim) cells as controls. Right, Results 
quantified as the mean fluorescence intensity (MFI). B, Representative flow cytometry plots show expression of IFNα receptor 1 (IFNAR-1) on 
Tfh cells from B6.Sle1.Yaa mice (left), with results expressed as the MFI (right). C, Splenocytes were obtained from 5-month-old B6.Sle1.Yaa 
mice treated twice a week for 4 weeks with either anti–IFNAR-1 (375 μg) or anti-rat IgG (1 mg/ml). Representative flow cytometry plots show 
CXCR5highPD-1high Tfh cells from treated B6.Sle1.Yaa mice (top), with results expressed as percentages and numbers of positive cells (bottom). D, 
Representative flow cytometry plots show intracellular IL-21 and IFNγ staining in Tfh cells from anti–IFNAR-1–treated mice compared to control 
mice or unstimulated cells (top), with results expressed as percentages of cytokine-positive cells (gated on unstimulated Tfh cells (bottom). 
E, Assay for transposase-accessible chromatin was performed using sequencing for Il21 and Ifng loci. F and G, Levels of antichromatin and 
anti-dsDNA IgG1 and IgG2c antibodies (F) and total IgG1 and IgG2 (G) in the sera of mice pretreatment (Pre Txt) and after treatment with anti–
IFNAR-1 (Post Txt) were measured and compared to those in control mice. Results are representative of 2 separate experiments with 3–5 mice 
per group. Bars in A–D show the mean ± SEM. * = P < 0.05; ** = P < 0.01 by Student’s t-test. See Figure 1 for other definitions.
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in autoantibodies and total immunoglobulins, enhanced as mice 
aged.

Correlation of STAT4 activation with disease activity 
in Tfh-like cells from SLE patients. The presence of autoan-
tibodies in human patients with lupus precedes clinical disease 
(35). Circulating Tfh (Tfh-like) cells from SLE patients correlate with 
disease severity and are phenotypically similar to tonsillar Tfh cells 
but have reduced Bcl-6 and T-bet expression, similar to Tfh cells 
in lupus-prone mice (2,36–38).

To extend our murine studies to SLE patients, we examined 
cytokine production in human circulating Tfh-like cells. PBMCs 
were collected from 25 patients with lupus and 19 age- and 
sex-matched healthy control subjects (Supplementary Table 1, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41532/ abstract). IFNγ and IL-21 
production was assessed in CD4+CD45RA−CCR7−PD-1high-

CXCR5high Tfh-like cells and CD4+CD45RA−CCR7+PD-llowCX-
CR5high memory T cells (Figure 6A) (37). A substantial portion of 
both populations cosecreted IL-21 and IFNγ, mirroring our data 
from lupus-prone B6.Sle1.Yaa and MRL-lpr/lpr mice (Figures 6B 
and 1D and Supplementary Figure 1C [http://onlin elibr ary.wiley.
com/doi/10.1002/art.41532/ abstract]).

We next compared pSTAT4 expression in the 2 T cell pop-
ulations following IFNβ or IL-12 cytokine stimulation, which was 
analogous to our experiments using murine Tfh cells (Figure 5A). 
No difference was found in pSTAT4 expression in memory T cells 
from patients with lupus compared to healthy control subjects 
after stimulation with IFNβ or IL-12 (Figure 6C); however, levels of 

pSTAT4 expression in lupus circulating Tfh-like cells were signifi-
cantly increased compared to healthy control subjects (Figure 6C). 
We also examined pSTAT4 expression following IFNβ or IL-12 
stimulation of activated CD45RA−CXCR5− cells, with no differ-
ences in pSTAT4 expression found between cells from patients 
with lupus and cells from healthy control subjects. However, levels 
of pSTAT4 expression in circulating Tfh-like cells from patients with 
lupus were increased compared to pSTAT4 expression levels in 
CD45RA−CXCR5− cells (Figure 6C).

We did not observe a correlation between the percentage of 
Tfh-like cells and the expression of pSTAT4 in Tfh-like cells from 
patients with lupus (Supplementary Figure 4A, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41532/ abstract). While there was no association 
of pSTAT4 expression levels with complement markers or autoan-
tibodies (Supplementary Figure 4B), increased levels of pSTAT4 
expression in Tfh-like cells from lupus patients correlated with 
increased scores on the SLEDAI-2K (Figure 6D). Increased lev-
els of pSTAT4 and coproduction of IL-21 and IFNγ suggest that 
Tfh-like cells from lupus patients are comparable to those from 
diseased lupus-prone mice.

DISCUSSION

In the present study, we defined a previously unappreciated 
role for type I IFN signaling in driving STAT4 activation and pro-
duction of IL-21 and IFNγ by Tfh cells in murine and human lupus. 
We show that in mice with lupus, Tfh cells transcriptionally evolve 
during the course of disease, losing their Bcl-6 expression. Tfh 

Figure 6. Correlation of STAT4 activation with increased disease activity. Isolated mononuclear cells from the peripheral blood of patients with 
systemic lupus erythematosus (SLE) or healthy control subjects were rested in 10% complete Dulbecco’s modified Eagle’s medium solution 
overnight, then stimulated with interleukin-12 (IL-12) or interferon-β (IFNβ). A, Representative gating strategy to identify memory T cells (Mem 
T cells) or Tfh-like cells. B, Intracellular IL-21 and IFNγ staining in Tfh-like cells from a patient with SLE. C, Representative flow histogram of 
pSTAT4 from T cells stimulated with either IFNβ (top) or IL-12 (bottom). Graphs depict the ratio of the mean fluorescence intensity (MFI) of 
pSTAT4 in stimulated Tfh-like cells (left), memory T cells (middle), or activated CXCR5− cells (right) to the MFI of pSTAT4 in unstimulated (Unstim) 
T cells for each individual sample. Bars show the mean ± SEM. * = P < 0.05 by Mann-Whitney test. D, Linear regression analysis assessing 
correlation of the stimulated pSTAT4:unstimulated pSTAT4 ratio in SLE patients with the level of disease activity measured by the SLE Disease 
Activity Index (SLEDAI). Correlations were assessed using Pearson’s correlation test. Results are representative of samples obtained from 27 
patients with SLE and 19 healthy control subjects. 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.41532/abstract.
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cell target genes were still expressed, suggesting Bcl6 transcripts 
remain regulated even as protein expression declines, analogous 
to what occurs with T-bet (12). As disease progresses, Tfh cells 
acquire an enhanced STAT4 gene signature, consistent with our 
finding that type I IFN augments STAT4 phosphorylation in Tfh 
cells at later time points. Blockade of IFNAR-1 after the onset of 
autoantibodies reduced levels of IL-21 and IFNγ secretion by Tfh 
cells, indicating that type I IFN signaling maintains the production 
of these cytokines throughout the course of disease. Similar to our 
findings in mice, we observed that Tfh-like and memory T cells 
from SLE patients secreted IL-21 and IFNγ and had increased 
pSTAT4 that correlated with higher disease activity. Collectively, 
our data suggest that type I IFN enhances STAT4 activation in Tfh 
cells, driving its aberrant production of IL-21 and IFNγ, which may 
underlie pathogenic GC responses in both murine and human 
lupus.

Our data show that cytokine-secreting Tfh cells and GCs are 
generated prior to the onset of autoantibodies in murine lupus. 
As the development of autoantibodies progressed, we found 
that Tfh cells continued to produce cytokines and remained 
within GCs but transcriptionally evolved. The pattern of transcrip-
tion factor expression and cytokine production by Tfh cells from 
older B6.Sle1.Yaa mice emulated that of Tfh-like cells from SLE 
patients (38). IFNAR blockade reduced the coproduction of these 
cytokines in Tfh cells, but not their development or function, as 
demonstrated by the increase in IgG1 autoantibodies in the pres-
ence of ongoing GCs. While IgG2c autoantibodies were detected, 
these may be generated by existing plasma cells or those driven 
to maturation by the fraction of Tfh cells that continued to produce 
only IFNγ after treatment. The continued production of Tfh cell–
IFNγ may be due to increased levels of circulating IL-12 as disease 
progresses in these mice (34). In aggregate, our data suggest 
that the development of Tfh cells and GCs precedes the onset of 
autoantibodies and tissue destruction in lupus, and that activation 
of STAT4 by type I IFN sustains aberrant cytokine production.

Previous in vitro  studies have established that activated 
STAT4 binds and epigenetically regulates the expression of 
Il21 and Ifng in T helper cells (39–41). We find that both IL-12 and 
type I IFN are able to activate STAT4, suggesting a role for each 
in promoting IL-21 and IFNγ secretion by Tfh cells via STAT4 in 
lupus. We have found that although coproduction of IL-21 and 
IFNγ is maintained in Tfh cells despite progressive loss of T-bet 
expression in lupus, levels of pSTAT4 continue to increase. These 
findings suggest that cytokine production is driven by type I IFN 
activation of STAT4 in Tfh cells as disease progresses. Thus, type 
I IFN continues to activate STAT4 in Tfh cells maintaining IL-21 and 
IFNγ production throughout the course of disease.

Our findings have implications for clinical treatment of SLE. 
Type I IFN–induced genes are expressed in ~70% of patients (42). 
Blockade of type I IFN has emerged as a potential treatment for 
SLE. This idea is supported by the recent Trial of Anifrolumab in 
Active Systemic Lupus Erythematosus 2 (TULIP II) phase III clinical 

study of anifrolumab, a monoclonal anti–type I IFN receptor anti-
body (43), although the TULIP I trial failed to achieve efficacy in 
reducing disease activity (44). Nonetheless, JAK/STAT signaling 
plays an important downstream role from type I IFN in regulating 
IL-21 and IFNγ production and their associated biologic effects 
(45). The type I IFN signaling complex can activate STAT4 through 
JAK1 and Tyk2 in T cells from humans and from murine models 
of disease (22,46). Tofacitinib, an inhibitor of JAK1 and JAK3, 
is approved by the US Food and Drug Administration for the 
treatment of RA. The critical role of JAK1 and JAK3 signaling in 
host defenses underlies the toxic effects associated with use of 
these inhibitors, which includes infections, cytopenia, and altera-
tions to lipid metabolism (47,48). Modulation of the IL-12/type I 
IFN–STAT4 signaling pathway may be a preferable way to restrict 
a set of cytokines and their associated pathologic responses in 
lupus. In particular, IL-12 and type I IFN pathway inhibitor Tyk2 was 
developed and used in preclinical models of SLE. Tyk2 inhibition 
demonstrated amelioration of disease pathology in (NZB × NZW)
F1 lupus-prone mice, highlighting the role of Tyk2–STAT4 signal-
ing in lupus development. Our data support these clinical findings 
showing that in both murine and human lupus, IL-21 and IFNγ 
production by T helper cells is downstream of aberrant IL-12/type 
I IFN–STAT4 signaling. Furthermore, we demonstrated that IL-12 
and type I IFN signaling promote increased levels of pSTAT4 in Tfh 
cells from both mice with lupus and human patients with active 
lupus.

IL-21 and IFNγ have been identified as compelling therapeu-
tic targets in the treatment of SLE (49,50). To our knowledge, we 
show for the first time that the transcriptional regulation of these 
cytokines in Tfh cells changes over the course of disease. STAT4 is 
strongly associated with disease susceptibility in SLE, yet the dis-
tinct contribution of STAT4 to pathogenesis remains ambiguous 
(19–21). Here, we identify a potential pathogenic role for STAT4 
following activation through type I IFN and IL-12 signaling in Tfh 
cells, thereby maintaining their IL-21 and IFNγ production in lupus. 
Collectively, our findings solidify the STAT4 pathway as a target for 
the development of a successful therapeutic strategy in SLE.
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A Novel RELA Truncating Mutation in a Familial Behçet’s 
Disease–like Mucocutaneous Ulcerative Condition
Fahd Adeeb,1 Emma R. Dorris,2  Niamh E. Morgan,3 Dylan Lawless,4 Aqeel Maqsood,1 Wan Lin Ng,1 
Orla Killeen,5 Eoin P. Cummins,2 Cormac T. Taylor,2 Sinisa Savic,4  Anthony G. Wilson,2  and 
Alexander Fraser6

Objective. Monogenic Behçet’s disease (BD)–like conditions are increasingly recognized and to date have been 
found to predominantly involve loss-of-function variants in TNFAIP3. This study was undertaken to identify genetic 
and pathobiologic mechanisms associated with a BD-like mucocutaneous ulcerative syndrome and neuromyelitis 
optica (NMO) occurring in 3 generations of an Irish family (n = 5 cases and 5 familial controls).

Methods. Whole-exome sequencing was used to identify potential pathogenic variants in affected family members 
and determine segregation between affected and unaffected individuals. Relative v-rel reticuloendotheliosis viral oncogene 
homolog A (RELA) expression in peripheral blood mononuclear cells was compared by Western blotting. Human epithelial 
and RelA−/− mouse fibroblast experimental systems were used to determine the molecular impact of the RELA truncation 
in response to tumor necrosis factor (TNF). NF-κB signaling, transcriptional activation, apoptosis, and cytokine production 
were compared between wild-type and truncated RELA in experimental systems and patient samples.

Results. A heterozygous cytosine deletion at position c.1459 in RELA was detected in affected family members. 
This mutation resulted in a frameshift p.His487ThrfsTer7, producing a truncated protein disrupting 2 transactivation 
domains. The truncated RELA protein lacks a full transactivation domain. The RELA protein variants were expressed 
at equal levels in peripheral mononuclear cells. RelA−/− mouse embryonic fibroblasts (MEFs) expressing recombinant 
human RELAp.His487ThrfsTer7 were compared to those expressing wild-type RELA; however, there was no difference 
in RELA nuclear translocation. In RelA−/− MEFs, expression of RELAp.His487ThrfsTer7 resulted in a 1.98-fold higher 
ratio of cleaved caspase 3 to caspase 3 induced by TNF compared to wild-type RELA (P = 0.036).

Conclusion. Our data indicate that RELA loss-of-function mutations cause BD-like autoinflammation and NMO 
via impaired NF-κB signaling and increased apoptosis.

INTRODUCTION

Behçet’s disease (BD) is an autoinflammatory vasculitic condi-
tion characterized by oral and genital ulceration, uveitis, rashes such 
as erythema nodosum, and arthralgia. The etiology is multifactorial, 
with a significant genetic component and shared susceptibility loci 

with Crohn’s disease and leprosy, implicating mucosal factors and 
the innate immune response in BD risk (1).

NF-κB is a family of inducible transcription factors that act 
as master regulators of immune and apoptotic signaling by 
 controlling the expression of a large array of genes. The NF-κB 
family is composed of 5 structurally related members: NF-κB1 
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(p50), NF-κB2 (p52), v-rel reticuloendotheliosis viral oncogene 
homolog A (RELA; p65), RELB, and c-REL. These proteins medi-
ate transcription of target genes by binding to a κB enhancer DNA 
element as hetero- or homodimers (2).

Autosomal-dominant forms of BD have been linked to loss-
of-function mutations in tumor necrosis factor–induced protein   
3–interacting protein 1 (TNFAIP3; A20), a negative regulator 
of NF-κB (3). Differences in clinical features compared with BD 
include onset in early childhood, recurrent fevers, severe ocu-
lar disease, colitis, and polyarthritis (4). A single family with an 
 autosomal-dominant early-onset mucocutaneous ulcerative 
 syndrome caused by a RELA mutation has been described (5). 
Those studies implicate distinct genetic and cellular mechanisms 
involving the NF-κB pathway in familial forms of BD.

Like BD, neuromyelitis optica (NMO; Devic’s disease) is 
a relapsing–remitting inflammatory disorder. NMO is confined 
to the central nervous system and is associated with specific 
anti– aquaporin 4 (anti–AQP-4) antibodies. Several studies have 
demonstrated that both conditions share similar pathophysiology, 
and NF-κB is key (6). Proteasome and immunoproteasome inhib-
itors that prevent nuclear accumulation of NF-κB have demon-
strated profound effects on astroglial responses to NMO IgG (7).

In addition to being the hallmark feature of NMO, optic neu-
ritis is a recognized rare manifestation of BD. This feature, some-
times described as a posterior segment ocular involvement, is 
part of the International Study Group for BD (ISGBD) criteria (8) 
and the revised International Criteria for BD (ICBD) (9).

In this study we determined the genetic and molecular basis  
of an autosomal-dominant mucocutaneous ulcerative syn-
drome and NMO in 5 members of a 3-generation Irish family. 
Whole-exome sequencing identified a mutation in RELA resulting 
in expression of a truncated RELA protein, with suppression of 
RELA-dependent transactivation activity and increased apoptosis.

MATERIALS AND METHODS

Public and patient involvement. This study has a 
patient research partner member of the project advisory group 
who mentors the researchers in lay communication and advises 
on patient consent forms.

Ethics and sample collection. Written informed consent  
was obtained from all participants or their guardians. This study 
was approved by University Hospital Limerick’s local ethics com-
mittee in accordance with the Declaration of Helsinki. Whole 
blood or saliva samples were obtained from all family members. 
Peripheral blood mononuclear cells (PBMCs) were obtained from 
3 familial controls and 4 heterozygotes.

Whole-exome sequencing. Libraries were sequenced on 
an Illumina HiSeq 3000 system. Variants were annotated using 
Alamut-HT high-throughput annotation software. The variant 

identified was validated by Sanger sequencing. For additional 
details, see Supplementary Methods, available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41531/ abstract.

Cell culture. PBMCs were isolated from whole blood using 
density-gradient centrifugation. HEK 293T cells (ATCC) were 
cultured in Dulbecco’s modified Eagle’s medium supplemented 
with 10% heat-inactivated fetal bovine serum. Mouse embryonic 
fibroblasts (MEFs) lacking the NF-κB subunit p65 (RelA−/−) were a 
gift from Alexander Hoffman (University of California, Los Ange-
les). Recombinant human or mouse tumor necrosis factor (TNF; 
PeproTech) was used at 10 ng/ml.

Reverse transcriptase–polymerase chain reaction 
(RT-PCR). Gene expression was measured via TaqMan real-time 
RT-PCR using ΔCt relative quantitation. See Supplementary Meth-
ods for the assay IDs.

Plasmid transfection. The pRelA-EGFP plasmid (a gener-
ous gift from Professor Michael White [University of Manchester, 
Manchester, UK]) was used as a template to generate RELAp.
His487ThrfsTer7 and wild-type RELA plasmids and confirmed 
by capillary sequencing. Transfection of DNA plasmids was per-
formed using Lipofectamine 3000 transfection reagent (Ther-
moFisher Scientific) according to the manufacturer’s instructions. 
For additional details see Supplementary Methods, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41531/ abstract.

Luciferase reporter assay. An NF-κB–Luciferase PEST 
reporter vector (Promega) plus a Renilla luciferase control reporter 
vector (pRL-SV40; Promega) were co-transfected into RelA−/− 
MEFs. Cells were incubated with 10 ng/ml TNF for 5 hours, and 
luciferase activity was measured using a Dual-Glo Luciferase 
assay system (Promega). For additional details, see Supplemen-
tary Methods, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41531/ abstract.

Western blotting. Cells were treated with 10 ng/ml TNF 
for 24 hours, and whole cell lysates were extracted. Electropho-
resis was carried out using 12% Tris–glycine–polyacrylamide gel 
and wet transfer to PVDF membranes (ThermoFisher Scientific). 
Membranes were blocked with 5% protein, and antigen–antibody 
complexes were visualized using chemiluminescence. For addi-
tional details, see Supplementary Methods.

Cytokine assays. Enzyme-linked immunosorbent assays 
were performed to detect human interleukin-6 (IL-6) and TNF, 
and mouse CXCL10 and IL-6, protein concentrations (R&D Sys-
tems), according to the manufacturer’s instructions, using 100 μl 
of supernatant per well.

http://onlinelibrary.wiley.com/doi/10.1002/art.41531/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41531/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41531/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41531/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41531/abstract
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Immunofluorescence. RelA−/− MEFs (n = 17,500) were 
seeded into Millicell EZ 8-well chamber slides (Millipore). Cells 
were fixed in 4% paraformaldehyde (Sigma-Aldrich) for 20 min-
utes, washed 3 times with phosphate buffered saline (PBS), per-
meabilized with 0.1% Triton X-100 (Sigma-Aldrich) for 5 minutes, 
washed 3 times with PBS, and incubated in blocking solution con-
taining 0.5% bovine serum albumin (Sigma-Aldrich) and 50 mM 
ammonium chloride in PBS for 30 minutes. Cells were probed 
with primary antibody (1:1,000) in blocking solution  containing 
0.02% sodium azide (Sigma-Aldrich) for 1 hour, washed 3 times 
with PBS, and probed with goat anti-rabbit Alexa Fluor 568 (1:400; 
Life Technologies) diluted in blocking solution for 30 minutes. Cells 
were washed and coverslips were mounted using FluroShield with 
DAPI mounting media (Sigma-Aldrich).

Confocal microscopy. Confocal images were acquired on 
a FluoView FV1000 laser scanning microscope (Olympus). Images 
were acquired with a 60× numerical aperture, 1.35 UPlanSApo oil 
immersion objective (Olympus) at a resolution of 1,024 × 1,024 
pixels in a sequential scanning model.

Statistical analysis. Data are presented as the mean ±  
SEM. Data were graphed to assess distribution and transformed 
where required to meet parametric assumptions. Student’s t-test 
was used to compare 2 groups, using the unpaired test for inde-
pendent groups, and type 1 test for paired samples. To com-
pare more than 2 groups, analysis of variance with Tukey’s highest 
significant difference post hoc test was used. Statistical analysis 
was performed using IBM SPSS Statistics version 24. An alpha 
value of 0.05 was used.

RESULTS

Clinical phenotype. This study involved an Irish Cau-
casian family of 10 individuals (Figure 1A). The index case (I.2) 
reported a transient period of recurrent severe oral ulcers as a 
teenager; his symptoms, however, spontaneously resolved more 
than 30 years ago. Two half-sisters (II.2 and II.5) were diagnosed 
as having  early-onset BD satisfying the ISGBD criteria at 10 
years old and 15 years old, respectively. The illness was char-
acterized by recurrent oral aphthosis, genital aphthosis, and skin  
pustulosis. In contrast to cases in the literature with A20 haplo-
insufficiency (4), affected individuals in this study were negative 
for antinuclear antibody. A third sister (II.3) developed NMO, 
characterized by recurrent optic neuritis with AQP-4 antibody 
positivity. Of note, serial imaging demonstrated no evidence of 
transverse myelitis or cerebral involvement. A son of the index 
case declined to be involved in the study but was reported to 
be well and asymptomatic. Subsequently, a daughter of one of 
the sisters with BD (III.1) developed recurrent oral aphthosis at 
the age of 10 years. The 2 half-sisters with BD were successfully 
treated with anti-TNF medication (etanercept), and the patient 

with NMO was treated with anti-CD20 (rituximab). The demo-
graphic characteristics, clinical manifestations, and HLA–B*51 
status of all family members were recorded (Supplementary 
Table 1, Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41531/ abstract).

Identification of a novel RELA variant. Whole-exome 
sequencing identified a heterozygous deletion c.1459delC in 
exon 11 of RELA (ENST00000406246). This was validated by 
Sanger sequencing and was detected in all affected individuals 
and the individual with NMO (Figure 1B). The mutation resulted 
in a frameshift encoding RELA amino acid 487 followed by 5 

Figure 1. Pedigree of a family with a mucocutaneous ulcerative 
condition. A, Genotype of RELA c.1459delC. Open symbols 
represent individuals with the homozygous wild-type (WT) genotype; 
solid symbols represent heterozygotes. Stippled symbol (II.3) rep-
resents an individual who was heterozygous for RELA c.1459delC 
and had neuromyelitis optica. B, Sanger sequencing of RELA in a 
wild-type familial control and in a heterozygous affected individual 
with cytosine base deletion at position c.1459 (arrow). C, Graphic 
representation of full-length wild-type RELA with conserved Rel 
homology domain (RHD) and 2 C-terminal transactivation domains 
(TA2 and TA1), and of RELAp.His487ThrfsTer7 with partial TA2 but 
lacking TA1.

http://onlinelibrary.wiley.com/doi/10.1002/art.41531/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41531/abstract
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amino acids and a stop codon (QLSPC*) encoding a truncated 
RELA protein of 492 amino acids, ~6 kd smaller than wild-type 
RELA (Figure 1C). This mutation has not been identified in pub-
licly available genetic data sets (https://gnomad.broad insti tute.
org).

Expression of RELAp.His487ThrfsTer7 protein in 
individuals heterozygous for RELA c.1459delC. Individuals 
heterozygous for RELA c.1459delC had 2 bands when probed 
with an anti-RELA antibody targeted to an N-terminus epitope, 
with an ~6-kd difference in protein size, as predicted (Figure 2A).  

Figure 2. RELAp.His487ThrfsTer7 is an expressed truncated protein and is associated with altered NF-κB signaling. A, Western blot analysis 
of peripheral blood mononuclear cells (PBMCs) from unaffected individuals, symptomatic individuals, and the individual in whom symptoms had 
resolved. Individuals heterozygous for RELAc.1459delC had 2 detectable RELA bands when probed with an RELA N-terminus, but not C-terminus, 
antibody. The RELA bands correspond to full-length RELA and the predicted RELAp.His487ThrfsTer7. B, Up-regulation of mRNA for basal RELA, 
NFKBIA, and TNFAIP3 in RELAp.His487ThrfsTer7 patient cells (MUT) compared to wild-type (WT) familial control PBMCs. After stimulation with 
tumor necrosis factor (TNF) for 4 hours, there was no significant difference (NS) between mRNA levels in unaffected and symptomatic individuals. 
Values are the mean ln(relative quantitation [RQ]). Symbols represent individual subjects. C, Luciferase activity in the mouse embryonic fibroblast 
(MEF) RelA−/− transfection model, demonstrating the impaired ability of RELAp.His487ThrfsTer7 to transactivate NF-κB response elements. Values 
are the mean ± SEM fold increase in NF-κB activity in TNF-stimulated cells compared to unstimulated pcDNA, plotted as the ratio of luciferase to 
Renilla (n = 3 independent experiments). D, Representative confocal images of MEF RelA−/− transfection models treated with TNF for the indicated 
times. Green indicates RELA; blue indicates the nucleus. Bar = 10 μm. * = P < 0.05; ** = P < 0.01; *** = P < 0.001.

https://gnomad.broadinstitute.org
https://gnomad.broadinstitute.org
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Heterozygotes and familial homozygous wild-type con-
trols were also probed with a C-terminus antibody tar-
geted to transactivation domain 1, which was predicted to 

be missing from RELAp.His487ThrfsTer7. As expected, 
only a single band (65 kd) was detected in all samples  
(Figure 2A).

Figure 3. RELAp.His487ThrfsTer7 increases apoptosis. A, Western blotting and densitometry of HEK 293T cells in the transfection model, 
showing no difference in expression levels of wild-type (WT) RELA and RELAp.His487ThrfsTer7. Cells expressing RELAp.His487ThrfsTer7 
showed increased Bax and decreased Bcl-x, both basally and in response to tumor necrosis factor (TNF), compared to wild-type RELA. Bcl-2 
was down-regulated by TNF but was not significantly different (NS) between RELAp.His487ThrfsTer7- and wild-type RELA-expressing cells. 
NTC = nontransfected cells. B, Increased ratio of cleaved caspase 3 (compared to pro–caspase 3) after TNF stimulation in cells expressing 
RELAp.His487ThrfsTer7 compared to wild-type RELA. C and D, Up-regulation of mRNA for TRAF1 and BLC2A1 in RELAp.His487ThrfsTer7-
expressing patient peripheral blood mononuclear cells (PBMCs) (MUT) compared to wild-type familial control PBMCs. TNF induced down-
regulation of TRAF1 in RELAp.His487ThrfsTer7-expressing patient PBMCs. In A and B, bars show the mean ± SEM. In C and D, symbols 
represent individual subjects. * = P < 0.05; ** = P < 0.01; *** = P < 0.001.



A NOVEL RELA TRUNCATION IN BD |      495

Altered expression and sensitivity to TNF of the 
NF-κB pathway in RELAp.His487ThrfsTer7 individuals.  
Compared to wild-type familial PBMC controls, RELAp.
His487ThrfsTer7 heterozygotes had higher basal gene expres-
sion of RELA (32.6-fold up-regulation; P = 0.011), NFKBIA (10.5-
fold up-regulation; P = 0.002), and TNFAIP3/A20 (24.8-fold 
up- regulation; P = 0.011).

However, RELAp.His487ThrfsTer7 patient PBMCs exhibited  
reduced TNF-induced induction compared with wild-type 
PBMCs, with RELA down-regulated 2.8-fold (P = 0.037), NFKBIA 
down-regulated 2.7-fold (P = 0.012), and TNFAIP3 down-regulated  
2.705-fold (P = 0.035) compared to basal (unstimulated) cells 
(Figure 2B).

Impaired transcriptional activity in RELAp.
His487ThrfsTer7. To determine if the transcriptional activ-
ity of the 2 RELA isoforms differed in response to TNF, we 
performed an NF-κB luciferase experiment. Transfection effi-
ciency was comparable between wild-type RELA and RELAp.
His487ThrfsTer7 transfections (Supplementary Figure 1, avail-
able on the Arthritis & Rheumatology website at http://onlin elibr 
ary.wiley.com/doi/10.1002/art.41531/ abstract). RelA−/− MEFs 
expressing wild-type RELA had increased promoter activity 
(mean ± SEM 6.78 ± 0.78-fold) compared to those expressing 
RELAp.His487ThrfsTer7 (P = 0.003) (Figure 2C).

Nfkbia gene expression was measured in these cells (Sup-
plementary Figure 2, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41531/ 
abstract). RELAp.His487ThrfsTer7 had reduced expression com-
pared to wild-type RELA basally (P < 0.001) and in response to 
TNF (P = 0.009).

RELAp.His487ThrfsTer7 does not impede RELA 
translocation to the nucleus. To determine if the differential 
NF-κB–responsive promoter activity was related to translocation 
to the nucleus of the RELA variants, we used the RelA−/− MEF 
transfection model as described above. There was no significant 
difference in translocation (Figure 2D), with both wild-type RELA 
and RELAp.His487ThrfsTer7 demonstrating nuclear translocation 
10 minutes after TNF exposure.

RELAp.His487ThrfsTer7 and TNF-induced cytokine 
production. Of the 3 symptomatic RELAp.His487ThrfsTer7 
individuals, only 1 had detectable basal levels of messenger RNA 
(mRNA) for IL-6, whereas samples from all 3 wild-type familial 
controls had detectable IL-6 (Supplementary Figure 3A, Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41531/ abstract). Gene expression of the chemok-
ine CCL5 was up-regulated 15.2-fold in RELAp.His487ThrfsTer7 
patient PBMCs compared to wild-type familial controls; however, 
TNF-induced down-regulation of CCL5 was not statistically sig-
nificant (Supplementary Figure 3B). There was no significant 

difference in TNF secretion between patient and familial control 
PBMCs (P = 0.778) (Supplementary Figure 3C). In RelA−/− MEFs, 
we observed no difference in the secretion of IL-6 or CXCL10 
between wild-type RELA- and RELAp.His487ThrfsTer7- transfected 
cells (Supplementary Figures 3D and E).

Increased apoptosis upon transfection with RELAp.
His487ThrfsTer7. Exposure to TNF increased expression of 
the proapoptotic protein Bax under all conditions in HEK 293T 
cells (P < 0.001) (Figure 3A). Compared to those transfected with 
RELAp.His487ThrfsTer7, HEK 293T cells transfected with wild-
type RELA had reduced expression of Bax (P < 0.001 for both 
basal and TNF-induced expression) and increased expression 
of the antiapoptotic protein Bcl-x (BCL2L1) (P = 0.011 for basal 
expression and P < 0.001 for TNF-induced expression). There 
was no difference in Bcl-2 expression between wild-type RELA– 
and RELAp.His487ThrfsTer7-transfected cells (Figure 3A).

In RelA−/− MEFs the ratio of cleaved caspase 3 to caspase 
3 induced by TNF exposure was 1.98-fold higher in RELAp.
His487ThrfsTer7 compared to wild-type RELA (P = 0.036) 
(Figure 3B). In PBMCs, we compared the expression of 2 antiapop-
totic markers that had previously been associated with RELA haplo-
insufficiency: TRAF1 and BCL2A1 (5). TRAF1 gene expression was 
up-regulated 7.62-fold in symptomatic RELAp.His487ThrfsTer7 
heterozygotes compared to wild-type familial controls (P = 0.005) 
(Figure 3C). Exposure to TNF down-regulated TRAF1 (mean ± SD 
2.7 ± 0.591-fold) compared to unstimulated controls (P = 0.045). 
BLC2A1 was up-regulated 22.2-fold in RELAp.His487ThrfsTer7 
patient cells compared to their wild-type familial controls (P = 0.049) 
(Figure 3D).

DISCUSSION

Loss-of-function variants in 2 NF-κB pathway genes, TNFAIP3 
and RELA, have been implicated in monogenic forms of Behçet’s-
like autoinflammatory syndromes (5,10). Here we describe the first 
reported case associated with RELA truncation rather than haplo-
insufficiency. Both protein variants were expressed at approxi-
mately equal levels in PBMCs. Mutant proteins have the potential 
to modulate biologic systems in ways distinct from RELA loss. 
The mutation causes deficiencies in NF-κB signaling leading to 
enhanced TNF-induced apoptosis.

Heterozygous individuals had increased levels of RELA and 
TNFAIP3, perhaps related to disease activity; however, there was 
loss of TNF-induced up-regulation of these genes. NF-κB mod-
ulation of gene expression is determined by a range of factors, 
including graded dose discrimination and NF-κB oscillations (11). 
We demonstrated in a fibroblast model that the mutant allele is 
a much weaker transcriptional activator compared to wild-type 
RELA, unrelated to the kinetics of translocation of RELA variants 
to the nucleus. This is likely to be due to loss of DNA binding activ-
ities or cofactor binding that are known to reside in this particular 

http://onlinelibrary.wiley.com/doi/10.1002/art.41531/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41531/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41531/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41531/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41531/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41531/abstract
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C-terminal region (12). Although the mutation does not directly 
involve the DNA binding domain of RELA, distal residues that do 
not directly contact DNA can affect DNA–RELA proximity and 
electrostatic surface potential, which can alter DNA–RELA rec-
ognition and binding affinity (13). Thus, the RELAp.His487Thrf-
sTer7 mutant appears to behave as a hypomorph, maintaining 
certain key elements of RELA function, e.g., the ability to trans-
locate to the nucleus in response to TNF, but losing key features 
associated with its C-terminal transactivation domain. A similar 
observation was made in a single individual with a de novo mis-
sense RELA mutation (c.1534_1535delinsAG, p.Asp512Ser) who 
had impaired NF-κB responses in lipopolysaccharide-stimulated 
fibroblasts (14).

Previously, a 2-generation US family with an autosomal-
dominant BD-like condition with a reported RELA variant in 
the canonical spice donor site was described (5). In that family, 
the mutant transcript was not detectable, with consequent RELA 
haploinsufficiency. The associated illness included mucocuta-
neous ulceration and early-onset colitis responsive to anti-TNF 
therapy. The pathogenic mechanism is explained by increased 
sensitivity of mutant fibroblasts to TNF-induced apoptosis, which 
we replicated in our study using transfected MEFs. A recently 
described autosomal-dominant autoinflammatory condition due 
to non-cleavable RIPK1 is also explained by hypersensitivity to 
apoptosis and necroptosis in myeloid cells, while fibroblasts of 
these patients appear to be resistant to cell death (15). The later 
onset of ulceration and lack of colitis in our RELAp.His487Thrf-
sTer7 family may be related to a less severe reduction in protein 
function compared with the 50% reduction in the US family. RELA 
is a key regulator of homeostasis at the surface of the mucosa, 
promoting epithelial barrier integrity. Once this barrier is compro-
mised, a genetic impairment in RELA-dependent signaling may 
lead to abnormal sensitivity to TNF.

It is noteworthy that a family member with the mutation had 
an autoimmune condition, NMO, without features of the BD-like 
syndrome. Both BD and NMO are relapsing–remitting inflamma-
tory disorders and may share similar pathophysiology (6). Further-
more, optic neuritis is a recognized, if uncommon, clinical feature 
of BD. The individual with NMO had no clinical or imaging evidence 
of other nervous system involvement such as transverse myelitis 
or cerebral lesions. The co-occurrence of autoimmune and auto-
inflammatory conditions has not been widely reported; however, a 
review of TNFAIP3-related autosomal-dominant BD found a high 
prevalence of autoantibodies associated with common autoim-
mune conditions, including systemic lupus erythematosus, type 
1 diabetes mellitus, and Hashimoto thyroiditis. Notably, common 
variants in TNFAIP3 have been associated with the risk for most 
of these conditions (16).

Autosomal-dominant forms of BD-like autoinflammation 
related to TNFAIP3 loss-of-function mutations are increas-
ingly recognized. The pathogenic mechanism is believed to 
involve increased inflammasome activation and production of 

proinflammatory cytokines by leukocytes. Our data demonstrate 
a mechanism of increased sensitivity to TNF-induced apopto-
sis caused by loss-of-function mutations in RELA. The emerg-
ing mechanistic and clinical studies suggest identification of 
the underlying genetic causes of Mendelian forms of BD could 
inform a personalized medicine approach using either IL-1 or TNF 
inhibitors.
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Use of Biologics to Treat Relapsing and/or Refractory 
Eosinophilic Granulomatosis With Polyangiitis: Data From a 
European Collaborative Study
Alice Canzian,1 Nils Venhoff,2 Maria Letizia Urban,3 Silvia Sartorelli,4 Anne-Marie Ruppert,5 Matthieu Groh,6 
Nicolas Girszyn,7 Camille Taillé,8 François Maurier,9  Vincent Cottin,10 Claire de Moreuil,11  
Vincent Germain,12 Maxime Samson,13 Marie Jachiet,14 Laure Denis,15 Virginie Rieu,15 Perrine Smets,16 
Grégory Pugnet,17 Alban Deroux,18 Cécile-Audrey Durel,19  Achille Aouba,20 Pascal Cathébras,21 
Christophe Deligny,22 Stanislas Faguer,23 Helder Gil,24 Bertrand Godeau,25 François Lifermann,26 
Sophie Phin-Huynh,27 Marc Ruivard,16 Philippe Bonniaud,28 Xavier Puéchal,1  Jean-Emmanuel Kahn,29 
Jens Thiel,2 Lorenzo Dagna,4 Loïc Guillevin,1 Augusto Vaglio,30 Giacomo Emmi,3 and Benjamin Terrier,1  
for the French Vasculitis Study Group and the European EGPA Study Group

Objective. To describe the efficacy and safety of biologics for the treatment of eosinophilic granulomatosis with 
polyangiitis (EGPA).

Methods. A retrospective European collaborative study was conducted in patients with EGPA who received 
treatment with biologics for refractory and/or relapsing disease.

Results. Among the 147 patients with EGPA included in the study, 63 received rituximab (RTX), 51 received 
mepolizumab (MEPO), and 33 received omalizumab (OMA). At the time of inclusion, the median Birmingham 
Vasculitis Activity Score (BVAS) was 8.5 (interquartile range [IQR] 5–13) in the RTX group, while the median BVAS in 
the OMA group was 2 (IQR 1–4.5) and the median BVAS in the MEPO group was 2 (IQR 1–5). In patients receiving 
RTX, the median BVAS declined both at 6 months (median 1, IQR 0–4.5) and at 12 months (median 0, IQR 0–2), and 
the frequency of remission, partial response, treatment failure, and stopping treatment due to adverse events was 
49%, 24%, 24%, and 3%, respectively. For the treatment of glucocorticoid (GC)–dependent asthma, patients who 
received MEPO had a much better GC-sparing effect and overall response than did patients who received OMA. The 
frequency of remission, partial response, treatment failure, and stopping treatment due to adverse events was 15%, 
33%, 48%, and 4%, respectively, in the OMA group and 78%, 10%, 8%, and 4%, respectively, in the MEPO group. 
Remission rates at 12 months were 76% and 82% among patients receiving MEPO at a doses of 100 mg and 300 
mg, respectively.

Conclusion. These results suggest that RTX could be effective in treating relapses of EGPA vasculitis. MEPO 
is highly effective with a good safety profile in patients with GC-dependent asthma. Our data suggest that 100 mg 
MEPO monthly could be an acceptable dosage for first-line therapy in selected instances of EGPA, recognizing, 
however, that this has not been compared to the validated dosage of 300 mg monthly.
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INTRODUCTION

Eosinophilic granulomatosis with polyangiitis (EGPA) is a 
rare systemic small vessel vasculitis that is associated with 
asthma and blood and tissue eosinophilia (1). Antineutrophil 
cytoplasmic antibodies (ANCAs) are present in 31–38% of 
patients, and ANCA positivity is associated with glomerulo-
nephritis and peripheral neuropathy, whereas ANCA-negative 
patients tend to more frequently develop cardiomyopathy 
(2–4). To date, the treatment of EGPA relies on glucocorti-
coids (GCs) alone or in combination with conventional immu-
nosuppressants, according to the severity of the disease 
assessed by the Five Factor Score (5). Yet, a non-negligible 
proportion of patients still undergo vasculitis relapses and/
or carry the burden of GC-dependent chronic asthma and/
or rhinosinusitis (6,7).

Because EGPA shares pathophysiologic features with other 
ANCA-associated vasculitides (AAVs), eosinophilic disorders, 
and asthma, alternative therapeutic options may be consid-
ered in EGPA, especially rituximab (RTX) (monoclonal anti-CD20 
antibody), omalizumab (OMA) (monoclonal anti-IgE antibody), 
and mepolizumab (MEPO) (monoclonal anti–interleukin-5 [anti–
IL-5] antibody). Recently, the efficacy of MEPO was demonstrated 
in a large randomized placebo-controlled trial (8), but this agent 
has not yet been approved in Europe. Therefore, we conducted 
a retrospective European collaborative study to report, on a large 
scale, the efficacy and safety profiles of biologics for the treatment 
of patients with refractory and/or relapsing EGPA.

PATIENTS AND METHODS

Patients. In this retrospective European collaborative study, 
we included patients with EGPA who received biologic treatment 
for refractory and/or relapsing disease, including vasculitis flare, 
eosinophilic asthma, and/or ear, nose, and throat (ENT) manifes-
tations. Patients treated with RTX, OMA, and/or MEPO and meet-
ing the American College of Rheumatology 1990 criteria for the 
classification of EGPA (9) and/or the criteria from the MIRRA 
(Mepolizumab or placebo for eosinophilic granulomatosis with 
polyangiitis) trial (8) were included. This study was conducted 
in compliance with the Good Clinical Practice protocol and the 

principles of the Declaration of Helsinki, and was approved by the 
local Institutional Review Board.

Assessment of clinical characteristics. Clinical and bio-
logic data were retrospectively collected at the time of diagnosis of 
EGPA, before treatment and at the initiation of biologic treatment, 
and during follow-up, using a standardized case report form. Clinical 
and biologic assessments included evaluation of clinical manifesta-
tions and determination of eosinophil counts, serum C-reactive pro-
tein (CRP) levels, serum creatinine levels, ANCA titers and specificity, 
urine analysis to screen for hematuria and proteinuria, and treatment 
characteristics. The Birmingham Vasculitis Activity Score (BVAS; 

Table 1. Characteristics of the 147 patients at diagnosis of 
EGPA and previous treatments received before the use of biologic 
therapies*
Demographic characteristics

Female 73 (50)
Age at disease onset, median (IQR) years 52 (41–61)

Characteristics at EGPA diagnosis
Asthma 146 (99)
Eosinophilia >1 × 109/liter 147 (100)
Sinonasal involvement 132 (90)
Pulmonary infiltrates 88 (60)
Neuropathy 69 (47)
Eosinophil-rich infiltrates 64 (44)
Cardiac involvement 49 (33)
Cutaneous involvement 48 (33)
Renal involvement 10 (7)
BVAS, median (IQR) 14 (10–18)
ANCA positive 48/142 (34)

Previous treatments
Number of different IS, median (IQR) 3 (2–4)
Prednisone 147 (100)
Methylprednisolone pulses 75 (51)
Azathioprine 100 (68)
IV cyclophosphamide 59 (40)
Methotrexate 43 (29)
Mycophenolate mofetil 22 (15)
IVIG 15 (10)
Oral cyclophosphamide 9 (6)
Cyclosporine 9 (6)

* Except where indicated otherwise, values are the number (%) of 
patients or number of patients/total number of patients assessed 
(%). EGPA = eosinophilic granulomatosis with polyangiitis; IQR = inter-
quartile range; BVAS = Birmingham Vasculitis Activity Score; ANCA = 
antineutrophil cytoplasmic antibody; IS = immunosuppressants; 
IVIG = intravenous immunoglobulin. 
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version 3) (10) was used to assess the extent of disease activity, 
and the Vasculitis Damage Index (11) was used to assess damage.

Response to therapy. Clinical response was defined by 
analyzing the course of changes in vasculitis manifestations, 
asthma and ENT manifestations, and prednisone doses. Remis-
sion was defined as the absence of asthma, ENT, and vasculi-
tis manifestations (BVAS of 0) during treatment with ≤5 mg/day of 
prednisone. Partial response was defined as the absence of dis-
ease manifestations (BVAS of 0) but with treatment of 6–10 mg/
day of prednisone required.

Statistical analysis. Data are expressed as the mean ± SD 
or median with interquartile range (IQR) as appropriate for con-
tinuous variables, and number (percentage) for categorical varia-
bles. Statistical analyses were performed using GraphPad Prism 
 version 8.0.

RESULTS

Patient characteristics. Among the 147 patients with 
EGPA included in the study, 63 (43%) received RTX at a dose of 
1,000 mg administered 2 weeks apart (in 52 patients [83%]) or 
375 mg/m2/week administered by 4 consecutive infusions (in 11 
patients [17%]). Fifty-one patients (35%) received MEPO, adminis-
tered at a monthly dose of 100 mg (in 29 patients [57%]) or 300 mg 
(in 22 patients [43%]). Thirty-three patients (22%) received OMA. 

The patients’ characteristics and previous treatments are summa-
rized in Table 1.

EGPA manifestations requiring initiation of biologic 
therapy. Table 2 summarizes the characteristics of EGPA in the 
patients at the time of biologics initiation (baseline). RTX was initi-
ated for vasculitis flare in 87% of patients, even if 83% had active 
asthma at RTX initiation. The median BVAS in the RTX group was 
8.5 (IQR 5–13). The main active vasculitis manifestations were 
peripheral neuropathy, and skin and renal manifestations.

MEPO and OMA were mainly initiated for GC-dependent 
asthma in 96% and 94% of patients, respectively. In the MEPO 
and OMA groups, persistent ENT manifestations were present 
in 57% and 30% of patients, respectively. The median BVAS 
was 2 (IQR 1–5) in the MEPO group, and the median BVAS 
was 2 (IQR 1–4.5) in the OMA group, with 37% of patients in 
the MEPO group and 30% of patients in the OMA group hav-
ing a BVAS of >3. Concomitant conventional immunosuppres-
sive agents, initiated previously but continued with biologics, 
are indicated in Table 2.

Efficacy of biologics. In the RTX-treated patients, the 
BVAS declined from a median of 8.5 (IQR 5–13) at baseline to 
a median of 1 (IQR 0–4.5) at 6 months and median of 0 (IQR 0–2) 
at 12 months. The prednisone dose decreased from a median of 
20 mg/day (IQR 15–37.5) at baseline to a median of 7.5 mg/day 
(IQR 5–10) both at 6 months and at 12 months (Figure 1A).

Table 2. Characteristics of EGPA at the initiation of biologic agents*

Rituximab (n = 63) Mepolizumab (n = 51) Omalizumab (n = 33)
Demographic characteristics

Female 27 (43) 30 (59) 16 (48)
Age, median (IQR) years 54 (44–65) 46 (38–55) 53 (42–62)

Indication for biologics
GC-dependent asthma 29 (46) 49 (96) 31 (94)
Rhinosinusitis 32 (51) 29 (57) 13 (30)
Vasculitis flare 55 (87) 19 (37) 10 (30)

Active EGPA manifestations at biologics 
initiation

Asthma exacerbation 52 (83) 49 (96) 31 (94)
Peripheral neuropathy 33 (52) 11 (22) 2 (6)
Arthralgias 15 (24) 9 (18) 2 (6)
Skin lesions 10 (16) 0 (0) 2 (6)
Glomerulonephritis 5 (8) 0 (0) 0 (0)
BVAS, median (IQR) 8.5 (5–13) 2 (1–5) 2 (1–4.5)
BVAS >3 55 (87) 19 (37) 10 (30)
Eosinophils, median (IQR) /mm3 701 (169–1,415) 770 (342–1,135) 830 (340–2,000)
ANCA positive 29 (46) 5/39 (13) 3/30 (10)

Treatments associated with biologics
Prednisone 63 (100) 51 (100) 32 (97)

Dose, median (IQR) mg/day 20 (15–37.5) 10 (7.5–25) 15 (10–20)
Azathioprine 9 14 10
Methotrexate 4 12 2
Mycophenolate mofetil 3 5 3

* Except where indicated otherwise, values are the number (%) of patients or number of patients/total number of patients assessed (%). EGPA = 
eosinophilic granulomatosis with polyangiitis; IQR = interquartile range; GC = glucocorticoid; BVAS = Birmingham Vasculitis Activity Score; ANCA 
= antineutrophil cytoplasmic antibody. 
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Overall, remission, partial response, therapeutic failure, 
and stopping treatment due to adverse events was noted in 
49%, 24%, 24%, and 3% of patients, respectively (Figure 1B). 
Remission was reported in 17 (59%) of 29 ANCA-positive 
patients compared to 14 (41%) of 34 ANCA-negative patients 
(P not significant). No specific asthma assessment was avail-
able for these patients, but 8 (13%) experienced asthma exac-
erbations while receiving RTX therapy. The median prednisone 
dose at the time of disease relapse was 5.0 mg/day (IQR 
2.0–8.0).

MEPO had a much better GC-sparing effect than OMA, 
and treatment with MEPO produced a better overall response. 
In the MEPO group, the prednisone dose decreased from 

a median of 10 mg/day (IQR 7.5–25) at baseline to a median of 
5 mg/day (IQR 3.75–7.5) at 6 months and median of 3.9 mg/
day (IQR 2.1–6.9) at 12 months, whereas in the OMA group, 
the prednisone dose decreased from a median of 15 mg/day 
(IQR 10–20) at baseline to a median of 11 mg/day (IQR 6.9–
15) at 6 months and median of 10 mg/day (IQR 6.5–15.5) at
12 months (Figure 1C).

Following treatment with MEPO, the BVAS declined from 
a median of 2 (IQR 1–5) at baseline to a median of 0 (IQR 
0–0.5) at 6 months and a median of 0 (IQR 0–0) at 12 months. 
 Following treatment with OMA, the BVAS declined from 
a median of 2 (IQR 1–4.5) at baseline to a median of 1 (IQR 
0–3.5) at 6 months and median of 0 (IQR 0–1.5) at 12 months.

Figure 1. Evolution of disease activity and prednisone dose in patients with eosinophilic granulomatosis with polyangiitis (EGPA) according to 
the biologic agents initiated. Patients with EGPA were assessed for evolution of the Birmingham Vasculitis Activity Score (BVAS) and prednisone 
dose (A) and overall response to therapy at 12 months after rituximab initiation (B), the prednisone dose (C) and overall response to therapy 
at 12 months after omalizumab or mepolizumab initiation (D), and the prednisone dose (E) and overall response to therapy at 12 months after 
mepolizumab initiation according to the monthly dose used (F). Values in A, C, and E are the mean ± SEM. SAE = stopping treatment due to 
adverse events.
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Overall, remission, partial response, therapeutic failure, and 
stopping treatment due to adverse events was noted in 15%, 
33%, 48%, and 4% of patients receiving OMA, respectively, and 
78%, 10%, 8%, and 4% of patients receiving MEPO, respectively 
(Figure 1D). One patient (2%) experienced a vasculitis flare during 
therapy in the MEPO group, compared with 5 patients (15%) 
in the OMA group. The median prednisone dose at the time of 
disease relapse (i.e., asthma exacerbation and/or vasculitis flare) 
was 5.0 mg/day (IQR 2.5–11.0) in patients receiving MEPO, and 
11.0 mg/day (IQR 10.0–12.5) in patients receiving OMA.

Finally, remission rates were 76% and 82% at 12 months 
in patients receiving MEPO at a dose of 100 mg and dose 
of 300 mg, respectively. The GC-sparing effect was compa-
rable between the 2 MESO dose groups (Figures 1E and F). 
However, 2 (9%) of 22 patients initially treated with MEPO at 
100 mg/month had to increase their monthly dose to 300 mg, 
resulting in significant improvement.

Of note, 19 patients with a BVAS >3 in addition to GC- 
dependent asthma received MEPO for a vasculitis flare, in 
combination with conventional immunosuppressive agents in 
13 patients (68%). In this group of 19 patients, the BVAS fell 
rapidly from a median of 6 (IQR 5–7) at baseline to a median 
of 0 (IQR 0–6) at 6 months and median of 0 (IQR 0–2.5) at 
12 months.

Safety of biologics. Sixteen patients (25%) discontinued 
treatment with RTX because of severe adverse events (n = 2) 
or treatment failure (n = 14). Moreover, 17 RTX-treated patients 
(27%) experienced adverse events, mainly moderate to severe 
infections.

Seventeen patients (52%) discontinued treatment with OMA 
because of severe adverse events (n = 1) or treatment failure 
(n = 16). Four patients (12%) receiving OMA experienced mild 
to moderate adverse events.

Three patients (6%) discontinued treatment with MEPO 
because of severe adverse events (n = 2) or pregnancy (n = 1). 
Eleven patients (22%) receiving MEPO experienced mild to mod-
erate adverse events, mainly asthenia.

DISCUSSION

Despite major breakthroughs in the field of AAV study, 
the management of EGPA remains challenging. Moreover, unmet 
needs remain for the treatment of refractory and/or relapsing 
disease, owing to the fact that GCs and conventional immuno-
suppressants are often insufficiently effective. Since EGPA shares 
similarities with AAVs, eosinophilic disorders, and severe asthma, 
the most promising biologics for difficult-to-treat EGPA are RTX 
for the induction and maintenance of vasculitis remission, and 
asthma- targeting therapies.

RTX was evaluated in other retrospective case series (12–14), 
with the results showing high rates of improvement and reduced 

requirement for GCs (12,13), especially in ANCA-positive patients. 
However, rates of relapse of asthma and ENT symptoms remained 
high despite continued treatment (13). Moreover, scheduled 
RTX maintenance therapy significantly reduced the relapse rate 
as compared to RTX given on demand for relapse (14). In our 
present study, RTX was mainly initiated for vasculitis flares and 
led to remission in ~50% of the patients, with a significant, but 
not complete, GC-sparing effect, attributable to persistent chronic 
asthma and/or rhinosinusitis. Efficacy was better in ANCA- positive 
patients compared to ANCA-negative patients, but the differ-
ence was not significant. The safety profile was acceptable, but 
one-quarter of the patients had infections. Overall, RTX seems to 
be an acceptable alternative agent in the management of vascu-
litis manifestations, but the benefit:risk ratio remains to be evalu-
ated in randomized controlled trials. The prospective Rituximab in 
Eosinophilic Granulomatosis with Polyangiitis trial (ClinicalTrials.gov 
identifier: NCT02807103) and the MAINtenance of Remission With 
RITuximab Versus Azathioprine for Patients With Newly-diagnosed 
or Relapsing Eosinophilic Granulomatosis With Polyangiitis (Clini-
calTrials.gov identifier: NCT03164473), both of which are currently 
ongoing, will provide evidence about the role of RTX in EGPA.

Among asthma-targeting drugs, we analyzed OMA and 
MEPO in real clinical settings. As previously suggested by our 
group (15), the efficacy of OMA was poor, with only 15% of 
patients achieving remission and 33% demonstrating a partial 
response. Safety was better than previously reported, but the dis-
continuation rate was high because of treatment failure. In con-
trast, MEPO had a much better overall response and GC-sparing 
effect than OMA. Overall, these data clearly reinforce the key mes-
sage that the role of OMA has low efficacy in EGPA, unlike MEPO 
and potentially other IL-5–targeting therapies. No data on allergic 
status was available for OMA but all patients had increased IgE 
levels. MEPO showed dramatic efficacy, with a very good per-
sistence of treatment response. Moreover, no sign of vasculitis 
flare was observed in patients receiving MEPO. These findings are 
consistent with those from a large randomized controlled trial eval-
uating MEPO in a similar population (8). One new important finding 
is the evaluation of 2 different MEPO doses, i.e., 100 mg monthly 
used in eosinophilic asthma and 300 mg monthly evaluated in the 
EGPA trial. Remission rates were 76% and 82% with MEPO at 
100 mg and 300 mg, respectively, suggesting that 100 mg could 
be an acceptable dose as first-line therapy, with the possibility 
to increase to 300 mg monthly in those cases of inappropriate 
response, since ~10% of patients showed dramatic improvement 
after dose escalation. Such findings are of interest, since MEPO 
is not yet approved in Europe to treat EGPA, but only in the US, 
Japan, and Canada.

In conclusion, the results of this retrospective study suggest 
that RTX could be effective in at least one-half of the patients 
with EGPA, especially in those with vasculitis manifestations. 
MEPO is highly effective with a good safety profile in patients 
with GC-dependent asthma. Our data suggest that MEPO at a 
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dose of 100 mg monthly could be an acceptable first-line ther-
apeutic strategy in selected instances of EGPA, recognizing 
though that this has not been compared to the validated dose of 
300 mg monthly.
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Cardiovascular and Renal Morbidity in Takayasu Arteritis: 
A Population-Based Retrospective Cohort Study From the 
United Kingdom
Ruchika Goel,1  Joht Singh Chandan,2  Rasiah Thayakaran,2 Nicola J. Adderley,2 
Krishnarajah Nirantharakumar,2 and Lorraine Harper1

Objective. Cardiovascular disease (CVD) is a major complication and cause of mortality in Takayasu arteritis (TAK), 
but population-based controlled studies from the UK are lacking. We undertook the present study to investigate 
the frequency of morbidity and mortality related to CVD, as well as to cerebrovascular and kidney disease, among 
patients with TAK in the UK.

Methods. Yearly cohort and cross-sectional studies were performed from 2000 to 2017 to estimate annual 
incidence and prevalence, respectively, of TAK. Using a UK primary care database (IQVIA Medical Research Data), an 
open retrospective matched cohort study was conducted to estimate risk of hypertension, diabetes, cardiovascular 
morbidity, chronic kidney disease (CKD), and all-cause mortality in TAK. Risk (adjusted hazard ratio [HR]) of the 
assessed comorbidities among patients with TAK compared to age- and sex-matched controls was estimated. 
Changes in medication prescription over time were examined in both groups.

Results. One hundred forty-two patients with TAK (median age 53.4 years [interquartile range 33.8–70.7]) and 
1,371 matched controls were included. The annual incidence and prevalence of TAK were 0.8 per million and 7.5 per 
million respectively. All-cause mortality was increased in TAK (adjusted HR 1.88 [95% confidence interval 1.29–2.76]). 
Patients with TAK had an increased risk of developing ischemic heart disease, stroke/transient ischemic attack, 
combined CVD, and peripheral vascular disease compared to controls, but no increase in risk of hypertension, CKD, 
heart failure, or diabetes. Only ~50% of patients with TAK requiring secondary CVD prevention were prescribed 
statins or antiplatelet agents within 1 year after study entry.

Conclusion. Cardiovascular morbidity was increased among patients with TAK receiving primary care services in 
the UK. Treatment with statins and antiplatelet agents in these patients was suboptimal.

INTRODUCTION

Takayasu arteritis (TAK) is large vessel vasculitis characterized 
by transmural inflammation of the aorta and its direct branches, 
predominantly affecting patients under 40 years of age (1,2). The 
disease is rare in European countries, with a reported annual inci-
dence ranging from 0.4 to 2.0 per million (3–5). In the only pop-
ulation-based study from the UK, 14 incident cases of TAK were 
identified during 2000–2005, with an estimated annual incidence 
of 0.8 per million and prevalence rates of 4.7–7.1 per million (6).

TAK is complicated by cardiovascular, cerebrovascular, and 
renal morbidity. A large US hospital-based study of patients with 
TAK demonstrated an increased risk of stroke and peripheral vas-
cular disease (PVD) compared to controls (7). Despite the increased 
risk of stroke, mortality among TAK patients was not increased. 
TAK is being increasingly recognized as an emerging cause of 
cerebrovascular disease (CVD) in Europeans (8). A meta-analysis 
of 35 studies, which included 3,262 patients with TAK, estimated 
prevalence of myocardial infarction (MI) and stroke as 3.4% and 
8.9%, respectively (9). The meta-analysis suggested geographic 
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variation in these complications, with MI and stroke more common 
in Middle Eastern and European populations compared to Asian 
populations (9,10). None of these studies compared the preva-
lence of MI and stroke with a control population. The frequency of 
these complications or risk of death in the UK is unknown.

Renovascular disease and ischemic nephropathy are 
the most common renal conditions associated with TAK. The 
frequency of renal artery involvement in TAK is reported to be 
11–62%, with geographic variation (11). The risk of chronic 
kidney disease (CKD) among patients with TAK compared to the 
general population in the UK is unknown. In the US hospital- 
based study (7) it was reported not to be significantly increased 
compared to a control population.

The aims of the present study were to estimate incidence 
and prevalence of TAK in adults and children in the UK during the 
period from 2000 to 2017 using data from a large UK primary care 
database, and to compare risk of cardiovascular and chronic renal 
disease and all-cause mortality between patients with TAK and 
controls without the disease.

PATIENTS AND METHODS

Data source. Data for the study were extracted from IQVIA 
Medical Research Data (IMRD), formerly known as The Health 
Improvement Network (THIN). IMRD is a UK electronic primary care 
records database that consists of anonymized medical records 
for >15 million patients from 787 general practices. Information 
on patient demographics, diagnosis, prescriptions, and diagnostic 
investigations and their results was collected by general practition-
ers using the Vision electronic medical record system and stored as 
Read codes. Primary care records have previously been validated for 
studies of CVD, renal outcomes, and TAK diagnosis (12,13). IMRD 
is broadly representative of the UK population in terms of demo-
graphics, disease prevalence, and mortality rates (14). To maximize 
data quality, general practices were included in this study only from 
the later of 2 dates: 1 year after they began using Vision software 
or 1 year after their Acceptable Mortality Recording date (15–17).

Study design. Incidence and prevalence of TAK. Annual 
TAK incidence rates (IRs) were estimated by performing yearly 
cohort studies from 2000 to 2017. The eligible population was 
followed up from January 1 every year until the earliest of either 
the date at which TAK was diagnosed, the date of death, the 
date of leaving general practice, or December 31 of that year. 
Prevalence was calculated by performing cross-sectional stud-
ies on December 31 of each year from 2000 to 2017.

Disease outcomes. An open retrospective matched cohort 
study design was used to estimate hazard ratios (HRs) for dia-
betes, hypertension, and cardiovascular and renal outcomes 
among patients with TAK compared to an age- and sex-matched 
population without TAK. The study period was from January 1, 
1995 to January 1, 2018.

Study population. Adults and children with TAK (exposed) 
were identified using the Read codes for TAK (G757.12 [“pulse-
less disease”], G757.00 [“Takayasu’s disease”], G757.11 [“aortic 
arch arteritis”]). To ensure sufficient time for baseline comorbidity 
data to be recorded, patients were included from the latest date 
their practice became eligible for inclusion and 1 year after regis-
tration with their practice.

For each subject with TAK, a maximum of 10 unexposed 
subjects were randomly selected from an age (±1 year)– and sex-
matched pool of eligible patients without TAK. To avoid immortal 
time bias, unexposed subjects were assigned the same index 
date as the corresponding exposed patient (13). Index date in the 
exposed group was the latest date the patient became eligible for 
inclusion (following previous diagnosis of TAK) or was diagnosed 
as having TAK during the study period. Exposed and unexposed 
subjects were followed up from the index date until the exit date, 
defined as the first of the following events: diagnosis of outcome of 
interest (hypertension, diabetes, CVD, PVD, and renal outcomes), 
death, date patient left the practice, last data collection date from 
the general practice, or study end date.

Chronic disease outcomes. Hypertension, diabetes, 
PVD, and CVD (i.e., ischemic heart disease [IHD], stroke/transient 
ischemic attack [TIA], or heart failure) were identified by clinical 
codes in accordance with Quality Outcome Framework business 
rules (18). CKD was defined as an estimated glomerular filtration 
rate of <60 ml/minute/1.73 m2, based on serum creatinine mea-
surements on 2 consecutive occasions at least 90 days apart 
(13,17). Patients with hemorrhagic stroke were excluded from 
the subanalyses examining statin and antiplatelet agent usage in 
patients with ischemic cerebrovascular accident (CVA).

Statistical analysis. Annual IRs were calculated as the 
ratio of the number of individuals with a new diagnosis of TAK 
to the person-years at risk. Disease prevalence was calculated 
by dividing the number of all documented cases of TAK by the 
number of all eligible patients in THIN during each calendar year.

Categorical baseline data were reported as proportions, and 
continuous data as the mean ± SD or median and interquartile 
range (IQR). Where there were missing data on covariates, they 
were treated as a separate “missing” category and included in the 
final analysis.

In calculating the crude IR (per million person-years) for each 
of the outcomes of interest, patients with a preexisting record of 
the outcome of interest at the index date were excluded to ensure 
that the IR reflected outcomes that occurred after entry into the 
cohort. Following assessment of Cox assumptions (using Schoen-
feld’s residuals tests), a Cox proportional hazards regression model 
accounting for person-years of follow-up was then used to calcu-
late an adjusted hazard ratio (HR) for each outcome of interest 
during the study period. All models were adjusted for sex, age (con-
tinuous), and for body mass index (BMI), Townsend Deprivation 
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Score (19), and smoking status as follows: BMI recorded closest 
to the index date categorized as normal (<25 kg/m2), overweight 
(25–30 kg/m2), or obese (>30 kg/m2); smoking status categorized 
as smoker, ex-smoker (“discontinued”), or nonsmoker; and social 
deprivation categorized according to Townsend Deprivation Score 
quintile. HRs are presented with 95% confidence intervals (95% 
CIs).

In order to assess temporal trends in medication use in the 
exposed (TAK) group, we investigated the proportion of patients 
who had a record of prescription of a steroid or second-line immu-
nosuppressant at the index date and at quarterly intervals during 
a follow-up period of 4 years. Among exposed and unexposed 
patients with preexisting IHD and ischemic stroke/TIA at base-
line, the proportions who were prescribed statins and antiplatelet 
therapies in the 1 year following the index date were examined. 
Patients with these conditions are expected to continue treatment 
with these medications per National Institute for Health and Care 
Excellence guidance (20); therefore, differences in proportion may 
reflect prescribing changes following TAK diagnosis.

Stata version 15.1 MP/4 software and R version 4.4.1 were 
used to conduct all analyses. P values less than 0.05 were con-
sidered significant.

Ethics approval. Anonymized data, provided to the Univer-
sity of Birmingham, were used throughout the study. Studies using 
the IMRD have ethical approval from the NHS South-East Multicen-
tre Research Ethics Committee, subject to indepen dent scientific 
review. The Scientific Review Committee approved the protocol of 

Figure 1. Annual incidence and prevalence of Takayasu arteritis in 
the UK, 2000–2017. Bars show the 95% confidence interval. Color 
figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.41529/abstract.

Table 1. Baseline characteristics of the TAK (exposed) and control 
(unexposed) populations*

TAK patients 
(n = 142)

Controls
(n = 1,371)

Male/female 35 (24.6)/
107 (75.4)

340 (24.8)/
1,031 (75.2)

Ethnicity
White 54 (38.0) 496 (36.2)
Other 10 (7) 65 (4.7)
Data missing 78 (54.9) 810 (59.1)

Age at index visit, median 
(IQR) years

53.4 (33.8–70.7) 53.6 (33.5–70.1)

Age category
0–16 years 13 (9.2) 115 (8.4)
17–40 years 34 (24) 271 (25.2)
>40 years 95 (66.9) 911 (66.4)

Age at diagnosis, median 
(IQR) years

50.19 (30.08–66.21) NA

Age category at diagnosis
0–16 years 13 (9.2) –
17–40 years 41 (28.9) –
>40 years 88 (61.9) –

BMI, median (IQR) kg/m2 26.3 (22.8–28.7) 25.8 (22.8–28.6)
Normal weight (18.5–24.9) 42 (29.6) 443 (32.3)
Overweight (25–29.9) 45 (31.7) 407 (29.7)
Obese (≥30) 19 (13.4) 188 (13.7)
Data missing 36 (25.4) 333 (24.3)

Smoking status
Nonsmoker 62 (43.7) 619 (45.1)
Discontinued 29 (20.4) 280 (20.4)
Smoker 25 (17.6) 212 (15.5)
Data missing 26 (18.3) 260 (19.0)

Hypertension 55 (38.7) 321 (23.4)
Diabetes 13 (9.2) 94 (6.9)
eGFR, mean ± SD 

ml/minute/1.73 m2
79.1 ± 23.8 79.7 ± 21.9

eGFR category†
CKD stage 1 24 (16.9) 188 (13.7)
CKD stage 2 38 (26.8) 343 (25.0)
CKD stage 3 19 (13.4) 120 (8.8)
CKD stage 4 (n < 5) 7 (0.5)

Ischemic heart disease 24 (16.9) 104 (7.6)
Stroke and TIA 19 (13.4) 67 (4.9)
Heart failure (n < 5) 21 (1.5)
Combined cardiovascular 

disease
41 (28.9) 160 (11.7)

Peripheral vascular disease 15 (10.6) 30 (2.2)
Treatment

Statins (baseline) 39 (27.5) 253 (18.5)
Antiplatelet agents (baseline) 68 (47.9) 240 (17.5)
Antiplatelet agents (ever) 98 (69) 358 (26.1)
Systemic steroids (baseline) 70 (49.3) 247 (18.0)
Cytotoxic agents (baseline) 23 (16.2) 20 (1.5)

Townsend deprivation quintile
1 (least deprived) 28 (19.7) 252 (18.4)
2 28 (19.7) 275 (20.1)
3 26 (18.3) 256 (18.7)
4 21 (14.8) 228 (16.6)
5 17 (12.0) 154 (11.2)
Data missing 22 (15.5) 206 (15.0)

* Except where indicated otherwise, values are the number (%). TAK 
= Takayasu arteritis; IQR = interquartile range; NA = not applicable; 
BMI = body mass index; eGFR = estimated glomerular filtration 
rate; CKD = chronic kidney disease; TIA = transient ischemic attack. 
† Data available for 82 patients and 658 controls. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41529/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41529/abstract
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the present study (SRC Reference Number SRC19THIN064) prior 
to its initiation.

RESULTS

Incidence and prevalence of TAK in the UK. There 
were 142 patients with TAK and 1,371 age- and sex-matched 
controls included in the study data set. The annual incidence of 
TAK in the cohort was 0.8 per million, and the annual prevalence 
of TAK was 7.5 per million. The incidence and prevalence did not 
change throughout the study period. Annual incidence and point 
prevalence during the study period are shown in Figure 1.

Baseline characteristics of the TAK (exposed) and 
control (unexposed) populations. The majority of TAK 
patients (75.4%) and controls (75.2%) were female, with a median 
age at study entry of 53.4 years (IQR 33.8–70.7) (Table 1). Thir-
teen patients (9.2%) were diagnosed as having juvenile-onset 

disease, while 88 (61.9%) received the diagnosis of TAK after 40 
years of age. BMI, smoking status, and Townsend deprivation 
quintile were similar in TAK patients and control subjects. At the 
index date, IHD, stroke/TIA, combined CVD, hypertension, and 
PVD were more common in patients with TAK compared to con-
trols (IHD 16.9% versus 7.6%, stroke/TIA 13.4% versus 4.9%, 
combined CVD 28.9% versus 11.7%, hypertension 38.7% versus 
23.4%, and PVD 10.6% versus 2.2%). There was no difference 
in the percentage of patients with diabetes or in renal function 
between TAK patients and controls at study entry.

Outcomes of TAK during follow-up. The 142 patients 
with TAK and 1,371 non-TAK controls were followed up for 
a median of 4.2 person-years (IQR 1.4–9.8) and 4.7 person-years 
(IQR 1.8–9.8), respectively. As seen in Table 2 and Figure 2, TAK 
patients had a higher risk of developing IHD and stroke/TIA dur-
ing follow-up (adjusted HR 3.08 [95% CI 1.47–6.44], P = 0.003 
and 4.38 [95% CI 2.24–8.55], P < 0.001, respectively), while the 

Table 2. Hazard ratios for cardiometabolic outcomes in TAK patients compared to matched controls*

n
Outcome

events, no. (%) PY
Crude IR/
1,000 PY

Follow-up, median 
(IQR) years

Unadjusted HR
(95% CI)

Adjusted HR
(95% CI)

IHD
TAK patients 118 9 (7.63) 682 13.21 3.52 (1.26–8.57) 2.50 (1.22–5.14) 

[P = 0.013]
3.08 (1.47–6.44) 

[P = 0.003]
Controls 1,267 42 (3.31) 7,779 5.40 4.55 (1.75–9.34) – –

Stroke and TIA
TAK patients 123 12 (9.76) 682 17.59 3.53 (1.23–8.18) 3.83 (1.99–7.34) 

[P < 0.001]
4.38 (2.24–8.55) 

[P < 0.001]
Controls 1,304 37 (2.84) 8,189 4.52 4.65 (1.77–9.80) – –

Heart failure
TAK patients 138 6 (4.35) 825 7.28 4.14 (1.57–9.29) 1.93 (0.81–4.62) 

[P = 0.139]
2.11 (0.84–5.31) 

[P = 0.112]
Controls 1,350 32 (2.37) 8,496 3.77 4.67 (1.80–9.67) – –

All CVD†
TAK patients 101 13 (12.87) 567 22.94 3.26 (1.23–8.18) 2.52 (1.39–4.57) 

[P = 0.002]
3.04 (1.64–5.63) 

[P < 0.001]
Controls 1,211 68 (5.62) 7,381 9.21 4.54 (1.71–9.27) – –

PVD
TAK patients 127 7 (5.51) 732 9.57 3.99 (1.02–9.92) 5.09 (2.10–12.39) 

[P < 0.001]
6.67 (2.68–16.59) 

[P < 0.001]
Controls 1,341 16 (1.19) 8,495 1.88 4.67 (1.79–9.92) – –

Hypertension
TAK patients 87 12 (13.79) 401 29.93 2.78 (1.02–6.85) 2.09 (1.14–3.83) 

[P = 0.017]
1.79 (0.96–3.32) 

[P = 0.065]
Controls 1,050 86 (8.19) 6,169 13.94 4.04 (1.55–8.90) – –

Type 2 DM
TAK patients 129 6 (4.65) 771 7.78 4.06 (1.23–9.92) 1.47 (0.62–3.44) 

[P = 0.380]
1.54 (0.65–3.63) 

[P = 0.324]
Controls 1,277 43 (3.37) 8,009 5.37 4.44 (1.79–9.77) – –

CKD
TAK patients 122 8 (6.56) 736 10.87 3.80 (1.03–10.06) 1.58 (0.75–3.32) 

[P = 0.226]
1.68 (0.78–3.62) 

[P = 0.187]
Controls 1,244 54 (4.34) 7,794 6.93 4.44 (1.74–9.69) – –

Mortality
TAK patients 142 33 (23.24) 863 38.25 4.17 (1.38–9.75) 1.85 (1.27–2.68) 

[P = 0.001]
1.88 (1.29–2.76) 

[P = 0.001]
Controls 1,371 179 (13.06) 8,695 20.59 4.69 (1.80–9.85) – –

* TAK = Takayasu arteritis; PY = person-years; IR = incidence rate; IQR = interquartile range; HR = hazard ratio; 95% CI = 95% confidence interval;
CVD = cardiovascular disease; PVD = peripheral vascular disease; DM = diabetes mellitus; CKD = chronic kidney disease. 
† Ischemic heart disease (IHD), stroke/transient ischemic attack (TIA), and heart failure. 
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hazard of heart failure was not increased. The resulting risk of 
combined CVD (IHD, stroke/TIA, and heart failure) was increased 
in patients with TAK compared to controls (adjusted HR 3.04 

[95% CI 1.64–5.63], P < 0.001. Similarly, the incidence of PVD 
was higher among patients with TAK than controls (adjusted HR 
6.67 [95% CI 2.68–16.59], P < 0.001). The hazard of developing 

Figure 2. Cumulative hazard of ischemic heart disease, stroke/transient ischemic attack (TIA), heart failure, combined cardiovascular disease (CVD), 
peripheral vascular disease, hypertension, diabetes, and chronic kidney disease (CKD) in patients with Takayasu arteritis compared to matched controls.
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hypertension, diabetes, or CKD was not significantly different 
between patients with TAK and controls. The diagnosis of hyper-
tension was, however, made earlier in patients with TAK com-
pared to controls (median 2.78 years versus 4.04 years).

During follow-up, there were 33 deaths (23.24%) among 
the patients with TAK, with a mortality rate of 38.25 per 1,000 
person- years. In the control population there were 179 deaths 
during follow-up (13.06%), with a mortality rate of 20.59 per 1,000 
person-years. Mortality was increased among TAK patients com-
pared to controls (adjusted HR 1.88 [CI 1.29–2.76], P = 0.001) 
(Table 2 and Figure 3).

Treatment of the TAK patients with steroids and immunosup-
pressants was studied over the follow-up period. As expected, 
steroid use declined significantly after 12 months of follow-up, 
whereas use of second-line immunosuppressants, including aza-
thioprine, methotrexate, or mycophenolate, remained stable for 
up to 4 years (Supplementary Figure 1, on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41529/ abstract).

Use of preventive medical therapy for CVD in 
patients with TAK. At cohort entry, 24 patients with TAK 
(16.9%) had preexisting IHD, compared to 104 controls (7.6%). 
Within the first year of follow-up, 11 TAK patients with IHD (45.8%) 
were receiving statins and 13 (54.2%) were receiving antiplate-
let agents, compared to 56 (53.8%) and 67 (64.4%) of controls, 
respectively; the difference between groups was not statistically 
significant.

At cohort entry, 16 patients with TAK (11.3%) and 62 controls 
(4.5%) had a diagnosis of ischemic CVA. Within the first year of 
follow-up, 9 TAK patients (56.3%) and 29 controls (46.8%) with 
ischemic CVA were still taking statins, and 8 patients with TAK 

(50%) and 11 controls (17.7%) were still receiving antiplatelet 
therapy.

DISCUSSION

In this large population-based matched controlled study, 
we calculated the incidence and prevalence of TAK in a repre-
sentative cohort from the UK. The annual incidence of TAK was 
found to be 0.8 per million population in this study, similar to that 
observed in the UK General Practice Research Database (UKG-
PRD) cohort from 2000 to 2005 (6). Incidence rates remained 
stable throughout the study period. Prevalence rates were higher 
than that found in the UKGPRD cohort but similar to that reported 
from the Norwich population, at 7.5 per million (6). This may 
reflect differences in baseline populations included in the GPRD 
and IMRD databases. Similar to the findings in other previous 
European studies (6,21,22), a substantial proportion of patients 
were diagnosed after 40 years of age; this may reflect a different 
disease presentation in Europeans or highlight diagnostic delay, 
suggesting the need for better awareness about this rare medi-
cal condition. Due to the increasing proportion of patients being 
diagnosed after 40 years of age, age has not been included in the 
classification criteria for TAK proposed by the Japanese Circula-
tion Society (23,24). Age criteria for classification of TAK are being 
reassessed (25).

This is the first study to investigate the risk of mortality and 
cardiometabolic morbidities in patients with TAK compared to a 
general population, using primary care data. Mortality during fol-
low-up in the patients with TAK was high at 23%, significantly 
greater than previously reported (26,27). This may reflect the older 
age of patients at diagnosis and the different database used for 
this study. The mortality rate among patients with TAK was ~2-fold 
greater than in the control population. This is similar to findings 
from a US study, in which the mortality rate among TAK patients 
was increased ~3-fold compared to a standardized population 
(28). However, longer follow-up is needed to assess the true dif-
ference in mortality rates, as this disease generally affects younger 
patients.

In several hospital-based studies, cardiovascular and periph-
eral vascular events were the most common presenting man-
ifestations of TAK (27,29–33). These complications have been 
observed to be the leading cause of mortality in a nationwide 
population- based study in Korea (29). The underlying mecha-
nisms are postulated to be a combination of chronic inflamma-
tion–induced atherosclerosis, endothelial dysfunction, arterial 
narrowing, and altered lipid profile. In comparison to the control 
population, patients with TAK had a significantly increased risk of 
hypertension, IHD, stroke/TIA, heart failure, and combined car-
diovascular disease at the index visit. The prevalence of stroke/
TIA and the prevalence of IHD including MI at the index date 
were higher in our patients with TAK than previously estimated 
in a recent meta-analysis (13.4% versus 8.8% and 16.9% versus 

Figure 3. Hazard of all-cause mortality among patients with 
Takayasu arteritis and controls (unexposed) in the UK. Color figure 
can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.41529/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41529/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41529/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41529/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41529/abstract
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4.7%, respectively) (9). The pooled prevalence of stroke/TIA in 
our patients was, however, lower than observed in studies from 
Europe (22.3%) (9). Similar to earlier findings (34,35), TAK patients 
in our study had an increased risk of developing cardiovascular 
events during follow-up, identifying a need to monitor for cardio-
vascular damage.

While prophylactic treatment with aspirin has been recom-
mended by the World Health Organization for patients at high risk 
for CVD (36,37), the benefits of aspirin for primary prevention of 
ischemic events or ameliorating the pathogenesis of TAK are not 
conclusive. Aspirin was observed to decrease the occurrence of 
ischemic events in a hospital-based study from Brazil, but the drug 
was not found to have any protective effect on the risk of cardiovas-
cular events in Turkish and American patients (34,35). Statins have 
been shown to reduce the rate of ischemic events in patients with 
high cardiovascular risk irrespective of lipid levels. In TAK, although 
statins reduced relapse of inflammatory activity in a single retrospec-
tive study (38), its efficacy in reducing cardiovascular outcomes has 
not been studied. None of these studies were sufficiently powered 
to provide robust evidence to address whether statins and aspirin 
should be used as primary prevention in patients with TAK. How-
ever, secondary prevention using statins and antiplatelet agents 
should be standard practice. In the present study, the proportion of 
TAK patients with CVD or stroke who received statin or antiplate-
let treatment in the year after the index date was <50%, although 
this was not different from the proportion in the control population. 
More aggressive use of these therapies in patients with TAK with 
evidence of high risk may improve mortality rates. Thus, there is a 
pressing need to increase awareness among general practitioners 
about cardiovascular risk in TAK and to conduct rigorous investiga-
tion to establish the benefit of these medications in TAK.

Renal involvement as an outcome in TAK has not been well 
studied. Although renal artery stenosis is the cause of hypertension 
in >50% of patients with TAK (39), the burden of CKD is seemingly 
not high as reported from studies of case series (27,28,39). In this 
first study to investigate incidence of CKD during the course of 
disease, we confirmed that the risk of this complication in patients 
with TAK was not increased either at baseline presentation or dur-
ing the course of disease.

The strength of the population-based design of the pres-
ent study is its external validity. Patients with TAK and controls 
were included from a primary care database that is broadly repre-
sentative of the UK population in terms of age, sex, ethnicity, 
chronic disease prevalence, and mortality rates (14). The results 
are therefore likely to reflect the true burden of this challenging 
disease and its resulting comorbidities. As patients who had car-
diovascular or renal disease at or prior to TAK diagnosis were 
excluded, we were able to demonstrate that these complications 
continue to develop during the course of the disease.

The study also has limitations due to its small size. Analy-
ses for the outcomes could not be adjusted for all baseline clin-
ical parameters described in Table 1 due to the small number of 

patients with TAK. However, due to the rarity of the disease, the 
study was similar in size to other cohort studies.

As a further caveat when considering cardiovascular out-
comes in patients with TAK, it should be noted that the affected 
population was relatively young (median age 53 years at study 
entry). Therefore, also given the relatively short length of follow-up, 
the study may underestimate the true risk of CVD in this population.

The definition of exposure status depended on accurate cod-
ing of TAK diagnosis in primary care medical records. In the UK, 
TAK is diagnosed by specialists in secondary care and then com-
municated to general practices, where the clinical code is entered 
into the patient’s electronic medical record; diagnoses of TAK are 
therefore likely to be accurate. Furthermore, in a previous study 
from the UK, diagnosis based on Read codes recorded in primary 
care was observed to be accurate when compared to detailed 
hospital records (6) and our study, using a different database but 
similar Read codes, reflects an incidence similar to that observed 
in the previous UK study. Although the Read codes used to define 
TAK have been validated, there remains a possibility that in a small 
number of patients, particularly those with a previous diagnosis of 
polymyalgia rheumatica or giant cell arteritis or a record of aortic 
arch arteritis (Read code G757.11), TAK may have evolved from 
another type of arteritis. However, a sensitivity analysis excluding 
the 15 and 21 patients with the respective code did not affect the 
results.

Finally, the study data set comprised routinely collected pri-
mary care data. Therefore, information on angiographic distribution, 
disease activity, and prescription of biologic agents, which may 
have a bearing on cardiovascular outcomes, was not recorded.

In conclusion, the present study demonstrates that, among 
patients with TAK seen in general practice in the UK, cardiovas-
cular morbidity is increased, both at presentation and during the 
course of disease, compared to matched controls without TAK. 
Treatment of these patients with preventive medications such as 
statins and antiplatelet agents remains suboptimal, which may 
have contributed to the high mortality observed.
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Sequence-Based Screening of Patients With Idiopathic 
Polyarteritis Nodosa, Granulomatosis With Polyangiitis, 
and Microscopic Polyangiitis for Deleterious Genetic 
Variants in ADA2
Oskar Schnappauf,1  Natalia Sampaio Moura,1 Ivona Aksentijevich,1 Monique Stoffels,1 
Amanda K. Ombrello,1 Patrycja Hoffmann,1 Karyl Barron,2 Elaine F. Remmers,1 Michael Hershfield,3 
Susan J. Kelly,3 NISC Comparative Sequencing Program,1 David Cuthbertson,4 Simon Carette,5 Sharon A. Chung,6 
Lindsy Forbess,7 Nader A. Khalidi,8 Curry L. Koening,9 Carol A. Langford,10 Carol A. McAlear,11 Paul A. Monach,12 
Larry Moreland,13  Christian Pagnoux,5 Philip Seo,14 Jason M. Springer,15 Antoine G. Sreih,11 
Kenneth J. Warrington,16 Steven R. Ytterberg,16 Daniel L. Kastner,1 Peter C. Grayson,17 and Peter A. Merkel,11 for 
the Vasculitis Clinical Research Consortium

Objective. Deficiency of adenosine deaminase 2 (DADA2) is a monogenic form of vasculitis that can resemble 
polyarteritis nodosa (PAN). This study was undertaken to identify potential disease-causing sequence variants in ADA2 
in patients with idiopathic PAN, granulomatosis with polyangiitis (GPA), or microscopic polyangiitis (MPA).

Methods. Patients with idiopathic PAN (n = 118) and patients with GPA or MPA (n = 1,107) were screened for rare 
nonsynonymous variants in ADA2 using DNA sequencing methods. ADA-2 enzyme activity was assessed in selected 
serum samples.

Results. Nine of 118 patients with PAN (7.6%) were identified as having rare nonsynonymous variants in ADA2. Four 
patients (3.4%) were biallelic for pathogenic or likely pathogenic variants, and 5 patients (4.2%) were monoallelic carriers 
for 3 variants of uncertain significance and 2 likely pathogenic variants. Serum samples from 2 patients with PAN with 
biallelic variants were available and showed markedly reduced ADA-2 enzyme activity. ADA-2 enzyme testing of 86 
additional patients revealed 1 individual with strongly reduced ADA-2 activity without detectable pathogenic variants. 
Patients with PAN and biallelic variants in ADA2 were younger at diagnosis than patients with 1 or no variant in ADA2, 
with no other clinical differences noted. None of the patients with GPA or MPA carried biallelic variants in ADA2.

Conclusion. A subset of patients with idiopathic PAN meet genetic criteria for DADA2. Given that tumor necrosis 
factor inhibition is efficacious in DADA2 but is not conventional therapy for PAN, these findings suggest that ADA-2 
testing should strongly be considered in patients with hepatitis B virus–negative idiopathic PAN.
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INTRODUCTION

Polyarteritis nodosa (PAN), granulomatosis with polyangi-
itis (GPA), and microscopic polyangiitis (MPA) are vasculitides 
defined by inflammatory lesions and necrosis of the blood 
vessel wall leading to vascular stenosis, hemorrhage, and tis-
sue ischemia (1). GPA and MPA are antineutrophil cytoplasmic 
antibody (ANCA)–associated small to medium-sized vessel vas-
culitides, while PAN is not associated with ANCA and mainly 
affects medium-sized arteries.

PAN has been causally linked to chronic hepatitis B virus 
(HBV) infection in a subset of patients, but the pathogenesis of 
idiopathic PAN, and of GPA and MPA, is still not clear (2). Dis-
covery of molecular mechanisms of necrotizing vasculitides would 
improve the understanding of disease pathogenesis and may 
guide novel therapeutic strategies in specific subsets of patients.

Recently, pathogenic variants in the gene encoding aden-
osine deaminase 2 (ADA2, formerly known as CECR1) were 
discovered in a subset of patients diagnosed as having child-
hood-onset PAN. The disease, termed deficiency of adenosine 
deaminase 2 (DADA2), is a monogenic vasculopathy that often 
leads to vasculitis (3,4). DADA2 is caused by recessively inherited 
hypomorphic or loss-of-function variants in the ADA2 gene, which 
encodes a dimeric protein secreted by monocytes and mac-
rophages. Although the ADA-2 protein is a low-affinity enzyme for 
the conversion of extracellular adenosine to inosine, its physio-
logic function is still incompletely understood.

Patients with DADA2 can have clinical and histologic disease 
features similar to those in patients with idiopathic PAN, including 
vasculitis of medium-sized arteries with predilection for the skin, 
peripheral nerves, gastrointestinal tract, and kidneys. However, 
hepatic disease, ischemic stroke in the deep brain nuclei, immuno-
deficiency, and bone marrow failure are more often seen in patients 
with DADA2 compared to idiopathic PAN. Differentiation between 
DADA2 and idiopathic PAN is clinically important, as treatment 
and monitoring strategies differ between the 2 conditions.

Recent studies have shown an increased prevalence of 
DADA2 in cohorts of patients with pediatric vasculitis, and a higher 
prevalence is also expected in patients with idiopathic PAN (5). 
However, the actual percentage of patients with DADA2 in cohorts 
of idiopathic small- and medium-vessel vasculitis is unknown.

The objectives of this study were to identify potential 
disease-causing sequence variants in ADA2 in large cohorts 
of patients with idiopathic PAN, GPA, and MPA, using DNA 
sequencing. Since DNA sequencing and enzymatic assays play 
complementary roles in establishing the diagnosis of DADA2, 
a protein functional test was also performed in all  available 
PAN samples, and in patients with GPA or MPA who had any 
ADA2 variant.

PATIENTS AND METHODS

Patients and controls. DNA, serum samples, and clinical 
data were collected from patients enrolled in observational, longitu-
dinal cohort studies of PAN, GPA, and MPA conducted by the Vas-
culitis Clinical Research Consortium at 8 academic medical centers 
in the US and Canada. All patients were evaluated using stand-
ardized data collection forms. Patients with PAN met the Ameri-
can College of Rheumatology (ACR) 1990 classification criteria for 
PAN (6) and were excluded if there was a history of HBV infection. 
Patients with GPA met the modified ACR 1990 classification criteria 
for the disease, and patients with MPA fulfilled the 2012 revision of 
the International Chapel Hill Consensus Conference disease defini-
tions for this condition (1,7,8). Because the initiation of these clinical 
protocols predated the discovery of DADA2 (3,4), some phenotypic 
data now understood to be associated with DADA2—most notably 
features related to immunodeficiency or bone marrow  failure—were 
not specifically queried, although the investigator could write in any 
atypical features believed to be disease-associated. Patients with 
DADA2 who had biallelic ADA2 mutations, carriers with monoal-
lelic mutations, and healthy controls were recruited at the National 
Institutes of Health (NIH) Clinical Center, as described in the Sup-
plementary Methods (available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41549/ 
abstract). All study participants provided consent for the use of 
their specimens and data. The local institutional review boards 
approved the study (see Supplementary Methods).

Genetic analysis. Peripheral blood DNA samples (n = 118) 
from patients with idiopathic PAN were screened for variants in 
ADA2 by standard Sanger sequencing of the 9 coding exons. 
Copy number variations within the ADA2 gene were assessed for 
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a subset of samples using a multiplex ligation-dependent probe 
amplification assay (MLPA) according to the manufacturer’s man-
ual (MRC Holland).

For the sake of cost and efficiency, sequencing of the ADA2 
gene in patients with GPA or MPA (n = 1,107) was performed 
using a next-generation target capture approach, as described 
in the Supplementary Methods (http://onlin elibr ary.wiley.com/
doi/10.1002/art.41549/ abstract). Identified variants were classi-
fied according to the American College of Medical Genetics and 
Genomics (ACMG)/Association for Molecular Pathology (AMP) 
2015 guidelines described in the Supplementary Methods (http://
onlinelibrary.wiley.com/doi/10.1002/art.41549/abstract).

Measurement of ADA-2 enzyme activity. Serum 
ADA-2 activity relative to a control group was assessed with 
a spectrophotometric assay using a commercially available 
kit (Diazyme Laboratories) by adding ADA-1 inhibitor EHNA 
(100 μM) according to the protocol of the manufacturer (Sig-
ma-Aldrich). An ADA calibrator (50.3 units/liter; Diazyme) was 
used to generate a linear slope of absorbance versus ADA-2 
activity. To assay for reduced ADA-2 enzyme activity, serum 
samples were available for 88 patients with idiopathic PAN, 
16 patients with GPA or MPA who had monoallelic ADA2 
variants, and 35 randomly chosen patients with GPA/MPA 
who did not have ADA2 variants.

For a selected subset of ADA2-genotyped patients with 
 idiopathic PAN (n = 11), along with various controls, ADA-2 
 enzymatic activity in stored serum was measured at a Clinical 
Laboratory Improve ment Amendments (CLIA)–certified laboratory 
(described in Supplementary Methods, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41549/ abstract). Reference ranges were 
deter mined for patients with DADA2, carriers, and healthy con-
trols who had been identified based on clinical data and, in some 
cases, DNA sequencing.

Statistical analysis. Differences between the groups were 
tested for statistical significance using the Kruskal-Wallis test, 
Mann-Whitney U test, or chi-square test, as appropriate (SPSS ver-
sion 1.0.0.1213). P values less than 0.05 were considered significant.

RESULTS

PAN cohort. One hundred eighteen patients with idiopathic 
PAN were included in this study. Demographic data on the cohort 
are summarized in Supplementary Table 1 (http://onlin elibr ary.
wiley.com/doi/10.1002/art.41549/ abstract). Samples for molecu-
lar genetic testing were available for all 118 patients, while serum 
samples were accessible for 88 patients (74.6%).

ADA2 gene sequencing. Nine of 118 patients (7.6%) with 
PAN were identified as having rare ADA2 missense variants 
with a minor allele frequency of <0.005. Four patients (3.4%) 
were homozygous or compound heterozygous for pathogenic 

or likely pathogenic variants in ADA2, establishing a genetic 
diagnosis of DADA2 in these patients (Table 1). Of the 7 distinct 
variants present in these 4 patients, p.G47A (rs200930463), 
p.G47W (rs202134424), p.R169Q (rs77563738), p.E328K, 
p.F355L (rs116020027), and p.G383S (rs770689762) had 
previously been reported as causative for DADA2 (9–11). 
The remaining variant, p.P106S (rs747107966), was classi-
fied as likely pathogenic according to the ACMG/AMP 2015 
guidelines.

Five additional patients (4.2%) were carriers for the rare mon-
oallelic variants p.R34W (rs750955849), p.T65M (rs61747288), 
p.M309I (rs146597836), p.V349I (rs74317375), and p.Y453C 
(rs376785840), of which p.R34W and p.Y453C were previously 
reported in patients with DADA2 (3,12) (Table 1). The remaining 3 
variants, p.T65M, p.M309I, and p.V349I, are of unknown clinical 
significance according to the ACMG/AMP 2015 guidelines and 
were not previously associated with disease.

ADA-2 enzyme activity. ADA-2 enzymatic activity was 
quantified by spectrophotometric assay on stored sera from 
88 patients with idiopathic PAN (Figure 1A). To confirm the 
assessed ADA-2 activity and to validate the spectrophotomet-
ric assay, ADA-2 enzymatic activity was additionally quantified 
by a CLIA-certified high-performance liquid chromatography 
(HPLC)–based method in 11 patients (2 with biallelic variants, 
3 with monoallelic variants, and 6 with no genetic variants but 
decreased enzymatic activity in the spectrophotometric assay) 
and 18 controls (6 healthy controls, 6 patients with DADA2, and 
6 monoallelic carriers) (Figure 1B and Table 1).

Serum samples were available for 2 of the patients with PAN 
who were homozygous or compound heterozygous for path-
ogenic or likely pathogenic variants in ADA2 (patients 2VAR-2 
and 2VAR-3). These samples showed markedly reduced ADA-2 
enzyme activity according to both assays, comparable to  levels 
in DADA2 reference ranges for the HPLC testing laboratory 
(Figure 1B and Table 1). Sera from 3 monoallelic carriers with PAN 
(patients 1VAR-2, 1VAR-4, and 1VAR-5) showed ADA-2 activity 
in the normal range, also with both assays. The serum sample 
from the individual carrying the known pathogenic p.Y453C vari-
ant (1VAR-5) showed ADA-2 enzyme activity at the low end of the 
reference range for healthy controls and just below the upper end 
of the reference range for monoallelic carriers. This patient was 
48 years old at the time of diagnosis and had classic features of 
PAN (e.g., fever, cutaneous ulcers, neuropathy) without additional 
features of DADA2 (e.g., stroke, livedoid rash).

With both assays, ADA-2 enzymatic testing revealed an 
 additional patient with strongly reduced ADA-2 activity levels 
(patient 0VAR-1) (Figure 1B and Table 1), a man diagnosed as 
having PAN at age 60, with mesenteric and renal artery vascu-
litis, but none of the cutaneous, neurologic, or hepatic features 
of DADA2. There were 5 other patients with enzymatic activity in 
the range of carriers (0VAR-2 to 0VAR-6). Sequencing and copy 
number variation analyses of the ADA2 gene in these patients did 
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not identify any pathogenic variants and suggest the possibility 
of deleterious deep intronic or regulatory variants undetectable 
by genomic sequencing or MLPA (Supplementary Figure 1A, 

http://onlin elibr ary.wiley.com/doi/10.1002/art.41549/ abstract). 
Since  circulating ADA inhibitors have been documented (13), the 
 available serum sample from patient 0VAR-1 was tested in a mixing 

Figure 1. Adenosine deaminase 2 (ADA-2) levels in vasculitis. A, ADA-2 activity measured by spectrophotometric assay. ADA-2 activity was 
measured in serum from healthy controls (HCs; n = 6), monoallelic carriers (MCs; n = 6), and patients with deficiency of ADA-2 (DADA2; n = 6) from 
the National Institutes of Health (NIH) Clinical Center, and in serum from patients with idiopathic polyarteritis nodosa (PAN; n = 88) or granulomatosis 
with polyangiitis (GPA) or microscopic polyangiitis (MPA; n = 51). Among those with GPA/MPA, 16 patients had monoallelic ADA-2 variants, indicated 
by yellow and green circles, and 35 patients without a demonstrable variant were randomly chosen (open circles). B, ADA-2 activity measured by 
certified high-performance liquid chromatography (HPLC). ADA-2 activity was measured in serum from healthy controls (n = 6), monoallelic carriers 
(n = 6), and patients with DADA2 (n = 6) from the NIH Clinical Center, and in serum from patients with idiopathic PAN with biallelic variants (2VAR; 
n = 2), monoallelic variants (1VAR; n = 3), or no variant in ADA-2 (0VAR; n = 6, selected for low enzyme activity in A). Dashed lines show the upper 
limit of the reference range for patients with DADA2 (URP; 2.5 mU/ml) and the upper limit of the reference range for carriers (URC; 11.4 mU/ml), 
using HPLC. Bars show the mean ± SD. Subjects with 2 pathogenic or likely pathogenic variants are shown in red, those with 1 pathogenic or likely 
pathogenic variant are shown in yellow, those with 1 variant of unknown significance are shown in green, and those with no demonstrable variant 
are shown as open circles. * = P ≤ 0.05; ** = P ≤ 0.01 by Mann-Whitney U test. NS = not significant.

Table 2. Comparison of clinical features among patients with polyarteritis nodosa with and without detectable mutations in ADA2*

Biallelic ADA2 mutation
(n = 4)†

Monoallelic ADA2 mutation
(n = 5)

No ADA2 mutation
(n = 109)

Age at symptom onset, median (range) years 16.4 (10.1–22.8)‡ 48.4 (10.6–62.0) 45.4 (9.1–74.7)
Age at diagnosis, median (range) years 20.2 (15.1–24.4)§ 48.4 (10.6–62.1) 46.9 (11.4–75.3)
Age at study entry, median (range) years 24.7 (18.9–34.4) 48.5 (17.8–66.1) 50.8 (17.5–78.7)
Female sex 1 (25) 3 (60) 58 (53)
White 3 (75) 4 (80) 98 (90)
Cardiac involvement 0 (0) 0 (0) 13 (12)
Constitutional involvement 3 (100) 5 (100) 75 (69)
Cutaneous involvement 3 (100)¶ 5 (100)# 82 (75)**

Livedo reticularis 1 (33) 1 (20) 24 (21)
Gastrointestinal involvement 2 (67) 2 (40) 40 (37)

Hepatic involvement 0 (0) 0 (0) 7 (6)
Kidney involvement 1 (33) 1 (20) 28 (26)
Musculoskeletal involvement 2 (67) 3 (60) 80 (73)
Nervous system involvement 1 (33) 3 (60) 59 (54)

Stroke 0 (0) 0 (0) 6 (5)
Ocular involvement 1 (33) 0 (0) 10 (9)

* Except where indicated otherwise, values are the number (%) of patients. 
† Information on age at symptom onset, age at study entry, and pattern of organ involvement was not available for 1 patient with biallelic 
ADA2 mutations. 
‡ P = 0.04 versus the groups with monoallelic ADA2 mutation or no ADA2 mutation. 
§ P = 0.01 versus the groups with monoallelic ADA2 mutation or no ADA2 mutation. 
¶ Included livedo reticularis (n = 1) and ulcers (n = 2). 
# Included livedo reticularis (n = 1), ulcers (n = 2), and nodules (n = 2). 
** Included livedo reticularis (n = 24), nodules (n = 40), purpura (n = 33), ulcers (n = 18), and digital infarction (n = 3). 
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assay, but this failed to reveal evidence for a soluble inhibitor (Sup-
plementary Figure 1B). Including the 3 patients with monoallelic 
variants, 80 of 88 available serum samples showed enzyme activ-
ity in the normal or high-normal range, using the spectrophoto-
metric assay (Figure 1).

Clinical associations with ADA2 pathogenic variants. Among 
patients with PAN, the median age at diagnosis for the 4 patients 
with biallelic ADA2 pathogenic or likely pathogenic variants was 
significantly lower (median 20.2 years [range 15.1–24.4]) com-
pared to the 5 patients with monoallelic ADA2 variants (median 
48.4 years [range 10.6–62.1]) or the 109 patients without 
ADA2 variants (median 46.9 years [range 11.4–75.3]; P = 0.01) 
(Table 2).

Two patients (2VAR-1 and 2VAR-3) with biallelic ADA2 
rare missense variants were diagnosed as having vasculitis in 
adulthood (Table 1). Clinical information was available for 3 of the 
4 patients with biallelic ADA2 pathogenic or likely pathogenic var-
iants, and there were no substantial differences in sex, ethnicity, 
or pattern of organ involvement between patients with and those 
without ADA2 variants (Table 2). Treatment information was avail-
able for 2 patients with biallelic ADA2 variants, neither of whom 
had previously received therapy with tumor necrosis factor (TNF) 
inhibitors.

GPA/MPA cohort. There were 1,107 patients with GPA or 
MPA who were included in this study. Demographic data on these 
cohorts are summarized in Supplementary Table 1 (http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41549/ abstract).

ADA2 gene sequencing. Sequencing of ADA2 in patients 
with GPA or MPA did not identify any individuals with homozy-
gous or compound heterozygous rare nonsynonymous geno-
mic variants in ADA2, but identified 27 patients (2.4%) who 
carried monoallelic rare missense or canonical splice-site 
 variants (Supplementary Table 2, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41549/ abstract). Of the 27 identified variants, 3 
(11.1%) were classified as likely pathogenic according to ACMG/
AMP 2015 criteria.

ADA-2 enzyme activity. Enzymatic testing was performed on 
serum samples from 51 patients with GPA or MPA (Figure 1A). 
Sixteen of these samples were from patients who carried mon-
oallelic missense variants or canonical splice-site variants in 
ADA2 (Supplementary Table 2, http://onlin elibr ary.wiley.com/doi/ 
10.1002/art.41549/ abstract). Enzyme activity mea surements 
identified 2 patients with ADA-2 enzyme activity slightly below the 
range in the 6 monoallelic carriers from the NIH Clinical Center, 
shown in Figure 1 (4.9–9.2 mU/ml), which is consistent with the 
likely pathogenic classification of p.P106S (GM6; 4.5 mU/ml) and 
c.1442+2T>G (GM24; 4.8 mU/ml) (Figure 1A; serum was not 
available for GM15 in Supplementary Table 2, http://onlin elibr 
ary.wiley.com/doi/10.1002/art.41549/ abstract). The remaining 
serum samples from patients with GPA/MPA who had monoal-
lelic variants showed ADA-2 activity in the normal to high-normal 

range of NIH controls (Figure 1A). With the spectrophotometric 
assay, enzymatic activity from 35 randomly chosen patients with 
GPA/MPA who did not have ADA2 variants was shown to be 
within or exceeding the range observed for the NIH healthy con-
trols shown in Figure 1.

Clinical associations with ADA2 pathogenic variants. There 
were no significant clinical differences, among patients with GPA/
MPA, between those with and those without monoallelic ADA2 
 variants (Supplementary Table 3, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41549/ abstract).

DISCUSSION

Vasculitis is a group of multisystemic diseases of unknown 
etiology and significant morbidity and mortality. Discovery of addi-
tional causal mechanisms in necrotizing vasculitis would improve 
the understanding of disease pathogenesis and may inform 
development of novel therapeutic strategies in specific subsets 
of patients. This study used DNA sequencing to identify individ-
uals with a genetic diagnosis of DADA2 in cohorts of patients 
with PAN, GPA, and MPA. The identification of biallelic ACMG/
AMP-classified pathogenic or likely pathogenic variants in an indi-
vidual establishes the genetic diagnosis of DADA2 (14,15).

Homozygous or compound heterozygous pathogenic or 
likely pathogenic variants in ADA2 were identified in 3.4% of 
patients diagnosed as having idiopathic PAN, including 2 patients 
who were diagnosed as having vasculitis in adulthood. Biallelic 
pathogenic or likely pathogenic variants in ADA2 were not found 
in any of 1,107 patients diagnosed as having GPA or MPA. Of the 
27 identified monoallelic variants in ADA2, 3 were predicted to be 
likely pathogenic, a frequency comparable to that of such variants 
in ADA2 in the general population. There is a significant difference 
(P < 0.001) between the number of patients with 2 pathogenic or 
likely pathogenic variants in ADA2 in the PAN cohort (4 of 118) and 
the number of patients with 2 pathogenic or likely pathogenic var-
iants in the GPA/MPA cohort (0 of 1,107). There remains the pos-
sibility that some patients with GPA/MPA have strongly reduced 
enzymatic activity without detectable germline pathogenic vari-
ants, as was recently described in a pediatric case (5).

This study also identified 1 patient (0VAR-1) in the PAN cohort 
who exhibited strongly reduced ADA-2 enzyme activity despite 
the absence of identifiable pathogenic variants. Patient 0VAR-
1’s ADA-2 activity was higher than that in any of the 6 confirmed 
patients with DADA2 from the NIH cohort and was higher than 
activity assessed with the HPLC assay in any of the 55 patients 
with DADA2 tested in the CLIA reference laboratory; therefore, 
this patient cannot be definitively diagnosed as having DADA2 
based on enzymatic activity. This finding is intriguing, since higher 
residual ADA-2 enzymatic activity in an in vitro transfection assay 
has recently been associated with an increased risk of develop-
ing vasculitis compared to other disease manifestations (10). It 
is possible that intronic or regulatory variants in this patient may 
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account for the reduction in enzymatic activity. No evidence of 
an acquired inhibitor of ADA-2 was found in the available serum 
sample. As noted above, a child with GPA was found to have low 
ADA-2 enzymatic activity despite the absence of demonstrable 
coding or splice-site mutations (5).

The present study also identified 5 other patients with PAN 
with ADA-2 enzyme activity in the range observed in monoallelic 
carriers without detectable pathogenic variants, despite sequenc-
ing of the entire gene and MLPA analyses. The risk of disease 
in monoallelic carriers is still unclear, but a gene-dose effect in 
combination with other permissive genetic and environmental fac-
tors may lead to a decreased threshold for inflammatory man-
ifestations. This finding is noteworthy since 2 carriers of the 
pathogenic ADA2 variant p.Y453C were reported to have late- 
onset lacunar strokes (3).

One limitation of this study is that even though this is one 
of the largest reported cohorts of patients with idiopathic PAN, 
the total sample size is still insufficient to permit identification of 
clinical features that might distinguish between PAN and DADA2. 
Because the PAN cohort was established long before the discov-
ery of DADA2, clinical data regarding some of the key features 
of DADA2 were not specifically queried. Another limitation is that 
for some novel ADA2 variants identified in this cohort, even when 
applying the stringent ACMG/AMP criteria, it is still not possible to 
assess their pathogenicity in the absence of patient serum sam-
ples. As more new variants are identified in patients with clinical 
features of DADA2 and in available serum samples, it may be eas-
ier to evaluate their pathogenic significance.

Given the substantial degree of disease heterogeneity and 
potential overlap of clinical features between DADA2 and PAN, 
a diagnosis of DADA2 should be considered in patients clinically 
diagnosed as having or being evaluated for idiopathic PAN. A 
diagnosis can be made either genetically through the identification 
of biallelic ACMG/AMP-classified pathogenic or likely pathogenic 
variants or enzymatically through the detection of low ADA-2 enzy-
matic activity. These 2 methods are complementary and may need 
to be used concomitantly, at least in some cases. A limitation of 
genetic testing is that standard sequencing will fail to identify gene 
deletions/duplications in up to 3% of patients with DADA2 (16).

There are also limitations intrinsic to the interpretation of the 
enzymatic assay. In the CLIA-certified laboratory that was involved 
in the present investigation, a validated assay of plasma ADA-2 
enzymatic activity has accurately demonstrated DADA2 in the 80% 
of cases in which results of ADA2 gene sequencing have been pro-
vided. The range of plasma ADA-2 activity has been established for 
authentic carriers, i.e., parents of patients with DADA2 and siblings 
shown to be carriers by gene sequence analysis. However, as there 
is overlap with the lowest plasma ADA-2 activity found in healthy 
controls, when enzyme activity is found to be within the carrier 
range, ADA2 gene sequence analysis is advised as necessary to 
establish heterozygote status. In true heterozygous carriers, certain 
factors, such as infection, may induce increased production of the 

ADA-2 protein from the wild-type allele (17). The situation may be 
further obscured if, as some postulate, there are biologic functions 
of the ADA-2 protein that are not measured by the enzymatic assay, 
which may affect the clinical phenotype. These considerations all 
underscore the notion that sequencing and functional assays are 
complementary and that both may be required for a complete 
clinical evaluation. There is a clear need for increased availability of 
CLIA-certified biochemical testing for DADA2 in the US.

The mainstay of treatment for idiopathic PAN consists of 
glucocorticoids and other immunosuppressive drugs and has 
improved the prognosis and survival rates of these patients (18). 
Unfortunately, treatment has considerable side effects, and dis-
ease relapse and mortality remain high. Importantly, several recent 
studies have demonstrated that conventional immunomodulatory 
therapy seems not to be beneficial in patients with DADA2, while 
anti-TNF treatment (etanercept, infliximab, adalimumab) appears 
to be highly effective in preventing strokes, normalizing inflamma-
tory markers, and improving other PAN-like manifestations in these 
patients (19). None of the patients identified in the current study 
who had biallelic pathogenic variants in the ADA2 gene, and for 
whom treatment information was available, had received therapy 
with TNF inhibitors, as this class of medication is not commonly 
administered to patients diagnosed as having idiopathic PAN.

In summary, given the potential differences in approaches 
to treatment, clinical follow-up, prognosis, and consequences for 
other family members, the present findings suggest that ADA2 test-
ing should strongly be considered in patients with HBV-negative 
idiopathic PAN. These data also suggest that ADA2 variants are 
unlikely to account for the molecular pathology of MPA and GPA. 
Going forward, it will be important to validate these findings pro-
spectively in larger cohorts with paired analysis of genetic variants 
and enzyme activity.
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Dissecting the Cellular Mechanism of Prostacyclin Analog 
Iloprost in Reversing Vascular Dysfunction in Scleroderma
Pei-Suen Tsou,1  Pamela J. Palisoc,1 Nicholas A. Flavahan,2 and Dinesh Khanna1

Objective. Intravenous iloprost improves Raynaud’s phenomenon (RP) and promotes healing of digital ulcers in 
systemic sclerosis (SSc; scleroderma). Despite a short half-life, its clinical efficacy lasts weeks. Endothelial adherens 
junctions, which are formed by VE-cadherin clustering between endothelial cells (ECs), regulate endothelial properties 
including barrier function, endothelial-to-mesenchymal transition (EndoMT), and angiogenesis. We undertook this 
study to investigate the hypothesis that junctional disruption contributes to vascular dysfunction in SSc, and that the 
protective effect of iloprost is mediated by strengthening of those junctions.

Methods. Dermal ECs from SSc patients and healthy controls were isolated. The effect of iloprost on ECs was 
examined using immunofluorescence, permeability assays, Matrigel tube formation, and quantitative polymerase 
chain reaction.

Results. Adherens junctions in SSc were disrupted compared to normal ECs, as indicated by reduced levels of 
VE-cadherin and increased permeability in SSc ECs (P < 0.05). Iloprost increased VE-cadherin clustering at junctions 
and restored junctional levels of VE-cadherin in SSc ECs (mean ± SD 37.3 ± 4.3 fluorescence units) compared to 
normal ECs (mean ± SD 29.7 ± 3.4 fluorescence units; P < 0.05), after 2 hours of iloprost incubation. In addition, 
iloprost reduced permeability of monolayers, increased tubulogenesis, and blocked EndoMT in both normal and 
SSc ECs (n ≥ 3; P < 0.05). The effects in normal ECs were inhibited by a function-blocking antibody that prevents 
junctional clustering of VE-cadherin.

Conclusion. Our data suggest that the long-lasting effects of iloprost reflect its ability to stabilize adherens 
junctions, resulting in increased tubulogenesis and barrier function and reduced EndoMT. These findings provide a 
mechanistic basis for the use of iloprost in treating SSc patients with RP and digital ulcers.

INTRODUCTION

Systemic sclerosis (SSc; scleroderma) is an autoimmune dis
ease characterized by immune activation, widespread  fibrosis, 
and a structural and functional vasculopathy (1). Vascular involve
ment includes Raynaud’s phenomenon (RP), digital ulcers, 
 scleroderma renal crisis, and pulmonary arterial hypertension. RP 
is the most typical vascular manifestation that occurs earliest in 
SSc and generally precedes organ involvement. Digital ulcers are 

present in ~50% of SSc patients and responsible for significant 
disability and poor quality of life. 

Iloprost is a synthetic analog of prostacyclin (prostaglandin 
I2 [PGI2]). Similar to PGI2, iloprost has vasodilatory and antiplate
let effects but it is more stable than PGI2, with a longer halflife 
(20–30 minutes) and better solubility (2). Intravenous (IV) iloprost 
is marketed in Europe for multiple indications, including the treat
ment of patients with severe, disabling RP that is unresponsive to 
other therapies. In addition, 2017 European Scleroderma Trials and 
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Research recommendations assigned iloprost a grade A recom
mendation for treatment of severe SScrelated RP attacks and for 
treatment of digital ulcers (3). It is also widely used in the manage
ment of peripheral vascular complications unrelated to SScrelated 
RP. Pharmacologically, iloprost activates PGI2 receptors, which 
stimulate adenylate cyclase to produce cAMP. PGI2 receptors on 
smooth muscle cells and platelets inhibit smooth muscle constric
tion and platelet aggregation. PGI2 receptors are also expressed 
on endothelial cells (ECs), where they initiate numerous protective 
effects, including augmentation of endothelial adherens junctions 
and reduced monolayer permeability (4,5). 

Vascular and endothelial pathology is present in SSc patients. 
These functional and structural defects include increased vas
cular permeability, reduced nitric oxide (NO) activity, elevated 
inflammation, EC apoptosis, impaired angiogenesis, endothelial 
tomesenchymal transition (EndoMT), intravascular fibrosis, 
and microvascular rarefaction (6–13). ECs also have lower VE 
cadherin expression (12). Adherens junctions, which are formed by 
clustering of VEcadherin on neighboring ECs, regulate numerous 
endothelial properties, including cell morphology, signaling, and 
phenotype. The vascularprotective effects of adherens junctions 
include increased barrier function, amplified NO signaling, inhib
ited apoptosis, and reduced inflammation (14). In contrast, when 
junctions are disrupted, VEcadherin and βcatenin are disen
gaged from the cell membrane and contribute to vascular dys
function and EndoMT. It has been demonstrated that VEcadherin 
 clustering at adherens junctions is increased by iloprost and PGI2, 
via activation of PGI2 receptors (4,15).

Despite its short halflife, iloprost is beneficial for RP and the 
healing of digital ulcers, with effects extending for weeks after ces
sation of treatment (16). To dissect the mechanisms involved, we 
hypothesized that vascular dysfunction in SSc reflects disruption 
of EC adherens junctions and that the vascularprotective effect of 
iloprost is mediated by the strengthening of these junctions in SSc 
ECs. In this study, we demonstrate the beneficial effect of iloprost 
in SSc ECs. Iloprost was shown to enhance the impaired bar
rier dysfunction in these cells, promote angiogenesis, and inhibit 
EndoMT, all of which were potentially dependent on increased 
VEcadherin clustering at adherens junctions, as blockade of 
VEcadherin in normal ECs blocked these effects.

PATIENTS AND METHODS

Patients and controls. All patients who were recruited met 
the 2013 American College of Rheumatology/European League 
Against Rheumatism criteria for the classification of SSc (17). 
We obtained two 4mm punch biopsy specimens from the dis
tal forearm of subjects for EC isolation. The healthy controls and 
patients were matched according to age, ethnicity, and sex (Sup
plementary Table 1, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41536/ 
abstract). Thirteen healthy controls were recruited (mean ± SEM 

age 50.8 ± 3.8 years). All 10 patients had diffuse cutaneous SSc 
(mean ± SEM age 54.9 ± 4.9 years), and the mean ± SEM disease 
duration was 2.6 ± 0.4 years. Subjects’ skin scores ranged from 
0 to 28, with a mean ± SEM score of 11.1 ± 2.9. All patients had 
RP, but none had active digital ulcers at the time of biopsy. These 
patients were being treated with immunosuppressive drugs, va 
so dilators, or proton pump inhibitors, among others, at the time of 
biopsy (Supplementary Table 1). This study was approved by the 
University of Michigan Institutional Review Board.

Cell culture and treatment. Dermal ECs were  isolated 
from skin biopsy specimens obtained from the forearms of 
subjects. Although the skin scores ranged from 0 to 28 in SSc 
patients, the skin scores at the site of biopsies ranged between 0 
and 2 (6 patients with a score of 0, 3 with a score of 1, and 1 with 
a score of 2). The cells from patients were randomized in each 
experiment, with ≥3 patientderived lines used in each assay. Skin 
digestion and cell purification were described previously (6,18). A 
CD31 MicroBead Kit (Miltenyi Biotech) was used to purify ECs. 
Cells were maintained in endothelial basal medium 2 (EBM2) 
supplemented with growth factors (Lonza). For all experiments, 
ECs between passages 3 and 6 were used. Before all experi
ments, cells were cultured in endothelial growth medium supple
mented with bovine brain extract for ≥1 day. Cells were treated 
with 150 nM iloprost (Cayman) at various time points. There are 
currently no published pharmacokinetic studies on SSc patients 
receiving iloprost by IV infusion. In healthy subjects, infusion of 
iloprost at doses of 1 ng/kg/minute and 3 ng/kg/minute achieved 
steadystate concentrations of 0.13 nM and 0.37 nM, respectively 
(19). However, SSc patients showed increased systemic expo
sure to iloprost after oral doses, suggesting reduced clearance 
of the drug, with a 1.8fold increase in maximum concentration 
after 8 days of iloprost administration (20). The concentration of 
iloprost in this study was chosen based on published in vitro stud
ies (21–23).

Inhibition of VEcadherin clustering at endothelial junctions 
was achieved by pretreating cells with 25 µg/ml VEcadherin 
function–blocking antibody (BV9; LSBio) for 30 minutes in culture. 
This approach prevents new VEcadherin trans interactions without 
affecting existing junctional or monolayer integrity (21). To induce 
EndoMT in normal ECs, cells were treated with 10 ng/ml transform
ing growth factor β (TGFβ) and/or 150 nM iloprost for 3 days. For 
the groups incorporating BV9, the cells were pretreated with 25 µg/
ml of this antibody for 30 minutes before TGFβ and/or iloprost were 
added. BV9 was present for the duration of the experiment.

Immunofluorescence staining. ECs were cultured 
in gelatincoated chambers and treated with iloprost for up to 
2 hours. Anti–VEcadherin antibodies (R&D Systems), anti–β
catenin antibodies (Abcam), and Texas RedX Phalloidin (Ther
moFisher) were used to visualize VEcadherin, βcatenin, and 
Factin, respectively. VEcadherin and βcatenin were then 
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probed using Alexa Fluor secondary antibodies. The nuclei were 
stained using DAPI. Fluorescence was detected using a Nikon A1 
confocal microscope. Visualization and analysis of images were 
performed using the ND2 reader plugin in ImageJ.

Permeability assay. Permeability was assessed by measur
ing horseradish peroxidase (HRP) movement through EC mon
olayers in a Transwell system (Cell Biologics). Briefly, ECs were 
plated at 50,000 cells/ml in the Transwells and allowed to 
grow to confluence, then cultured in EBM2 media with 1% 
fetal bovine serum (FBS) in the upper and lower chambers. 
Treatments, including iloprost (150 nM) and/or TGFβ (10 ng/
ml), were added to the upper chambers along with HRP, and 
aliquots of the media in the lower chambers were collected 

at various time points. When analyzing the effect of the func
tionblocking antibody to VEcadherin, cells were pretreated 
with BV9 (25 µg/ml) for 30 minutes before the addition of ilo
prost and/or TGFβ. BV9 was present throughout the experi
ment. The amount of HRP was quantified by the addition of 
3,3’,5,5’tetramethylbenzidine and stop solution and mea
sured at 450 nm in a plate reader.

Matrigel tube formation assay. To examine whether 
iloprost affects EC angiogenesis, we pretreated ECs with iloprost 
for 24 hours and performed Matrigel tube formation assays. 
Growth factor–reduced Matrigel (BD Biosciences) was coated 
in 8well LabTek chambers before adding treated ECs, which 
were suspended in EBM2 with 1% FBS in the presence of 

Figure 1. Effect of iloprost (ILP) on VEcadherin localization and cell permeability. Immunofluorescence of VEcadherin, βcatenin, and 
Factin in endothelial cells (ECs) was visualized using a Nikon A1 confocal microscope. Cell permeability was assessed by measuring 
horseradish peroxidase (HRP) movement through EC monolayers using an Endothelial Transwell Permeability Assay Kit. Cells were treated 
with iloprost (150 nM) and/or transforming growth factor β (TGFβ; 10 ng/ml) at various time points. BV9 (25 μg/ml) was used to pretreat 
the cells for 30 minutes before iloprost and TGFβ were added. A, Iloprost increased junctional clustering of VEcadherin and βcatenin 
with as little as 10 minutes of incubation in normal ECs. Original magnification × 600. B, Iloprost had a delayed but more prolonged effect 
on VEcadherin and βcatenin clustering in systemic sclerosis (SSc) ECs. Disorganized Factin filaments in SSc ECs were also observed. 
Original magnification × 600. C, Quantification of fluorescent signal of VEcadherin showed significant reduction of VEcadherin in SSc ECs 
compared to normal ECs at baseline. After iloprost treatment, VEcadherin intensity was greater in SSc ECs compared to normal ECs. D, 
In normal ECs, TGFβ increased permeability as measured by HRP movement through EC monolayers. Iloprost inhibited permeability of EC 
monolayers, while blockade of VEcadherin by BV9 reversed it. E, In SSc ECs, iloprost inhibited the increased permeability of these cells, 
while the functionblocking antibody to VEcadherin (BV9) prevented the effects of iloprost therapy. Experiments were performed with ≥3 
subjectderived lines. Values in C–E are the mean ± SD. NT = not treated; Abs = absorbance.
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iloprost. Cells were cultured for 6 hours before they were fixed 
and stained. Pictures were taken using the EVOS XL Core Cell 
Imaging System. The Angiogenesis Analyzer function in ImageJ 
was used to quantify the tubes. In a separate experiment, we 
adopted a different approach, in which blocking antibodies to 
VEcadherin (25 µg/ml) were added in the Matrigelcoated 
chambers with the ECs for 30 minutes before adding iloprost. 
The ECs were then cultured in the presence of iloprost and/or 
BV9 for an additional 8–10 hours.

Messenger RNA (mRNA) extraction and quantita-
tive reverse transcriptase–polymerase chain reaction. 
Extraction of RNA was performed using a Directzol RNA Mini
Prep Kit and complementary DNA (cDNA) was prepared using a 
Verso cDNA synthesis kit. Primers were mixed with Power SYBR 
Green PCR master mix (Applied Biosystems). The ViiA 7 Real
Time PCR System was used to quantify cDNA.

Statistical analysis. Results are expressed as  the  
mean ± SD, except when stated otherwise. To determine the sig
nificance of differences between the groups, MannWhitney U test, 
Kruskal Wallis test, or twoway analysis of variance was performed 
using GraphPad Prism, version 6. P values less than 0.05 were 
considered significant.

RESULTS

Disruption of adherens junctions in SSc ECs com-
pared to normal ECs. To examine the effect of iloprost on 
adherens junctions, we treated ECs with 150 nM iloprost for 
various periods of time, and VEcadherin, βcatenin, and Factin 
were visualized via immunofluorescence. Under control condi
tions, in the absence of iloprost (untreated or at baseline [0 min
utes]), adherens junctions were disrupted and Factin filaments 
were disorganized in SSc ECs compared to normal ECs (Figures 

Figure 2. Effect of iloprost on endothelial cell (EC) angiogenesis. Angiogenesis of ECs was measured using an in vitro Matrigel tube formation 
assay. A and B, Iloprost increased tubulogenesis in normal ECs, and this was reduced by a functionblocking antibody to VEcadherin (BV9). 
C, Iloprost induced tubulogenesis in systemic sclerosis (SSc) ECs. Original magnification × 40. In A and C, ECs were pretreated with iloprost 
(150 nM) overnight before they were plated on Matrigel. After 6 hours, cells were fixed and stained. In B, BV9 (25 μg/ml) was used to pretreat 
the ECs for 30 minutes before iloprost was added. The cells were cultured for 8 hours before they were fixed and stained. Experiments were 
performed with 3 subjectderived lines. Values are the mean ± SD.
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1A and B). Indeed, junctional levels of VEcadherin were signif
icantly lower in SSc ECs compared to normal ECs at baseline 
(Figure 1C). In normal ECs, iloprost stimulation caused a transient 
increase in the clustering of VEcadherin and βcatenin at cell 
junctions, which peaked at 10 minutes and returned to control 
levels by 60 minutes (Figure 1A). VEcadherin was significantly 
elevated at 10 minutes of iloprost stimulation compared to base
line (P < 0.05) (Figure 1C). Staining of Factin showed that iloprost 
induced accumulation of peripheral Factin at the adherens junc
tions (Figure 1A).

In contrast, in SSc ECs, iloprost caused a delayed but more 
sustained increase in the clustering of βcatenin and VEcadherin 
at cell junctions (Figures 1B and C). The increase in VEcadherin 
clustering was evident at 60 minutes and remained significantly 
elevated after 120 minutes (Figure 1C). After iloprost treatment, 
the clustering of VEcadherin at cell junctions in SSc ECs was not 
only normalized but was significantly higher than was observed 
in normal ECs (Figure 1C). Consistent with the increased clus
tering of VEcadherin and strengthening of adherens junctions, 
iloprost stimulation also promoted sustained increases in cortical 
Factin in SSc ECs (Figure 1B).

Effect of iloprost on endothelial monolayer permea
bility. To examine the effect of iloprost on permeability of 
EC monolayers, we first treated normal ECs with TGFβ, which 
is known to increase permeability in ECs (24). TGFβ increased 
HRP permeability significantly across EC monolayers at 5 and 24 
hours (Figure 1D). Coincubation of iloprost prevented the TGFβ 
induced increase in permeability at 24 hours. To examine whether 
VEcadherin is involved in the response to iloprost, we used BV9, 
a blocking antibody to VEcadherin that prevents it from clustering 
at EC junctions. Pretreatment with BV9 did not affect EC monolayer 
integrity (Figure 1D). However, the effect of iloprost in reducing the 
TGFβinduced increase in permeability was prevented by BV9 at 24 
hours, suggesting that the protective effect of iloprost on EC mon
olayer integrity was dependent on VEcadherin clustering at adherens 
junctions.

Because microvascular abnormalities and vascular leakage are 
prominent hallmarks of SSc (25), we postulated that SSc ECs would 
show barrier dysfunction in vitro. Indeed, under control conditions in 
the absence of iloprost, HRP permeability was significantly higher in 
SSc ECs compared to normal ECs (mean ± SD HRP absorbance 
1.843 ± 0.027 versus 0.454 ± 0.059 at 2 hours; 1.751 ± 0.038 ver
sus 0.644 ± 0.022 at 3 hours; 1.733 ± 0.054 versus 0.700 ± 0.091 at 
5 hours; 2.010 ± 0.096 versus 0.855 ± 0.272 at 24 hours; P < 0.005 
for all), confirming that SSc ECs have impaired endothelial barrier 
function. Iloprost treatment significantly decreased the permeabil
ity of SSc ECs at 2 and 3 hours, an effect that was prevented by 
BV9 (Figure 1E). Taken together, these results suggest that iloprost 
potentiates formation of adherens junctions, augmenting endothelial 
barrier function and reducing the barrier dysfunction of SSc ECs in a 
VEcadherin–dependent manner.

Effect of iloprost on EC tubulogenesis. In normal ECs, 
iloprost significantly increased tube formation (Figure 2A). This 
angiogenic effect was prevented by BV9 (Figure 2B), suggest
ing that it was dependent on the clustering of VEcadherin at 
endothelial junctions. We have previously shown that angiogen
esis is deficient in SSc ECs (6,18). Pretreatment of SSc ECs 
with iloprost enhanced their ability to form tubes on Matrigel 
(Figure 2C).

Effect of iloprost on EndoMT. EndoMT appears to be a 
prominent feature of SSc, with SSc ECs having increased expres
sion of EndoMT markers and reduced expression of EC marker 
 proteins (12). During EndoMT, ECs lose cell–cell adhesion, disrupt
ing endothelial junction stability and increasing vascular permea
bility. We hypothesized that iloprost, by enhancing VEcadherin 
clustering at the adherens junction, could reduce EndoMT in SSc. 
We first tested this hypothesis in normal ECs. TGFβ treatment 
for 72 hours in ECs significantly increased mesenchymal mark
ers at the mRNA level, including ACTA2 (encoding for αsmooth  
muscle actin [αSMA]) and S100A4, while significantly down 
regulating EC markers PECAM1 and CDH5 (encoding for CD31 
and VEcadherin) (Figure 3A). In addition, TGFβ induced SNAI1 
(encoding for SNAIL), a transcription factor for EndoMT. However, 
TGFβ did not affect FLI1. Cotreatment with iloprost significantly 
reduced TGFβmediated EndoMT by decreasing the up 
regulated mesenchymal markers and SNAI1, while increasing 
the downregulated EC markers. These findings suggest that 
iloprost inhibits EndoMT induced by TGFβ. This protective effect 
of iloprost was markedly reduced by the functionblocking anti
body to VEcadherin, which enabled restoration of the EndoMT 
response to TGFβ (Figure 3A). This indicates that iloprost 
inhibits EndoMT by increasing the clustering of VE cadherin at 
endothelial junctions. Similarly, in SSc ECs, iloprost reduced the 
increased levels of EndoMT in these cells, significantly reduc
ing expression of mesenchymal markers (COL1A1, ACTA2, 
S100A4) and SNAI1 (Figure 3B).

DISCUSSION

In this study, we have provided a mechanistic basis for the 
use of iloprost in treating SSc patients with RP and digital ulcers. 
We have demonstrated that iloprost stabilizes endothelial adher
ens junctions, increases barrier function, promotes EC tubulogen
esis, and inhibits EndoMT, all of which would be expected to have 
important therapeutic benefits in SSc (Figure 4). These protective 
effects of iloprost appear to be dependent on increased clustering 
of VEcadherin at endothelial junctions, because they were mark
edly reduced by a functionblocking antibody to VEcadherin. 
Since enhanced VEcadherin clustering also occurs in response 
to PGI2 itself and other PGI2 analogs (4,15), we believe the effects 
observed in this study are not limited to iloprost itself but apply to 
other PGI2 analogs and agonists.
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Pathologically, endothelial injury is a pivotal initial event in 
SSc pathogenesis. Persistent activation of SSc ECs by  currently 
unknown sources results in early functional changes and alter
ations in vasculature including vascular leakage (26). Indeed, 
 electron microscopy of the nailfold in patients with early SSc 
revealed decreased capillary loops with intercellular gaps, 
 associated with interstitial edema (9–11). The regression of the 
small  vessels in SSc is partly due to destabilization of vessels and 
defect in an gio genesis. As demonstrated by us and others, SSc 
ECs showed reduced angiogenic properties in in vitro studies (6,7). 
These cells also showed intrinsic defect in NO production due to 
downregulation of endothelial NO synthase (8). Although these 
endothelial events precede tissue fibrosis, leakage of the blood ves
sels fuels later tissue fibrosis by involving abnormal ECs, activated 
inflammatory cells, and fibroblasts. In addition, in the presence of 
TGFβ and immune and profibrotic mediators, SSc ECs acquire a 

promigratory and profibrotic phenotype through EndoMT, where 
they differentiate into collagenproducing/αSMApositive cells that 
contribute to intravascular and extravascular fibrosis (12). All of 
these events illustrate the critical involvement of endothelial dys
regulation in SSc pathogenesis. Therapeutic intervention aiming 
to stabilize ECs and reverse endothelial dysfunction may not only 
inhibit vascular complications in SSc patients, but also attenuate 
fibrosis.

Adherens junctions are largely composed of VEcadherin 
that binds to several partners, including βcatenin, via its cyto
plasmic domain. Junctional clustering of VEcadherin and 
βcatenin directly or indirectly modulates various proteins and sig
naling pathways including Rac1, tyrosine kinase receptors, protein 
tyrosine phosphatases, Akt, RhoA/ROCK, Wnt, and Notch signal
ing (14,27,28). These complex signaling events reflect the wide 
range of biologic effects in which adherens junctions are involved. 

Figure 3. Effect of iloprost on endothelialtomesenchymal transition (EndoMT) in ECs. Normal ECs were treated with 10 ng/ml TGFβ and/
or 150 nM iloprost for 3 days. BV9 was added 30 minutes before the addition of other specified treatments. Cellular markers for EndoMT were 
measured by quantitative polymerase chain reaction. A, Iloprost inhibited TGFβinduced EndoMT in normal ECs, and the effect was blocked by 
BV9, a VEcadherin antibody. B, Iloprost inhibited the EndoMT phenotype in SSc ECs. Experiments were performed with 3–7 subjectderived 
lines. Symbols represent individual subjects; bars show the mean ± SD. See Figure 1 for other definitions.
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They not only promote endothelial barrier function but maintain EC 
identity by inhibiting EndoMT, promoting NO production, inhibit
ing apoptosis, blocking leukocyte extravasation and inflammation, 
and promoting endothelial and vascular stability (14). Indeed, when 
adherens junctions are disrupted, increased permeability, impaired 
NO production, inflammatory cell infiltration, enhanced transcrip
tion of proinflammatory mediators, and increased EndoMT are well 
documented. Based on this evidence, disruption of adherens junc
tions could lead to serious pathologic consequences in the vascu
lature, many of which are characteristic of vascular complications 
seen in SSc. Interestingly, immunohistochemistry staining of skin 
biopsy samples showed that CD31positive ECs were accompa
nied by a loss of VEcadherin expression in SSc patients (13). In 
vitro experiments, including those in this study, also confirmed the 
downregulation of VEcadherin in SSc ECs (12).

Our findings showing that the barrierprotective effect of 
iloprost in SSc ECs was mediated by enhancing VEcadherin 
adherens junctions echo those of Birukova et al (21). This is 
also demonstrated in pulmonary ECs and human umbilical ECs 
using PGI2; the barrierprotective effect of PGI2 was mediated 
by cAMP and downstream pathways, which ultimately led to 
enhancement of adherens junctions (4,15). In several  followup 
studies, the protective effect of iloprost on barrier dysfunction 
has been further highlighted (29–31). Iloprost not only pro
tected against ventilatorinduced acute lung injury in mice by 
improving lung endothelial barrier function, it also enhanced 
barrier function in cultured human lung microvascular ECs (29). 
The beneficial effect of iloprost in a model of septic lung injury 
was due, in part, to attenuating barrier dysfunction in the lung 
(30,31). Additionally, in human pulmonary artery ECs, iloprost 

Figure 4. Vascular protective effect of iloprost in systemic sclerosis (SSc). In SSc endothelial cells, iloprost increases VEcadherin and βcatenin 
clustering at the adherens junction, accompanied by accumulation of peripheral Factin. Increased interaction and signaling of VEcadherin/ 
βcatenin promotes protective endothelial functions and vascular stability including an increase in barrier function, promotion of angiogenesis, 
inhibition of endothelialtomesenchymal transition (EndoMT), and increased nitric oxide activity, which contributes to vasodilation, inhibition of 
platelet activation, and blockade of smooth muscle cell proliferation. EndoMT and smooth muscle proliferation can contribute to intravascular 
and extravascular fibrosis, and to microvascular rarefaction. In addition to these endothelialdependent modulatory effects, iloprost can act 
directly on platelets, fibroblasts, and smooth muscle cells to inhibit platelet activation and fibrosis and promote vasodilation. Inhibitory effects 
are indicated with red arrows, and positive effects are indicated with green arrows.
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attenuated the disruption of the endothelial monolayer and 
suppressed the activation of p38 MAPK, NFκB, and Rho sig
naling after lipopolysaccharide challenge. These studies using 
PGI2 and its analogs in lungs and pulmonary ECs further sup
port the benefits of administering these drugs to patients with 
pulmonary arterial hypertension.

We postulate that the mechanisms behind the prolonged 
effect of iloprost on barrier protection in SSc ECs are multifacto
rial. The cAMP/exchange protein directly activated by the cAMP/
Rap1 pathway involved in barrier function might be impaired in 
SSc ECs. In addition, lower levels of VEcadherin in SSc ECs might 
require more time to cluster at the junctions. We previously demon
strated that RhoA/Rock expression and activity are elevated in SSc 
ECs compared to normal ECs (18). Since activation of the RhoA/
ROCK signaling pathway induced VEcadherin internalization in 
ECs (32), it is possible that the activated RhoA/ROCK signaling in 
SSc ECs reduces VEcadherin localization at cell junctions. In addi
tion, EZH2, a histone methyltransferase that catalyzes repressive 
H3K27me3 marks, might also play a role. We previously showed 
that, in SSc ECs, both EZH2 and H3K27me3 are upregulated 
compared to normal ECs (33). A study by Morini et al suggested 
that clustered VEcadherin anchors EZH2 at the cell membrane, 
allowing active gene transcription by impeding the recruitment of 
EZH2 to the polycomb repressive complex to promoters of genes 
that strengthen endothelial junctions (34). Downregulation of 
VEcadherin at cell junctions and nuclear localization of EZH2 in 
SSc ECs could both contribute to the vascular leakage and barrier 
dysfunction in this disease.

In addition to barrier enhancement, we showed that ilo
prost induced EC angiogenesis on Matrigel. The proangiogenic 
potential of iloprost was also shown in dental organ cultures 
(35), endothelial progenitor cells (36), and mouse models of cor
nea neovascularization (37,38). Early studies suggested that the 
proangiogenic properties of iloprost depend on its action on per
oxisome proliferator–activated receptors, which occurs via a vas
cular endothelial growth factor–dependent mechanism (37,38). 
Although additional mechanisms may be involved, the findings of 
the present study suggest that the effect of iloprost in increasing 
junctional clustering of VEcadherin plays a fundamental role in the 
angiogenic response of this drug.

In SSc, EndoMT is evident and likely contributes to intra
vascular and extravascular fibrosis and microvascular rarefac
tion (12,39). Both TGFβ and endothelin 1 treatments induced 
EndoMT in normal and SSc ECs in a Smaddependent manner 
(39). In addition, SSc ECs have lower levels of endothelial markers 
and increased expression of fibroblast markers such as αSMA 
(12). These cells also show increased ability to contract collagen 
gels, a major characteristic of myofibroblast function. While the 
canonical TGFβ/Smad pathway is a major regulator for EndoMT, 
TGFβinduced EndoMT can also be impacted by crosstalk with 
other pathways, including Wnt/βcatenin, endothelin 1, and Notch 
(40). Moreover, modulators of TGFβ, such as thrombospondin 

1, and proteins regulated by TGFβ, such as connective tissue 
growth factor (CTGF), can also contribute to EndoMT directly or 
indirectly (41,42). As disruption of adherens junctions is a key initial 
step of EndoMT (43) and many of these aforementioned pathways 
interact directly or indirectly with adherens junctions (14,28), the 
effect of iloprost on EndoMT inhibition in ECs is not surprising. 
Indeed, increased clustering of VEcadherin/βcatenin at adher
ens junctions can inhibit the nuclear localization of βcatenin and 
block its EndoMTpromoting effect (14).

PGI2 is synthesized from arachidonic acid by sequential actions 
of cyclooxygenase and PGI2 synthase. It acts directly on platelets 
and vascular smooth muscle cells to reduce platelet aggregation 
and induce vascular relaxation through the cAMP pathway. These 
effects will be amplified by the effects of PGI2 on ECs. Increased 
VEcadherin clustering at adherens junctions can amplify NO pro
duction and reverse endothelial NO dilator dysfunction (14), which 
is present in SSc (8). Because NO–cGMP signaling acts synergis
tically with PGI2–cAMP signaling to induce vasodilation, as well as 
inhibition of platelet activation and thrombosis, the ability of PGI2 
to stimulate both cGMP and cAMP pathways in the vasculature 
will provide added benefit for SSc patients. The vascularprotective 
effect of PGI2 analogs, therefore, likely stems from their combined 
action on multiple cell types. Likewise, iloprost acts directly on fibro
blasts to block CTGF production and collagen synthesis (44). The 
elevated levels of CTGF in skin blister fluid from SSc patients were 
also reduced by 5 days of iloprost therapy. The antifibrotic effect of 
iloprost was further shown in an animal model of heart failure and 
pulmonary fibrosis. Figure 4 summarizes the effects of iloprost.

One potential limitation of this study is the lack of recruitment 
of patients with limited cutaneous SSc. We routinely recruit patients 
with diffuse cutaneous SSc for EC isolation, since this is the most 
severe form of disease and ECs from these patients show prom
inent impairment in endothelial phenotypes (6,18,33,45). It has 
been shown that the vascular effect of iloprost was evident in both 
diffuse and limited cutaneous SSc patients, with or without digital 
ulcers (46), suggesting that iloprost does not discriminate between 
these patient groups. Another potential drawback is the variability 
stemming from patient disease activity and medication differences 
between patients and controls. Although the overall skin scores 
ranged from 0 to 28, the skin scores at the site of biopsy ranged 
from 0 to 2. We randomized patient cells into various experiments 
and also controlled the experiments by using age, sex, and eth
nicitymatched healthy subjects. As the cells were cultured for ≥3 
passages before they were used in experiments, and medica
tions taken at the time of skin biopsy had reversible mechanisms 
of action, they would have been removed during cell processing. 
Therefore, our experimental findings on endothelial function are 
unlikely to have been directly affected by the medications. In this 
study, BV9 was incorporated in all experiments using normal ECs 
as a validation that the effect of iloprost on VEcadherin clustering 
was critical in improving those same functional end points. Although 
we included BV9 control studies on SSc ECs in the permeability 
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assay only, the effect of VEcadherin blockade was similar to what  
was observed in normal ECs. We postulate that the effect of 
BV9 in tube formation and EndoMT shown with SSc ECs would 
show similar results if performed with normal ECs. We recognize 
that the iloprost concentration that we used in this study (150 
nM) is significantly higher than the steadystate concentrations 
reported in healthy controls receiving iloprost infusion (0.13 nM 
and 0.37 nM) (19). Clinically, for SSc patients with RP or digi
tal ulcers, iloprost is most commonly administered and titrated  
to the highest tolerated dose, between 0.5 ng/kg/minute and 
2 ng/kg/minute, for 6–8 hours of infusion on day 1 and continued 
for 5 consecutive days (47). It is possible that for shortterm ilo
prost treatments in vitro, a higher dose is needed to achieve ther
apeutic effects as opposed to the prolonged infusion treatment 
that patients typically receive. In addition, the dose used in this 
study is similar to what was used in in vitro systems published 
previously (21–23). 

In summary, our data provide novel insight into the vascular 
effects of iloprost treatment in SSc. Endothelial adherens junctions 
function as an amplification nexus for protective EC  signaling, 
including positive feedback that strengthens the junctions (14). 
The prolonged clinical endothelialprotective effect of PGI2 ana
logs may therefore stem from their ability to stabilize EC adherens 
junctions resulting in vasculoprotection, including improved barrier 
function, normalization of dysregulated angiogenesis, and inhibi
tion of EndoMT. The present findings, together with their antiplate
let, vasodilatory, and potential antifibrotic effects, indicate that the 
therapeutic use of PGI2 analogs in treating SScassociated RP 
and digital ulcers is warranted.
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Efficacy and Safety of Tocilizumab for Polyarticular-Course 
Juvenile Idiopathic Arthritis in the Open-Label Two-Year 
Extension of a Phase III Trial
Hermine I. Brunner,1  Nicolino Ruperto,2  Zbigniew Zuber,3 Rubén Cuttica,4 Vladimir Keltsev,5 
Ricardo M. Xavier,6 Ruben Burgos-Vargas,7 Inmaculada Calvo Penades,8 Earl D. Silverman,9 Graciela Espada,10 
Manuel Ferrandiz Zavaler,11 Yukiko Kimura,12  Carolina Duarte,13 Chantal Job-Deslandre,14 Rik Joos,15 
Wendy Douglass,16 Sunethra Wimalasundera,16 Kamal N. Bharucha,17 Chris Wells,16 Daniel J. Lovell,1  
Alberto Martini,2 and Fabrizio de Benedetti, 18for the Paediatric Rheumatology International Trials Organisation 
(PRINTO) and the Pediatric Rheumatology Collaborative Study Group (PRCSG)

Objective. To report the 2-year efficacy and safety of tocilizumab (TCZ) in patients with polyarticular-course 
juvenile idiopathic arthritis (JIA).

Methods. Patients ages 2–17 years with active polyarticular-course JIA, in whom treatment with methotrexate 
was unsuccessful, received 16 weeks of open-label intravenous TCZ in part 1 (once every 4 weeks: 8 mg/kg or 
10 mg/kg for body weight [BW] <30 kg; 8 mg/kg for BW ≥30 kg). Assessments were based on the JIA–American 
College of Rheumatology (ACR) response (defined as percentage of improvement in ≥3 of the 6 JIA core response 
variables [CRVs]). Patients with at least a JIA-ACR30 response (defined as ≥30% improvement in ≥3 of the 6 JIA 
CRVs without worsening in >1 of the remaining JIA CRVs by >30%) at week 16 were randomly assigned (1:1) 
to receive TCZ or placebo in part 2. Patients remained in part 2 until either week 40 or the occurrence of JIA 
flare. Upon starting part 3, all patients received open-label TCZ. At week 104 of the study, efficacy was assessed 
using JIA-ACR50/70/90 response rates (defined as 50%, 70%, or 90% improvement, respectively), achievement of 
inactive disease, and the Juvenile Arthritis Disease Activity Score in 71 joints (JADAS-71). Safety was assessed in 
the all-exposure population per 100 patient-years of exposure.

Results. Overall, 188 patients entered part 1, 166 patients entered part 2, and 160 patients entered part 3. 
By week 104, among the 188 patients in the modified intent-to-treat group who received TCZ, JIA-ACR50/70/90 
response rates were 80.3%/77.1%/59.6%, respectively, the median JADAS-71 score decreased from 3.6 at week 40 
to 0.7 at week 104, 51.1% of patients had achieved inactive disease, and 31 of 66 patients who had been receiving 
glucocorticoids discontinued them. Adverse event (AE) and serious AE rates were 406.5 per 100 patient-years and 
11.1 per 100 patient-years, respectively. The infection rate was 151.4 per 100 patient-years, and the serious infection 
rate was 5.2 per 100 patient-years.

Conclusion. Patients treated with TCZ for polyarticular-course JIA showed high-level disease control for up to 2 
years. The TCZ safety profile was consistent with that previously reported.

Supported by F. Hoffmann-La Roche, Ltd.
1Hermine I. Brunner, MD, MSc, Daniel J. Lovell, MD, MPH: Cincinnati 

Children’s Hospital Medical Center, Cincinnati, Ohio; 2Nicolino Ruperto, 
MD, MPH, Alberto Martini, MD: Istituto Giannina Gaslini, Pediatria II-
Rheumatologia, PRINTO, Genoa, Italy; 3Zbigniew Zuber, MD: Andrzej Frycz 
Modrzewski Krakow University, Krakow, Poland; 4Rubén Cuttica, MD: 
Hospital General de Niños Pedro de Elizalde, Buenos Aires, Argentina; 
5Vladimir Keltsev, MD: Samara Regional Clinical Hospital, Samara, Russia; 
6Ricardo M. Xavier, MD: Hospital de Clínicas de Porto Alegre, Universidade 
Federal do Rio Grande do Sul, Porto Alegre, Brazil; 7Ruben Burgos-Vargas, 
MD: Hospital General de México and Universidad Nacional Autónoma 
de México, Mexico City, Mexico; 8Inmaculada Calvo Penades, MD, PhD: 
Hospital Universitario y Politécnico La Fe, Valencia, Spain; 9Earl D. 
Silverman, MD, FRCPC: University of Toronto, Toronto, Ontario, Canada; 

10Graciela Espada, MD: Hospital de Niños Ricardo Gutierrez, Buenos Aires, 
Argentina; 11Manuel Ferrandiz Zavaler, MD: Instituto Nacional de Salud 
del Niño, Lima, Peru; 12Yukiko Kimura, MD: Joseph M. Sanzari Children’s 
Hospital and Hackensack Meridian School of Medicine, Hackensack, 
New Jersey; 13Carolina Duarte, MD: Instituto Nacional de Rehabilitación 
Luis Guillermo Ibarra, Mexico City, Mexico; 14Chantal Job-Deslandre, MD: 
Hôpital Cochin, AP-HP, Université Paris-Descartes, Paris, France; 15Rik Joos, 
MD: ZNA Jan Palfijn Antwerpen, Antwerp, Belgium, and University Hospital, 
Ghent, Belgium; 16Wendy Douglass, PhD, Sunethra Wimalasundera, PhD, 
Chris Wells, MSc: Roche Products, Ltd., Welwyn Garden City, UK; 17Kamal N. 
Bharucha, MD, PhD: Genentech, Inc., San Francisco, California; 18Fabrizio 
de Benedetti, MD, PhD: Ospedale Pediatrico Bambino Gesù, IRCCS, Rome, 
Italy.

Drs. Brunner and Ruperto contributed equally to this work.

Arthritis & Rheumatology
Vol. 73, No. 3, March 2021, pp 530–541
DOI 10.1002/art.41528
© 2020 The Authors. Arthritis & Rheumatology published by Wiley Periodicals LLC on behalf of American 
College of Rheumatology. This is an open access article under the terms of the Creative Commons Attribution-
NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work 
is properly cited, the use is non-commercial and no modifications or adaptations are made.

mailto:
https://orcid.org/0000-0001-9478-2987
https://orcid.org/0000-0001-8407-7782
https://orcid.org/0000-0001-7132-3390
https://orcid.org/0000-0003-1604-0130
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.41528&domain=pdf&date_stamp=2021-02-09


TCZ TREATMENT FOR POLYARTICULAR-COURSE JIA |      531

INTRODUCTION

Juvenile idiopathic arthritis (JIA) describes a group of chronic 
arthritides of unknown etiology that begin before the age of 16 
years and persist for longer than 6 weeks (1). Children with rheu-
matoid factor (RF)–positive polyarticular JIA, RF-negative poly-
articular JIA, or extended oligoarticular JIA can be referred to as 
having polyarticular-course JIA (2); these patients are at risk of 
progressive joint damage, functional disability, and growth impair-
ment (3,4). Indeed, up to 30% of patients with polyarticular-course 
JIA continue to experience active arthritis despite the use of 
 disease-modifying antirheumatic drugs, such as methotrexate 
(MTX), and/or biologic therapies, such as anti–tumor necrosis fac-
tor agents and CTLA-4 blockade (5).

Serum levels of the proinflammatory cytokine interleukin-6 
(IL-6) are often elevated in polyarticular-course JIA and are associ-
ated with the extent and severity of active arthritis and with mark-
ers of inflammation, such as C-reactive protein and erythrocyte 
sedimentation rate (ESR) (6). A randomized, double-blind, pla-
cebo-controlled, phase III withdrawal trial of the IL-6 receptor 
inhibitor tocilizumab (TCZ) in patients with polyarticular-course 
JIA (CHERISH) demonstrated improvement in JIA–American Col-
lege of Rheumatology (ACR) responses, and significantly more 
placebo-treated patients than TCZ-treated patients experienced 
JIA flare during the 24-week, double-blind withdrawal period. 
This demonstrates that treatment with TCZ for up to 40 weeks 
was effective for improving the signs and symptoms of polyar-
ticular-course JIA in children with inadequate response to MTX 
(7). The observed safety profile of TCZ in this trial was consistent 
with that of adult patients with rheumatoid arthritis (RA) (7). Based 
on the results of this trial, TCZ was approved for the treatment of 
polyarticular-course JIA in patients ≥2 years of age as an intra-
venous (IV) infusion once every 4 weeks at a dose of 10 mg/kg 
in patients with a body weight (BW) of <30 kg and 8 mg/kg in 

patients with a BW of ≥30 kg. TCZ as a subcutaneous injection 
was subsequently approved at a dose of 162 mg once every 3 
weeks in patients with a BW of <30 kg and once every 2 weeks 
in patients with a BW of ≥30 kg, based on data from a phase Ib 
study with extrapolation to the efficacy and safety established in 
the CHERISH trial.

Here, we report the 2-year safety and efficacy of TCZ in 
patients with polyarticular-course JIA who participated in the 
CHERISH trial.

PATIENTS AND METHODS

Study design. CHERISH (ClinicalTrials.gov identifier: 
NCT00988221) (7) was a 3-part, 104-week, phase III study de-
signed to investigate the efficacy and safety of IV TCZ in patients 
with polyarticular-course JIA treated at centers that are part of the 
Paediatric Rheumatology International Trials Organisation (PRINTO) 
network (8) or the Pediatric Rheumatology Collaborative Study 
Group (PRCSG) (9) network (see Supplementary Figure 1,  available 
on the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41528/ abstract). In part 1, patients re ceived 
IV TCZ according to BW every 4 weeks for 16 weeks; patients 
weighing ≥30 kg received TCZ 8 mg/kg, and patients weighing <30 
kg were randomly assigned 1:1 to receive TCZ at either 8 mg/kg 
or 10 mg/kg. At week 16, patients with at least a JIA–American 
College of Rheumatology 30 (ACR30) response (defined as ≥30% 
improvement in ≥3 of the 6 JIA core response variables (CRVs) with-
out worsening in >1 of the remaining JIA CRVs by >30%, compared 
with baseline [10–13]) entered the double-blind withdrawal period 
(part 2). In part 2, patients were randomly assigned 1:1 to receive 
placebo or to continue TCZ, as in part 1, until week 40. Patients 
who experienced JIA flare (defined as ≥30% worsening in 3 of the 
6 JIA CRVs, without improvement in >1 of the remaining JIA CRVs 
by >30%, compared with week 16 [7]) were allowed to enter part 3 
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early and received open-label TCZ again until week 104 of the study 
(see Supplementary Methods for additional details, http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41528/ abstract). This study was 
conducted in accordance with the Declaration of Helsinki, Good 
Clinical Practice, and local laws and regulations.

Patients. Key patient eligibility criteria for the study have 
been published (7). Briefly, patients ages 2–17 years with pol-
yarticular-course JIA who had ≥5 joints with active arthritis, a 
disease duration of ≥6 months, and unsuccessful MTX treat-
ment were eligible for participation, whereas patients with sys-
temic JIA, persistent oligoarticular JIA, undifferentiated JIA, 
enthesitis-related JIA, or psoriatic JIA were excluded. Stable 
concomitant doses of nonsteroidal antiinflammatory drugs, oral 
glucocorticoids (maximum 0.2 mg/kg/day or maximum daily 
dose of 10 mg, whichever was lower), and MTX (10–20 mg/m2 
body surface area/week) were permitted. In part 3 of the study, 
patients could be considered for glucocorticoid dose reduc-
tion according to the protocol if they maintained at least a JIA-
ACR50 response (defined as ≥50% improvement in ≥3 of the 6 
JIA CRVs without worsening of >1 of the remaining JIA CRVs 
by >30%) compared with baseline (10). Patients with inactive 
disease who had not received glucocorticoids for ≥6 months 
could be considered for MTX tapering/discontinuation per pro-
tocol. Informed consent was provided by a parent or guardian, 

and assent was obtained from the child in accordance with local 
regulations.

Assessments. Evaluation of long-term efficacy was based 
on the modified intent-to-treat (mITT) population, defined as all 
patients enrolled in part 1 who received ≥1 dose of TCZ. Some 
long-term efficacy end points were assessed in the long-term 
extension (LTE) population, defined as all patients treated in part 
1 who received blinded or open-label TCZ during part 2 or part 
3. Additional analyses were performed in patients who were ran-
domly assigned to receive TCZ in part 2 and hence received TCZ 
from baseline through week 104 (TCZ continuous group). To 
investigate the effects of interrupting TCZ treatment, efficacy was 
evaluated separately in patients who were randomly assigned to 
the placebo group in part 2; these patients reinitiated treatment 
with open-label TCZ upon receiving escape therapy in part 2 
or upon entering part 3 of the study (TCZ restart group). The 
TCZ restart group included patients from the time they restarted 
TCZ treatment, either as escape therapy from the second visit 
in part 2 or as open-label therapy in part 3; therefore, 84 weeks 
was the maximum length of TCZ treatment that could have been 
received at the end of the study in the TCZ restart group.

Efficacy assessment was based on JIA-ACR response, 
defined as percentage improvement in ≥3 of the 6 JIA CRVs with-
out worsening in >1 of the remaining JIA CRVs by >30%. Physician 

Figure 1. Summary of juvenile idiopathic arthritis (JIA) patient disposition in the modified intent-to-treat (mITT) population. The mITT population 
for reporting long-term efficacy was defined as all enrolled patients who received ≥1 dose of tocilizumab (TCZ; n = 188). One patient randomly 
assigned to receive placebo (PBO) in part 2 withdrew while receiving TCZ 8 mg/kg in part 1; this patient was included among the patients 
randomly assigned to placebo who withdrew in part 2. * During part 3, 2 patients who had been randomly assigned to TCZ in part 2 withdrew 
due to adverse events, and 3 patients who had been randomly assigned to placebo in part 2 withdrew due to insufficient therapeutic response 
(n = 2) or refusal of treatment (n = 1). JIA-ACR30 = ≥30% improvement in ≥3 of the 6 JIA core response variables defined by the American 
College of Rheumatology criteria; OL = open-label.

Part 1 Enrolled
(N = 188)

Randomized to TCZ
(n = 82)

Randomized to PBO
(n = 84)

OL TCZ (n = 160)

OL TCZ (n = 155)

Part 2

Part 3

Completed
Week 104

Withdrew, n = 22
Lack of JIA-ACR30 response, n = 15
Adverse events, n = 3
Withdrew consent, n = 3
Failed to return, n =1

Withdrew, n = 3
Adverse events, n = 1 
Insufficient therapeutic response, n = 1
Withdrew consent, n =1

Withdrew, n = 3
Adverse events, n = 2
Insufficient therapeutic response, n = 1

Withdrew, n = 5*
Adverse events, n = 2 
Insufficient therapeutic response, n = 2
Refused treatment, n =1
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global assessment of disease activity (visual analog scale [VAS] 
range 0–100 mm), parent/patient global assessment of overall 
well-being (VAS range 0–100 mm), number of joints with active 
arthritis, number of joints with limitation of movement, physical 
function based on Childhood Health Assessment Questionnaire 
Disability Index (CHAQ DI; range 0–3), and a laboratory measure 
of acute inflammation (ESR) were used in this trial (11). Efficacy 
was also assessed at weeks 40 and 104 of treatment, with con-
sideration given to previous biologic use at baseline, concomitant 
MTX use, disease duration, and RF positivity. Inactive disease and 
remission were defined in accordance with ACR provisional crite-
ria (12), except for allowing a physician global assessment of dis-
ease activity VAS score of ≤10 mm and an ESR of <20 mm/hour 
to be considered in inactive disease (13). Evaluations of JIA flare, 
JIA-ACR responses, and clinically inactive disease status were 
performed in real time by independent masked evaluators at the 
coordinating centers of PRINTO and PRCSG, according to vali-
dated criteria (2,11–14). Disease activity was also assessed using 
the Juvenile Arthritis Disease Activity Score in 71 joints (JADAS-71) 
with the ESR as a measure of inflammation, where a JADAS-71 
score of <1 reflects inactive disease, a JADAS-71 score of <3.8 
reflects low disease activity, and a JADAS-71 score of 3.9–10.5 
represents moderate disease activity (15–17).

Safety was evaluated in the all-exposure/all-TCZ popula-
tion, which included all patients who received ≥1 dose of TCZ 
and had ≥1 postbaseline safety assessment or event. Rates of 
adverse events (AEs) and serious AEs (SAEs) were analyzed per 
100 patient-years of exposure to TCZ. AE system organ class and 
preferred terms were classified according to terminology for AEs 
found in the Medical Dictionary for Regulatory Activities, version 
14.0 or 15.0. Laboratory measurements were assessed accord-
ing to Common Terminology Criteria for Adverse Events, version 
3.0 (18). Patients with elevations in liver enzymes were evaluated 
for hepatic injury (i.e., according to Hy’s law, with elevations of 
alanine aminotransferase [ALT] or aspartate aminotransferase 
[AST] >3× the upper limit of normal [ULN] and total bilirubin >2× 
ULN, potentially indicating serious hepatotoxicity) (19). Analysis of 
anti-TCZ antibodies was performed using enzyme-linked immu-
nosorbent assay in serum samples collected at baseline and at 
selected postbaseline visits. Samples that tested positive in an 
anti-TCZ antibody screening assay were further analyzed by a 
confirmation assay and neutralization assay (20).

Statistical analysis. For JIA-ACR responses at the JIA-
ACR50/70/90 levels and inactive disease/clinical remission, 
patients who withdrew because of non–safety-related rea-
sons were classified as nonresponders; patients who withdrew 
because of safety- related reasons had their last available response 
before withdrawal carried forward (last observation carried for-
ward [LOCF]). LOCF was applied to missing core components 
at visits. For JADAS-71, observed data were used, and patients 
who withdrew were not included in the analysis after the time of 

withdrawal. Changes in glucocorticoid dose were assessed in the 
all-exposure/all-TCZ population, and the numbers and propor-
tions of patients who received glucocorticoid dose reduction or 
discontinued glucocorticoids  were assessed as a proxy meas-
ure of efficacy in patients who were receiving oral glucocorticoids 
at baseline and had valid assessments at week 104. JIA-ACR 
responses were also investigated in the mITT population, accord-
ing to differences in previous use of biologics, concomitant use of 
MTX, duration of disease (duration of <2 years was considered 
early polyarticular-course JIA), and RF positivity at baseline. Formal 
comparison of these subgroups was not planned, and therefore 
statistical comparisons were not performed. Change in patient-re-
ported outcomes from baseline included the CHAQ DI score, par-
ent/patient global assessment of overall well-being, and patient 
pain (each measured on a 100-mm VAS).

RESULTS

Patient demographic data and disposition. Of the 188 
patients enrolled in the study who received ≥1 dose of TCZ in part 
1 (mITT population), 160 entered part 3, and 155 completed the 
study through week 104 (Figure 1). Thirty-three patients (17.6%) 

Table 1. Baseline demographic and disease characteristics*

All TCZ
(n = 188)†

Age, years 11.0 ± 4.0
Female sex, no. (%) 144 (77)
White ethnicity, no. (%) 150 (80)
Weight, kg 39.6 ± 17.3
Disease duration, years 4.2 ± 3.7
RF-positive, no. (%) 54 (29)
Previous DMARD use, no. (%)‡ 134 (71)
Previous biologic use, no. (%) 61 (32)
Active joints (range 0–71) 20.3 ± 14.3
Joints with LOM (range 0–67) 17.6 ± 14.4
PhGA VAS (range 0–100 mm) 61.4 ± 20.7
PGA VAS (range 0–100 mm) 52.9 ± 25.0
CHAQ DI score (range 0–3) 1.4 ± 0.7
ESR, mm/hour (ULN <20 mm/hour) 34.8 ± 25.5
JADAS-71 33.5 ± 16.7
Concomitant MTX, no. (%) 148 (79)

MTX dosage, mg/m2/week 13.0 ± 5.8
Concomitant oral GC use, no. (%) 86 (46)

GC dosage, mg/kg/day 0.13 ± 0.05
* Except where indicated otherwise, values are the mean ± SD.
Median (range) values are 17 (4–68) for active joints and 13 (1–67) for 
joints with limitation of movement (LOM). RF = rheumatoid factor; 
PhGA = physician global assessment of disease activity; VAS = visual 
analog scale; PGA = parent/patient global assessment of overall 
well-being; CHAQ DI = Childhood Health Assessment Questionnaire 
disability index; ESR = erythrocyte sedimentation rate; ULN = upper 
limit of normal; JADAS-71 = Juvenile Arthritis Disease Activity Score 
in 71 joints. 
† Received ≥1 dose of tocilizumab (TCZ). 
‡ Includes all data on disease-modifying antirheumatic drug (DMARD) 
use as collected by investigators on case report forms: sulfasalazine, 
gold, chloroquine, hydroxychloroquine, D-penicillamine, azathioprine, 
cyclosporine, leflunomide, minocycline, cyclophosphamide, thali-
domide, and gamma globulin. Data on concurrent methotrexate 
(MTX) use were collected separately. 
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Figure 2. Proportions of patients in the mITT population (n = 188) achieving JIA-ACR50/70/90 responses (A) and inactive disease and clinical 
remission (B) through week 104. Responders achieved JIA-ACR50/70/90 responses or inactive disease/remission relative to baseline. After 
week 40, patients who were not randomly assigned in part 2 because they did not achieve at least a JIA-ACR30 response were included and 
considered nonresponders. Patients who withdrew due to non–safety-related reasons were included as nonresponders. For patients who 
withdrew due to safety reasons, last observation carried forward (LOCF) was used. LOCF was applied to missing ACR core components 
at each visit. Inactive disease was defined as the absence of active joints, no fever or physical examination features (including active uveitis) 
attributable to polyarticular-course JIA, a physician global visual analog scale score of ≤10 mm, and a normal erythrocyte sedimentation rate 
(<20 mm/hour). Clinical remission was defined as meeting the criteria for inactive disease at all visits in the 6 months before and including the 
assessment day. See Figure 1 for other definitions.
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withdrew from the study, 30 patients while receiving TCZ in parts 
1, 2, or 3, and 3 patients while receiving placebo in part 2. Rea-
sons for withdrawal during the entire 104-week study period 
included the occurrence of AEs in 8 patients (4.3%; 6 TCZ, 2 
placebo), insufficient therapeutic response in 19 patients (10.1%; 
18 TCZ, 1 placebo), refusal of treatment or withdrawn consent in 
5 patients (2.7%; all TCZ), and loss to follow-up in 1 patient (0.5%; 
TCZ). The LTE population, which was used to assess certain effi-
cacy end points, included only 163 patients, because 25 patients 
who did not receive TCZ during part 2 or 3 had no data after week 
40 and were not included in this population. Three patients receiv-
ing placebo withdrew before part 3 and were excluded from the 
TCZ restart group; among the patients who withdrew from part 
3 of the study, 2 patients were from the TCZ continuous group 
(both withdrew because of AEs) and 3 were from the TCZ restart 
group (2 withdrew because of insufficient therapeutic response 
and 1 refused treatment). Therefore, there were 82 patients in the 
TCZ continuous group and 81 patients in the TCZ restart group.

At baseline, patients had a mean disease duration of 4.2 
years, high disease activity (mean JADAS-71 score 33.5), >20 
active joints, and moderately reduced physical function (Table 1). 
As previously reported (7), differences in baseline demographics 
between the BW-based treatment groups (<30 kg TCZ 8 mg/
kg, <30 kg TCZ 10 mg/kg, and ≥30 kg TCZ 8 mg/kg) were as 
expected. Patients with a BW of ≥30 kg were older, on average, 
and had longer disease duration than patients with a BW of <30 
kg. At baseline, there were no meaningful differences between the 
treatment groups in the number of JIA-ACR CRVs (7).

Efficacy at week 104. JIA-ACR responses and JADAS-71 
over time. JIA-ACR responses were maintained from weeks 40 
through 104 in the mITT population, with 151 patients (80.3%), 
145 patients (77.1%), and 112 patients (59.6%) achieving JIA-
ACR50, JIA-ACR70, and JIA-ACR90 responses, respectively, 
at week 104 (Figure 2A). The TCZ continuous group (n = 82) 
demonstrated progressive improvement in JIA-ACR responses 
through week 104, with 58 patients (70.7%) achieving a JIA-
ACR90 response (Supplementary Figure 2A, http://onlin elibr ary. 
wiley.com/doi/10.1002/art.41528/ abstract). After TCZ treat-
ment was restarted, 75.0% of patients in the TCZ restart group 
achieved a JIA-ACR70 response, and 43.8% achieved a JIA-
ACR90 response by week 104 (Supplementary Figure 2B), which 
was comparable to the improvement from baseline observed in 
the TCZ continuous group (Supplementary Table 1, http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41528/ abstract).

In the mITT population, the number of patients who achieved 
inactive disease status according to ACR provisional criteria 
improved from 49 patients (26.1%) at week 40 to 96 patients 
(51.1%) at week 104; at the same time points, there were 7 patients 
(3.7%) and 46 patients (24.5%), respectively, whose disease was 
in clinical remission and were receiving medication (Figure 2B). 
In the TCZ continuous population, the number of patients who 

achieved JIA-ACR inactive disease status improved from 33 
patients (40.2%) at week 40 to 52 patients (63.4%) at week 104; at 
the same time points, there were 5 patients (6.1%) and 31 patients 
(37.8%), respectively, whose disease was in clinical remission and 
who were receiving medication (Supplementary Table 1, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41528/ abstract).

The median JADAS-71 score improved from 3.6 at week 40 
to 0.7 at week 104 in the LTE population (Figure 3). Improvements 
in the median JADAS-71 score from week 40 through week 104 
were also observed in the TCZ continuous group (from 2.7 to 
0.5) and the TCZ restart group (from 4.5 to 1.5) (Supplementary 
 Figures 2C and D and Supplementary Table 1, http://onlin elibr ary.
wiley.com/doi/10.1002/art.41528/ abstract).

Reductions in glucocorticoid and MTX doses. Among 
patients who were receiving oral glucocorticoids at baseline 
(n = 86) (Table 1) and who had data available at week 104 
(n = 66), 31 patients (47%) had discontinued oral glucocorticoids 
and 23 patients (35%) were receiving a reduced oral glucocorti-
coid dose by week 104. The mean daily oral glucocorticoid dose 
in the all-exposure population (n = 188) was 0.06 mg/kg/day 
(median 0.00 [range 0.00–0.24]) at baseline and 0.02 mg/kg/day 
(median 0.00 [range 0.00–0.40]) at week 104 (n = 155 [LOCF; 
patients who withdrew were excluded]).

Among 127 of the 148 patients who were receiving MTX at 
baseline and had week 104 data available, 13 patients (10%) were 
receiving a reduced MTX dose by week 104, and 12 patients (9%) 
had discontinued MTX entirely. The mean ± SD MTX dose in the 
all-exposure population decreased from 10.3 ± 7.4 mg/m2/week at 
baseline (n = 187) to 7.9 ± 6.4 mg/m2/week at week 104 (n = 155).

Patient-reported outcomes. Mean CHAQ DI scores 
decreased from 0.48 at week 40 to 0.28 at week 104 in the LTE 
population (Supplementary Figure 3, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41528/ abstract). Pain markedly decreased 
from baseline to week 104 in the TCZ continuous population 
(decrease in the mean ± SEM VAS score from 45.0 ± 3.1 to 
10.3 ± 2.3) and in the TCZ restart population (Supplementary 
Figure 4, http://onlin elibr ary.wiley.com/doi/10.1002/art.41528/ 
abstract). Improvement was also seen in the patient/parent 
global assessment VAS score (mean ± SD change from baseline 
–36.6 ± 26.70 mm).

Efficacy in subpopulations. Among subpopulations of 
the mITT population, numerically higher proportions of biologic- 
naive patients (n = 127) achieved JIA-ACR70/90 responses by 
week 104 compared with patients previously exposed to a bio-
logic (n = 61) (85.0%/70.1% versus 60.7%/37.7%; Figure 4A). 
Numerically higher proportions of patients receiving concurrent 
MTX (n = 148) achieved JIA-ACR70/90 responses compared 
with patients not receiving concomitant MTX (n = 40) (Figure 4B). 
The same was true for JIA-ACR70/90 responses among patients 
with a disease duration of <2 years (n = 62) compared with 
those with a disease duration of ≥2 years (n = 126) (Figure 4C), 
though group differences were less pronounced. Except for the 
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JIA-ACR90 response at week 40, numerically higher proportions 
of patients who were RF-positive at baseline (n = 54) achieved 
responses compared with those who were RF-negative at base-
line (n = 126) (Figure 4D).

Safety. The safety population (n = 188) provided informa-
tion on 307.04 years of study duration. Overall rates of AEs and 
SAEs were comparable between weeks 40 and 104 (Table 2). Most 
SAEs were experienced by only 1 patient except for pneumonia 
(4 patients), bronchitis (2 patients), cellulitis (2 patients), uveitis (2 
patients), and varicella (2 patients; both primary occurrences in 
patients who had not been vaccinated). A total of 1,248 AEs were 
reported in 169 patients (89.9%). The most frequently reported AEs 
were in the infections and infestations system organ class. Infection 
and infestation AEs occurred at rates of 163.7 per 100 patient-years 
(95% confidence interval [95% CI] 145.8–183.3) at week 40 and 
151.4 per 100 patient-years (95% CI 138.0–165.9) at week 104.

Infections and infestations were the most common system 
organ class (≥15% of patients) for AEs reported during 104 weeks 
of the study (71.3%), followed by musculoskeletal and connec-
tive tissue disorders (38.8%), gastrointestinal disorders (35.6%), 
respiratory, thoracic, and mediastinal disorders (28.7%), skin and 
subcutaneous tissue disorders (26.1%), and nervous system dis-
orders (23.4%). The most common system organ class for SAEs 
was also infections and infestations (7.4%). Of those SAEs, 16 
were reported as infections or infestations in 14 patients during 
the 104-week study, for a rate of 5.2 per 100 patient-years (95% 

CI 3.0–8.5); none were infestations. A total of 381 nonserious AEs 
were reported in 142 patients (75.5%); infections were the most 
common nonserious AEs (54.8%). No cases of tuberculosis, fun-
gal infections, or other opportunistic infections developed, and 
there were no cases of gastrointestinal perforation.

Nine patients withdrew from study treatment because of AEs, 
8 while receiving TCZ (scleroderma diagnosed by skin biopsy, 
abnormal bilirubin level, serum sickness–like reaction, JIA flare 
[1 patient withdrew from treatment because of this AE, but the 
reason for study withdrawal was insufficient therapeutic response], 
pneumonia, elevated transaminase levels [1 patient was randomly 
assigned to the placebo group but withdrew while receiving TCZ 
in part 1], benign intracranial hypertension, and pregnancy). One 
patient withdrew because of gastroenteritis while receiving pla-
cebo in part 2. No deaths were reported in the study, and there 
were no cases of macrophage activation syndrome.

Most changes in key laboratory parameters, including 
low-density lipoprotein (LDL) cholesterol, total cholesterol, neu-
trophil count, and platelet abnormalities, were reported by week 
40, with fewer occurrences reported from week 40 through week 
104. Among 187 patients with assessments, ALT and AST levels 
remained within the normal range throughout study treatment in 
107 patients (57.2%) and 132 patients (70.6%), respectively. Five 
patients had grade 3 elevations in ALT, AST, or both (>5–20× ULN) 
by week 104 (Table 2): 2 patients had no change in study drug 
because these elevations occurred at a single time point only; 2 
patients had elevations associated with AEs of Epstein-Barr virus, 

Figure 3. Median Juvenile Arthritis Disease Activity Score in 71 joints (JADAS-71) in the long-term extension (LTE) population (n = 163), 
according to study visit. All patients with a nonmissing assessment at each time point were included; there was no imputation for missing data. 
Last observation carried forward was used for missing core components. Dashed horizontal lines show inactive disease (JADAS-71 <1) and low 
disease activity (JADAS-71 <3.8).* The LTE population included all patients randomly assigned in part 2 who received ≥1 dose of tocilizumab 
(TCZ) either double-blind or open-label during parts 2 and 3 (25 patients who did not receive TCZ during parts 2 or 3 had no data from week 
40 and were not included).
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and the study drug was modified or interrupted because of them; 
and 1 patient had elevations recorded as an AE of hypertransam-
inasemia, which led to study drug discontinuation. Total bilirubin 
levels remained within the normal range throughout the study in 
153 patients (81.8%). No patient experienced elevations in liver 
enzymes or hepatic events that met the criteria for Hy’s law (19); 
1 patient experienced concomitant elevations in ALT (362 units/
liter), AST (410 units/liter), and bilirubin (52 µmoles/liter) at week 
80, which was suggestive of meeting the criteria for Hy’s law, but 
these elevations were attributed to an underlying Epstein-Barr 
virus infection.

Postbaseline elevations of total cholesterol to ≥200 mg/dl 
and LDL cholesterol to ≥130 mg/dl were seen in 12% and 5% 
of patients, respectively (Table 2). Decreases in neutrophil count 
occurred in 70 patients (37.2%) between baseline and week 104, 
whereas neutrophil counts for 118 patients (62.8%) remained 
within the normal range. Eleven patients (5.9%) experienced grade 
3 low neutrophil counts (<1.0–0.5 × 109/liter), none experienced 
grade 4 low neutrophil counts (<0.5 × 109/liter), and no events of 
neutrophil count decrease resulted in TCZ dose modification. No 
infections were reported during periods of neutropenia (within 30 

days of a grade 3 low neutrophil count). Platelet count decreases 
occurred in 20 patients (10.6%) between baseline and week 104 
but were generally mild (Table 2) and occurred once in different 
patients at individual time points. None of the patients with a 
decrease in platelet count of grade 2 or higher had associated 
concurrent bleeding events; therefore, these patients remained in 
the study.

One hundred eighty-seven patients underwent immuno-
genicity screening assay at any time. Twenty patients (10.7%) had 
a positive anti-TCZ assay result at baseline before exposure to 
TCZ; 4 patients (2.1%) who had a negative result at baseline had 
a positive postbaseline screening assay result, but only 1 of these 
patients (0.5%) had a positive confirmation and neutralizing assay 
result. This patient, treated with 10 mg/kg TCZ (BW of <30 kg), 
did not have hypersensitivity events but withdrew from the study 
due to insufficient therapeutic effect at week 16.

DISCUSSION

The efficacy of TCZ in patients with polyarticular-course JIA 
previously demonstrated at week 40 (7) was maintained, if not 

Figure 4. Proportion of patients in the mITT population (n = 188) with a JIA-ACR70/90 response at weeks 40 and 104 based on previous 
biologic use (A), concomitant methotrexate (MTX) use (B), duration of disease (C), and rheumatoid factor (RF) status at baseline (D). Eight 
patients whose RF status at baseline was unknown were not included in the analsyis of RF status. See Figure 1 for other definitions.
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further improved, through week 104. Notably, clinical remission 
was reached in ~25% of patients treated with TCZ for 104 weeks. 
Indeed, many patients successfully decreased or even discon-
tinued glucocorticoids and/or MTX. The analysis of patients who 
received placebo during part 2 and restarted TCZ following flare or 
after week 40 of the study (TCZ restart population) showed efficacy 

comparable to that of patients treated with TCZ continuously to 
week 104, suggesting that efficacy can be recaptured after TCZ 
interruption.

Consistent with findings from other studies (21,22), we found 
that polyarticular-course JIA patients in whom previous biologic 
therapies were unsuccessful or who had longer disease durations 

Table 2. Safety outcomes and abnormal laboratory parameters at week 40 and week 104 (all-exposure/all-tocilizumab 
population; n = 188)*

Week 40† Week 104
Safety outcome

Total patients with ≥1 AE, no. (%)‡ 159 (84.6) 169 (89.9)
Tocilizumab exposure, patient-years 184.44 307.04
Total AEs, no. (rate per 100 patient-years [95% CI])§ 885 (479.8 [448.7–512.5]) 1,248 (406.5 [384.2–429.7])

Infections and infestations¶ 302 (163.7) 465 (151.4)
Musculoskeletal and connective tissue disorders# 98 (53.1) 121 (39.4)
JIA flares 59 (32.0) 65 (21.2)
Gastrointestinal disorders 131 (71.0) 159 (51.8)

Patients with ≥1 SAE, no. (%)‡ 17 (9.0) 26 (13.8)
Total SAEs (rate per 100 patient-years [95% CI])§ 23 (12.5 [7.9–18.7]) 34 (11.1 [7.7–15.5])
Infection SAEs, no. (rate per 100 patient-years)§ 9 (4.9) 16 (5.2)

Pneumonia 4 (2.2) 4 (1.3)
Bronchitis 2 (1.1) 2 (0.7)
Cellulitis 2 (1.1) 2 (0.7)
Varicella 1 (0.5) 2 (0.7)
Other – 6 (1.9)

Patients with abnormal laboratory parameters, no. (%)‡
ALT elevation

CTC grade 1 (>ULN–2.5× ULN) 52 (28) 65 (35)
CTC grade 2 (>2.5–5× ULN) 8 (4) 11 (6)
CTC grade 3 (>5–20× ULN) 1 (0.5) 4 (2)

AST elevation
CTC grade 1 (>ULN–2.5× ULN) 32 (17) 48 (26)
CTC grade 2 (>2.5–5× ULN) 2 (1) 3 (2)
CTC grade 3 (>5–20× ULN) 1 (0.5) 4 (2)

Total bilirubin elevation
CTC grade 1 (>ULN–1.5× ULN) 14 (8) 18 (10)
CTC grade 2 (>1.5–3× ULN) 13 (7) 14 (7)
CTC grade 3 (>3–10× ULN) — 2 (1)**

Neutrophil worst CTC grade
CTC grade 1 (<LLN–1.5 × 109/liter) 14 (7) 15 (8)
CTC grade 2 (<1.5 × 109/liter–1 × 109/liter) 38 (20) 44 (23)
CTC grade 3 (<1 × 109/liter–0.5 × 109/liter) 6 (3) 11 (6)
CTC grade 4 (<0.5 × 109/liter) 1 (0.5)†† –

Platelet worst CTC grade
CTC grade 1 (<LLN–75 × 109/liter) 13 (7) 17 (9)
CTC grade 2 (<75 × 109/liter–50 × 109/liter) 1 (0.5) 1 (0.5)
CTC grade 3 (<50 × 109/liter–25 × 109/liter) 1 (0.5) 1 (0.5)
CTC grade 4 (<25 × 109/liter) 1 (0.5) 1 (0.5)
LDL cholesterol ≥130 mg/dl 8 (4)‡‡ 10 (5)
Total cholesterol ≥200 mg/dl 17 (9)‡‡ 22 (12)

* Duration in study (years) = ([date of last assessment – date of first tocilizumab dose + 1]/365.25) – exposure to placebo 
treatment (years). Data on placebo treatment received in the part 2 withdrawal phase were excluded. 95% CI = 95% 
confidence interval; JIA = juvenile idiopathic arthritis; ALT = alanine aminotransferase; CTC = Common Toxicity Criteria; ULN = 
upper limit of normal; AST = aspartate aminotransferase; LLN = lower limit of normal; LDL = low-density lipoprotein. 
† Includes all data collected until the last patient in the study completed week 40. 
‡ Multiple occurrences of the same adverse effect (AE) in a patient were counted only once. 
§ Multiple occurrences of the same AE or serious AE (SAE) in a patient were counted at each occurrence. 
¶ Infestations reported in the infections and infestations system organ class were acarodermatitis (n = 3), enterobiasis (n = 3), 
parasitic infection (n = 2), lice infestation (n = 2), ascariasis (n = 1), and giardiasis (n = 1); the rest of the events were infections. 
# Sixty-five events were JIA flares. 
** One patient was classified as having grade 4 bilirubin elevation due to a data error. 
†† No grade 4 neutrophil count; unit conversion error (corrected to grade 2 neutrophil count). 
‡‡ Lipid data obtained from the data cutoff on May 3, 2012. 
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experienced less pronounced improvement of JIA with TCZ treat-
ment. Nevertheless, 60.7% of patients in our study who previously 
received biologics achieved a JIA-ACR70 response by week 104. 
In contrast to adult patients with RA (23), combination therapy with 
TCZ and MTX seemed somewhat more effective than TCZ mono-
therapy in our study of patients with polyarticular-course JIA. How-
ever, these results should be interpreted with caution because 
the study was not powered for comparison of TCZ monotherapy 
with TCZ in combination with MTX. Children whose duration of 
polyarticular-course JIA exceeded 2 years before they received 
TCZ or those who were RF negative achieved JIA-ACR70/90 
responses less frequently than children with shorter disease 
duration or those who were RF positive. These observations are 
consistent with previous studies in JIA patients who were treated 
with biologics (24,25). Long-term use of glucocorticoids in chil-
dren is highly undesirable because of impairment in growth (26), 
known long-term cardiovascular risks, and other toxicities (27). 
In this study, glucocorticoid treatment was prescribed to 46% of 
polyarticular-course JIA patients at baseline. TCZ therapy allowed 
for the discontinuation of steroids in 47% of these patients (31 of 
66 patients) by week 104. As reported elsewhere (28), this reduc-
tion in glucocorticoid exposure, together with the degree of dis-
ease control achieved, is considered clinically relevant based on 
improved growth profiles.

On average, mild-to-moderate disability (29) at baseline 
improved with TCZ treatment over a 2-year period. Pain is an 
important aspect of health-related quality of life in patients with 
polyarticular-course JIA (30). Changes in pain VAS scores >10 mm 
are considered clinically relevant for children (31). Patients who 
received TCZ continuously maintained improved pain control 
through week 104, and patients who restarted TCZ experienced 
improvement in pain upon the reinitiation of TCZ and then com-
parable pain control by 6 months after reinitiation, supporting the 
notion that major and clinically relevant improvement in patient 
pain can be recaptured with TCZ treatment.

The safety of TCZ in this polyarticular-course JIA population 
was consistent with the known safety profile (7,32,33), and no new 
or unexpected safety concerns were reported. Infections, both 
serious and nonserious, were the most frequently reported AEs. 
As expected, the overall incidence of AEs and SAEs increased 
between weeks 40 and 104. However, standardized rates of AEs 
and SAEs at week 104 remained stable over time and were sim-
ilar to those reported at week 40. Notably, the rates of serious 
infections remained stable between weeks 40 and 104. Patterns 
of laboratory abnormalities were consistent with those previously 
observed (7), and lipid parameters remained within normal ranges 
(34). Only 1 patient (0.5%) developed neutralizing anti-TCZ anti-
bodies; this low incidence of immunogenicity is consistent with that 
in RA patients treated with TCZ, for whom an incidence of 0.9% 
has been reported (35).

There are limitations to the interpretation of these long-term 
data because there was no comparator after week 40, given 

the open-label nature of part 3. Comparison of patients who 
received TCZ continuously throughout the study with those who 
received placebo treatment during part 2 enabled limited esti-
mation of the effect of stopping and restarting TCZ treatment. 
Low patient numbers in the subgroup analyses should be noted 
in the interpretation of responses according to previous or con-
current medications and baseline disease characteristics. The 
number of polyarticular-course JIA patients receiving TCZ mon-
otherapy was relatively low, and analyses were not corrected for 
other patient characteristics such as disease duration and/or fail-
ure of other biologic treatments. Therefore, additional research 
is needed to evaluate the added benefits of MTX background 
therapy in polyarticular-course JIA patients treated with TCZ. 
Longer-term follow-up and the availability of comparator groups 
from patients who have not received TCZ or who are treated with 
other biologic medications is needed for full understanding of the 
long-term efficacy and safety of TCZ when used to treat polyar-
ticular-course JIA. An observational polyarticular-course JIA reg-
istry study is being conducted to assess the longer-term safety 
and effectiveness of up to 5 years of treatment with TCZ versus a 
comparator biologic.

In conclusion, this study has demonstrated that improve-
ments in the signs and symptoms of polyarticular-course JIA in 
children treated with TCZ were maintained or improved during 
longer-term treatment up to 2 years and that the safety profile of 
TCZ remained consistent with that established in a much larger 
number of adults with RA, with no evidence of increasing toxicities 
over this period of time.
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Clinical Images: An unusual case of proximal limb muscle weakness

The patient, a 55-year-old woman, presented with recent-onset bilateral leg weakness and falling at home. Her medical history was 
remarkable only for rosacea. Clinical examination revealed weakness of the shoulder girdle and hip flexor muscles bilaterally. Findings 
were otherwise normal. The creatine kinase level was mildly elevated (475 units/liter [normal 43–274]), and the C-reactive protein level 
was elevated (63.9 mg/dl [normal 0–10]). Myositis antibody panel, including hydroxymethylglutaryl-coenzyme A reductase antibody, was 
negative. Electromyography (EMG)/nerve conduction study revealed small, short-duration motor units and early recruitment on needle 
EMG of the proximal left deltoid and left gluteus medius muscles, without evidence of membrane instability. Coronal STIR magnetic res-
onance imaging (MRI) of the thighs showed diffuse hyperintensity in the right rectus femoris muscle (arrowhead in A) and mild diffuse 
intramuscular edema within the right and left proximal anterior compartment muscles. Axial STIR MRI of the right thigh revealed patchy 
hyperintensity in the vastus medialis (arrowhead in B), vastus lateralis, and vastus intermedius muscles, and more diffuse hyperintensity in 
the rectus femoris. Muscles of the posterior and adductor compartments were spared. Biopsy of the right rectus femoris skeletal muscle 
with hematoxylin and eosin (H&E) staining showed patchy, perivascular, predominantly lymphohistiocytic inflammatory infiltrates involving 
the medium-sized muscular arteries in the muscle septae (arrows in C) with associated fibrinoid necrosis of the vascular wall (asterisks 
in D), without granulomatous inflammation. Antineutrophil cytoplasmic antibodies were absent. Computed tomographic angiography of 
the abdomen and pelvis did not demonstrate microaneurysms in renal, hepatic, splenic, or mesenteric arteries. The patient was diagnosed 
as having limb-restricted polyarteritis nodosa (PAN) involving the proximal skeletal muscles. Our findings were similar to the MRI findings 
of lower extremity muscle involvement in patients with PAN reported by Kang et al (1), that is, diffuse T2 hyperintensity in the right rectus 
femoris and patchy T2 hyperintensity in the other quadriceps in both thighs. In our patient, MRI was performed without administration of 
contrast, so the characteristic patterns of enhancement described by Kang et al were not demonstrated. Glucocorticoid therapy was ini-
tiated and was effective, with significant clinical improvement of proximal muscle groups within 2 weeks. Rare cases of vasculitis confined 
to the calves have been reported (2,3); however, upper and lower limb proximal muscle weakness is a very unusual presentation of PAN.
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Trends in utilization of urate-lowering therapies 
following the US Food and Drug Administration’s boxed 
warning on febuxostat

To the Editor:
Gout is the most common form of inflammatory arthritis, 

affecting nearly 4% of adults (9.2 million) in the US (1). Initiation 
of urate-lowering therapy (ULT) is strongly recommended for all 
patients with tophaceous gout, radiographic damage, or frequent 
gout flares (2). While allopurinol is the first-line ULT, some patients 
do not tolerate or adequately respond to allopurinol and require 
a different ULT, such as febuxostat. At the time of the approval 
of febuxostat in February 2009, the US Food and Drug Admin-
istration (FDA) mandated a postmarketing cardiovascular safety 
trial (the Cardiovascular Safety of Febuxostat and Allopurinol in 
Patients with Gout and Cardiovascular Morbidities [CARES] trial) to 
address concerns related to cardiovascular risk raised during pre-
marketing trials (3). Based on preliminary findings from the CARES 
trial, in November 2017 the FDA issued a safety announcement 
for an increased risk of cardiovascular disease (CVD) mortality 

with febuxostat. After the CARES trial results were published in 
March 2018 and showed a greater risk of CVD and all-cause mor-
tality with febuxostat versus allopurinol, the FDA added a boxed 
warning to the drug label for febuxostat, advising caution particu-
larly for gout patients with a history of CVD and limited its use to 
 second-line ULT in February 2019 (4).

Using claims data from a nationwide commercial health plan 
(Optum Clinformatics Data Mart) in the US, we assessed utilization 
of each ULT agent (i.e., allopurinol, febuxostat, probenecid, lesinurad 
[not available since spring 2019], or pegloticase) as a proportion of 
overall ULT use among individuals age ≥20 years in each quarter 
from January 1, 2009 to December 31, 2019. To account for poten-
tial changes in gout prevalence, we further calculated the number of 
individual ULT users per 1,000 patients with a diagnosis of gout in 
each quarter. The study protocol was approved by the Institutional 
Review Board of Brigham and  Women’s Hospital.

We analyzed a total of 838,432 adult ULT users and 
633,229 patients with gout. Almost all ULT users were pre-
scribed allopurinol: this peaked at 95% in quarter 1 of 2009, 
was lowest at 88% in 2011–2015, and was 92% in quarter 4 of 

Figure 1. Quarterly utilization of urate-lowering therapy (ULT) between 2009 and 2019 (A) and quarterly number of ULT users per 1,000 gout 
patients between 2009 and 2019 (B). FDA = Food and Drug Administration; CARES = Cardiovascular Safety of Febuxostat and Allopurinol in 
Patients with Gout and Cardiovascular Morbidities.
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2019 (Figure 1A). After market entry in quarter 1 of 2009, febux-
ostat use gradually increased and peaked at 10% of all ULT use 
between quarter 2 of 2013 and quarter 4 of 2014. Over the past 
2 years, with FDA safety announcements, CARES trial data, and 
the added boxed warning, febuxostat use decreased to 6% of 
all ULT use in quarter 4 of 2019. Probenecid use was uncom-
mon, ranging from 5% in quarter 1 of 2009 to 1% in quarter 4 
of 2019. Both lesinurad and pegloticase use were <0.1% of all 
ULT use (data not shown). Similar trends were observed when 
we evaluated the number of individual ULT users per 1,000 gout 
patients over time (Figure 1B). The number of ULT users per 
1,000 gout patients increased modestly from 567 in quarter 1 of 
2009 to 656 in quarter 4 of 2019.

In our study of commercial health insurance enrollees from the 
US, allopurinol accounted for nearly 90% of all ULT use between 
2009 and 2019. Use of febuxostat peaked in 2013–2014, but it 
appeared to trend downward by 30–40% in recent years, presum-
ably due to safety concerns. Maintaining serum urate levels <6 mg/
dl is the key to successful management of gout (2), yet we observed 
suboptimal utilization of ULT as a class, similar to findings in other 
investigations (1). These results highlight a need for addressing the 
treatment gap in gout with appropriate ULT prescribing and moni-
toring. Limitations of the current study include limited generalizability 
to other health plans and no adjustment for patients’ comorbidities, 
which may drive treatment choice. In summary, we observed that 
use of febuxostat decreased substantially in the US following the 
emergence of cardiovascular safety concerns. While the decrease 
in febuxostat use was accompanied by a compensatory increase 
in allopurinol use, the proportion of gout patients not being treated 
with a ULT remained high throughout the study period.
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Treat-to-target in gout management? Comment on the 
article by FitzGerald et al

To the Editor:
Having recently evaluated whether one should dose 

urate-lowering therapies (ULTs) (e.g., allopurinol) to target uric 
acid levels for the prevention of recurrent gout flares (1), we read 
with enthusiasm the 2020 American College of Rheumatology 
guideline for the management of gout (2). However, we believe 
FitzGerald and colleagues overlooked key evidence pertaining to 
their recommendation of treating serum urate (SU) levels to tar-
get. In primary care, we value patient-oriented outcomes (e.g., 
gout flares) over surrogate markers (e.g., SU levels) in guiding clin-
ical decisions. Therefore, gout flares should be the outcome that 
drives our decisions.

In the guideline, FitzGerald et al fail to report in detail on 
the only randomized controlled trial (RCT) specifically examining 
whether treat-to-target or just treating gout with uric acid– lowering 
therapy changed gout-related clinical outcomes (flares) (3). In this 
RCT, patients with gout who were already on allopurinol (but still 
with elevated SU levels and ≥3 gout flares in the preceding year) 
were randomized to either continue receiving allopurinol at the 
current dose or dose escalate to achieve a target SU level of <360 
µmoles/liter. Despite more patients achieving the SU target, at 1 
year, there was no statistical difference in gout flares (54% versus 
59%) (3).

This evidence is missing from FitzGerald and colleagues’ 
treat-to-target section (2). Instead, they chose to include 3 other 
RCTs that do not directly answer whether treating SU level to 
 target changes clinical outcomes. One RCT compared nurse-led 
care with usual care in the management of gout (4). Patients ran-
domized to receive nursing interventions experienced more gout 
flares in year 1, but fewer flares at 2-year follow-up. Despite the 
title, a specific SU target was not mentioned in the Methods sec-
tion or Appendices of this article (4). We believe that the effect on 
clinical outcomes was related to the nursing interventions (with 
additional provider visits and patient education) rather than by a 
treat-to-target uric acid level.

Similarly, 2 other studies referenced by FitzGerald and col-
leagues addressed pharmacist-led gout treatment compared 
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with usual care (5,6). In one study, patient-important outcomes 
(gout flares) were not reported (5), whereas the other did not show a 
 significant difference in gout flares (6). While cohort data  suggest 
an association between the duration of ULT, serum uric acid  levels 
<360 µmoles/liter, and future risk of gout flare (7), results from 
cohort studies can only suggest associations and do not prove 
causation.

We believe that the current best evidence does not support 
a treat-to-target approach for gout management. A more prag-
matic and evidence-supported approach would be to prescribe 
ULT (allopurinol) at a dose that is both tolerated and adhered to 
by the patient with the goal of preventing future gout flares, not 
achieving a surrogate SU target. Therefore, we encourage the 
guideline authors to update their treat-to-target section to better 
reflect current best evidence.
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Reply

To the Editor:
We disagree with the presumption by Drs. Kolber and Ton 

that rheumatologists value surrogate markers over patient- 
oriented outcomes (e.g., gout flares) in guiding clinical decisions. 
Rheumatologists are fully aware and agree that flares are the 

central experience of gout, and preventing flares, tophi, and joint 
damage is the major focus of gout management.

Primary care providers use blood pressure and glycosylated 
hemoglobin to guide treatment decisions to help prevent strokes 
and microvascular diabetic complications, respectively. Of course, 
the concern about intermediaries is well understood, with tar-
geted treatment of some markers failing to improve outcomes. 
 However, unlike those examples, urate is the pathophysiologic 
culprit in gout. Without monosodium urate monohydrate crystals, 
there would be no gout. Crystallization is related to urate con-
centration, providing strong rationale for decreasing urate below a 
particular threshold to prevent crystals from forming.

Drs. Kolber and Ton question a “treat-to-target” approach 
and instead advocate for an “evidence-supported approach” of 
prescribing ULT at a dose that is tolerated and adhered to by the 
patient with the goal of preventing gout flares, without  providing 
evidence that supports this approach. They also do not provide 
evidence-based information for determining the appropriate 
dose in a given patient. For example, without knowing the SU 
level, physicians will not know whether flares 2 months after 
initiation of ULT are due to rapid urate lowering and the dose 
should remain the same, or whether the dose should be esca-
lated because this disease activity indicates inadequate dos-
ing. Our Patient Panel supported the value of SU measurement 
in guiding gout management, as they reported improvements 
only after their serum SU level was brought under control.

Drs. Kolber and Ton discount the RCT by Doherty et al (1) 
because they believe the effects were due to the nursing interven-
tion; in fact, that intervention was centered on the escalation of ULT 
based on SU. Additional provider visits and patient education are 
part and parcel to comprehensive gout management rather than 
something to be avoided. The authors also cite a safety trial as 
proof that treat-to-target is inefficacious, without recognizing that 
the study was not powered or designed for flare outcomes; trials 
with a time frame of 1 year are generally too short to allow meaning-
fully conclusions about flare reduction. Indeed, longer studies (e.g., 
early gout RCT [2] and RCT by Doherty et al [1]) and studies of more 
intensive ULT (pegloticase RCT [3]) have consistently shown that 
an SU target of <6 mg/dl improves flares and other important out-
comes. That longer trials are often needed to demonstrate the 
impact on patient-oriented outcomes should not come as a sur-
prise to primary care providers. For example, in the Diabetes Con-
trol and Complications Trial, participants were followed-up for ~6.5 
years to demonstrate reductions in microvascular disease (4).

As rheumatologists, we frequently encounter patients 
in whom years of inadequate gout management have led to 
chronic gouty arthritis with difficult-to-manage flares, destruc-
tive tophi, and disability. Those patients are often upset and 
surprised to learn that these outcomes were preventable. 
Rather than providing “reactive” health care, a proactive 
approach to mitigating these long-term sequelae of inade-
quate gout management gout could prevent these adverse 
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outcomes. The “reactive” approach is akin to advising that 
chest pain should be managed without measuring blood pres-
sure or cholesterol, with only the occurrence of myocardial 
infarction to guide whether therapy was sufficient.

The necessary high-quality data and understanding of the 
biology of gout exist today. Let’s not relegate patients to experience 
the consequences of poorly managed gout by ignoring these data.
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Anti-Th/To antibodies: association with lung disease 
and potential protection from systemic sclerosis–
related cancer? Comment on the article by Mecoli et al

To the Editor:
Autoantibodies in systemic sclerosis (SSc) can help stratify 

patients into more clinically relevant subsets (1). We read with 
interest the article by Mecoli et al on their study of 804 adult SSc 
patients (2), which represents one of the largest studies of anti-Th/
To antibodies. The prevalence of autoantibodies to 4 in vitro 
transcribed and translated Th/To components (hPOP1, RPP25, 
RPP30, and RPP40) as assessed by immunoprecipitation (IP) 

is consistent with results from previous studies (3) (Figure 1). 
Patients with anti-Th/To antibodies were more common to have 
antibodies to all 4 subunits than to have antibodies to ≤3 subu-
nits (32 of 67). Of interest, most anti-Th/To–positive patients did 
not have antibodies to other common SSc markers, therefore 
representing a unique serologic SSc subset. Unfortunately, it is 
not clear whether all anti-Th/To–positive patients had the asso-
ciated antinucleolar antibody pattern (International Consensus 
on Antinuclear Antibody Patterns AC-8) on HEp-2 substrate 
testing.

Given the importance of the study findings, additional data 
extraction and further studies could benefit the scientific field. 
Since the IP technique used (2) is not widely available, interassay 
comparisons would be informative with regard to the consistency 
of the results with those obtained using commercially available IP 
(in vitro diagnostic/research use only) and other Th/To immuno-
assays (e.g., the line immunoassay used for selected analyses in 
this study a chemiluminescence immunoassay [3], and/or novel 
 particle-based multianalyte technology assays [1]). Furthermore, 
the study established the specificity of IP based on only 34 healthy 
controls, although previous studies demonstrated that some Th/
To complex subunits are targeted by antibodies in patients with 
other autoimmune conditions (3). Hence, additional studies using 
autoimmune disease controls (e.g., with AC-8) might be informa-
tive for clarifying the specificity of the IP results for SSc. Since the 
band intensity of IP radiographs was quantified, semiquantitative 
data portrayal (e.g., scatterplot) with appropriate statistics would 
also have been helpful. Surprisingly, no association between lung 
disease and anti-RPP25 was observed, which might be attribut-
able to the use of forced vital capacity as a “surrogate for intersti-
tial lung disease,” the characteristics of the assay used, and/or the 
transient characteristics of anti-RPP25 antibodies (4).

The association of anti-Th/To with cancer is of major inter-
est and was found only when the duration between anti-Th/To 
testing and cancer diagnosis was considered. In the SSc patients 
with anti-Th/To and anti–RNA polymerase, the risk of cancer was 
reduced within the first 3 years, suggesting that anti-Th/To has a 
protective effect.
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Figure 1. Characteristics of the Th/To autoantigens and the associated immune response. A, Autoantibody reactivity with 4 components of 
the Th/To complex (RPP25, RPP30, RPP38/40, and hPOP1) in Mecoli et al and 3 previously published articles. B, Interaction of the various Th/
To components. C, Typical Th/To HEp-2 indirect immunofluorescence pattern (AC-8). IP = immunoprecipitation; NA = not applicable.
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Further investigation of representation of women as 
authors of rheumatology articles from 2005 to 2020: 
comment on the article by Bagga et al

To the Editor:
We read with interest the recently published report by 

Bagga et al on their study which rigorously assessed gender 
disparities in high-impact rheumatology research articles from 
2015 to 2019 (1). In our own analysis we sought to confirm and 
expand upon their findings by analyzing a broader scope of jour-
nals over a longer period of time.

A research librarian designed 3 searches for PubMed (Na -
tion  al  Library of Medicine) Medline–indexed rheumatology publi-
cations from January 1, 2005 to January 10, 2020 to identify 1) 
non- pediatric articles, 2) publications reporting studies that in-
cluded  pediatric patients age <18 years, and 3) articles report-
ing  randomized controlled trials (RCTs). Bibliographic data were 

ac  cessed using the R package “RISmed,” and authors were match-
 ed to gender using the R package “gender” (See Supplementary 
Appendix, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41573/ abstract). 
The search identified 1,264,067 cited authors from 123,917 rheu-
matology publications. In total, 553,214 cited authors (43.76%) 
could be matched with a corresponding gender. The proportions 
of female first, middle, and senior authors as a percentage of total 
authors per year were graphed over time for non-pediatric publi-
cations, articles reporting studies including pediatric patients, and 
publications reporting RCTs (Figure 1). The association of female 
senior and first authors was calculated using the R package “ques-
tionr” (odds ratio 1.59 [95% confidence interval 1.53–1.65]).

Supporting findings reported by Bagga and colleagues, 
female authors appear to have proportional representation as first 
and middle authors of non-pediatric publications. Contrary to this 
encouraging finding, marked underrepresentation with respect to 
senior authorship and authorship of articles reporting RCTs has 
persisted over a 15-year time frame and nearly 125,000 publica-
tions. As suggested by Bagga et al, disparities in these prestigious 
roles may reflect differences in career phase caused by evolving 
workforce demographics. If this is the case, it would be expected 
to resolve as early-stage female investigators assume more sen-
ior roles. Preliminary evidence of such a trend is not apparent 
in these data. Underrepresentation as senior authors or authors 
of articles reporting RCTs may also reflect gender bias—both 
conscious and unconscious—in academic promotion, editorial 
decisions, or grant funding. These concerns may be especially 
applicable to pediatric rheumatology, where the gender gap 
appears to be widening.
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Our approach has limitations. The gender-matching pack-
age was unable to match the majority of authors and was limited 
to Social Security Administration data from 1970 for names. The 
searches only retrieved articles that were indexed for Medline and 
utilized MeSH terms, which may be inconsistently applied to pub-
lications. Relevant variables assessed by Bagga and colleagues, 
such as industry funding and article type, could not be ascer-
tained. These limitations notwithstanding, our data complement 

Figure 1. Women as first, middle, and senior authors of non-pediatric 
rheumatology articles (A), pediatric rheumatology publications (B), and 
articles reporting rheumatology randomized controlled trials (RCTs) 
(C). Data are presented as 3-year rolling means. Percentage labels 
indicate initial (2005) and final (2020) values.

the findings of Bagga et al, highlighting notable gender disparities 
with respect to senior authorship, authorship of articles reporting 
RCTs, and authorship of studies involving pediatric patients.
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Use of apremilast in patients with psoriatic arthritis 
during the COVID-19 pandemic: comment on the article 
by Mikuls et al

To the Editor:
We read with great interest the American College of Rheuma-

tology (ACR) guidance document by Mikuls et al on the manage-
ment of rheumatic disease in adult patients during the coronavirus 
disease 2019 (COVID-19) pandemic (1). We greatly appreciate this 
effort by the ACR, which will help rheumatologists optimize man-
agement of rheumatic diseases during the COVID-19 pandemic. 
We would like to suggest an important addition to this “living doc-
ument,” and hope it will be addressed in future updates as more 
data become available.

Apremilast, a phosphodiesterase 4 inhibitor, has been ap -
proved by the US Food and Drug Administration for the manage-
ment of psoriatic arthritis (PsA), plaque psoriasis, and oral ulcers 
in Behçet’s disease (2). The ACR recommends it as one of the 
treatments of choice for patients with active PsA who are treatment 
naive or have been treated unsuccessfully with oral small molecule 
therapy (methotrexate, leflunomide, sulfasalazine, or cyclosporine) 
(3). In clinical trials, the most common adverse effects of apremi-
last are mild to moderate and include nausea, diarrhea, headaches, 
and upper respiratory tract infections (URIs), while no opportun-
istic infections, hematologic abnormalities, or cardiotoxicity have 
been observed (4,5). In comparison to other conventional disease- 
modifying antirheumatic drugs (DMARDs), immunosuppressants, 
and biologics, apremilast has a favorable safety profile.

To date, there is no information available about the safety or 
risks associated with the use of apremilast in COVID-19, although in 
the few reported observational studies, apremilast was not shown 
to be associated with adverse outcomes in patients with COVID-19 
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(6,7). Until more data is available, given its favorable safety profile, 
it can be postulated that it is safe to continue apremilast in patients 
with stable rheumatic disease in the absence of active COVID-19 
infection. Furthermore, in patients with newly diagnosed PsA, in 
the absence of active COVID-19 infection, apremilast may be pre-
ferred over other DMARDs or biologics in treatment-naive patients, 
and considerations should be given to the use of apremilast over 
other DMARDs or biologics in patients who have active PsA despite 
treatment with other DMARDs, when clinically appropriate. How-
ever, due to the increased risk of URIs associated with apremilast, 
which may mimic the symptoms of COVID-19, it may be reason-
able to withhold apremilast in the setting of active or presumptive 
COVID-19 with a strategy to reinitiate therapy following COVID-19. 
This is similar to the recommendation by the ACR for reinstating 
treatment with other DMARDs following COVID-19, i.e., within 7–14 
days after symptom resolution, or 10–17 days after initial test posi-
tivity in asymptomatic individuals (1).

We would again like to thank the ACR for this effort during 
the current pandemic and look forward to the next update of this 
guidance document.
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Reply

To the Editor:
We appreciate the thoughtful suggestion provided by Dr. 

Bansal and colleagues. While there are noteworthy strengths to 
this ACR-led effort, we recognize that the guidance generated is 
not comprehensive, as it does not address all of the potential sce-
narios or treatments relevant to the day-to-day management of 
rheumatic disease. Bansal et al also appropriately point out the 
overarching issue of prevailing evidence gaps that exist, not only 
with the use of apremilast as they note, but also with other agents 
routinely used in rheumatic disease management (including med-
ications addressed in the guidance document). These evidence 
gaps persist despite the exponential growth of citations in the lit-
erature (1). The ACR and its COVID-19 Clinical Task Force remain 
committed to prioritizing important issues such as that raised by 
Bansal and colleagues and to updating, revising, and expanding 
this living guidance document to promote standardized care of our 
patients during the pandemic. We anticipate that future revisions 
will include guidance specific to medications not yet addressed.
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Anakinra in COVID-19—how to interpret elevations 
of serum liver enzymes: comment on the article by 
Navarro-Millán et al

To the Editor:
We read with interest the article by Navarro-Millán and 

 colleagues on the use of anakinra in patients with severe coro-
navirus disease 2019 (COVID-19) with acute respiratory syn-
drome coronavirus 2 and hyperinflammation (1). The authors 
tried to identify the clinical phenotype most likely to benefit from 
treatment with anakinra, in order to maximize utility and prevent 
exposure to unnecessary risks of immunosuppression. Indeed, 
administration of anakinra to 11 patients yielded promising results 
overall, although the lack of a control group and prior treatment 
with high-dose glucocorticoids in 8 patients limit interpretation of 
the findings. However, Navarro-Millán et al state that in previous 
studies of anakinra in COVID-19, severe respiratory failure was 
not a requisite for treatment initiation. This is incorrect, as a pre-
vious cohort study from our group in Milan, Italy, had remarkably 
similar eligibility criteria for administration of anakinra. Specifically, 
all patients had hyperinflammation, defined as elevated ferritin 
and/or C-reactive protein levels, and acute respiratory syndrome 
requiring noninvasive ventilation (2). The outcome measures 
were also similar, as was the ultimate aim to avoid mechanical 
ventilation.

Similarities between these studies help in interpreting another 
finding from Navarro-Millán and colleagues—elevated serum liver 
transaminase levels in patients receiving anakinra. Both the study 
by Navarro-Millán et al and ours included this finding, which led 
to tapering or discontinuation of anakinra in some patients. How-
ever, our study also included a control population of patients who, 
despite not receiving anakinra, exhibited similar elevations of serum 
liver enzyme levels (2). This led us to hypothesize that elevations 
of liver enzyme levels reflect underlying disease severity, rather 
than treatment toxicity. Elevation of serum liver enzyme levels is 
uncommon in patients receiving anakinra for approved indications. 

Conversely, it is a hallmark of both viral infections and macrophage 
activation syndrome, a condition that shares similarities with 
the hyperinflammatory response observed in some COVID-19 
patients and is commonly treated with high-dose anakinra (3,4). 
Whether anakinra should be discontinued in patients with COVID-
19 and elevated liver enzymes thereby remains debatable. Though 
perceived as the clinically responsible choice, discontinuation of 
anakinra in these patients may actually lead to detrimental hyper-
inflammation, of which elevated liver enzyme levels are merely an 
accompanying feature.
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Reply

To the Editor:
We appreciate Drs. Cavalli and Dagna’s comments regard-

ing our article addressing the potential utility of anakinra for 
avoiding the need for mechanical ventilation in patients with 
COVID-19, acute hypoxic respiratory failure, and evidence of 
cytokine storm syndrome. We thank them for pointing out the 
similarities between our patients and the patients in their recently 
reported study of COVID-19 patients who received high-dose 
intravenous anakinra. Indeed, 25 of 29 patients treated with 
anakinra in their similar study had severe acute respiratory dis-
tress syndrome, which Drs. Cavalli and Dagna defined as a par-
tial pressure of arterial oxygen:fraction of inspired oxygen ratio 
of ≤100 mm Hg in the setting of bilateral pulmonary infiltrates 
and a positive end-expiratory pressure of ≥5 cm H2O (1).
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Drs. Cavalli and Dagna discuss the observations of elevated 
serum liver enzyme levels in some patients receiving anakinra in 
both studies and suggest that those elevations might not be attrib-
utable to anakinra. In their study, 3 of 29 patients who received 
anakinra developed elevated liver enzyme levels, while 5 of 16 simi-
lar patients who did not receive anakinra also had increased enzyme 
levels. We also noted that the observed elevations of liver enzyme 
levels could be a consequence of cytokine storm syndrome. We 
chose to taper anakinra and observed that the liver enzyme levels 
responded to decreasing the anakinra dose. We agree that addi-
tional data will be needed to understand whether anakinra can pro-
mote altered liver function in the special clinical circumstances of 
severe acute respiratory distress syndrome coronavirus 2 infection.

Results from both studies point to the significant need for 
well-controlled investigations to evaluate the efficacy and safety of 
anakinra in patients with severe COVID-19 with the goal of gain-
ing control of cytokine storm syndrome and avoiding the need 
for mechanical ventilation. In addition, our results suggest that the 

timing of initiation of anakinra should be carefully considered, as 
the outcomes in our patients who received treatment within 36 
hours of the onset of severe respiratory failure were more favor-
able than those in patients with more prolonged respiratory failure 
prior to initiation of therapy.

Dr. Navarro-Millán’s work was supported by the NIH (grant K23- 
AR-068449 from the National Institute of Arthritis and Musculoskeletal 
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