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

Interactome Identifi es Molecular Signature in Urine of 
Lupus Patients with Active Nephritis
Several studies have applied network-
based tools to identify disease-specifi c 
neighborhoods in the interactome. Such an 
approach is particularly useful for facili-

tating an understanding 
of the complexity of 
other heterogeneous, 

immune-related diseases. In this issue, 
Crickx et al (p. 1461) report the results of 
their efforts to identify a predictive inter-
actome using the localized gene neighbor-
hood associated with lupus. The researchers 
did this by characterizing kidney and urine 
antibody-secreting cells (ASCs) from 
patients with active lupus nephritis before 
and after induction therapy. Their fi ndings 
suggest that ASC-directed therapy has the 

potential to improve outcomes for patients 
with refractory lupus nephritis.

The researchers fi rst used anti-CD138 
staining to visualize ASCs in the kidney 
biopsy samples of patients with biopsy-
proven active lupus nephritis. They then 
used a gene set that allowed for the study 
of ASC maturation from plasmablasts to 
long-lived plasma cells and used multi-
plex reverse transcriptase–polymerase 
chain reaction to perform single-cell gene 
expression profi ling on sorted ASCs from 
fresh biopsy samples. Finally, they quanti-
fi ed urine ASCs from untreated patients with 
lupus nephritis at diagnosis and again after 
6 months of prospective follow-up during 
induction therapy.

p.  1461

Collectin 11 Protects Against a Mouse Model of RA
Rheumatologists recognize that both innate 
and adaptive immune responses contribute 
to the pathogenesis of rheumatoid arthritis 
(RA). However, they know relatively 

little regarding the regu-
lation at the interface 
of the 2 arms of the 

immune system. In this issue, Wang et al 
(p. 1430) describe a novel role of collectin 
11 (CL-11) in protection against RA. The 
researchers’ fi ndings suggest that the under-
lying mechanism involves suppression of 
antigen-presenting cell (APC) activation 
and subsequent T cell responses.

For their study, investigators used 2 
murine collagen-induced arthritis (CIA) 
models to determine the role of CL-11 in 
CIA: 1) mice lacking the Colec11 gene, and 
2) wild-type (WT) mice administered phar-
macologic recombinant CL-11 (rCL-11). 
The researchers found that Colec11−/− mice 

developed more severe arthritis than WT 
mice as measured by disease incidence, 
clinical arthritis scores, and histopathology. 
Disease severity was associated with signif-
icantly enhanced APC activation, Th1/Th17 
responses, pathogenic IgG2a production, 
and joint infl ammation, as well as elevated 
circulating levels of infl ammatory cyto-
kines. In vitro analysis of the CD11c+ 
cells demonstrated that CL-11 was crit-
ical for suppression of APC activation 
and function. Likewise, mice treated with 
rCL-11 experienced less severe CIA. The 
researchers next turned their attention to 
human blood samples and found that serum 
CL-11 levels were lower in RA patients 
compared to healthy controls. Moreover, 
reduction in serum CL-11 was inversely 
associated with the Disease Activity Score 
in 28 joints, erythrocyte sedimentation rate, 
and C-reactive protein level.

p.  1430

The investigators found that the number of 
kidney CD138+ ASCs in 46 untreated patients 
with lupus nephritis correlated with a low esti-
mated glomerular fi ltration rate, and with tubu-
lointerstitial damage. Kidney ASCs from 3 
untreated patients tended to have a plasmablast 
molecular signature. In contrast, in 4 patients 
with refractory lupus nephritis, the kidney ASCs 
were mainly long-lived plasma cells, repre-
senting an ASC transcriptional profi le similar 
to that in the bone marrow of 2 healthy donors. 
More importantly, when the researchers looked 
at urine samples, they detected urine ASCs 
with a plasmablast signature in patients with 
untreated active lupus nephritis. Moreover, the 
presence of urine ASCs at 6 months was asso-
ciated with treatment failure.

Figure 1. Colec11−/− mice develop more severe 
collagen-induced arthritis. Representative micro-
scopic images of hematoxylin and eosin (H&E) 
and toluidine blue (T-blue) staining in knee joint 
sections on day 42. Arrows indicate lesions and 
abnormalities in the joint. Bars = 200 μm. 



Cytokine-targeting therapies have been developed and approved 
for inflammatory and systemic autoimmune diseases, but the clin-
ical response to these therapies is variable, showing significant inter-
individual variation. Simon et al hypothesized that identifying the T 
helper and effector B cell profiles could help define distinct patient 
subsets within systemic autoimmune diseases, including systemic 
lupus erythematosus (SLE), Sjögren’s syndrome (SS), rheumatoid 
arthritis (RA), and systemic sclerosis (SSc). 

The researchers conducted a multiparameter analysis of 12 cyto-
kines involved in the polarization of T and B effector cells in the 
serum, combined with a study of immune cell distribution in blood. 
Forty-eight healthy volunteers and 179 patients from the large multi-
center, prospective, cross-sectional PRECISE Systemic Autoimmune 
Diseases study (45 with SLE, 44 with SS, 44 with RA, and 46 with 
SSc) were included. The authors first visualized the global data set 
using principal components analysis as an unsupervised approach. The 
same approach was then used to independently compare patients 
with each disease to healthy controls. In addition to the shared proin-
flammatory cytokine module, they identified disease-unique speci-
ficity. To study the link between the disease-specific proinflamma-
tory cytokine groups and circulating immune cell distributions, the 
researchers conducted a phenotype analysis of the peripheral blood 

mononuclear cell subsets in the groups of patients with systemic 
autoimmune diseases compared with healthy volunteers.

The researchers identified a common Th1/type I effector B cell 
proinflammatory group in the 4 systemic autoimmune diseases, 
defined by overexpression of CXCL10, interleukin-2 (IL-2), IL-6, and, 
to a lesser extent, tumor necrosis factor. The proinflammatory  
signature observed in patients with severe disease was also observed 
in an in vitro model developed by the researchers. This model was 
based on the T and B cell polarization and showed that naive CD4+ 
T cells polarized B cells toward a proinflammatory profile, while 
memory CD4+ T cells were capable of inducing B cells displaying 
regulatory properties such as IL-10 production.

Questions

1. What is currently known about T cell and B cell cytokine 
networks and pathogenesis of systemic autoimmune diseases?

2.  What is the advantage of identifying the T helper/effector B 
cell profile to define immunologic profiles in patients with 
systemic autoimmune diseases?

3.  How might including mechanistic experiments in future studies 
provide more robust data on this topic?

A Proinflammatory Cytokine Network Profile in Th1/Type 1 Effector B Cells 
Delineates a Common Group of Patients in 4 Systemic Autoimmune Diseases

New Insights into Calcium Pyrophosphate Deposition Disease
The gene TNFRSF11B encodes for osteopro-
tegerin (OPG), and researchers have previ-
ously reported that the read-through mutation 
that produces a 19–amino acid extension at 

the C-terminus of OPG 
(CCAL1 OPG mutation) 
enhances the ability of 

OPG to inhibit osteoclastogenesis compared 
to wild-type (WT) OPG. However, the mech-
anism through which the 19–amino acid 
extension results in a loss of function remains 
uncertain. Scientists also know that the gene 
is associated with familial calcium pyrophos-
phate deposition disease (CPDD). Although 
scientists originally considered the CCAL1 
OPG mutation (OPG-XL) to be a gain of func-
tion, newer research has revealed that loss of 

OPG activity causes arthritis-associated oste-
olysis in mice. This process is likely related to 
excess subchondral osteoclast formation and/
or activity. In this issue, Mitton-Fitzgerald et 
al (p. 1543) describe their research on fami-
lies with premature CPDD, which revealed 
that OPG-XL is a loss-of-function mutation 
for RANKL-mediated osteoclastogenesis. 
As such, it may permit increased osteoclast 
numbers and heightened bone turnover.

Researchers used monoculture and cocul-
ture models of RANKL-induced osteoclasto-
genesis to determine the effects of recombinant 
OPG-XL and WT OPG. They measured the 
effects of OPG-XL on osteoclast survival as 
well as on TRAIL-induced apoptosis using 
standard in vitro assays and compared these 

to WT OPG. The team used enzyme-linked 
immunosorbent assay and flow cytometry to 
measure the ability of OPG-XL and WT OPG 
to bind to osteoblasts—specifically, the osteo-
blastic MC3T3-E1 cell line.

The investigators found that OPG-XL 
was less effective than WT OPG at blocking 
RANKL-induced osteoclastogenesis in mono-
culture and coculture models. When they 
examined osteoclast survival and inhibition of 
TRAIL-induced apoptosis, they found it was 
similar in the presence of OPG-XL and WT 
OPG, even though considerably less OPG-XL 
bound to cells relative to WT OPG. The authors 
concluded that further studies will be required 
to determine how this mutation contributes to 
arthritis in individuals carrying the mutation.

p.  1543

Journal Club

Simon et al. Arthritis Rheumatol. 2021;91:1550–1561

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



Clinical Connections
LBP and CD14  Are Essential for  Inflammation–
Induced Exacerbation of Cartilage Damage 
in Mouse Models of Posttraumatic OA 
Won et al. Arthritis Rheumatol 2021;91:1451–1460

CORRESPONDENCE 
Jang-Soo Chun, PhD: jschun@gist.ac.kr

SUMMARY  
Osteoarthritis (OA) is a whole-joint disease primarily characterized by articular cartilage destruction. OA-causing 
pathogenic factors in chondrocytes can be produced by mechanical stress, metabolic stress, and/or inflammaging, 
which are all associated with low-grade inflammation. Won et al found that the stimulation of  Toll-like receptor (TLR) 
signaling pathways under conditions of low-grade inflammation enhances cartilage destruction in mouse models of 
posttraumatic OA. Multiple components of  TLR signaling pathways are up-regulated in chondrocytes exposed to OA-
associated catabolic factors (e.g., interleukin-1β [IL-1β], hypoxia-inducible factor 2α [HIF-2α],  or the zinc importer 
ZIP8). Overexpression of individual TLR signaling components alone in joint tissues is not sufficient to cause OA 
development in mice. The authors elucidated the role of individual TLR signaling component using knock-out mice 
such as those deficient of  TLR2,  TLR4, lipopolysaccharide binding protein (LBP), and CD14 mice. Knockout of  TLR2 
or  TLR4 does not modulate posttraumatic OA. However,  LBP−/− and CD14−/− mice exhibited significant amelioration 
of low-grade inflammation–induced exacerbation of posttraumatic OA. Thus, TLR2, TLR4, LBP, and CD14 exhibit 
differential functions in OA pathogenesis associated with low-grade inflammation. In particular, LBP and CD14 are 
necessary for the exacerbation of posttraumatic OA under conditions of low-grade inflammation. 

KEY POINTS  
•  TLR signaling components are up-regulated in 

chondrocytes stimulated with OA-associated  
catabolic factors.

•  Stimulation of TLR signaling pathways enhances 
posttraumatic OA in mouse models.

•  LBP and CD14 exacerbate posttraumatic cartilage 
destruction under conditions of low-grade inflammation.

•  LBP and CD14 regulate the expression of matrix-
degrading enzymes (e.g., matrix metalloproteinase 3 
[MMP-3], MMP-13, and ADAMTS-5) in chondrocytes.



Clinical Connections

KEY POINTS  
•  Low doses of CPT and TPT 

have therapeutic effects on 
lupus nephritis in a murine 
model of lupus.   

•  CPT and TPT significantly 
reduce inflammatory 
cytokine production in 
human kidney cells. 

•  The effects of CPT and 
TPT on lupus nephritis and 
inflammation occur largely 
through the inhibition of Fli-1 
expression.

•  CPT and TPT could be 
repurposed to treat lupus 
nephritis. 

SUMMARY  
Fli-1 transcription factor plays a critical role in lupus nephritis development by impacting inflammatory cytokine 
production in kidney resident cells and activation of immune cells. Camptothecin (CPT) and topotecan (TPT) 
are chemotherapeutic drugs known as inhibitors of Fli-1 and topoisomerase. Wang et al demonstrated that 
in a murine model of lupus NZBWF1, in which female mice were treated with low doses of CPT and TPT, the 
mice experienced significantly reduced proteinuria, prolonged survival, attenuated renal injury, diminished 
splenomegaly, reduced anti–double-stranded DNA (anti-dsDNA) autoantibody levels, and reduced IgG and 
C3 deposits in the glomeruli, compared to the mice treated with vehicle. Mice treated with CPT and TPT had 
similar or better results compared to mice treated with cyclophosphamide. Human renal cells treated with low 
doses of CPT or TPT had reduced expression of Fli-1 and decreased production of inflammatory cytokines, 
including monocyte chemotactic protein 1 (MCP-1), CLCL10, and interleukin-6 (IL-6) following stimulation 
with interferon-α or interferon-γ. These results indicate that low doses of CPT and TPT could be repurposed 
to treat lupus nephritis.  

CPT and TPT Ameliorate Lupus Nephritis 
in NZBWF1 Mice and Reduce Production 
of Inflammatory Mediators in Human 
Renal Cells
Wang et al. Arthritis Rheumatol 2021;91:1451–1460
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Xian K. Zhang, DVM, PhD: zhangjo@musc.edu
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Objective. To provide evidence- based recommendations and expert guidance for the management of giant cell 
arteritis (GCA) and Takayasu arteritis (TAK) as exemplars of large vessel vasculitis.

Methods. Clinical questions regarding diagnostic testing, treatment, and management were developed in the population, 
intervention, comparator, and outcome (PICO) format for GCA and TAK (27 for GCA, 27 for TAK). Systematic literature reviews 
were conducted for each PICO question. The Grading of Recommendations Assessment, Development and Evaluation 
methodology was used to rate the quality of the evidence. Recommendations were developed by the Voting Panel, comprising 
adult and pediatric rheumatologists and patients. Each recommendation required ≥70% consensus among the Voting Panel.

Results. We present 22 recommendations and 2 ungraded position statements for GCA, and 20 recommendations 
and 1 ungraded position statement for TAK. These recommendations and statements address clinical questions 
relating to the use of diagnostic testing, including imaging, treatments, and surgical interventions in GCA and TAK. 
Recommendations for GCA include support for the use of glucocorticoid- sparing immunosuppressive agents and the 
use of imaging to identify large vessel involvement. Recommendations for TAK include the use of nonglucocorticoid 
immunosuppressive agents with glucocorticoids as initial therapy. There were only 2 strong recommendations; the 
remaining recommendations were conditional due to the low quality of evidence available for most PICO questions.

Conclusion. These recommendations provide guidance regarding the evaluation and management of patients 
with GCA and TAK, including diagnostic strategies, use of pharmacologic agents, and surgical interventions.
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tions cannot adequately convey all uncertainties and nuances of patient care.
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INTRODUCTION

Giant cell arteritis (GCA) and Takayasu arteritis (TAK) are sys-
temic vasculitides that primarily affect large-  and medium- sized 
vessels (1). GCA can present with both cranial and extracra-
nial manifestations. Cranial manifestations include headaches, 
scalp tenderness, vision loss, and jaw claudication. Large vessel 
(“extracranial”) involvement results in arterial stenosis and aneu-
rysms, causing absent pulses and limb claudication (2). GCA 
is more common in individuals of Northern European descent 
who are older than 50 years of age. Diagnosis is based on clinical 
presentation, pathologic abnormalities on temporal artery biopsy, 
and/or evidence of large vessel involvement on vascular imaging 
(1– 6). Glucocorticoids are the mainstay treatment for GCA, but 
tocilizumab has been approved by the US Food and Drug Admin-
istration for the treatment of GCA (7,8).

TAK causes granulomatous inflammation of the aorta and 
its branches. It is more common in younger women (9,10). Clini-
cal manifestations include constitutional symptoms, elevated levels 
of inflammation markers, and arterial stenosis and/or aneurysms 
resulting in limb claudication and absent pulses (11). Treatment 
options include glucocorticoids, nonglucocorticoid immunosup-
pressive agents, and surgical management of vascular abnormal-
ities (12).

As GCA and TAK share clinical manifestations, similar ques-
tions arise regarding their treatment and management. Recent 
studies have broadened treatment options for GCA, and vascular 
imaging is increasingly used for diagnosis and management. This 
guideline was developed to provide evidence- based recommen-
dations for the evaluation and management of GCA and TAK.

METHODS

This guideline followed the American College of Rheu-
matology (ACR) guideline development process (https://www.
rheum atolo gy.org/Pract ice- Quali ty/Clini cal- Suppo rt/Clini cal- 
Pract ice- Guide lines) using the Grading of Recommendations 
Assessment, Development and Evaluation (GRADE) methodol-
ogy to rate the quality of evidence and develop recommenda-
tions (13– 15). ACR policy guided the management of conflicts 
of interest and disclosures (https://www.rheum atolo gy.org/
Pract ice- Quali ty/Clini cal- Suppo rt/Clini cal- Pract ice- Guide lines/ 
Vascu litis). Supplementary Appendix 1 (available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41774/ abstract) presents a detailed descrip-
tion of the methods. Briefly, the Literature Review team under-
took systematic literature reviews for predetermined questions 
specifying the clinical population, intervention, comparator, and 
outcomes (PICO). An in- person Patient Panel of 11 individuals 
with different types of vasculitis (3 patients with GCA or TAK) 
was moderated by a member of the Literature Review team 
(ABD). This Patient Panel reviewed the evidence report (along 
with a summary and interpretation by the moderator) and pro-
vided patient perspectives and preferences about their personal 
experiences regarding clinical and treatment aspects of their 
disease. The Voting Panel comprised 9 adult rheumatologists, 
5 pediatric rheumatologists, and 2 patients; they reviewed the 
Literature Review team’s evidence summaries and, bearing 
in mind the Patient Panel’s deliberations, formulated and voted 
on recommendations. A recommendation required ≥70% con-
sensus among the Voting Panel.
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How to interpret the recommendations

A strong recommendation is typically supported by moderate-  
to high- quality evidence (e.g., multiple randomized controlled 
trials). For a strong recommendation, the recommended course 
of action would apply to all or almost all patients. Only a small 
proportion of clinicians/patients would not want to follow the rec-
ommendation. In rare instances, a strong recommendation may 
be based on very low– to low-certainty evidence. For example, 
an intervention may be strongly recommended if it is considered 
low- cost, without harms, and the consequence of not perform-
ing the intervention may be catastrophic. An intervention may be 
strongly recommended against if there is high certainty that the 
intervention will lead to more harm than the comparison with very 
low or low certainty about its benefit (16).

A conditional recommendation is generally supported by 
lower- quality evidence or a close balance between desirable 
and undesirable outcomes. For a conditional recommendation, 
the recommended course of action would apply to the majority 
of the patients, but the alternative is a reasonable consideration. 
Conditional recommendations always warrant a shared decision- 
making approach. We specify conditions under which the alterna-
tive may be considered.

In some instances, the committee found that the evi-
dence for a particular PICO question did not support a graded 

recommendation or did not favor one intervention over another. 
However, the Voting Panel believed that the PICO question 
addressed a commonly encountered clinical question which has 
not been fully clarified and requires further investigation, and thus 
felt that providing guidance for this question was warranted. For 
these situations, we present “ungraded position statements,” 
which reflect general views of the Voting Panel.

In this evidence- based guideline, we explicitly used the 
best evidence available and present that in a transparent man-
ner for the clinician reader/user (10). In some instances, this 
includes randomized trials in which the interventions under 
consideration are directly compared. The GRADE system rates 
evidence that comes exclusively from the collective experience 
of the Voting Panel and Patient Panel members as “very low– 
quality” evidence (15).

For each recommendation, details regarding the PICO ques-
tions and the GRADE evidence tables can be found in Supple-
mentary Appendix 2 (http://onlin elibr ary.wiley.com/doi/10.1002/
art.41774/ abstract).

RESULTS

For the GCA evidence report, 399 articles were reviewed to 
address 27 PICO questions. For the TAK evidence report, 347 
articles were reviewed to address 27 PICO questions.

Table 1. Definitions of selected terms used in the recommendations and ungraded position statements for GCA and TAK*

Term Definition
Disease states

Suspected disease Clinical signs and/or symptoms suggestive of GCA/TAK and not explained by other conditions
Active disease New, persistent, or worsening clinical signs and/or symptoms attributed to GCA/TAK and not related to 

prior damage
Severe disease Vasculitis with life-  or organ- threatening manifestations (e.g., vision loss, cerebrovascular ischemia, cardiac 

ischemia, limb ischemia)
Nonsevere disease Vasculitis without life-  or organ- threatening manifestations (e.g., constitutional symptoms, headache, jaw 

claudication, symptoms of polymyalgia rheumatica)
Remission Absence of clinical signs or symptoms attributed to active GCA/TAK, on or off immunosuppressive therapy
Refractory disease Persistent active disease despite an appropriate course of immunosuppressive therapy
Relapse Recurrence of active disease following a period of remission
Cranial ischemia Visual and neurologic involvement including amaurosis fugax, vision loss, and stroke

Treatments
IV pulse GCs IV methylprednisolone 500– 1,000 mg/day (adults) or 30 mg/kg/day (children; maximum 1,000 mg/day) or 

equivalent for 3– 5 days
High- dose oral GCs Prednisone 1 mg/kg/day up to 80 mg or equivalent
Moderate- dose oral GCs Prednisone 0.5 mg/kg/day (generally 10– 40 mg/day in adults) or equivalent
Low- dose oral GCs Prednisone ≤10 mg/day or equivalent
Non- GC nonbiologic 

immunosuppressive therapy
Azathioprine, leflunomide, methotrexate, mycophenolate mofetil, cyclophosphamide

Biologics Abatacept, tumor necrosis factor inhibitor, tocilizumab
Surgical intervention Angioplasty, stent placement, vascular bypass, vascular graft

Disease assessments
Clinical monitoring Assessing for clinical signs and symptoms of active disease, obtaining 4 extremity blood pressures, and 

obtaining clinical laboratory results, including inflammation marker levels
Inflammation markers Erythrocyte sedimentation rate, C- reactive protein level
Noninvasive imaging Computed tomography angiogram, magnetic resonance angiogram, positron emission tomography scan, 

vascular ultrasound, magnetic resonance imaging of temporal and scalp arteries
Invasive imaging Conventional catheter- based angiogram

* GCA = giant cell arteritis; TAK = Takayasu arteritis; IV = intravenous; GCs = glucocorticoids.
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Recommendations and ungraded position 
statements for the management of GCA

Table 1 presents definitions of selected terms used in the rec-
ommendations, including disease states such as severe disease, 
dosing ranges for glucocorticoids, categorization of medications, 
and disease assessments. Tables 2 and 3 present the recom-
mendations with their supporting PICO questions and levels of 
evidence. We present 22 recommendations and 2 ungraded 
position statements for GCA. All but 1 of the recommendations 
are conditional due to very low– to low-quality evidence. Figure 1 
presents key recommendations for the treatment of GCA.

Diagnostic testing

Recommendation: For patients with suspected GCA, 
we conditionally recommend an initial unilateral temporal 
artery biopsy over bilateral biopsies.

Initially, a unilateral biopsy is recommended. However, bilateral 
temporal artery biopsies may be appropriate if the symptoms are 
not clearly localized to 1 temporal artery. Proceeding with the con-
tralateral biopsy is also appropriate if the unilateral biopsy result is 
negative and additional evidence for cranial GCA is sought (17).

Recommendation: For patients with suspected GCA, 
we conditionally recommend a long- segment temporal 
artery biopsy specimen (>1 cm) over a short- segment tem-
poral artery biopsy specimen (<1 cm).

A longer segment of the temporal artery is preferred, since 
GCA is a focal and segmental disease, and the added morbidity 
of obtaining a larger segment is very low. A shorter segment 
obtained on biopsy can result in reduced diagnostic yield and 

a missed diagnosis. This recommendation is conditional due to 
a lack of high- quality evidence, but the Voting Panel emphasized 
obtaining longer biopsy specimens when possible (18,19).

Recommendation: For patients with suspected GCA, 
we conditionally recommend obtaining a temporal artery 
biopsy specimen within 2 weeks of starting oral glucocorti-
coids over waiting longer than 2 weeks for a biopsy.

Overall, biopsy specimens should be obtained as soon as 
possible to maximize the likelihood of detecting histopathologic 
changes. Studies suggest that histopathologic changes indicating 
GCA are more likely to be detected in a temporal artery biopsy if 
obtained within 2 weeks of starting glucocorticoids; however, his-
topathologic changes have been detected in biopsy specimens 
obtained much later than 2 weeks after the start of glucocorticoid 
treatment (20– 28). A biopsy specimen obtained 2 weeks after 
starting glucocorticoids could be informative and may be consid-
ered at the discretion of the physician and patient.

Recommendation: For patients with suspected GCA, we 
conditionally recommend temporal artery biopsy over tem-
poral artery ultrasound for establishing a diagnosis of GCA.

In general, rheumatologists and radiologists in the US are 
less experienced in using ultrasound to diagnose temporal artery 
involvement in GCA compared to their counterparts in Europe. 
Therefore, temporal artery biopsy remains the optimal approach 
to diagnosing GCA in the US, because ultrasound is operator- 
dependent and results are influenced by treatment (i.e., signs of 
inflammation quickly disappear with glucocorticoid treatment). In 
centers with appropriate training and expertise in using temporal 
artery ultrasound, ultrasound may be a useful and complementary 
tool for diagnosing GCA (29– 33).

Table 2. Recommendations for diagnostic testing in GCA*

Recommendation

GCA PICO 
question informing 
recommendation 

and discussion
Level of 

evidence
Recommendation: For patients with suspected GCA, we conditionally recommend an initial 

unilateral temporal artery biopsy over bilateral biopsies.
1 Low

Recommendation: For patients with suspected GCA, we conditionally recommend a long- 
segment temporal artery biopsy specimen (>1 cm) over a short- segment temporal artery 
biopsy specimen (<1 cm).

2 Low

Recommendation: For patients with suspected GCA, we conditionally recommend obtaining a 
temporal artery biopsy specimen within 2 weeks of starting oral GCs over waiting longer than 2 
weeks for a biopsy.

3 Low

Recommendation: For patients with suspected GCA, we conditionally recommend temporal 
artery biopsy over temporal artery ultrasound for establishing a diagnosis of GCA.

4 Low

Recommendation: For patients with suspected GCA, we conditionally recommend temporal 
artery biopsy over MRI of the cranial arteries for establishing a diagnosis of GCA.

5 Low

Recommendation: For patients with suspected GCA and a negative temporal artery biopsy result 
(or results), we conditionally recommend noninvasive vascular imaging of the large vessels with 
clinical assessment to aid in diagnosis over clinical assessment alone.

6, 7 Very low to low

Recommendation: For patients with newly diagnosed GCA, we conditionally recommend 
obtaining noninvasive vascular imaging to evaluate large vessel involvement.

9 Very low

* For the population, intervention, comparator, and outcome (PICO) questions used in the Grading of Recommendations Assessment, Development 
and Evaluation methodology, as developed for giant cell arteritis (GCA), please refer to Supplementary Appendix 2 (available on the Arthritis & 
Rheumatology website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41774/ abstract). GCs = glucocorticoids; MRI = magnetic resonance imaging. 
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Recommendation: For patients with suspected GCA, we 
conditionally recommend temporal artery biopsy over mag-
netic resonance imaging (MRI) of the cranial arteries for 
establishing a diagnosis of GCA.

Protocols to image the cranial vessels using differ-
ent modalities, including MRI, have been developed, which 

can be helpful to establish a diagnosis of GCA (30,31,34– 
37). However, lack of technical expertise with this modality in 
the US, as well as the lack of widespread validation of this 
approach, limits the applicability of MRI with contrast of the 
cranial vessels as a replacement for temporal artery biopsy at 
the current time.

Table 3. Recommendations/statements for treatment (medical management and surgical intervention) and clinical/laboratory monitoring in 
GCA*

Recommendation/statement

GCA PICO 
question informing 
recommendation 

and discussion
Level of 

evidence
Medical management

Recommendation: For patients with newly diagnosed GCA without manifestations of cranial ischemia, 
we conditionally recommend initiating treatment with high- dose oral GCs over IV pulse GCs.

11 Very low to low

Recommendation: For patients with newly diagnosed GCA with threatened vision loss, we 
conditionally recommend initiating treatment with IV pulse GCs over high- dose oral GCs.

12 Very low

Recommendation: For patients with newly diagnosed GCA, we conditionally recommend dosing oral 
GCs daily over an alternate-day schedule.

18 Low

Recommendation: For patients with newly diagnosed GCA, we conditionally recommend initiating 
treatment with high- dose oral GCs over moderate- dose oral GCs.

14 Very low to low

Recommendation: For patients with newly diagnosed GCA, we conditionally recommend the use of 
oral GCs with tocilizumab over oral GCs alone.

15, 16, 17 Low to high

Recommendation: For patients with GCA with active extracranial large vessel involvement, we 
conditionally recommend treatment with oral GCs combined with a non- GC immunosuppressive 
agent over oral GCs alone.

21 Very low to low

Ungraded position statement: The optimal duration of therapy with GCs for GCA is not well 
established and should be guided by the patient’s values and preferences.

20 Low to moderate

Recommendation: In patients with newly diagnosed GCA, we conditionally recommend against the 
use of an HMG- CoA reductase inhibitor (“statin”) specifically for the treatment of GCA.

19 Very low

Recommendation: For patients with GCA who have critical or flow- limiting involvement of the 
vertebral or carotid arteries, we conditionally recommend adding aspirin.

13 Very low to 
moderate

Recommendation: For patients with GCA who experience disease relapse while receiving moderate- 
to- high– dose GCs, we conditionally recommend adding a non- GC immunosuppressive drug.

Relapse 2 †

Recommendation: For patients with GCA who experience disease relapse with symptoms of cranial 
ischemia, we conditionally recommend adding a non- GC immunosuppressive agent and increasing 
the dose of GCs over increasing the dose of GCs alone.

Relapse 1, 3 †

Recommendation: For patients with GCA who experience disease relapse with symptoms of cranial 
ischemia while receiving GCs, we conditionally recommend adding tocilizumab and increasing the 
dose of GCs over adding methotrexate and increasing the dose of GCs.

Relapse 4 †

Surgical intervention
Ungraded position statement: For any patient requiring surgical vascular intervention for GCA, the 

type and timing of intervention should be a collaborative decision between the vascular surgeon 
and rheumatologist.

‡ ‡

Recommendation: For patients with severe GCA and worsening signs of limb/organ ischemia 
who are receiving immunosuppressive therapy, we conditionally recommend escalating 
immunosuppressive therapy over surgical intervention with escalation of immunosuppressive 
therapy.

24 Very low to low

Recommendation: For patients with GCA undergoing vascular surgical intervention, we conditionally 
recommend the use of high- dose GCs during the periprocedural period, if the patient has active 
disease.

27 Very low

Clinical/laboratory monitoring
Recommendation: For patients with GCA in apparent clinical remission, we strongly recommend 

long- term clinical monitoring over no clinical monitoring.
10 Very low to low

Recommendation: For patients with GCA who have an increase in levels of inflammation markers 
alone, we conditionally recommend clinical observation and monitoring without escalation of 
immunosuppressive therapy.

23 Very low

* For the population, intervention, comparator, and outcome (PICO) questions used in the Grading of Recommendations Assessment, 
Development and Evaluation methodology, as developed for giant cell arteritis (GCA), please refer to Supplementary Appendix 2 (available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41774/ abstract). GCs = glucocorticoids; IV = intravenous; 
HMG- CoA = hydroxymethylglutaryl- coenzyme A. 
† PICO question was developed after completion of literature review and evidence reports. Data from studies already included in evidence 
reports were reviewed, but no dedicated literature review was performed for these questions. Recommendation was formed from available 
evidence and expert opinion. 
‡ Ungraded position statement was not based on a specific PICO question. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41774/abstract
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Recommendation: For patients with suspected GCA 
and a negative temporal artery biopsy result (or results), we 
conditionally recommend noninvasive vascular imaging of 
the large vessels with clinical assessment to aid in diagno-
sis over clinical assessment alone.

Imaging the large vessels may provide additional evi-
dence of disease (e.g., extracranial GCA) when the diag-
nosis is uncertain following negative temporal artery biopsy 
results (28,34,38– 44). Potential diagnostic imaging modali-
ties include MR or computed tomography (CT) angiography 
of the neck/chest/abdomen/pelvis, ultrasonography, and 
18F- fluorodeoxyglucose positron emission tomography (FDG- 
PET) (43,45).

Recommendation: For patients with newly diagnosed 
GCA, we conditionally recommend obtaining noninvasive 
vascular imaging to evaluate large vessel involvement.

Baseline noninvasive imaging with MR or CT angiography of 
the neck/chest/abdomen/pelvis in patients with newly diagnosed 
GCA can detect large vessel involvement and may be compared 
with subsequent routine monitoring if indicated (46). In a patient 
with large vessel involvement, routine noninvasive vascular imaging 
can identify early and long- term complications, such as aneurysms 
and stenoses, and assess stability of existing lesions. In patients 
without large vessel involvement, routine and repeated monitoring 
with vascular imaging may or may not be necessary.

Medical management

Recommendation: For patients with newly diagnosed 
GCA without manifestations of cranial ischemia, we condi-
tionally recommend initiating treatment with high- dose oral 
glucocorticoids over intravenous (IV) pulse glucocorticoids.

Cranial ischemic manifestations include visual and neurologic 
involvement such as amaurosis fugax, vision loss, and stroke. 
Some studies have suggested that the use of IV pulse glucocor-
ticoids in this patient group could decrease disease relapse and 
increase remission rates. However, routine use of IV pulse gluco-
corticoids can also be associated with increased risks, including 
infections, that may outweigh the benefits, especially in the elderly 
(47,48).

Recommendation: For patients with newly diagnosed 
GCA with threatened vision loss, we conditionally recom-
mend initiating treatment with IV pulse glucocorticoids 
over high- dose oral glucocorticoids.

Studies investigating the effect of IV pulse glucocorticoids in 
patients with GCA and cranial ischemia have demonstrated con-
flicting results. However, this population is at high risk for vision 
loss as well as toxicity from glucocorticoid use. IV pulse gluco-
corticoids can be used in patients with the highest risk of vision 
loss, but this decision should be guided by the patient’s clinical 
condition, values, and preferences (49,50).

Figure 1. Overview of treatment of giant cell arteritis.
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Recommendation: For patients with newly diagnosed 
GCA, we conditionally recommend dosing oral glucocorti-
coids daily over an alternate-day schedule.

This recommendation is conditional solely due to the low level 
of evidence, which indicates higher remission rates in patients 
receiving daily dosing. The panel did not identify any situations in 
which alternate-day dosing of prednisone would be preferred (51).

Recommendation: For patients with newly diagnosed 
GCA, we conditionally recommend initiating treatment with 
high- dose oral glucocorticoids over moderate- dose oral 
glucocorticoids.

We recommend starting high- dose oral glucocorticoids 
to achieve rapid disease control followed by tapering the glu-
cocorticoid dose (weeks to months) to avoid prolonged high- 
dose treatment and reduce toxicity. The dosing and duration 
of oral glucocorticoid therapy can be variable depending on a 
patient’s manifestations and comorbidities and whether the use 
of a glucocorticoid- sparing agent was also initiated. Studies sup-
porting the efficacy and lower toxicity of moderate- dose gluco-
corticoids are of low quality, which prevents the Voting Panel from 
recommending moderate- dose glucocorticoids as initial therapy. 
Moderate- dose glucocorticoids may be used in patients with sig-
nificant risk of severe glucocorticoid toxicity and in patients with 
low risk of vision loss or other life-  or organ- threatening compli-
cations (48– 53).

Recommendation: For patients with newly diagnosed 
GCA, we conditionally recommend the use of oral gluco-
corticoids with tocilizumab over oral glucocorticoids alone.

A trial published in 2017 (8) demonstrated that tocilizumab 
has a significant glucocorticoid- sparing effect in GCA, and thus, 
tocilizumab should be considered for initial treatment. How-
ever, methotrexate with glucocorticoids, as well as glucocorti-
coids alone, can also be considered as initial treatment for newly 
diagnosed GCA. The decision to treat with tocilizumab and glu-
cocorticoids, methotrexate and glucocorticoids, or glucocorti-
coid monotherapy for initial therapy should be made based on the 
physician’s experience and the patient’s clinical condition, values, 
and preferences. Lack of long- term follow-up data on tocilizumab 
and cost may limit its use (8,54). Abatacept with glucocorticoids 
can also be considered if these other agents are not effective (55).

Recommendation: For patients with GCA with active 
extracranial large vessel involvement, we conditionally 
recommend treatment with oral glucocorticoids combined 
with a nonglucocorticoid immunosuppressive agent over 
oral glucocorticoids alone.

Management of GCA in patients with new, persistent, or 
worsening extracranial symptoms (e.g., limb claudication) or signs 

(e.g., imaging findings) attributed to GCA can include the addition 
of nonglucocorticoid immunosuppressive agents. These agents 
include biologic agents (e.g., tocilizumab) as well as oral therapies 
(e.g., methotrexate) (56,57). However, the Voting Panel recognizes 
that there are few high- quality studies evaluating the efficacy of 
these agents for this patient group. While there is stronger clinical 
evidence supporting the use of tocilizumab compared to meth-
otrexate for the treatment of GCA, methotrexate can be consid-
ered for patients unable to use tocilizumab due to factors such 
as recurrent infections, history of gastrointestinal perforations or 
diverticulitis, and cost.

Ungraded position statement: The optimal duration of 
therapy with glucocorticoids for GCA is not well established 
and should be guided by the patient’s values and preferences.

Factors that may influence the duration of therapy include the 
patient’s clinical manifestations, toxicity related to glucocorticoid 
use, number of flares, the physician’s experience, and the patient’s 
preferences (8). Overall, the Patient Panel emphasized minimizing 
the use of glucocorticoids as much as possible but recognized that 
longer- term use may be needed in some patients to avoid flares.

Recommendation: In patients with newly diagnosed 
GCA, we conditionally recommend against the use of a 
hydroxymethylglutaryl- coenzyme A reductase inhibitor 
(“statin”) specifically for the treatment of GCA.

The use of statins is not known to provide a clinically sig-
nificant immunosuppressive effect for GCA. Whether statins are 
warranted to decrease the patient’s risk of cardiovascular events 
is a separate clinical question and depends on the patient’s risk 
factors for cardiovascular disease (58– 60).

Recommendation: For patients with GCA who have crit-
ical or flow- limiting involvement of the vertebral or carotid 
arteries, we conditionally recommend adding aspirin.

There are few data regarding this clinical question, but the 
antiplatelet activity of aspirin may be beneficial in preventing 
ischemic events in patients with vascular narrowing causing 
decreased cerebral blood flow (61– 64). The efficacy of aspirin to 
prevent ischemic events in patients without vertebral or carotid 
narrowing remains unclear at this time.

Recommendation: For patients with GCA who expe-
rience disease relapse while receiving moderate- to- high– 
dose glucocorticoids, we conditionally recommend adding 
a nonglucocorticoid immunosuppressive drug.

Relapses of any type while receiving moderate- to- high– dose 
glucocorticoids indicate that it is unlikely that it will be possi-
ble for glucocorticoids to be tapered to a low dose. Therefore, 
glucocorticoid- sparing therapy should be considered.
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Recommendation: For patients with GCA who experi-
ence disease relapse with symptoms of cranial ischemia, we 
conditionally recommend adding a nonglucocorticoid immu-
nosuppressive agent and increasing the dose of glucocorti-
coids over increasing the dose of glucocorticoids alone.

Nonglucocorticoid immunosuppressive agents considered 
in this situation include tocilizumab and methotrexate (8,65,66). 
Relapses with symptoms of polymyalgia rheumatica may be con-
trolled by increasing the dose of glucocorticoids alone.

Recommendation: For patients with GCA who experience 
disease relapse with cranial symptoms while receiving gluco-
corticoids, we conditionally recommend adding tocilizumab 
and increasing the dose of glucocorticoids over add-
ing methotrexate and increasing the dose of glucocorticoids.

Tocilizumab is an effective glucocorticoid- sparing agent for GCA 
(8,54). While there are no comparative studies, the glucocorticoid- 
sparing effect seen with methotrexate is smaller than the effect seen 
with tocilizumab (8,55,65– 67). While the glucocorticoid- sparing effect 
of tocilizumab is best quantified using the subcutaneous formulation 
(8), IV tocilizumab has also been shown to be glucocorticoid- sparing 
(54). Again, methotrexate can be considered for patients who are 
unable to tolerate or have limited access to tocilizumab.

Surgical intervention

Ungraded position statement: For any patient requiring 
surgical vascular intervention for GCA, the type and timing 
of intervention should be a collaborative decision between 
the vascular surgeon and rheumatologist.

Recommendation: For patients with severe GCA and 
worsening signs of limb/organ ischemia who are receiving 
immunosuppressive therapy, we conditionally recommend 
escalating immunosuppressive therapy over surgical inter-
vention with escalation of immunosuppressive therapy.

Because patients can develop collateral blood vessels to 
improve distal blood flow, immunosuppressive therapy is recom-
mended as initial therapy in patients with GCA and worsening 
limb/organ ischemia. However, clinical situations that would war-
rant consideration of immediate surgical intervention include aor-
tic aneurysms at high risk for rupture and impending/progressive 
tissue or organ infarction or damage (68– 70).

Recommendation: For patients with GCA undergo-
ing vascular surgical intervention, we conditionally rec-
ommend the use of high- dose glucocorticoids during the 
periprocedural period, if the patient has active disease.

This recommendation pertains to patients with GCA who 
are undergoing a vascular surgical intervention due to a com-
plication of GCA (e.g., aneurysm or stenosis). There are limited 
data regarding the use of high- dose glucocorticoids during the 

periprocedural period in GCA, and thus, support for this recom-
mendation is based in part on their use in TAK. As in TAK, high 
doses of oral glucocorticoids in the perioperative setting are rec-
ommended if the disease is active or if the clinician is concerned 
that the patient may have active disease.

Clinical/laboratory monitoring

Recommendation: For patients with GCA in apparent 
clinical remission, we strongly recommend long- term clini-
cal monitoring over no clinical monitoring.

The optimal frequency and length of monitoring are not well 
established and depend on factors including the duration of remission, 
site of involvement, risk of disease progression, whether the patient 
is receiving immunosuppressive therapy, and reliability of the patient 
to report new signs or symptoms (48,69). Clinical monitoring may 
include history taking, examinations, and laboratory and imaging 
studies. This is a strong recommendation given the minimal risks and 
potential catastrophic outcomes if monitoring is not performed.

Recommendation: For patients with GCA who have 
an increase in levels of inflammation markers alone, we 
conditionally recommend clinical observation and moni-
toring without escalation of immunosuppressive therapy.

Increases in levels of inflammation markers such as eryth-
rocyte sedimentation rate and C- reactive protein can be non-
specific (69). Therefore, increasing immunosuppressive therapy 
is not warranted in the setting of increased levels of inflamma-
tion markers in the absence of other signs of disease activity. 
However, these increased levels may warrant more frequent clin-
ical and/or radiographic assessments for active disease.

Recommendations and ungraded position 
statement for the management of TAK

Table 1 presents definitions of selected terms used in the rec-
ommendations, and Tables 4 and 5 present the recommendations 
with their supporting PICO questions and levels of evidence. We 
present 20 recommendations and 1 ungraded position statement 
for TAK. All recommendations except for 1 are conditional due to 
the availability of only very low– to low-quality evidence. Figure 2 
presents key recommendations for the treatment of TAK.

Medical management

Recommendation: For patients with active, severe 
TAK who are not receiving immunosuppressive therapy, 
we conditionally recommend initiating treatment with high- 
dose oral glucocorticoids over IV pulse glucocorticoids fol-
lowed by high- dose oral glucocorticoids.

There is no evidence that IV pulse glucocorticoids are more 
effective than high- dose oral glucocorticoids in this setting. 
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IV pulse glucocorticoids may be considered for patients with 
life-  or organ- threatening disease. In children, alternate ste-
roid dosing regimens (e.g., IV pulse glucocorticoids with low 
daily oral dosing) may be preferred to improve compliance and 
potentially reduce adverse consequences such as impacting 
growth (71).

Recommendation: For patients with newly active, severe 
TAK, we conditionally recommend initiating treatment with 
high- dose glucocorticoids over low- dose glucocorticoids.

A higher dose of glucocorticoids is recommended due to the 
potential for organ damage or life- threatening events. However, 
lower doses of glucocorticoids may be considered for patients 

with newly active, nonsevere disease (e.g., patients with constitu-
tional symptoms and without limb ischemia) (72).

Recommendation: For patients with TAK who achieved 
remission while receiving glucocorticoids for ≥6– 12 months, 
we conditionally recommend tapering off glucocorticoids over 
long- term treatment with low- dose glucocorticoids for remis-
sion maintenance.

The optimal duration of glucocorticoid use in TAK is unknown. 
Glucocorticoid exposure should be limited if possible in order 
to minimize toxicity. Glucocorticoids may be continued for a longer 
duration if disease is not adequately controlled or if the patient 
experiences frequent disease relapse.

Table 4. Recommendations/statement for treatment (medical management and surgical intervention) in TAK*

Recommendation/statement

TAK PICO question 
informing 

recommendation 
and discussion

Level of 
evidence

Medical management
Recommendation: For patients with active, severe TAK who are not receiving immunosuppressive 

therapy, we conditionally recommend initiating treatment with high- dose oral GCs over IV pulse GCs 
followed by high- dose oral GCs.

6 Very low

Recommendation: For patients with newly active, severe TAK, we conditionally recommend initiating 
treatment with high- dose GCs over low- dose GCs.

5 Very low 
to low

Recommendation: For patients with TAK who achieved remission while receiving GCs for ≥6– 12 months, 
we conditionally recommend tapering off GCs over long- term treatment with low- dose GCs for 
remission maintenance.

15 Very low

Recommendation: For patients with active TAK, we conditionally recommend the use of a non- GC 
immunosuppressive agent plus GCs over GCs alone.

7, 8, 9 Low

Recommendation: For patients with active TAK, we conditionally recommend the use of other non- GC 
immunosuppressive therapy over tocilizumab as initial therapy.

8, 10, 11, 12 Very low 
to low

Recommendation: For patients with TAK that is refractory to treatment with GCs alone, we conditionally 
recommend adding a tumor necrosis factor inhibitor over adding tocilizumab.

14 Very low

Recommendation: For patients with TAK and asymptomatic progression of a previously identified vascular 
lesion seen on imaging, without evidence of inflammation, we conditionally recommend continuing 
current therapy over escalating/changing immunosuppressive therapy.

16 Very low

Recommendation: For patients with active TAK and critical cranial or vertebrobasilar involvement, we 
conditionally recommend adding aspirin or another antiplatelet therapy.

13 Low

Surgical intervention
Ungraded position statement: For any patient requiring surgical vascular intervention, the type and timing 

of intervention should be a collaborative decision between the vascular surgeon and rheumatologist.
† †

Recommendation: In patients with known TAK and persistent limb claudication without evidence of 
ongoing active disease, we conditionally recommend against surgical intervention.

20 Very low 
to low

Recommendation: For patients with known TAK with worsening signs of limb/organ ischemia while 
receiving immunosuppressive therapy, we conditionally recommend escalating immunosuppressive 
therapy over surgical intervention with escalation of immunosuppressive therapy.

21, 24 Very low

Recommendation: For patients with TAK with renovascular hypertension and renal artery stenosis, we 
conditionally recommend medical management over surgical intervention.

26 Very low 
to low

Recommendation: For patients with TAK and stenosis of a cranial/cervical vessel without clinical 
symptoms, we conditionally recommend medical management over surgical intervention.

22 Very low 
to low

Recommendation: For patients with TAK with worsening signs of limb/organ ischemia, we conditionally 
recommend delaying surgical intervention until the disease is quiescent over performing surgical 
intervention while the patient has active disease.

23 Very low 
to low

Recommendation: For patients with TAK who are undergoing surgical intervention, we conditionally 
recommend the use of high- dose GCs in the periprocedure period if the patient has active disease.

25 Very low 
to low

* For the population, intervention, comparator, and outcome (PICO) questions used in the Grading of Recommendations Assessment, 
Development and Evaluation methodology, as developed for Takayasu arteritis (TAK), please refer to Supplementary Appendix 2 (available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41774/ abstract). GCs = glucocorticoids; IV = intravenous. 
† Ungraded position statement was not based on a specific PICO question. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41774/abstract
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Recommendation: For patients with active TAK, we 
conditionally recommend the use of a nonglucocorticoid 
immunosuppressive agent plus glucocorticoids over gluco-
corticoids alone.

Nonglucocorticoid immunosuppressive agents are recom-
mended over monotherapy with glucocorticoids to minimize 

glucocorticoid- related toxicity. Methotrexate is often used as the 
initial nonglucocorticoid immunosuppressive agent, but other ther-
apies such as tumor necrosis factor inhibitors and azathioprine 
can be considered as well (70– 73). Methotrexate is often pre-
ferred for use in children since it is usually well tolerated. Gluco-
corticoid  monotherapy can be considered for mild disease or if the 

Table 5. Recommendations for clinical/laboratory monitoring and vascular imaging in TAK*

Recommendation

TAK PICO question 
informing 

recommendation 
and discussion

Level of 
evidence

Clinical/laboratory monitoring
Recommendation: For patients with TAK, we conditionally recommend adding inflammation markers to 

clinical monitoring as a disease activity assessment tool.
2 Very low 

to low
Recommendation: For patients with TAK in apparent clinical remission, we strongly recommend long- 

term clinical monitoring over no clinical monitoring.
4 Very low

Recommendation: For patients with TAK in apparent clinical remission but with an increase in levels 
of inflammation markers, we conditionally recommend clinical observation without escalation of 
immunosuppressive therapy.

19 Very low

Vascular imaging
Recommendation: For patients with TAK, we conditionally recommend the use of noninvasive imaging 

over catheter- based dye angiography as a disease activity assessment tool.
1 Low

Recommendation: For patients with known TAK, we conditionally recommend regularly scheduled 
noninvasive imaging in addition to routine clinical assessment.

3 Very low 
to low

Recommendation: For patients with TAK in apparent clinical remission but with signs of inflammation 
in new vascular territories (e.g., new stenosis or vessel wall thickening) on vascular imaging, we 
conditionally recommend treatment with immunosuppressive therapy.

17, 18 Very low 
to low

* For the population, intervention, comparator, and outcome (PICO) questions used in the Grading of Recommendations Assessment,
Development and Evaluation methodology, as developed for Takayasu arteritis (TAK), please refer to Supplementary Appendix 2 (available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41774/ abstract). 

Figure 2. Overview of treatment of Takayasu arteritis based on clinical and radiographic assessments.

http://onlinelibrary.wiley.com/doi/10.1002/art.41774/abstract
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diagnosis is uncertain. Patient- specific factors such as alcohol use, 
plans for childbearing, medication compliance, and medical comor-
bidities may influence the choice of immunosuppressant (73,74).

Recommendation: For patients with active TAK, we 
conditionally recommend the use of other nonglucocorti-
coid immunosuppressive therapy over tocilizumab as initial 
therapy.

As discussed above, nonglucocorticoid immunosuppressive 
agents such as methorexate, tumor necrosis factor inhibitors, and 
azathioprine can be used as initial therapy in TAK. We recommend 
these agents over tocilizumab for initial therapy, because the effi-
cacy of tocilizumab in TAK is not established at this time. While 
tocilizumab has been shown to be efficacious for GCA, the primary 
efficacy end point was not achieved in the only randomized trial 
of tocilizumab in TAK conducted thus far (74,75). Tocilizumab may 
be considered for patients with inadequate response to other 
immunosuppressive therapies. Abatacept is not recommended, 
since it has been shown in a small randomized controlled trial to 
not be efficacious in TAK (74,76).

Recommendation: For patients with TAK that is refrac-
tory to treatment with glucocorticoids alone, we condition-
ally recommend adding a tumor necrosis factor inhibitor 
over adding tocilizumab.

We recognize that among biologic therapies, some practi-
tioners favor TNF inhibition, while others favor interleukin- 6 inhi-
bition (tocilizumab) in this situation. Overall, the Voting Panel 
favored tumor necrosis factor inhibitors over tocilizumab, 
since there is more clinical experience with and data on 
tumor necrosis factor inhibitors in TAK compared to tocilizumab. 
In observational studies, tumor necrosis factor inhibitors have been 
shown to induce remission and decrease relapses (77– 79). Clini-
cal experience with tocilizumab in TAK has been demonstrated in 
a ran domized controlled trial and small case series. In the rand-
omized trial, a trend toward a longer time to relapse was seen in the 
tocilizumab arm, but the difference was not statistically significant. 
However, that study was felt to be underpowered (36 participants). 
Of note, tocilizumab use also affects acute- phase reactants, 
which may impact ability to gauge disease activity. Therefore, 
while the panel favors tumor necrosis factor inhibitor use, we rec-
ognize that tocilizumab may also be considered, especially when 
tumor necrosis factor inhibitors are contraindicated (75).

Recommendation: For patients with TAK and asymptom-
atic progression of a previously identified vascular lesion 
seen on imaging, without evidence of inflammation, we 
conditionally recommend continuing current therapy over 
escalating/changing immunosuppressive therapy.

Vascular lesions can progress due to a number of fac-
tors that may not be related to active disease, such as “healing 

fibrosis” in response to effective treatment. Intervention is not 
always needed, since collateral circulation frequently develops 
over time. However, the location and the extent of the lesion of 
the affected vessel should be considered. Escalating immunosup-
pressive therapy may be warranted if significant progression has 
developed rapidly (e.g., weeks to months) after a period of stable 
disease (80,81).

Recommendation: For patients with active TAK and 
critical cranial or vertebrobasilar involvement, we condi-
tionally recommend adding aspirin or another antiplatelet 
therapy.

Small observational studies suggest a decreased risk of 
ischemic events with antiplatelet therapy but an increased risk 
of bleeding (82). Therefore, antiplatelet therapy is usually used 
for patients at higher risk of ischemic events (e.g., patients with 
flow- limiting vertebrobasilar disease or stents). Antiplatelet therapy 
should be used with caution after surgical procedures or if there is 
an increased risk of bleeding (81).

Clinical/laboratory monitoring

Recommendation: For patients with TAK, we 
 conditionally recommend adding inflammation markers to 
clinical monitoring as a disease activity assessment tool.

While inflammation markers are an imperfect indicator 
of disease activity, they may be helpful for clinical monitoring 
(80,83).

Recommendation: For patients with TAK in apparent 
clinical remission, we strongly recommend long- term clini-
cal monitoring over no clinical monitoring.

The frequency of monitoring depends on factors including 
the duration of remission, sites of involvement, risk of disease 
progression, the patient’s immunosuppressive regimen, and the 
ability and likelihood of the patient reliably reporting new signs or 
symptoms of TAK. This is a strong recommendation given the min-
imal risks and potential catastrophic outcomes without monitoring 
(80,83).

Recommendation: For patients with TAK in apparent 
clinical remission but with an increase in levels of inflam-
mation markers, we conditionally recommend clinical 
observation without escalation of immunosuppressive 
therapy.

As discussed above in the GCA recommendations, increases 
in levels of inflammation markers can be nonspecific, and inten-
sifying immunosuppressive therapy in the setting of increased 
inflammation markers alone may not be warranted. More frequent 
clinical and/or radiographic assessments for active disease can 
be considered (77,80,83).
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Vascular imaging

Recommendation: For patients with TAK, we condi-
tionally recommend the use of noninvasive imaging over 
catheter- based dye angiography as a disease activity 
assessment tool.

Noninvasive imaging such as CT angiography, MR angi-
ography, or FDG- PET are recommended because these imag-
ing modalities provide information regarding vascular wall 
inflammation, while catheter- based angiography primarily pro-
vides information regarding the vascular lumen. Catheter- based 
angiography can be used to accurately determine central blood 
pressures, as part of surgical planning, or if noninvasive modalities 
do not provide adequate information. Identifying active disease 
based on noninvasive imaging at this time can be challenging, 
since the hallmarks of active disease have not been definitively 
established (43,45,84).

Recommendation: For patients with known TAK, we 
conditionally recommend regularly scheduled noninvasive 
imaging in addition to routine clinical assessment.

Routine imaging is recommended since vascular changes in 
TAK can occur when the disease is considered clinically quiescent. 
The optimal interval between imaging studies is not well established, 
and ranges vary (e.g., every 3– 6 months or longer). The interval may 
be shorter early in the disease course and longer with established, 
quiescent disease. Since sedation may be required for imaging 
studies in children and can be associated with potential risks and 
complications, routine imaging of inactive disease in children is at 
the discretion of the treating clinician, while considering risks and 
benefits (85,86).

Recommendation: For patients with TAK in apparent 
clinical remission but with signs of inflammation in new 
vascular territories (e.g., new stenosis or vessel wall thick-
ening) on vascular imaging, we conditionally recommend 
treatment with immunosuppressive therapy.

A new arterial stenosis is concerning as it can indicate 
recent active disease, and thus usually warrants immunosup-
pressive therapy. Other findings suggestive of active disease on 
MR angiography or CT angiography include vascular edema, 
contrast enhancement, and increased wall thickness, and may 
result in luminal damage over time. Findings of active disease 
by FDG- PET are defined by supraphysiologic FDG uptake in 
the arterial wall. However, abnormal findings in the vascular 
wall identified by imaging are not necessarily specific to vascu-
lar inflammation. The implication of finding vessel wall edema 
or enhancement on imaging remains an area of investigation, 
and the clinical importance of such findings on CT angiography, 
MR angiography, or FDG- PET is not certain (43,45,80,83– 86). 
Therefore, all therapeutic decision- making in this context should 
occur after reviewing the imaging findings with a radiologist to 

help determine whether the observed imaging changes repre-
sent active disease.

Surgical intervention

Ungraded position statement: For any patient requir-
ing surgical vascular intervention, the type and timing of 
intervention should be a collaborative decision between 
the vascular surgeon and rheumatologist.

Recommendation: In patients with known TAK and 
persistent limb claudication without evidence of ongoing 
active disease, we conditionally recommend against surgi-
cal intervention.

Patients with TAK can develop collateral circulation that 
bypasses the stenosis causing limb claudication, and thus, sur-
gical intervention may not be needed (87). However, surgical 
intervention can be considered for patients whose activities are 
significantly impacted by limb claudication.

Recommendation: For patients with known TAK with 
worsening signs of limb/organ ischemia while receiving 
immunosuppressive therapy, we conditionally recommend 
escalating immunosuppressive therapy over surgical inter-
vention with escalation of immunosuppressive therapy.

Immunosuppressive therapy is recommended to control 
vascular inflammation in order to improve or prevent worsening 
blood flow. However, clinical situations that could warrant imme-
diate surgical intervention include coronary artery involvement 
and impending/progressive tissue or organ infarction (88– 90).

Recommendation: For patients with TAK with reno-
vascular hypertension and renal artery stenosis, we con-
ditionally recommend medical management over surgical 
intervention.

Medical management includes antihypertensive drugs and 
immunosuppressive therapy if TAK is active. Surgical intervention 
(including catheter- based interventions) may be warranted for 
hypertension that is refractory to medical management in spite of 
optimized immunosuppressive therapy or in the setting of worsen-
ing renal function (12,91– 94).

Recommendation: For patients with TAK and stenosis 
of a cranial/cervical vessel without clinical symptoms, we 
conditionally recommend medical management over sur-
gical intervention.

Medical therapy is recommended if only a single vessel is 
involved, due to the substantial risks of surgery. Surgical inter-
ventions can be considered if multiple vessels are involved. This 
recommendation is based on indirect evidence obtained from 
neurologic experience and studies, because there is no direct evi-
dence for TAK (90,95– 98).
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Recommendation: For patients with TAK with wors-
ening signs of limb/organ ischemia, we conditionally rec-
ommend delaying surgical intervention until the disease is 
quiescent over performing surgical intervention while the 
patient has active disease.

Observational studies have suggested improved outcomes 
if surgical intervention is performed when disease is not active. 
However, surgical intervention during active disease may be nec-
essary if the patient has life-  or organ- threatening manifestations 
such as stroke, loss of viability of a limb, or myocardial ischemia 
(99– 101). We recognize that determining the level of disease activ-
ity in TAK can be challenging.

Recommendation: For patients with TAK who are 
undergoing surgical intervention, we conditionally rec-
ommend the use of high- dose glucocorticoids in the 
periprocedure period if the patient has active disease.

This recommendation pertains to patients with TAK who are 
undergoing a vascular surgical intervention due to a complication 
of TAK. High doses of oral glucocorticoids in the perioperative set-
ting are recommended if the disease is active or if the clinician is 
concerned that the patient may have active disease (90,96,102).

DISCUSSION

This guideline presents the ACR/Vasculitis Foundation rec-
ommendations for the use of diagnostic testing, treatment, clinical 
and laboratory monitoring, and surgical intervention for patients 
with GCA or TAK. Overarching themes of the recommendations 
include the preference, in the US, for temporal artery biopsy over 
cranial imaging studies for the diagnosis of GCA, the use of large 
vessel imaging for GCA and TAK for diagnosis and disease mon-
itoring, and limiting glucocorticoid exposure in order to minimize 
toxicity. Almost all recommendations are conditional due to low- 
quality evidence, reflecting the paucity of randomized clinical trials 
in these diseases.

Our recommendations regarding the use of temporal artery 
imaging differ from those presented by the European Alliance of 
Associations for Rheumatology (EULAR). In its recommendations 
regarding the use of imaging in large vessel vasculitis, EULAR 
indicates that the diagnosis of GCA may be made with a posi-
tive imaging test (e.g., temporal artery ultrasound or MRI of the 
cranial vessels), without additional testing such as temporal artery 
biopsy (103). However, the imaging recommendations presented 
by EULAR assume adequate expertise with these modalities. In 
the US, there is limited experience with temporal artery ultrasound 
and MRI of the cranial vessels as a diagnostic replacement for 
temporal artery biopsy, and thus, we continue to recommend 
temporal artery biopsy as the diagnostic test of choice at this time. 
However, we hope and anticipate that as experience with imaging 
of the temporal arteries to detect GCA (e.g., temporal artery ultra-
sound, MRI, and/or FDG- PET) increases in the US, patients will 

be able to benefit from these diagnostic tests. Also, in contrast to 
EULAR, we favor initial treatment of GCA with glucocorticoids and 
a glucocorticoid- sparing agent, given the well- recognized toxicity 
of glucocorticoids (104,105).

When reviewing the data abstracted for the PICO questions, 
it was clear that many critical clinical questions remain unan-
swered for GCA and TAK, and the lack of sufficient clinical evi-
dence for these questions is reflected in the ungraded position 
statements presented in this guideline. For example, the optimal 
duration of therapy for any treatment and how best to monitor 
disease status is unknown. Few glucocorticoid- sparing agents 
have been identified through high- quality data. Accurate and val-
idated indicators of disease activity have not been established or 
widely used for GCA or TAK. Interpretation of imaging studies in 
GCA and TAK can be challenging, and the clinical significance 
of persistent vascular wall inflammation during clinically quiescent 
disease is unclear.

Given these critical gaps in knowledge, we encourage addi-
tional research into the management of GCA and TAK. Stud-
ies that may greatly benefit patient care include the following: 
1) translational studies contributing to the understanding of dis-
ease pathogenesis to facilitate development of more targeted 
therapies; 2) randomized clinical trials identifying new therapeu-
tic options for the management of GCA and TAK; 3) randomized 
clinical trials comparing the effectiveness of currently used 
immunosuppressive therapies; and 4) longitudinal studies with 
biospecimen collection and routine vascular imaging to identify 
biomarkers of disease activity, indicators of disease prognosis, 
and the clinical sequelae of abnormalities identified on vascular 
imaging. We are hopeful that additional investigations into GCA 
and TAK will enable a more tailored approach to disease man-
agement in order to improve outcomes and minimize treatment 
toxicities.
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INTRODUCTION

The antineutrophil cytoplasmic antibody (ANCA)– associated 
vasculitides (AAV) comprise granulomatosis with polyangiitis 
(GPA), microscopic polyangiitis (MPA), and eosinophilic granu-
lomatosis with polyangiitis (EGPA). These diseases affect small-  
and medium- sized vessels and are characterized by multisystem 
organ involvement.

GPA is characterized histologically by necrotizing granu-
lomatous inflammation in addition to vasculitis. Common clinical  
manifestations include destructive sinonasal lesions, pulmonary 
nodules, and pauci- immune glomerulonephritis. GPA is most 
commonly associated with cytoplasmic ANCA and antibodies 
to proteinase 3 (PR3). Among European populations, prevalence 
ranges from 24 to 157 cases per million, with the highest preva-
lence reported in Sweden and the UK (1).

MPA is characterized histologically by vasculitis without gran-
ulomatous inflammation. Common clinical manifestations include 
rapidly progressive pauci- immune glomerulonephritis and alveo-
lar hemorrhage. MPA is most commonly associated with perinu-
clear ANCA and antibodies to myeloperoxidase. The prevalence 
of MPA ranges from 0 to 66 cases per million among European 
countries and 86 cases per million in Japan (1,2).

EGPA is characterized histologically by eosinophilic tissue 
infiltration in addition to vasculitis. Common clinical manifestations 
include asthma, peripheral eosinophilia, and peripheral neuropa-
thy. Only 40% of patients produce detectable ANCA. The overall 
prevalence of EGPA in European populations has been estimated 
to range from 2 to 38 cases per million (1,3).

Prior to the use of alkylating agents, survival with these dis-
eases was quite poor (e.g., median survival of patients with GPA 

was ~5 months) (4). Current treatment regimens have reversed 
this poor prognosis, but treatments are still associated with tox-
icity. Recent clinical trials have investigated the efficacy and tox-
icity of both biologic and nonbiologic immunosuppressive agents 
for the treatment of AAV. Observational studies have provided 
additional insight regarding management strategies for these 
diseases. Therefore, this guideline was developed to provide 
evidence- based recommendations for the treatment and man-
agement of GPA, MPA, and EGPA. Although this guideline may 
inform an international  audience, these recommendations were 
developed considering the experience with and availability of 
treatment and diagnostic options in the US.

METHODS

This guideline followed the American College of Rheumatol-
ogy (ACR) guideline development process (https://www.rheum 
atolo gy.org/Pract ice- Quali ty/Clini cal- Suppo rt/Clini cal- Pract ice- 
Guide lines) using the Grading of Recommendations Assessment, 
Development and Evaluation (GRADE) methodology to rate the 
quality of evidence and develop recommendations (5,6). ACR pol-
icy guided the management of conflicts of interest and disclosures 
(https://www.rheum atolo gy.org/Pract ice- Quali ty/Clini cal- Suppo rt/ 
Clini cal- Pract ice- Guide lines/ Vascu litis). Supplementary Appen-
dix 1 (available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41773/ abstract) presents 
a detailed description of the methods. Briefly, the Literature Review 
team undertook systematic literature reviews for predetermined 
questions addressing specific clinical populations, interventions, 
comparators, and outcomes (PICO). An in- person Patient Panel 
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of 11 individuals with different types of vasculitis (4 patients with 
GPA, 1 patient with MPA, and 2 patients with EGPA) was mod-
erated by a member of the Literature Review team (ABD). This 
Patient Panel reviewed the evidence report (along with a summary 
and interpretation by the moderator) and provided patient per-
spectives and preferences. The Voting Panel comprised 9 adult 
rheumatologists, 5 pediatric rheumatologists, and 2 patients; they 
reviewed the Literature Review team’s evidence summaries and, 
bearing in mind the Patient Panel’s deliberations, formulated and 
voted on recommendations.

The Voting Panel was assembled for the ACR and Vasculi-
tis Foundation’s broad effort to develop recommendations for 7 
forms of systemic vasculitis: giant cell arteritis, Takayasu arteritis, 
polyarteritis nodosa, Kawasaki syndrome, and the 3 AAVs pre-
sented in this report. The physicians on this panel included rheu-
matologists who could provide insight on all of these diseases 
and did not include other subspecialists who would not have 
experience with many of the other vasculitides addressed in this 
effort (e.g., pulmonologists who would not have experience with 
large- or medium-sized vessel vasculitis). The Literature Review 

team chair was a nephrologist. The patients on the Voting Panel 
presented the views of the Patient Panel, which consisted of 
patients with different types of vasculitis. A recommendation 
required ≥70% consensus among the Voting Panel.

How to interpret the recommendations

A strong recommendation is usually supported by moderate-  
to high-quality evidence (e.g., multiple randomized controlled trials).  
For a strong recommendation, the recommended course of action 
would apply to all or almost all patients. Only a small proportion 
of clinicians/patients would not want to follow the recommenda-
tion. In rare instances, a strong recommendation may be based 
on very low– to low-certainty evidence. For example, an interven-
tion may be strongly recommended if it is considered benign, low- 
cost, without harms, and the consequence of not performing the 
intervention may be catastrophic. An intervention may be strongly 
recommended against if there is high certainty that the interven-
tion leads to more harm than the comparison with very low or low 
certainty about its benefit (7).

Table 1. Definitions of selected terms used in the recommendations and ungraded position statements for GPA, MPA, and EGPA*

Term Definition
Disease states

Active disease New, persistent, or worsening clinical signs and/or symptoms attributed to GPA, MPA, or EGPA 
and not related to prior damage

Severe disease Vasculitis with life-  or organ- threatening manifestations (e.g., alveolar hemorrhage, 
glomerulonephritis, central nervous system vasculitis, mononeuritis multiplex, cardiac 
involvement, mesenteric ischemia, limb/digit ischemia)

Nonsevere disease Vasculitis without life-  or organ- threatening manifestations (e.g., rhinosinusitis, asthma, mild 
systemic symptoms, uncomplicated cutaneous disease, mild inflammatory arthritis)

Remission Absence of clinical signs or symptoms attributed to GPA, MPA, or EGPA, on or off 
immunosuppressive therapy

Refractory disease Persistent active disease despite an appropriate course of immunosuppressive therapy
Relapse Recurrence of active disease following a period of remission

Treatments
IV pulse GCs IV methylprednisolone 500– 1,000 mg/day (adults) or 30 mg/kg/day (children; maximum 1,000 mg/

day) or equivalent for 3– 5 days
High- dose oral GCs Prednisone 1 mg/kg/day (adults; generally up to 80 mg/day) or 1– 2 mg/kg/day (children; generally up to 

60 mg/day) or equivalent
Remission induction therapy

Methotrexate Up to 25 mg/week (SC or oral)
Azathioprine Up to 2 mg/kg/day
Mycophenolate mofetil Up to 1,500 mg (oral) twice per day
Cyclophosphamide Up to 2 mg/kg/day (oral) for 3– 6 months; or intermittent 15 mg/kg (IV) every 2 weeks for 3 doses, 

followed by 15 mg/kg (IV) every 3 weeks for at least 3 doses (adults)
Rituximab 375 mg/m2 (IV) weekly for 4 doses or 1,000 mg on days 1 and 15 (adults); or 375 mg/m2 (IV) weekly for 

4 doses or 575 mg/m2 for patients with body surface area ≤1.5m2 or 750 mg/m2 for patients with 
body surface area >1.5m2 with a typical maximum of 1 gm per infusion (both for 2 doses, days 1 
and 15) (children)

Mepolizumab 300 mg (SC) every 4 weeks (adults)
Remission maintenance therapy

Methotrexate, azathioprine, 
mycophenolate mofetil

Same dosing regimen as in remission induction therapy

Rituximab 500 mg (IV) every 6 months or 1 gm (IV) every 4 months (adults), 250 mg/m2 (IV) every 6 months 
(children), or other doses

Mepolizumab 300 mg (SC) every 4 weeks
Omalizumab 300– 600 mg (SC) every 2– 4 weeks

* GPA = granulomatosis with polyangiitis; MPA = microscopic polyangiitis; EGPA = eosinophilic granulomatosis with polyangiitis; IV = intravenous; 
GCs = glucocorticoids; SC = subcutaneous. 
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A conditional recommendation is usually supported by 
lower- quality evidence or a close balance between desirable 
and undesirable outcomes. For a conditional recommendation, 
the recommended course of action would apply to the majority 
of the patients, but the alternative is a reasonable consideration. 
Conditional recommendations always warrant a shared decision- 
making approach. We specify some conditions under which the 
alternative may be considered.

In some instances, the committee found that the evidence for 
a particular PICO question did not support a graded recommen-
dation or did not favor one intervention over the other. However, 
the Voting Panel believed that the PICO question addressed a 
commonly encountered clinical question and thus felt that pro-
viding guidance for this question was warranted. For these situ-
ations, we present “ungraded position statements,” which reflect 
general views of the Voting Panel.

In this evidence- based guideline, we explicitly used the best 
evidence available and present it for the clinician and reader (8). In 
some instances, this includes randomized trials in which the inter-
ventions under consideration are directly compared. The GRADE 
system rates evidence that comes exclusively from the collective 
experience of the Voting Panel and Patient Panel members as 
“very low quality” evidence (6).

For each recommendation, details regarding the PICO ques-
tions and the GRADE evidence tables can be found in Supplemen-
tary Appendix 2 (http://onlin elibr ary.wiley.com/doi/10.1002/art.41773/ 
abstract).

RESULTS

For the evidence report for GPA and MPA, the Literature 
Review team reviewed 729 articles to address 47 PICO questions. 
For the evidence report for EGPA, 190 articles were reviewed to 
address 34 PICO questions.

Recommendations and ungraded position 
statements for GPA and MPA

GPA and MPA are recognized as different diseases for which 
disease- specific management approaches exist. However, many 
recommendations and ungraded position statements consider 
GPA and MPA together, because pivotal trials have enrolled 
both groups and presented results for these diseases together. 
Therefore, we present recommendations and ungraded position 
statements applicable to both GPA and MPA as well as recom-
mendations and ungraded position statements only applicable 
to GPA. All recommendations for GPA/MPA are conditional, due 
in part to a lack of multiple randomized controlled trials support-
ing the recommendations. The complete list of studies reviewed 
to form the recommendations is provided in the evidence report 
(Supplementary Appendix 2, http://onlin elibr ary.wiley.com/doi/  
10. 1002/art.41773/ abstract). Given that these diseases affect  

multiple organ systems, collaboration between rheumatolo-
gists, ne  phrologists, pulmonologists, and otolaryngologists can 
enhance the care of patients with GPA and MPA.

Table 1 presents the definitions of selected terms used in the 
recommendations and ungraded position statements, including 
the definition of severe and nonsevere disease and the dosing 
regimens of medications used for remission induction and main-
tenance. Table 2 presents the recommendations and ungraded 
position statements with their supporting PICO questions and lev-
els of evidence. Figure 1 presents key recommendations for the 
treatment of GPA and MPA.

Remission induction for active, severe disease

Recommendation: For patients with active, severe 
GPA/MPA, we conditionally recommend treatment with 
rituximab over cyclophosphamide for remission induction.

Both rituximab and cyclophosphamide, in combination with 
glucocorticoids, have been used for remission induction in GPA 
and MPA. Rituximab has been shown to provide similar benefits 
to cyclophosphamide for remission induction in a randomized 
controlled trial (9). Although the currently used cumulative doses 
of cyclophosphamide are lower than previous regimens and result 
in less toxicity per treatment course, rituximab is still preferred, 
since rituximab is considered less toxic than cyclophosphamide. 
A single course of cyclophosphamide can carry substantial risks 
such as neutropenia, bladder injury, and the small but present 
potential for infertility which can be devastating to a young patient. 
Risks of malignancy and infertility increase when repeated courses 
of cyclophosphamide are used. Rituximab was also preferred by 
the Patient Panel, as a generally better-tolerated treatment. Retro-
spective studies suggest that the 2 remission induction regimens 
for rituximab used in adults (375 mg/m2 every week for 4 weeks 
[US Food and Drug Administration (FDA)–approved dosing sched-
ule] and 1,000 mg on days 1 and 15) are equally efficacious. The 
choice between these regimens should be guided by the patient’s 
preferences and values.

Cyclophosphamide (dosing provided in Table 1) may be 
used when rituximab needs to be avoided or when patients have 
active disease despite receiving rituximab treatment. It remains 
controversial whether cyclophosphamide should be preferred for 
certain types of severe disease, such as acute renal failure (e.g., 
serum creatinine >4.0 mg/dl). Either intravenous (IV) pulse or daily 
oral cyclophosphamide can be used (10,11). For adults, the deci-
sion between these 2 options should be based on patient and 
physician preferences. In children, IV cyclophosphamide may be 
preferred to facilitate compliance and limit toxicity. Data regarding 
the efficacy of combined cyclophosphamide and rituximab ther-
apy for remission induction remain limited (12), and potential tox-
icity of this combination remains a concern. The combination of 
rituximab with cyclophosphamide is not widely used in the US, and 
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Table 2. Recommendations/statements for the management of GPA and MPA*

Recommendation/statement

PICO question 
informing 

recommendation 
and discussion Level of evidence

Remission induction for active, severe disease
Recommendation: For patients with active, severe GPA/MPA, we conditionally recommend 

treatment with rituximab over cyclophosphamide for remission induction.
4, 5, 6 Very low to moderate

Recommendation: In patients with GPA/MPA with active glomerulonephritis, we conditionally 
recommend against the routine addition of plasma exchange to remission induction therapy.

34 Low to high

Recommendation: In patients with active, severe GPA/MPA with alveolar hemorrhage, we 
conditionally recommend against adding plasma exchange to remission induction therapies.

35 Low to high

Ungraded position statement: For patients with active, severe GPA/MPA, either IV pulse GCs or 
high- dose oral GCs may be prescribed as part of initial therapy.

2 Very low to moderate

Recommendation: In patients with active, severe GPA/MPA, we conditionally recommend a 
reduced- dose GC regimen over a standard- dose GC regimen for remission induction.

3 Very low to moderate

Remission induction for active, nonsevere disease
Recommendation: For patients with active, nonsevere GPA, we conditionally recommend 

initiating treatment with methotrexate over cyclophosphamide or rituximab.
12, 13 Very low to moderate

Recommendation: For patients with active, nonsevere GPA, we conditionally recommend 
initiating treatment with methotrexate and GCs over GCs alone.

14 Low

Recommendation: For patients with active, nonsevere GPA, we conditionally recommend 
initiating treatment with methotrexate and GCs over azathioprine and GCs or mycophenolate 
mofetil and GCs.

8, 9, 10 Low

Recommendation: For patients with active, nonsevere GPA, we conditionally recommend 
initiating treatment with methotrexate and GCs over trimethoprim/sulfamethoxazole and GCs.

11 Low

Remission maintenance
Recommendation: For patients with severe GPA/MPA whose disease has entered remission 

after treatment with cyclophosphamide or rituximab, we conditionally recommend treatment 
with rituximab over methotrexate or azathioprine for remission maintenance.

15, 16, 17, 18 Very low to moderate

Recommendation: For patients with GPA/MPA who are receiving rituximab for remission 
maintenance, we conditionally recommend scheduled re- dosing over using ANCA titers or 
CD19+ B cell counts to guide re- dosing.

24, 25 Very low to low

Recommendation: For patients with severe GPA/MPA whose disease has entered remission 
after treatment with cyclophosphamide or rituximab, we conditionally recommend treatment 
with methotrexate or azathioprine over mycophenolate mofetil for remission maintenance.

19 Very low to moderate

Recommendation: For patients with severe GPA/MPA whose disease has entered remission 
after treatment with cyclophosphamide or rituximab, we conditionally recommend treatment 
with methotrexate or azathioprine over leflunomide for remission maintenance.

20 Very low to low

Recommendation: For patients with GPA whose disease has entered remission, we 
conditionally recommend treatment with methotrexate or azathioprine over trimethoprim/
sulfamethoxazole for remission maintenance.

21, 22 Very low to low

Recommendation: In patients with GPA whose disease has entered remission, we conditionally 
recommend against adding trimethoprim/sulfamethoxazole to other therapies (e.g., 
rituximab, azathioprine, methotrexate, etc.) for the purpose of remission maintenance.

23 Low to moderate

Recommendation: For patients with GPA/MPA receiving remission maintenance therapy with 
rituximab who have hypogammaglobulinemia (e.g., IgG <3 gm/liter) and recurrent severe 
infections, we conditionally recommend immunoglobulin supplementation.

44 Very low

Ungraded position statement: The duration of non- GC remission maintenance therapy in GPA/
MPA should be guided by the patient’s clinical condition, preferences, and values.

26 Low to moderate

Ungraded position statement: The duration of GC therapy for GPA/MPA should be guided by 
the patient’s clinical condition, preferences, and values.

27, 33 Low to moderate

Treatment of disease relapse
Recommendation: For patients with GPA/MPA who have experienced relapse with severe 

disease manifestations and are not receiving rituximab for remission maintenance, we 
conditionally recommend treatment with rituximab over cyclophosphamide for remission 
re- induction.

28 Low

Recommendation: For patients with GPA/MPA who experienced relapse with severe disease 
manifestations while receiving rituximab for remission maintenance, we conditionally 
recommend switching from rituximab to cyclophosphamide over receiving additional 
rituximab for remission re- induction.

29 Very low

Treatment of refractory disease
Recommendation: For patients with severe GPA/MPA that is refractory to treatment with 

rituximab or cyclophosphamide for remission induction, we conditionally recommend 
switching treatment to the other therapy over combining the 2 therapies.

30 Very low

Recommendation: For patients with GPA/MPA that is refractory to remission induction therapy, 
we conditionally recommend adding IVIG to current therapy.

31 Low to moderate

 (Continued)
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its efficacy compared to rituximab or cyclophosphamide mono-
therapy is not established. This combination remains under study 
(ClinicalTrials.gov identifier: NCT03942887) at this time.

Recommendation: In patients with GPA/MPA with 
active glomerulonephritis, we conditionally recommend 
against the routine addition of plasma exchange to remis-
sion induction therapy.

Plasma exchange should not be initiated in all patients with 
active glomerulonephritis but can be considered for patients at 
higher risk of progression to end- stage renal disease (ESRD) who 
accept a potential increased risk of infection.

This recommendation is supported by data from the 2 largest 
 trials of plasma exchange for the treatment of glomerulonephritis in 
AAV. The first trial, which required a serum creatinine level of ≥5.8 mg/
dl for entry, showed that plasma exchange decreased the risk of ESRD 
but did not decrease mortality (13,14). In a more recent randomized 
trial of plasma exchange in AAV, the addition of plasma exchange to 
conventional remission induction therapy did not improve the com-
posite outcome of ESRD or death; a decrease in the risk of ESRD was 
observed, but the result was not statistically significant (hazard ratio 
0.81 [95% confidence interval (95% CI) 0.57– 1.13]) (15).

However, combined data from these 2 trials show that 
there is probably a decreased risk of ESRD in patients with 

glomerulonephritis who received plasma exchange, com-
pared to those who did not (hazard ratio 0.72 [95% CI 0.53– 
0.98]; moderate certainty) (Supplementary Appendix 2, http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41773/ abstract). The benefit  
was most pronounced in patients with the highest risk of ESRD 
(118 fewer cases of ESRD per 1,000 cases of active glomeru-
lonephritis [95% CI between 217 and 7 fewer cases]), although 
no difference in mortality was demonstrated (risk ratio 1.15 
[95% CI 0.78– 1.70]; moderate certainty). In 4 trials of plasma 
exchange in AAV, a higher risk of severe infection was observed 
with plasma exchange (risk ratio 1.19 [95% CI 0.99– 1.42]; mod-
erate certainty).

These findings suggest that for patients with a low risk 
of progression to ESRD, the risk of plasma exchange may 
outweigh the benefit; however, in patients with a higher risk 
of progression to ESRD, the decrease in risk could outweigh 
the increased risk of serious infection with plasma exchange. 
Therefore, the Voting Panel does not recommend plasma 
exchange for all patients with active glomerulonephritis but 
favors consideration of the treatment for patients at a higher 
risk of progression to ESRD. Factors that could influence 
whether plasma exchange is initiated include the patient’s kid-
ney function upon presentation, rate of loss of kidney function, 
response to remission induction therapies, and the patient’s 
ability to tolerate serious infections.

Recommendation/statement

PICO question 
informing 

recommendation 
and discussion Level of evidence

Treatment of sinonasal, airway, and mass lesions
Ungraded position statement: For patients with sinonasal involvement in GPA, nasal rinses and 

topical nasal therapies (antibiotics, lubricants, and GCs) may be beneficial.
36, 37, 38, 39 Very low to low

Recommendation: For patients with GPA in remission who have nasal septal defects and/or nasal 
bridge collapse, we conditionally recommend reconstructive surgery, if desired by the patient.

45 Low

Recommendation: For patients with GPA and actively inflamed subglottic and/or endobronchial 
tissue with stenosis, we conditionally recommend treating with immunosuppressive therapy 
over surgical dilation with intralesional GC injection alone.

40 Low

Recommendation: For patients with GPA and mass lesions (e.g., orbital pseudotumor or 
masses of the parotid glands, brain, or lungs), we conditionally recommend treatment 
with immunosuppressive therapy over surgical removal of the mass lesion with 
immunosuppressive therapy.

41, 42 Very low to low

Other considerations
Recommendation: In patients with GPA/MPA, we conditionally recommend against dosing 

immunosuppressive therapy based on ANCA titer results alone.
1 Very low

Recommendation: For patients with GPA who are receiving rituximab or cyclophosphamide, we 
conditionally recommend prophylaxis to prevent Pneumocystis jirovecii pneumonia.

43 Low

Recommendation: For patients with GPA/MPA in remission and stage 5 chronic kidney disease, 
we conditionally recommend evaluation for renal transplantation.

46 Low

Recommendation: For patients with active GPA/MPA who are unable to receive other 
immunomodulatory therapy, we conditionally recommend administering IVIG.

32 Low

Ungraded position statement: The optimal duration of anticoagulation is unknown for patients 
with GPA/MPA who experience venous thrombotic events.

47 Very low

* For the population, intervention, comparator, and outcome (PICO) questions used in the Grading of Recommendations Assessment, Development 
and Evaluation methodology, as developed for granulomatosis with polyangiitis (GPA) and microscopic polyangiitis (MPA), please refer to 
Supplementary Appendix 2 (available on the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41773/ abstract). IV = 
intravenous; GCs = glucocorticoids; ANCA = antineutrophil cytoplasmic antibody; IVIG = IV immunoglobulin. 

Table 2. (Cont’d)

http://onlinelibrary.wiley.com/doi/10.1002/art.41773/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41773/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41773/abstract
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Plasma exchange remains advisable in patients with GPA or 
MPA who also have anti– glomerular basement membrane disease.

Recommendation: In patients with active, severe GPA/MPA 
with alveolar hemorrhage, we conditionally recommend against 
adding plasma exchange to remission induction therapies.

Two trials evaluated the use of plasma exchange in patients 
presenting with alveolar hemorrhage, and no differences in mortality 
or remission rates were observed. Thus, plasma exchange does not 
have an established benefit for patients with alveolar hemorrhage and is 
associated with an increased risk of serious infection (see above recom-
mendation). Plasma exchange may be considered for certain patients 
with active glomerulonephritis or those who are critically ill and whose 
disease is not responding to recommended remission induction thera-
pies (i.e., plasma exchange as “salvage” or “rescue” therapy).

Plasma exchange remains advisable in patients with GPA or 
MPA who also have anti– glomerular basement membrane disease.

Ungraded position statement: For patients with active, 
severe GPA/MPA, either IV pulse glucocorticoids or high- dose 
oral glucocorticoids may be prescribed as part of initial therapy.

There are no trials comparing the efficacy of IV pulse glucocor-
ticoids to high- dose oral glucocorticoids. Higher doses of glucocor-
ticoids (such as pulse glucocorticoids) are generally administered 
to patients with organ-  or life- threatening disease manifestations 
but may be associated with an increased risk of infection (16).

Recommendation: For patients with active, severe 
GPA/MPA, we conditionally recommend a reduced- dose 
glucocorticoid regimen over a standard- dose glucocorti-
coid regimen for remission induction.

A recent study demonstrated that a reduced- dose glucocor-
ticoid regimen provided a similar benefit compared to a standard- 
dose regimen for the composite outcome of ESRD or death, and 
was associated with a decreased risk of infection (15). Due to the 
known toxicities associated with long- term glucocorticoid use, min-
imizing glucocorticoid exposure is critical to improving outcomes. 
Glucocorticoid dosing may be individualized for each patient. Of 
note, the reduced- dose regimen started with pulse methylpredni-
solone (3 daily pulses for maximum total dose of 3 gm) and 1 week 
of high- dose oral glucocorticoids. The dosing regimens used in this 
study are described in Supplementary Appendix 3 (http://onlin elibr 
ary.wiley.com/doi/10.1002/art.41773/ abstract).

Remission induction for active, nonsevere disease

Recommendation: For patients with active, nonsevere  
GPA, we conditionally recommend initiating treatment with  
methotrexate over cyclophosphamide or rituximab.

Nonsevere GPA is defined as GPA without life- or organ-  
threatening manifestations (Table 1). Methotrexate, rituximab, and  
cyclophosphamide are effective at inducing remission in this patient  

Figure 1. Key recommendations for the treatment of granulomatosis with polyangiitis and microscopic polyangiitis.

http://onlinelibrary.wiley.com/doi/10.1002/art.41773/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41773/abstract
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group (11). However, like severe GPA, nonsevere GPA can be a chronic  
disease that requires multiple courses of therapy. Thus, the Voting  
Panel favored using therapies with potentially less toxicity before  
utilizing therapies with potentially more toxicity. Therefore, meth-  
   otrexate is preferred due to the greater toxicity of cyclophospha-
mide. Methotrexate is currently recommended over rituximab 
because of the larger body of evidence and clinical experience 
with methotrexate treatment for this patient group; clinical trials are 
needed to compare their efficacy. Rituximab may be preferred in 
specific clinical situations, including for patients with hepatic or renal 
dysfunction, recurrent relapses while receiving methotrexate, or con-
cerns regarding compliance.

Recommendation: For patients with active, nonsevere 
GPA, we conditionally recommend initiating treatment 
with methotrexate and glucocorticoids over glucocorti-
coids alone.

Methotrexate with glucocorticoids is recommended to min-
imize glucocorticoid exposure and toxicity. Overall, there are few 
clinical situations in which treatment with glucocorticoid mono-
therapy may be considered (e.g., arthralgias or inability to tolerate 
other remission maintenance therapies), and close monitoring is 
needed if this treatment strategy is used.

Recommendation: For patients with active, nonsevere  
GPA, we conditionally recommend initiating treatment with  
methotrexate and glucocorticoids over azathioprine and glu-
cocorticoids or mycophenolate mofetil and glucocorticoids.

The use of methotrexate for remission induction in this patient 
group is supported by more available data than other treatments 
(11), but azathioprine and mycophenolate mofetil can be consid-
ered. Comparative effectiveness trials are needed to evaluate the 
efficacy of methotrexate, azathioprine, and mycophenolate mofetil 
for remission induction in active, nonsevere GPA. Clinical factors may 
influence the medication selected. For example, methotrexate 
should be used with caution or avoided in patients with moderate-   
to- severe renal insufficiency. Azathioprine is the preferred agent  
for pregnant patients or in patients who cannot tolerate methotrexate  
or mycophenolate mofetil, while methotrexate or mycophenolate  
mofetil is indicated in patients with total thiopurine S- methyltrans-
ferase deficiency or high- risk TPMT and/or NUDT15 genotypes.

Recommendation: For patients with active, nonsevere  
GPA, we conditionally recommend initiating treatment with  
methotrexate and glucocorticoids over trimethoprim/   
sulfamethoxazole and glucocorticoids.

Methotrexate is considered more effective than trimetho-
prim/sulfamethoxazole for remission induction, based on previ-
ous findings (17). Low- dose trimethoprim/sulfamethoxazole may 
be administered concurrently with immunosuppressive agents  
to prevent Pneumocystis jirovecii pneumonia (see GPA/MPA rec-
ommendation on this topic).

Remission maintenance

Recommendation: For patients with severe GPA/MPA 
whose disease has entered remission after treatment with 
cyclophosphamide or rituximab, we conditionally recommend 
treatment with rituximab over methotrexate or azathioprine 
for remission maintenance.

Rituximab is associated with a lower relapse rate than 
 azathioprine when used for remission maintenance after remission 
induction with cyclophosphamide (18). Methotrexate and azathio-
prine have comparable efficacy rates for remission maintenance (19). 
Therefore, rituximab is favored over methotrexate or azathioprine. 
However, more long- term safety data are available for methotrexate 
and azathioprine, and cost and other factors may limit rituximab use.

Different doses of rituximab have been used for remission main-
tenance, including IV 500 mg every 6 months (18) (FDA- approved), 
IV 1,000 mg every 4 months (20), and IV 1,000 mg every 6 months 
(21). No comparative trials have been conducted. Thus, the optimal 
dose of rituximab for remission maintenance remains uncertain.

If methotrexate or azathioprine treatment is being considered 
for remission maintenance, the patient’s clinical situation, prefer-
ences, and values should guide selection between them, given 
their comparable efficacy.

Recommendation: For patients with GPA/MPA who are 
receiving rituximab for remission maintenance, we condi-
tionally recommend scheduled re- dosing over using ANCA 
titers or CD19+ B cell counts to guide re- dosing.

In one randomized trial, patients who received rituximab for 
remission maintenance based on changes in CD19+ B cell counts 
and/or ANCA titers had similar rates of relapse as those receiving 
rituximab as a scheduled dose. However, this study was limited by 
the small sample size, and there were wide CIs for the effect size 
(22). This recommendation is based in part on the experience and 
expertise of the Voting Panel, which recognized that flares can occur 
when patients experience CD19+ B cell depletion and/or when 
test results for ANCA are negative. Thus, CD19+ B cell counts or 
ANCA titers may not accurately indicate the potential for a patient’s 
disease to flare.

Recommendation: For patients with severe GPA/MPA  
whose disease has entered remission after treatment with  
cyclophosphamide or rituximab, we conditionally rec  ommend  
treatment with methotrexate or azathioprine over myco-  
  phenolate mofetil for remission maintenance.

Methotrexate and azathioprine are equally efficacious 
for remission maintenance (19). Azathioprine is favored over  
mycophenolate mofetil because the relapse rate with mycophe-
nolate mofetil was higher than with azathioprine when studied for 
remission maintenance (23). Mycophenolate mofetil may still be 
considered for those unable to tolerate or with contraindications 
to methotrexate, azathioprine, or rituximab.
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Recommendation: For patients with severe GPA/MPA 
whose disease has entered remission after treatment with 
cyclophosphamide or rituximab, we conditionally recom-
mend treatment with methotrexate or azathioprine over 
leflunomide for remission maintenance.

Methotrexate or azathioprine treatment is recommended over 
leflunomide due to the data supporting and clinical experience 
using methotrexate and azathioprine for remission maintenance. 
The data and clinical experience with leflunomide are more limited. 
In one clinical trial comparing leflunomide to methotrexate treatment, 
leflunomide treatment demonstrated a decreased rate of relapse but 
a higher rate of drug withdrawal (24). The trial used a leflunomide 
dose of 30 mg/day, which may have contributed to toxicity.

Recommendation: For patients with GPA whose 
disease has entered remission, we conditionally recom-
mend treatment with methotrexate or azathioprine over  
trimethoprim/sulfamethoxazole for remission maintenance.

The Voting Panel strongly favored the use of methotrexate or 
azathioprine over trimethoprim/sulfamethoxazole, but this recom-
mendation is conditional due to the lack of sufficient high- quality 
evidence comparing the 2 treatments.

Recommendation: In patients with GPA whose disease  
has entered remission, we conditionally recommend against  
adding trimethoprim/sulfamethoxazole to other therapies (e.g.,  
rituximab, azathioprine, methotrexate, etc.) for the purpose of 
remission maintenance.

Trimethoprim/sulfamethoxazole may have benefit for patients 
with sinonasal involvement (25), but its use potentially increases 
toxicity (e.g., severe hypersensitivity reactions) and medication 
burden. Trimethoprim/sulfamethoxazole may still be indicated 
for prophylaxis against P jirovecii pneumonia (see GPA/MPA rec-
ommendation on this topic). There is a potential drug interaction 
between methotrexate and trimethoprim/sulfamethoxazole when 
trimethoprim/sulfamethoxazole is dosed at 800 mg/160 mg twice 
a day. The trimethoprim/sulfamethoxazole dose used for Pneumo-
cystis prophylaxis is generally tolerated, but its use should be mon-
itored when used in conjunction with methotrexate.

Recommendation: For patients with GPA/MPA receiv-
ing remission maintenance therapy with rituximab who 
have hypogammaglobulinemia (e.g., IgG <3 gm/liter) and 
recurrent severe infections, we conditionally recommend 
immunoglobulin supplementation.

Immunoglobulin supplementation at replacement doses 
(e.g., 400– 800 mg/kg/month) should be considered if a patient 
has hypogammaglobulinemia and is experiencing recurrent infec-
tions. Immunoglobulin supplementation can also be considered for 
patients with hypogammaglobulinemia without recurrent infections 
but with impaired vaccine responses (26). These considerations 
should be made in collaboration with an allergist/immunologist.

Ungraded position statement: The duration of nongluco -
cor  ticoid remission maintenance therapy in GPA/MPA should 
be guided by the patient’s clinical condition, preferences,  
and values.

The optimal duration of remission maintenance therapy is not 
well established. Although clinical trials have typically administered 
remission maintenance therapy for ≥18 months, patients may 
benefit from continuing remission maintenance therapy for a 
longer duration (27). The Patient Panel favored remission main-
tenance therapy for ≥18 months and potentially longer depend-
ing on patient-specific factors. Factors to be considered include 
previous relapse history, extent of organ involvement, and disease 
characteristics such as ANCA status (with PR3- ANCA– positive 
patients more likely to experience disease relapse [28]).

Ungraded position statement: The duration of gluco-
corticoid therapy for GPA/MPA should be guided by the 
patient’s clinical condition, preferences, and values.

The optimal duration of glucocorticoid therapy for GPA/MPA is 
not well established. The immunosuppressive effects of glucocorti-
coids contributing to disease control should be balanced with the 
toxicities associated with its use. Overall, patients expressed a desire 
to minimize the glucocorticoid dose as much as possible but rec-
ognized that some patients may require low- dose glucocorticoids 
long- term to maintain disease quiescence. Screening for toxicities of 
glucocorticoid use (e.g., bone mineral density testing for osteoporo-
sis) should be conducted.

Treatment of disease relapse

Recommendation:  For patients with GPA/MPA who have 
experienced relapse with severe disease manifestations 
and are not receiving rituximab for remission maintenance, 
we conditionally recommend treatment with rituximab over 
cyclophosphamide for remission re- induction.

Rituximab is more effective than oral cyclophosphamide for 
re- induction of remission among patients who previously received 
cyclophosphamide and then experienced relapse, based on sub-
group analysis of a randomized controlled trial (9). In addition, the 
cumulative toxicity of cyclophosphamide raises concerns over 
repeated use of this agent.

Recommendation: For patients with GPA/MPA who expe-
rienced relapse with severe disease manifestations while  
receiving rituximab for remission maintenance, we condition-
ally recommend switching from rituximab to cyclophosphamide 
over receiving additional rituximab for remission re- induction.

Multiple factors can influence whether rituximab or cyclo-
phosphamide treatment (IV or oral) is used, such as time since last 
rituximab infusion and cumulative cyclophosphamide dose. Cyclo-
phosphamide is recommended if the patient recently received 
rituximab, while a remission induction dose of rituximab may be 
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effective if an extended period has passed since the last rituxi-
mab infusion. As is standard for remission induction, these agents 
should be used in conjunction with glucocorticoids.

Treatment of refractory disease

Recommendation: For patients with severe GPA/MPA that 
is refractory to treatment with rituximab or cyclophosphamide 
for remission induction, we conditionally recommend switching 
treatment to the other therapy over combining the 2 therapies.

Disease refractory to remission induction therapy is rare, and 
there are limited data to guide treatment recommendations. Practi-
tioners should evaluate whether other conditions such as infection 
could be mimicking vasculitis. However, if a patient’s disease is refrac-
tory to one remission induction therapy, it is important to change the 
remission induction strategy. We recommend switching to the other 
remission induction agent prior to using combination therapy.

Recommendation: For patients with GPA/MPA that is 
refractory to remission induction therapy, we conditionally rec-
ommend adding IV immunoglobulin (IVIG) to current therapy.

IVIG should not be used routinely to treat GPA/MPA but 
can be considered at certain treatment doses (e.g., 2 gm/kg) as 
adjunctive therapy for short- term control, while waiting for remis-
sion induction therapy (i.e., rituximab or cyclophosphamide) to 
become effective (see above recommendation) (29).

Treatment of sinonasal, airway, and mass lesions

Ungraded position statement: For patients with sinonasal 
involvement in GPA, nasal rinses and topical nasal therapies 
(antibiotics, lubricants, and glucocorticoids) may be beneficial.

We suggest collaborating with an otolaryngologist with expertise in 
treating GPA to determine whether these interventions should be used.

Recommendation: For patients with GPA in remission 
who have nasal septal defects and/or nasal bridge col-
lapse, we conditionally recommend reconstructive surgery, 
if desired by the patient.

To optimize surgical outcomes, reconstructive surgery should 
be performed, after a period of sustained remission, by an otolar-
yngologist with expertise in treating GPA (30,31).

Recommendation: For patients with GPA and actively 
inflamed subglottic and/or endobronchial tissue with ste-
nosis, we conditionally recommend treating with immuno-
suppressive therapy over surgical dilation with intralesional 
glucocorticoid injection alone.

Subglottic or endobronchial stenoses should be managed by 
an otolaryngologist or pulmonologist, respectively, with expertise 
in management of these lesions. Immunosuppressive therapy is 
recommended for initial treatment of active inflammatory stenoses 
and usually comprises glucocorticoids and other agents (32); the 

degree of immunosuppressive therapy utilized may be based on 
the severity of other disease manifestations. Surgical dilation with 
intralesional glucocorticoid injection may be more appropriate for 
stenoses that are longstanding, fibrotic, or unresponsive to immu-
nosuppression (32– 34). Surgical dilation with intralesional gluco-
corticoid injection concurrent with medical treatment may also be 
considered as initial therapy for stenoses that require immediate 
intervention (e.g., critical narrowing).

Recommendation: For patients with GPA and mass 
lesions (e.g., orbital pseudotumor or masses of the parotid 
glands, brain, or lungs), we conditionally recommend treat-
ment with immunosuppressive therapy over surgical removal 
of the mass lesion with immunosuppressive therapy.

Immunosuppressive therapy (with remission induction fol-
lowed by remission maintenance) is almost always the initial 
treatment of choice for mass lesions (35,36). While these lesions 
tend to respond primarily to glucocorticoids, other agents are also 
usually used in hopes of having a glucocorticoid- sparing effect. 
Debulking surgery may be considered if there is an urgent need 
for decompression, such as acute visual loss due to optic nerve 
compression, or other life-  or organ- threatening compression.

Other considerations

Recommendation: In patients with GPA/MPA, we con-
ditionally recommend against dosing immunosuppressive 
therapy based on ANCA titer results alone.

Increases in ANCA titers/levels are only modestly infor-
mative as an indicator of disease activity (37) and are not 
reliable predictors of disease flares for individual patients. 
Increasing immunosuppressive therapy based on changes in 
ANCA titers/levels alone can result in unnecessary immuno-
suppression resulting in adverse events. Persistence of ANCA 
positivity does not necessarily indicate that continued immuno-
suppressive therapy is required. Instead, treatment decisions 
should be based on a patient’s clinical symptoms in conjunc-
tion with diagnostic studies (e.g., laboratory, imaging, and 
biopsy findings).

Recommendation: For patients with GPA/MPA who are 
receiving rituximab or cyclophosphamide, we conditionally 
recommend prophy  laxis to prevent P jirovecii pneumonia.

Prophylaxis to prevent P jirovecii pneumonia is routinely used 
with cyclophosphamide treatment (38). The prescribing informa-
tion for rituximab recommends prophylaxis for P jirovecii pneumo-
nia for ≥6 months after the last rituximab dose for patients with 
GPA or MPA. While many on the Voting Panel felt strongly that 
patients with GPA/MPA receiving cyclophosphamide or rituxi-
mab should receive prophylaxis against P jirovecii pneumonia, 
this recommendation is conditional given the lack of moderate-  
or high-quality evidence directly addressing this question and the 
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potential toxicity of the medications used for prophylaxis. Prophy-
laxis against P jirovecii pneumonia should also be considered for 
patients receiving moderate- dose glucocorticoids (e.g., >20 mg/

day) or higher in combination with methotrexate, azathioprine, 
or mycophenolate mofetil (38). Prophy laxis is less commonly used 
in younger children receiving rituximab but should be considered.

Table 3. Recommendations/statements for the management of EGPA*

Recommendation/statement

PICO question 
informing 

recommendation 
and discussion

Level of 
evidence

Remission induction for active, severe disease
Ungraded position statement: For patients with active, severe EGPA, either IV pulse GCs or high- dose oral 

GCs may be prescribed as initial therapy.
3 Very low

Ungraded position statement: For patients with active, severe EGPA, either cyclophosphamide or rituximab 
may be prescribed for remission induction.

4 Very low

Recommendation: For patients with active, severe EGPA, we conditionally recommend treatment with 
cyclophosphamide or rituximab over mepolizumab for remission induction.

6, 7 Low

Remission induction for active, nonsevere disease
Recommendation: For patients with active, nonsevere EGPA, we conditionally recommend initiating treatment 

with mepolizumab and GCs over methotrexate, azathioprine, or mycophenolate mofetil and GCs.
8, 9, 10, 13 Very low to low

Recommendation: For patients with active, nonsevere EGPA, we conditionally recommend initiating 
treatment with methotrexate, azathioprine, or mycophenolate mofetil and GCs over GCs alone.

14 Low

Recommendation: For patients with active, nonsevere EGPA, we conditionally recommend initiating treatment with 
methotrexate, azathioprine, or mycophenolate mofetil and GCs over cyclophosphamide or rituximab and GCs.

11, 12 Very low to low

Remission maintenance
Recommendation: For patients with severe EGPA whose disease has entered remission with 

cyclophosphamide therapy, we conditionally recommend treatment with methotrexate, azathioprine, or 
mycophenolate mofetil over rituximab for remission maintenance.

15, 16, 17,18 Very low

Recommendation: For patients with severe EGPA whose disease has entered remission, we conditionally 
recommend treatment with methotrexate, azathioprine, or mycophenolate mofetil over mepolizumab 
for remission maintenance.

20 Very low

Ungraded position statement: The duration of GC therapy in EGPA should be guided by the patient’s 
clinical condition, values, and preferences.

21, 22, 23, 29, 30 Very low to low

Treatment of relapse
Recommendation: For patients with EGPA who have experienced relapse with severe disease 

manifestations after prior successful remission induction with cyclophosphamide, we conditionally 
recommend treatment with rituximab over cyclophosphamide for remission re- induction.

25 Very low

Recommendation: For patients with EGPA who have experienced relapse with severe disease 
manifestations after prior successful remission induction with rituximab, we conditionally recommend 
treatment with rituximab over switching to cyclophosphamide for remission re- induction.

25 Very low

Recommendation: For patients with EGPA who have experienced relapse with nonsevere disease 
manifestations (asthma and/or sinonasal disease) while receiving methotrexate, azathioprine, or 
mycophenolate mofetil, we conditionally recommend adding mepolizumab over switching to another agent.

26 Very low

Recommendation: For patients with EGPA who have experienced relapse with nonsevere disease 
manifestations (asthma and/or sinonasal disease) while receiving low- dose GCs and no other therapy, 
we conditionally recommend adding mepolizumab over adding methotrexate, azathioprine, or 
mycophenolate mofetil.

28 Very low

Recommendation: For patients with EGPA and high serum IgE levels who have experienced relapse with 
nonsevere disease manifestations (asthma and/or sinonasal disease) while receiving methotrexate, azathioprine, 
or mycophenolate mofetil, we conditionally recommend adding mepolizumab over adding omalizumab.

27 Very low

Other considerations
Recommendation: For patients with newly diagnosed EGPA receiving leukotriene inhibitors, we 

conditionally recommend continuing leukotriene inhibitors over discontinuing them.
33 Very low

Ungraded position statement: Use of leukotriene inhibitors is not contraindicated for patients with EGPA 
with active asthma and/or sinonasal disease.

34 Very low

Recommendation: For patients with EGPA, we conditionally recommend obtaining an echocardiogram at 
the time of diagnosis.

2 Very low

Recommendation: For patients with EGPA, we conditionally recommend using the Five- Factor Score to guide therapy. 1 Very low
Ungraded position statement: In patients with sinonasal involvement in EGPA, treatment with nasal rinses 

and topical therapies (e.g., antibiotics, lubricants, and GCs) may be considered.
31 Very low

Recommendation: For patients with EGPA who are receiving cyclophosphamide or rituximab, we 
conditionally recommend prescribing medications for prophylaxis to prevent Pneumocystis jirovecii 
pneumonia.

32 Low

* For the population, intervention, comparator, and outcome (PICO) questions used in the Grading of Recommendations Assessment,
Development and Evaluation methodology, as developed for eosinophilic granulomatosis with polyangiitis (EGPA), please refer to Supplementary 
Appendix 2 (available on the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41773/ abstract). IV = intravenous; 
GCs = glucocorticoids. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41773/abstract
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Recommendation: For patients with GPA/MPA in 
remission and stage 5 chronic kidney disease, we condi-
tionally recommend evaluation for renal transplantation.

Outcomes of kidney transplantation in patients with AAV 
are similar to those in patients receiving transplants for other rea-
sons, with disease relapses in the transplanted kidney being rare 
(39,40). GPA and MPA in remission should not be considered 
a contraindication to kidney transplantation, but these patients 
should be monitored for disease relapse after transplantation.

Recommendation: For patients with active GPA/MPA 
who are unable to receive other immunomodulatory ther-
apy, we conditionally recommend administering IVIG.

IVIG should not be used routinely to treat GPA/MPA (see 
above recommendation). However, in the rare instances in which 
patients with active disease may not be able to receive conven-
tional immunosuppressive therapy (e.g., sepsis or pregnancy), 
IVIG can be used as a short- term intervention until conventional 
remission induction therapies can be used (29).

Ungraded position statement: The optimal duration 
of anticoagulation is unknown for patients with GPA/MPA 
who experience venous thrombotic events.

AAV is associated with an increased risk of venous throm-
botic events, including both deep vein thromboses and pulmo-
nary emboli (41,42). Venous thromboembolic events that occur 
in a patient with active disease and no other risk factors can be 
considered a provoked event with a transient risk factor (assuming 
subsequent disease control). Thus, short- term instead of lifelong 
anticoagulation may be considered.

Recommendations and ungraded position 
statements for EGPA

EGPA is characterized by diverse features, including asthma/
allergic rhinitis, peripheral and tissue eosinophilia, and vasculitis. 
As these clinical features can potentially have differing responses 
to treatment, the management approach is typically based on 
a patient’s disease features and severity. The recommendations 
presented here focus primarily on the use of immunosuppres-
sive medications to treat the vasculitic manifestations of EGPA. 
However, asthma and allergic manifestations are a significant 
component of EGPA, and measures directed toward these, 
including inhaled therapies and allergen avoidance, play an 
important role in management. Collaboration between rheuma-
tologists, asthma/allergy specialists, and specialists in other med-
ical disciplines can enhance the care of patients with EGPA.

In contrast to GPA/MPA, there have been very few ran-
domized controlled trials conducted to date in EGPA. These 
recommendations and ungraded position statements therefore 
reflect reliance on lower- quality (i.e., indirect) evidence, including 
expert opinion.

Table 1 presents the definitions of selected terms used in the 
recommendations and ungraded position statements, including 
the definition of severe and nonsevere disease and the dosing regi-
mens of medications used for remission induction and maintenance. 
Table 3 presents the recommendations and ungraded position state-
ments with their supporting PICO questions and levels of evidence. 
Figure 2 presents key recommendations for the treatment of EGPA.

Remission induction for active, severe disease

Ungraded position statement: For patients with active, 
severe EGPA, either IV pulse glucocorticoids or high- dose 
oral glucocorticoids may be prescribed as initial therapy.

There are no data to support favoring either IV pulse or high- 
dose oral glucocorticoids over the other option in active, severe 
EGPA. Choosing an approach should be influenced by individual 
patient factors. In either instance, glucocorticoids should be com-
bined with a nonglucocorticoid immunosuppressive agent such 
as cyclophosphamide or rituximab (see ungraded position state-
ment below).

Ungraded position statement: For patients with active, 
severe EGPA, either cyclophosphamide or rituximab may 
be prescribed for remission induction.

Cyclophosphamide has been more commonly used for 
remission induction in patients with active, severe EGPA, given 
the experience with cyclophosphamide in other forms of vascu-
litis (43). Increasing experience with rituximab in GPA/MPA has 
also led to more patients with EGPA being treated with rituxi-
mab, and case series suggest that rituximab may also have effi-
cacy for active, severe disease (44). Given that the comparative 
effectiveness of cyclophosphamide and rituximab for EGPA is 
unknown, the Voting Panel felt that both cyclophosphamide 
and rituximab could be considered for remission induction in 
active, severe EGPA. Cyclophosphamide would be preferred 
for patients with active cardiac involvement given the increased 
experience with cyclophosphamide, as cardiomyopathy has 
been found to be the main independent predictor of death in 
EGPA (25,26). Cyclophosphamide can also be considered for 
patients who are ANCA- negative and have severe neurologic or 
gastrointestinal manifestations. Rituximab may be considered for 
patients with positive ANCA results, active glomerulonephritis, 
prior cyclophosphamide treatment, or those at risk of gonadal 
toxicity from cyclophosphamide.

Recommendation: For patients with active, severe EGPA,  
we conditionally recommend treatment with cyclo  phos-  
  phamide or rituximab over mepolizumab for remission induction.

The efficacy of mepolizumab in severe EGPA has not been 
established, as patients with active, severe disease were excluded 
from the randomized trial (45). Rituximab or cyclophosphamide is 
recommended over mepolizumab in this setting.
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Remission induction for active, nonsevere disease

Recommendation: For patients with active, nonsevere  
EGPA, we conditionally recommend initiating treatment with  
mepolizumab and glucocorticoids over methotrexate,  
azathioprine, or mycophenolate mofetil and glucocorticoids.

A range of immunosuppressive agents may be considered  
in the treatment of active, nonsevere EGPA, all of which are used  
with glucocorticoids. The clinical profile of nonsevere EGPA includes  
predominantly asthma, sinus disease, and nonsevere vasculitis.  
While there is significant clinical experience with methotrexate,  
azathioprine, and mycophenolate mofetil, there are limited data  
regarding their efficacy, and these treatments have not been 
assessed in randomized clinical trials. The GRADE methodology 
used in the guideline development process weights clinical tri-
als more heavily than observational studies. Thus, mepolizumab is 
recommended as the first choice, because it has been found to be 
efficacious for nonsevere EGPA in a randomized trial (45). All patients 
in this trial had relapsing or refractory disease, with 55% receiving 
an additional nonglucocorticoid immunosuppressive agent at the  
time of enrollment. A large proportion of patients in this trial had  
asthmatic and eosinophilic features, for which mepolizumab  
has also been found to be effective in non- EGPA disease settings.  
Although patients with nonsevere vasculitic manifestations were  
represented in this trial, questions remain about the effectiveness  
of mepolizumab for all aspects of nonsevere vasculitis. Individual  
factors, including disease manifestations, may impact the decision to  
use mepolizumab, in which case methotrexate, azathioprine, or  
mycophenolate mofetil may be used instead. There are insufficient 

data to favor one of these medications (methotrexate, azathioprine, 
or mycophenolate mofetil) over the others; therefore, the choice 
should be influenced by individual patient factors.

Recommendation: For patients with active, nonsevere 
EGPA, we conditionally recommend initiating treatment 
with methotrexate, azathioprine, or mycophenolate mofetil 
and glucocorticoids over glucocorticoids alone.

Patients should be treated with adjunctive methotrexate, 
azathioprine, or mycophenolate mofetil rather than glucocor-
ticoids alone in order to minimize glucocorticoid toxicity. One 
randomized trial that combined patients with EGPA, MPA, and 
polyarteritis nodosa without poor prognosis factors showed 
that the addition of azathioprine did not provide benefit beyond 
glucocorticoids alone (46). Particularly for patients with asthma, 
this may impact the decision to use methotrexate, azathioprine, 
or mycophenolate mofetil concurrently with glucocorticoids and 
could lead to consideration of mepolizumab. Glucocorticoid mon-
otherapy may be appropriate for mild asthma, allergic symptoms, 
use during pregnancy, or other individual patient situations.

Recommendation: For patients with active, nonsevere 
EGPA, we conditionally recommend initiating treatment with  
methotrexate, azathioprine, or mycophenolate mofetil and 
glucocorticoids over cyclophosphamide or rituximab and 
glucocorticoids.

While the comparative efficacy of methotrexate, azathio-
prine, mycophenolate mofetil, and rituximab is not well established, 
the use of methotrexate, azathioprine, or mycophenolate mofetil 

Figure 2. Key recommendations for the treatment of eosinophilic granulomatosis with polyangiitis.
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is favored, based on more experience with these agents in EGPA 
compared to rituximab. However, rituximab may be considered if 
other agents are not effective in controlling active, nonsevere dis-
ease, or if the patient has nonsevere vasculitis (which in some series 
included mononeuritis multiplex) and is positive for ANCA. Cyclo-
phosphamide should be avoided when treating active, nonsevere 
disease due to its toxicity and is the least preferred option in this 
setting.

Remission maintenance

Recommendation: For patients with severe EGPA whose 
disease has entered remission with cyclophosphamide 
therapy, we conditionally recommend treatment with  
methotrexate, azathioprine, or mycophenolate mofetil over 
rituximab for remission maintenance.

Typically, a maintenance agent would be used after remission 
induction in severe EGPA to reduce toxicity and the risk of dis-
ease relapse (47), although monophasic disease can occur (48). 
Azathioprine has been commonly used in published EGPA series 
(46), but the lack of comparative evidence between methotrexate, 
azathioprine, and mycophenolate mofetil in EGPA precludes rec-
ommending one agent over another.

Use of methotrexate, azathioprine, or mycophenolate mofetil 
is recommended over rituximab, because there has been less 
experience with the use of rituximab for remission maintenance 
in EGPA. Rituximab could be considered if remission were 
induced with rituximab or if there are contraindications to other 
choices.

Recommendation: For patients with severe EGPA whose 
disease has entered remission, we conditionally recommend 
treatment with methotrexate, azathioprine, or mycophe-
nolate mofetil over mepolizumab for remission maintenance.

While there are limited data informing the use of remis-
sion maintenance therapy in EGPA, remission induction therapies 
(e.g., cyclophosphamide) should not be indefinitely continued 
given the potential toxicity. Thus, methotrexate, azathioprine, 
or mycophenolate mofetil can be considered for remission main-
tenance based on experience in GPA/MPA, expert opinion, and 
results from small studies (49). The primary experience with mepoli-
zumab is in refractory nonsevere disease, and thus it is difficult 
to extrapolate its efficacy as a remission maintenance agent for 
severe disease.

Ungraded position statement: The duration of gluco-
corticoid therapy in EGPA should be guided by the patient’s 
clinical condition, values, and preferences.

There is insufficient published evidence to support a spe-
cific duration of glucocorticoid treatment, and thus, the length 
of glucocorticoid therapy should be determined based on 
each patient’s clinical circumstances. Many patients with EGPA 

require some treatment with glucocorticoids, generally at a low 
dose, to maintain control of asthma and allergy symptoms. 
The minimum effective dose should be prescribed to minimize 
glucocorticoid toxicity.

Treatment of disease relapse

Recommendation: For patients with EGPA who have 
experienced relapse with severe disease manifestations 
after prior successful remission induction with cyclophos-
phamide, we conditionally recommend treatment with  
rituximab over cyclophosphamide for remission re- induction.

Rituximab is favored based on the general desire to avoid 
re-treatment with cyclophosphamide if possible and on the 
findings of an observational study of rituximab in relapsing or 
refractory EGPA (50). Cyclophosphamide may be considered in 
instances of recurrent cardiac involvement, since cardiac involve-
ment is an independent predictor of death and is associated with 
ANCA- negative disease, as discussed in the ungraded position 
statement about remission induction in active, severe disease.

Recommendation: For patients with EGPA who have 
experienced relapse with severe disease manifestations 
after prior successful remission induction with rituximab, 
we conditionally recommend treatment with rituximab over 
switching to cyclophosphamide for remission re- induction.

Re- induction of remission with rituximab is favored over 
cyclophosphamide treatment to minimize toxicity. However, the 
duration of remission prior to the onset of relapse should be exam-
ined. Cyclophosphamide should be considered if a severe relapse 
occurred quickly after rituximab treatment, or if cardiac involvement 
is present (see ungraded position statement and recommendation 
on this topic).

Recommendation: For patients with EGPA who have 
experienced relapse with nonsevere disease manifes-
tations (asthma and/or sinonasal disease) while receiv-
ing methotrexate, azathioprine, or mycophenolate mofetil, 
we conditionally recommend adding mepolizumab over 
switching to another agent.

For patients with EGPA with active asthma, inhaled thera-
pies should be maximized prior to increasing systemic immu-
nosuppressive therapy. Although no direct comparative data 
are available, mepolizumab was found to be efficacious in 
a randomized trial in patients specifically described in this  
recommendation: those with relapsing nonsevere EGPA who   
are receiving immunosuppressive therapy (45). It has also  
been independently proven to be effective in eosinophilic 
asthma (51). Based on this evidence, mepolizumab is recom-
mended to treat nonsevere relapsing disease in patients receiv-
ing methotrexate, azathioprine, or mycophenolate mofetil rather 
than switching to an alternative agent of that group.
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Recommendation: For patients with EGPA who have 
experienced relapse with nonsevere disease manifesta-
tions (asthma and/or sinonasal disease) while receiving 
low- dose glucocorticoids and no other therapy, we con-
ditionally recommend adding mepolizumab over add-
ing methotrexate, azathioprine, or mycophenolate mofetil.

Similar to the discussion about the above recommen-
dation, use of inhaled agents should be optimized in patients  
experiencing disease relapse with asthma and/or sinonasal  
disease. For patients with nonsevere relapsing EGPA who are  
receiving glucocorticoid monotherapy, starting mepolizumab  
would be preferred over adding methotrexate, azathioprine,  
or mycophenolate mofetil, given the treatment’s proven efficacy 
in this population in a randomized trial (45).

Recommendation: For patients with EGPA and high 
serum IgE levels who have experienced relapse with non-
severe disease manifestations (asthma and/or sinonasal 
disease) while receiving methotrexate, azathioprine,  
or mycophenolate mofetil, we conditionally recommend  
adding mepolizumab over adding omalizumab.

The published evidence on omalizumab, an anti- IgE anti-
body, in EGPA has been limited. Therefore, even for a patient 
with high serum IgE levels, mepolizumab is the preferred choice 
based on evidence from the randomized controlled trial (45).

Other considerations

Recommendation: For patients with newly diagnosed 
EGPA receiving leukotriene inhibitors, we conditionally rec-
ommend continuing leukotriene inhibitors over discontinu-
ing them.

Following the introduction of leukotriene inhibitors, con-
cerns were raised about a link with the development of EGPA. 
In subsequent retrospective studies, it was not concluded that 
there is a causal relationship between leukotriene inhibitors and 
EGPA (52). Therefore, patients with newly diagnosed EGPA 
should have the option to continue a leukotriene inhibitor if it 
is beneficial in the management of their asthma or sinonasal 
disease.

Ungraded position statement: Use of leukotriene inhib-
itors is not contraindicated for patients with EGPA with 
active asthma and/or sinonasal disease.

Leukotriene inhibitors carry therapeutic indications for 
asthma and allergic rhinitis. As no clear causal association with 
EGPA has been demonstrated, a leukotriene inhibitor can be 
added to help manage asthma and sinonasal disease. However, 
leukotriene inhibitors are one of many options and are not the 
only choice in this setting. Leukotriene inhibitors should not be 
used to treat manifestations aside from asthma and sinonasal 
disease.

Recommendation: For patients with EGPA, we condi-
tionally recommend obtaining an echocardiogram at the 
time of diagnosis.

Cardiac involvement is the major cause of disease- 
related mortality in EGPA (48). Echocardiography has minimal 
risk and can identify cardiac involvement, which, if present, can 
impact treatment decisions. Not identifying cardiac involvement 
could negatively impact patient outcomes. Thus, we recommend 
obtaining an echocardiogram for all patients with newly diagnosed 
EGPA, even in the absence of cardiac symptoms.

Recommendation: For patients with EGPA, we condi-
tionally recommend using the Five- Factor Score to guide 
therapy.

The Five- Factor Score (FFS), first published in 1996 (53), 
was based on a cohort of 342 patients with either polyarteritis 
nodosa, as it was then defined, or EGPA. These 5 factors include 
proteinuria >1 gm/day, renal insufficiency with serum creatinine 
>1.58 mg/dl, gastrointestinal tract involvement, cardiomyopathy, 
and central nervous system involvement. The FFS is primarily a 
prognostic tool for which higher scores have been associated 
with a worse outcome (53). It has been used to guide treatment 
(43), but its applicability to newer therapies is unknown. The 
FFS was revisited in 2011 in a population of 1,108 patients with 
GPA, MPA, EGPA, or PAN (54). The 2011 version included ear, 
nose, and throat parameters and age >65 years. The 1996 FFS 
remains more commonly used and may be helpful in identifying 
organ- specific parameters associated with severe disease and in 
guiding treatment. Although the definitions of severe and nonse-
vere EGPA used in the present guideline were not based on the 
FFS, the tool was found to be useful to clinicians for making treat-
ment decisions. The components of the FFS can serve as mark-
ers of severe disease that warrant more aggressive treatment.

Ungraded position statement: In patients with 
 sinonasal involvement in EGPA, treatment with nasal rinses 
and topical therapies (e.g., antibiotics, lubricants, and 
 glucocorticoids) may be considered.

Allergic rhinitis and sinonasal disease are frequent clinical 
features of EGPA. Although the efficacy of nasal rinses and topi-
cal therapies in EGPA is not well established, some patients may 
benefit. Where possible, consultation with an otolaryngologist with 
expertise in treating AAV should be obtained to guide the use and 
choice of these agents. These interventions can continue to be 
beneficial even when symptoms have improved or resolved.

Recommendation: For patients with EGPA who are receiv-
ing cyclophosphamide or rituximab, we conditionally rec-
ommend prescribing  medications for prophylaxis to prevent  
P jirovecii pneumonia.

Prophylaxis to prevent P jirovecii pneumonia is dis-
cussed above in the GPA/MPA recommendations. The same 
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considerations regarding prophylaxis to prevent this condition in 
patients with GPA/MPA apply to those with EGPA.

DISCUSSION

In this guideline, we present the first ACR/Vasculitis Foun-
dation recommendations for the management of GPA, MPA, 
and EGPA. Although these recommendations provide a general 
guide for disease management, the patient’s clinical condition, 
preferences, and values should influence their treatment. Over-
all, these recommendations reflect the evolving management of 
these diseases, including the new roles for biologic therapies and 
aggressive strategies to minimize glucocorticoid toxicity. The rec-
ommendations for GPA and MPA are supported by a greater num-
ber of randomized trials than are currently available in EGPA. All of 
the recommendations made for these 3 diseases are conditional, 
which indicates that there are settings in which the evidence is 
not strong or an alternative is a reasonable consideration. These 
recommendations should not be used by any agency to restrict 
access to therapy or require that certain therapies be utilized prior 
to other therapies.

The physicians on the Voting Panel were primarily rheumatol-
ogists, because the recommendations were being developed for 
rheumatologists in the US. Since AAVs are multisystem diseases, 
patients with AAVs often receive care from other medical subspe-
cialists (e.g., nephrologists, pulmonologists, and/or otolaryngolo-
gists). While the recommendations presented in this guideline are 
driven by the published data, other medical subspecialists may 
favor a different management strategy. We encourage rheumatol-
ogists to discuss treatment plans and coordinate care with other 
subspecialists as needed.

Recently, a clinical trial of avacopan in patients with GPA and 
MPA was published (55). This guideline development effort did not 
include consideration of avacopan, since the guidelines consider 
therapies that are approved by the FDA for use for any indication 
at the time of the last literature search. Therapies approved by 
the FDA after that date will be considered for inclusion in future 
updates to this guideline.

This guideline highlights gaps in our knowledge for the treat-
ment of AAV. Most glaring is the lack of biomarker assessments 
or other noninvasive diagnostic testing with minimal toxicity that 
can accurately assess disease activity and predict outcomes. In 
addition, while we have evidence from randomized clinical trials 
to support recommendations regarding initial remission induction 
and maintenance therapy, critical questions remain unanswered, 
such as the optimal duration of therapy.

These gaps in knowledge reinforce the need for ongoing 
research in these diseases. Specific areas to investigate include 
the following: 1) biomarker studies to identify more specific, 
reliable indicators of disease activity that can guide treatment 
decisions; 2) trials to clarify how best to use the currently availa-
ble medications (e.g., dosing, duration, effective combinations, 

and in which population to use which drugs); 3) trials to identify 
novel, targeted, and/or glucocorticoid- sparing agents with min-
imal toxicity; and 4) long- term studies to understand the course 
of disease and the safety of current therapies.

We hope significant progress will be made in these areas such 
that future recommendations provide a more tailored approach to 
disease management, minimize treatment toxicity, and prevent 
organ damage in these patients.
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Objective. To provide evidence- based recommendations and expert guidance for the management of systemic 
polyarteritis nodosa (PAN).

Methods. Twenty- one clinical questions regarding diagnostic testing, treatment, and management were developed 
in the population, intervention, comparator, and outcome (PICO) format for systemic, non– hepatitis B– related 
PAN. Systematic literature reviews were conducted for each PICO question. The Grading of Recommendations 
Assessment, Development and Evaluation methodology was used to assess the quality of evidence and formulate 
recommendations. Each recommendation required ≥70% consensus among the Voting Panel.

Results. We present 16 recommendations and 1 ungraded position statement for PAN. Most recommendations 
were graded as conditional due to the paucity of evidence. These recommendations support early treatment of 
severe PAN with cyclophosphamide and glucocorticoids, limiting toxicity through minimizing long- term exposure to 
both treatments, and the use of imaging and tissue biopsy for disease diagnosis. These recommendations endorse 
minimizing risk to the patient by using established therapy at disease onset and identify new areas where adjunctive 
therapy may be warranted.

Conclusion. These recommendations provide guidance regarding diagnostic strategies, use of pharmacologic 
agents, and imaging for patients with PAN.
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INTRODUCTION

Polyarteritis nodosa (PAN) is a systemic necrotizing vasculitis 
that primarily affects medium- sized vessels (1). Patients frequently 
present with systemic symptoms such as fever and weight loss. 
The most common clinical presentations include neurologic man-
ifestations such as mononeuritis multiplex and peripheral neu-
ropathy, cutaneous manifestations such as nodules and livedo 
reticularis, renal manifestations such as hypertension, and gas-
trointestinal manifestations such as abdominal pain (2). Diagnosis 
is generally confirmed by tissue biopsy of an affected organ or 
angiography if tissue biopsy cannot be obtained. Typical histologic 
findings include mixed- cell inflammatory infiltrates in the vessel 
wall and fibrinoid necrosis, with an absence of granulomas and 
giant cells (3). Findings on angiography include saccular or fusi-
form aneurysms and stenotic lesions in the mesenteric, hepatic, 
and renal arteries and their subsequent branches. Although PAN 
is becoming increasingly rare due to the prevention of hepatitis B 
viral (HBV) infection, it remains a potentially devastating diagnosis, 
with severe PAN having a mortality rate of 40% at 5 years (3).

Given the increasing options available to treat systemic vas-
culitis, the American College of Rheumatology (ACR) and the Vas-
culitis Foundation (VF) supported the development of guidelines 
for the management of large, medium, and small vessel vascu-
litis. This guideline presents evidence- based recommendations 
for the diagnostic testing, treatment, and management of PAN as 
an exemplar of medium vessel vasculitis. Of note, this guideline 
focuses on systemic PAN. Since HBV- associated PAN as well as 
cutaneous PAN are generally managed differently from systemic 
idiopathic PAN, they were excluded from this guideline.

Although this guideline may inform an international audience, 
these recommendations were developed considering the experi-
ence with and availability of treatment and diagnostic options in 
the US.

METHODS

This guideline followed the ACR guideline development  
process (https://www.rheum atolo gy.org/Pract ice- Quali ty/Clini cal-    
Suppo rt/Clini cal- Pract ice- Guide lines) using the Grading of Recom-
mendations Assessment, Development and Evaluation (GRADE)  
methodology to rate the quality of evidence and develop recom-
mendations (4,5). ACR policy guided the management of con-
flicts of interest and disclosures (https://www.rheum atolo gy.org/ 
Pract ice- Quali ty/Clini cal- Suppo rt/Clini cal- Pract ice- Guide lines/ 
Vascu litis). Supplementary Appendix 1 (available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41776/ abstract) presents a detailed description 
of the methods. Briefly, the Literature Review team undertook sys-
tematic literature reviews for predetermined questions specifying 
the clinical population, intervention, comparator, and outcomes 
(PICO). An in- person Patient Panel of 11 individuals with differ-
ent types of vasculitis (1 patient with PAN) was moderated by 
a member of the Literature Review team (ABD). This Patient Panel 
reviewed the evidence report (along with a summary and inter-
pretation by the mod  erator) and provided patient perspectives 
and preferences. An Expert Panel provided expert knowledge 
to inform discussion of the PICO questions and findings of the 
literature review. The Voting Panel comprised 9 adult rheumatol-
ogists, 5 pediatric rheumatologists, and 2 patients; they reviewed 
the Literature Review team’s evidence summaries and, bearing 
in mind the Patient Panel’s deliberations, formulated and voted on 
recommendations. A  recommendation required ≥70% consensus 
among the Voting Panel.

How to interpret the recommendations

A strong recommendation is typically supported by moderate-  
to high-quality evidence (e.g., multiple randomized controlled 
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trials). For a strong recommendation, the recommended course 
of action would apply to all or almost all patients. Only a small 
proportion of clinicians/patients would not want to follow the rec-
ommendation. In rare instances, a strong recommendation may 
be based on very low– to low-certainty evidence. For example, an 
intervention may be strongly recommended if it is considered low- 
cost, without harms, and the consequence of not performing the 
intervention may be catastrophic. An intervention may be strongly 
recommended against if there is high certainty that the interven-
tion leads to more harm than the comparison with very low or low 
certainty about its benefit (6).

A conditional recommendation is generally supported by 
lower- quality evidence or a close balance between desirable 
and undesirable outcomes. For a conditional recommendation, 
the recommended course of action would apply to the majority 
of the patients, but the alternative is a reasonable consideration. 
Conditional recommendations always warrant a shared decision- 
making approach. We specify conditions under which the alterna-
tive may be considered.

In some instances, the committee found that the evidence for 
a particular PICO question did not support a graded recommen-
dation or did not favor one intervention over the other. However, 
the Voting Panel believed that the PICO question addressed a 
commonly encountered clinical question and thus felt that pro-
viding guidance for this question was warranted. For these situ-
ations, we present “ungraded position statements,” which reflect 
general views of the Voting Panel.

In this evidence- based guideline, we explicitly used the 
best evidence available and present that in a transparent man-
ner for the clinician reader/user (7). In some instances, this 
includes randomized trials in which the interventions under 
consideration are directly compared. The GRADE system rates 
evidence that comes exclusively from the collective experience 

of the Voting Panel and Patient Panel members as “very low 
quality” evidence (5).

For each recommendation, details regarding the PICO ques-
tions and the GRADE evidence tables can be found in Supple-
mentary Appendix 2 (http://onlin elibr ary.wiley.com/doi/10.1002/
art.41776/ abstract).

RESULTS

For the evidence report, the Literature Review team summa-
rized 127 articles to address 21 PICO questions for PAN.

The following recommendations and ungraded position 
statements are for systemic PAN and do not apply to isolated 
cutaneous or HBV- related PAN. Table 1 presents definitions of 
selected terms used in the recommendations, including the defi-
nition of severe and nonsevere disease, as well as dosing ranges 
for glucocorticoids. Table 2 presents the recommendations with 
their supporting PICO questions and levels of evidence. Figure 1 
provides key recommendations for the treatment for PAN. All but 
1 of the recommendations are conditional, primarily due to lack of 
high- quality evidence (e.g., randomized controlled trials) support-
ing the recommendation.

Vascular imaging, tissue biopsy, and diagnostic 
testing

Recommendation: For patients with suspected PAN, 
we conditionally recommend using abdominal vascular 
imaging to aid in establishing a diagnosis and determining 
the extent of disease.

Evidence for the use of routine diagnostic imaging is limited, 
with no comparative trials available. In single- arm studies that were 
performed when diagnostic criteria for PAN were not well defined, 

Table 1. Definitions of selected terms used in the recommendations for PAN*

Term Definition
Disease states

Suspected disease Clinical signs and/or symptoms suggestive of PAN and not explained by other conditions
Active disease New, persistent, or worsening clinical signs and/or symptoms attributed to PAN and not related to prior damage
Severe disease Vasculitis with life-  or organ- threatening manifestations (e.g., renal disease, mononeuritis multiplex, 

muscle disease, mesenteric ischemia, coronary involvement, limb/digit ischemia)
Nonsevere disease Vasculitis without life-  or organ- threatening manifestations (e.g., mild systemic symptoms, 

uncomplicated cutaneous disease, mild inflammatory arthritis)
Remission Absence of clinical signs or symptoms attributed to PAN, on or off immunosuppressive therapy
Refractory disease Persistent active disease despite an appropriate course of immunosuppressive therapy
Relapse Recurrence of active disease following a period of remission

Treatments
IV pulse GCs IV methylprednisolone 500– 1,000 mg/day (adults) or 30 mg/kg/day (children; maximum 1,000 mg/

day) or equivalent for 3– 5 days
High- dose oral GCs Prednisone 1 mg/kg/day (adults; generally up to 80 mg/day) or 1– 2 mg/kg/day (children; generally up 

to 60 mg/day) or equivalent
Moderate- dose oral GCs Prednisone 0.25– 0.5 mg/kg/day (adults; generally 10– 40 mg/day) or ~0.5 mg/kg/day (children; 

generally 10– 30 mg/day) or equivalent
Low- dose oral GCs Prednisone ≤10 mg/day (adults) or ≤0.2 mg/kg/day (children; maximum 10 mg/day) or equivalent
Non- GC immunosuppressive therapy Azathioprine, cyclophosphamide, methotrexate, mycophenolate mofetil

* PAN = polyarteritis nodosa; IV = intravenous; GCs = glucocorticoids. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41776/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41776/abstract
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vascular imaging, in tandem with clinical signs and pathology, 
helped validate the diagnosis (8) and determine disease sever-
ity (9). This in turn can influence treatment decisions. Moreover, 
obtaining vascular imaging at disease onset facilitates identifica-
tion of new vascular involvement during disease relapse. Vascu-
lar imaging may not be warranted if patients present with isolated 
findings such as mononeuritis multiplex or myopathy, or if there are 
no clinical features suggestive of abdominal arterial involvement 

(such as absence of gastrointestinal or genitourinary symptoms, 
including renovascular hypertension). For children, clinicians 
should be mindful of minimizing repeated radiation exposure.

Clinicians currently use both conventional catheter- based dye 
angiography and noninvasive methods such as computed tomog-
raphy (CT) or magnetic resonance (MR) angiography to diagnose 
PAN (10– 12). Conventional angiography is the current gold stan-
dard due to its ability to provide better resolution, but it can be 

Table 2. Recommendations/statements for the management of PAN*

Recommendation/statement

PICO question 
informing 

recommendation 
and discussion

Level of 
evidence

Vascular imaging, tissue biopsy, and diagnostic testing
Recommendation: For patients with suspected PAN, we conditionally recommend using abdominal 

vascular imaging to aid in establishing a diagnosis and determining the extent of disease.
1 Very low

Recommendation: For patients with a history of severe PAN with abdominal involvement who become 
clinically asymptomatic, we conditionally recommend follow- up abdominal vascular imaging.

19, 20 Very low

Recommendation: For patients with suspected PAN involving the skin, we conditionally recommend 
obtaining a deep- skin biopsy specimen (i.e., a biopsy reaching the medium- sized vessels of the 
dermis) over a superficial skin punch biopsy to aid in establishing a diagnosis.

2 Very low

Recommendation: For patients with suspected PAN and peripheral neuropathy (motor and/or 
sensory), we conditionally recommend obtaining a combined nerve and muscle biopsy over a 
nerve biopsy alone to aid in establishing a diagnosis.

3 Very low

Recommendation: For patients with a history of peripheral motor neuropathy secondary to PAN, we 
conditionally recommend serial neurologic examinations instead of repeated electromyography/
nerve conduction studies (e.g., every 6 months) to monitor disease activity.

21 Very low

Treatment of active disease
Recommendation: For patients with newly diagnosed active, severe PAN, we conditionally 

recommend initiating treatment with IV pulse GCs over high- dose oral GCs.
4 Very low

Recommendation: For patients with newly diagnosed active, severe PAN, we conditionally recommend 
initiating treatment with cyclophosphamide and high- dose GCs over high- dose GCs alone.

5, 6, 10 Very low to low

Recommendation: For patients with newly diagnosed active, severe PAN, we conditionally 
recommend initiating treatment with cyclophosphamide and GCs over rituximab and GCs.

5, 6, 10 Very low to low

Recommendation: For patients with newly diagnosed active, severe PAN who are unable to tolerate 
cyclophosphamide, we conditionally recommend treating with other non- GC immunosuppressive 
agents and GCs over GCs alone.

8 Very low

Recommendation: For patients with newly diagnosed active, nonsevere PAN, we conditionally 
recommend treating with non- GC immunosuppressive agents and GCs over GCs alone.

12 Very low

Recommendation: In patients with newly diagnosed active, severe PAN, we conditionally recommend 
against using plasmapheresis combined with cyclophosphamide and GCs over cyclophosphamide 
and GCs alone.

7, 16 Low

Recommendation: For patients with PAN in remission who are receiving non- GC immunosuppressive 
therapy, we conditionally recommend discontinuation of non- GC immunosuppressive agents 
after 18 months over continued (indefinite) treatment.

13 Very low

Ungraded position statement: The optimal duration of GC therapy for PAN (e.g., tapering off by 6 
months or longer than 6 months) is not well established, and thus, the duration of therapy should 
be guided by the patient’s clinical condition, values, and preferences.

11 Very low

Treatment of refractory disease
Recommendation: For patients with severe PAN that is refractory to treatment with GCs and non- GC 

immunosuppressive agents other than cyclophosphamide, we conditionally recommend switching 
the non- GC immunosuppressive agent to cyclophosphamide, over increasing GCs alone.

17 Very low

Remission maintenance
Recommendation: For patients with newly diagnosed PAN who have achieved disease remission 

with cyclophosphamide, we conditionally recommend transitioning to another non- GC 
immunosuppressive agent over continuing cyclophosphamide.

9 Very low

Other considerations
Recommendation: For patients with PAN with nerve and/or muscle involvement, we conditionally 

recommend physical therapy.
14 Very low

Recommendation: For patients with clinical manifestations of DADA2, we strongly recommend 
treatment with tumor necrosis inhibitors over GCs alone.

18 Low

* For the population, intervention, comparator, and outcome (PICO) questions used in the Grading of Recommendations Assessment,
Development and Evaluation methodology, as developed for polyarteritis nodosa (PAN), please refer to Supplementary Appendix 2 (available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41776/ abstract). IV = intravenous; GCs = glucocorticoids; 
DADA2 = deficiency of adenosine deaminase 2. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41776/abstract
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associated with complications, albeit at a very low rate (13,14). 
However, the resolution for noninvasive modalities is improving, 
and CT or MR angiography may provide additional information 
regarding the vessel wall that conventional angiography does not. 
Specifically, CT angiography may enable visualization of more of 
the distal branches of the mesenteric arteries than MR angiog-
raphy, but MR angiography may be preferred in certain clinical 
situations (e.g., need to avoid iodinated contrast). In patients with 
a negative CT or MR angiogram result with a high degree of sus-
picion for abdominal involvement, it is reasonable to consider con-
ventional angiography.

Recommendation: For patients with a history of severe 
PAN with abdominal involvement who become clinically 
asymptomatic, we conditionally recommend follow- up 
abdominal vascular imaging.

Follow- up imaging permits assessment of disease control and 
treatment response. In the view of the Voting Panel, follow- up imag-
ing is particularly important when baseline imaging demonstrates 
aneurysmal disease. The timing of follow- up imaging is dependent, 
in part, on clinical factors, such as the extent and severity of vascu-
lar abnormalities, overall disease course, and response to therapy. 
However, indefinite routine vascular imaging should be avoided if 
the abdominal vascular disease is shown to be quiescent.

Recommendation: For patients with suspected PAN 
involving the skin, we conditionally recommend obtain-
ing a deep- skin biopsy specimen (i.e., a biopsy reaching 
the medium- sized vessels of the dermis) over a superficial 
skin punch biopsy to aid in establishing a diagnosis.

Indirect evidence (found in nonrandomized studies or studies 
in which findings were not primary aims) suggests that evaluation 
of deeper tissue is more effective at establishing a diagnosis of 
PAN (15,16), since a deeper- tissue sample is more likely to cap-
ture a medium- sized vessel. A deep- skin biopsy can be performed 
by a dermatologist as a deep (or “double”) punch biopsy and does 
not necessarily require invasive resection. This recommendation 
had strong support from the Voting Panel but remains conditional 
due to limited evidence.

Recommendation: For patients with suspected PAN 
and peripheral neuropathy (motor and/or sensory), we 
conditionally recommend obtaining a combined nerve 
and muscle biopsy over a nerve biopsy alone to aid in 
establishing a diagnosis.

Several studies suggest an increased yield with nerve and 
concurrent muscle biopsy as opposed to nerve biopsy alone (15– 
19). However, the biopsy should sample involved tissue and not 
be performed “blind” (i.e., sampling tissue that does not appear 

Figure 1. Key recommendations for the treatment of polyarteritis nodosa.
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to be clinically affected). Of note, biopsy of an affected purely sen-
sory nerve (e.g., sural nerve) is favored to avoid motor deficits.

Recommendation: For patients with a history of 
peripheral motor neuropathy secondary to PAN, we condi-
tionally recommend serial neurologic examinations instead 
of repeated electromyography/nerve conduction studies 
(e.g., every 6 months) to monitor disease activity.

This recommendation is based on the opinion of the Voting 
Panel due to a lack of published evidence addressing the issue. 
Repeated electromyography in a patient with stable symptoms is 
not recommended due to the invasive nature of this study. How-
ever, repeated electromyography/nerve conduction study would 
be warranted if there were uncertainty as to whether a new (or 
worsening) process was developing.

Treatment of active disease

Recommendation: For patients with newly diagnosed 
active, severe PAN, we conditionally recommend initiating 
treatment with intravenous (IV) pulse glucocorticoids over 
high- dose oral glucocorticoids.

In several single- arm and comparative studies, evaluations 
of medical therapy were confounded by the use of other med-
ications and did not control for IV pulse or high- dose oral glu-
cocorticoid use (20– 22). However, for active and severe disease 
specifically, patients may benefit from the additional mechanism 
of action of high- dose pulse glucocorticoids. That is, glucocor-
ticoids may rapidly alter cell membrane and receptor function 
to promote suppression of inflammation once the glucocorti-
coid receptor is saturated (23). The Voting Panel noted that this 
 recommendation was focused on patients with active, severe 
 disease. For many patients with disease that is not associated 
with life- threatening manifestations (such as immediate risk of vis-
ceral infarct), oral glucocorticoids would be preferred due to lower 
overall glucocorticoid burden. For pediatric patients, pulse glu-
cocorticoid therapy in other systemic immune disorders appears 
to have a favorable side-effect profile and is not more strongly 
associated with infections or other morbidities compared to oral 
glucocorticoids (24).

Recommendation: For patients with newly diagnosed 
active, severe PAN, we conditionally recommend initiating 
treatment with cyclophosphamide and high- dose gluco-
corticoids over high- dose glucocorticoids alone.

In newly diagnosed severe PAN, a single observational 
study and indirect evidence suggest that the use of cyclophos-
phamide has more benefits than glucocorticoid therapy alone, 
with no differences seen between oral and IV cyclophospha-
mide (25,26). Moreover, the use of additional cyclophosphamide 
cycles may provide a medium- term protection (3 years) against 

disease relapse, although this benefit wanes by 10 years (21). 
Use of cyclophosphamide may mitigate glucocorticoid toxicity by 
decreasing the cumulative steroid dose (27).

Recommendation: For patients with newly diagnosed 
active, severe PAN, we conditionally recommend initiat-
ing treatment with cyclophosphamide and glucocorticoids 
over rituximab and glucocorticoids.

While case reports have recently raised the question about 
the efficacy of rituximab use in PAN (28–30), its efficacy in PAN 
remains uncertain due to the lack of comparative or large single- 
arm studies in this disease.

Recommendation: For patients with newly diag-
nosed active, severe PAN who are unable to tolerate 
cyclophosphamide, we conditionally recommend treating 
with other nonglucocorticoid immunosuppressive agents 
and glucocorticoids over glucocorticoids alone.

Indirect evidence (i.e., data obtained from secondary out-
comes in prior trials [25,31]) suggests that the combination of non-
glucocorticoid immunosuppressive agents, such as azathioprine 
or methotrexate, with glucocorticoids is superior to glucocorti-
coids alone. Mycophenolate mofetil has not been well studied in 
PAN. No direct trials comparing glucocorticoid monotherapy with 
nonglucocorticoid combination therapy are available. In general, 
patients with severe PAN should be treated with cyclophospha-
mide over other immunosuppressive agents (26), but in patients 
unable to tolerate cyclophosphamide, another agent, such as 
azathioprine or methotrexate, is recommended over glucocorti-
coid monotherapy. Use of nonglucocorticoid immunosuppressive 
therapy may provide a glucocorticoid- sparing effect and minimize 
glucocorticoid toxicity, which is particularly significant in pediatric 
populations.

Recommendation: For patients with newly diagnosed 
active, nonsevere PAN, we conditionally recommend treat-
ing with nonglucocorticoid immunosuppressive agents 
and glucocorticoids over glucocorticoids alone.

In cases of nonsevere disease, a patient’s age, clinical 
condition, and their values and preferences are important fac-
tors in assessing treatment. Although some patients achieve 
disease remission while receiving glucocorticoids alone, a 
substantial number of patients ultimately require additional 
nonglucocorticoid therapy, usually azathioprine or methotrex-
ate (20). This recommendation contradicts management rec-
ommendations based on the Five- Factor Score (32), in which 
patients without factors of severe disease can be treated with 
glucocorticoids alone. We favor the use of nonglucocorticoid 
therapy in nonsevere disease, since the addition of nongluco-
corticoid therapy may minimize glucocorticoid use and subse-
quent toxicity.
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Recommendation: In patients with newly diagnosed 
active, severe PAN, we conditionally recommend against 
using plasmapheresis combined with cyclophosphamide 
and glucocorticoids over cyclophosphamide and gluco-
corticoids alone.

In a single trial conducted in 1995, the use of plasmaphe-
resis in PAN was evaluated, but a distinction between PAN and 
HBV- associated PAN was not made (33). Confidence intervals in 
this study were very wide. Thus, evidence supporting the use of 
plasmapheresis in non– HBV- associated PAN is unavailable and 
the benefit unclear. Plasmapheresis may be considered in cata-
strophic cases unresponsive to the recommended aggressive 
immunosuppressive therapies and may have a role in the man-
agement of HBV- related PAN.

Recommendation: For patients with PAN in remission 
who are receiving nonglucocorticoid immunosuppressive 
therapy, we conditionally recommend discontinuation 
of nonglucocorticoid immunosuppressive agents after 
18 months over continued (indefinite) treatment.

Evidence for this recommendation is based on a single study 
that was performed in 1979 (31). Although a significant number 
of patients with PAN have disease relapse, the majority experi-
ence monophasic disease (20). Indefinite treatment may there-
fore not be needed. Disease needs to be in sustained remission 
(Table 1) before discontinuing therapy.

Ungraded position statement: The optimal duration 
of glucocorticoid therapy for PAN (e.g., tapering off by 
6 months or longer than 6 months) is not well established, 
and thus, the duration of therapy should be guided by the 
patient’s clinical condition, values, and preferences.

In PAN, studies to determine the optimal length of time for 
glucocorticoid use have not been performed. In studies of other 
types of vasculitis (34), faster tapers led to more flares, which were 
often not organ- threatening and may have been mild. The Patient 
Panel preferred a longer taper, as a primary concern was disease 
control rather than glucocorticoid toxicity. Thus, duration of gluco-
corticoid use should be influenced by the patient’s clinical condi-
tion, values, and preferences.

Treatment of refractory disease

Recommendation: For patients with severe PAN that 
is refractory to treatment with glucocorticoids and non-
glucocorticoid immunosuppressive agents other than 
cyclophosphamide, we conditionally recommend switch-
ing the nonglucocorticoid immunosuppressive agent to 
cyclophosphamide over increasing glucocorticoids alone.

Based on the effectiveness of cyclophosphamide in 
new- onset severe PAN (26), indirect evidence suggests that 

cyclophosphamide should be used in patients with PAN that 
has evolved from a nonsevere presentation to one that is severe 
and does not adequately respond to other immunosuppressive 
agents.

Remission maintenance

Recommendation: For patients with newly diagnosed 
PAN who have achieved disease remission with cyclophos-
phamide, we conditionally recommend transitioning to 
another nonglucocorticoid immunosuppressive agent over 
continuing cyclophosphamide.

Due to its toxicity, cyclophosphamide therapy should not 
continue indefinitely and should generally be limited to 3– 6 months 
per course (21). Based on the experience in antineutrophil cyto-
plasmic antibody– associated vasculitis, transitioning to another 
less toxic agent such as methotrexate or azathioprine is recom-
mended once disease remission has been attained. Given the 
lack of clinical trials investigating remission maintenance in PAN, 
this recommendation was based on expert experience.

Other considerations

Recommendation: For patients with PAN with nerve 
and/or muscle involvement, we conditionally recommend 
physical therapy.

Indirect evidence for PAN is available for this recommen-
dation from studies in inflammatory myositis. Based on this, we 
conditionally recommend this intervention due to its potential ben-
efit and minimal risk. Physical therapy may be more beneficial for 
those with more substantial motor involvement. Patients on the 
Voting Panel expressed a high degree of enthusiasm for physical 
therapy as a modality for recovery and rehabilitation, in that they 
felt they had personally experienced benefit from physical therapy.

Recommendation: For patients with clinical manifesta-
tions of deficiency of adenosine deaminase 2 (DADA2), we 
strongly recommend treatment with tumor necrosis factor 
inhibitors over glucocorticoids alone.

DADA2 was first described in a series of patients with an 
early- onset (often childhood) PAN- like vasculitis (35). DADA2 is 
characterized by recurrent strokes and skin changes and diag-
nosed using ADA2 sequencing or ADA2 functional assays, and 
ADA2 mutations have been identified in patients diagnosed as 
having systemic PAN (36). Although only 1 case series has been 
published, the strong signal of benefit of tumor necrosis inhibi-
tors provides evidence that treatment with tumor necrosis inhibi-
tors, instead of conventional immunosuppressive agents such as 
cyclophosphamide, prevents strokes (35,37). Thus, physicians 
should consider DADA2 in the setting of a PAN- like syndrome with 
strokes, and if confirmed, we strongly recommend use of tumor 
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necrosis factor inhibitors. The Voting Panel voted for a strong rec-
ommendation despite the small number of cases, stressing the 
prevention of severe adverse events.

DISCUSSION

This is the first guideline issued by the ACR, in conjunction 
with the VF, for the management of systemic PAN. These recom-
mendations constitute a guide to help physicians treat patients with 
this disease. Because many recommendations are conditional, a 
patient’s clinical condition, values, and preferences should influence 
the management decisions that are made. These recommenda-
tions should not be used by any agency to restrict access to therapy 
or require that certain therapies be utilized prior to other therapies.

Classic systemic PAN, although rare, remains a disease with 
a high mortality rate (22). Therefore, recommendations in this 
guideline indicate that patients with severe disease should be 
treated with cyclophosphamide and glucocorticoids. However, 
when patients present with nonsevere disease (i.e., without life-  or 
organ- threatening manifestations such as renal insufficiency and 
tissue ischemia), use of alternative immunosuppressive agents 
and a glucocorticoid- sparing regimen is reasonable for remission 
induction. Use of diagnostic procedures such as angiography, 
electromyography/nerve conduction studies, and nerve and mus-
cle biopsy is recommended to aid in diagnosis. However, the use 
of routinely repeated procedures during periods of disease quies-
cence is discouraged.

PAN has become increasingly rare, and no large clinical  trials 
that focused solely on idiopathic (non– HBV- associated) PAN have 
been published. In addition, studies of PAN conducted prior to the 
recognition of microscopic polyangiitis may have included such 
patients and should be interpreted with caution. Many recommen-
dations were based on expert experience of the Voting Panel and/
or trials that were performed several years and, in some cases, 
decades ago. Strong recommendations will require larger inter-
ventional studies but will be challenging to conduct due to the 
rarity of this disease.

The process of developing these guidelines has brought to 
our attention other gaps in our understanding of the optimal treat-
ment for PAN. These gaps include the role of longitudinal vascular 
imaging studies, the comparative effectiveness of nonglucocor-
ticoid immunosuppressive agents, and the lack of biomarkers 
to inform disease activity or treatment response. Therefore, we 
encourage continued research in this disease. Future study and 
specific areas to investigate include the following: 1) determining 
how informative longitudinal vascular imaging is for assessing dis-
ease activity and determining disease prognosis; 2) conducting 
randomized clinical trials (including comparative efficacy trials) 
to assess the efficacy of nonglucocorticoid immunosuppressive 
agents, as well as identifying the optimal dosing, duration, and 
population that would benefit from these agents; 3) developing 

novel, targeted, and/or glucocorticoid-sparing therapies with min-
imal toxicity; and 4) identifying biomarkers to inform assessment 
of disease activity and prognosis.

In summary, the ACR and the VF present these recommen-
dations to assist physicians in managing PAN, and this guideline 
can serve as a touchstone for basic principles of management. 
We hope this guideline will evolve as new research is con-
ducted and new diagnostic and treatment strategies for PAN 
are identified.
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E X P E R T  P E R S P E C T I V E S  O N  C L I N I C A L  C H A L L E N G E S

Expert Perspective: Management of Refractory 
Inflammatory Myopathy
Ingrid E. Lundberg

The idiopathic inflammatory myopathies (IIMs) are chronic disorders characterized by inflammation in skeletal 
muscle but also in other organs such as the skin, lungs, joints, gastrointestinal tract, and heart. The effect of 
immunosuppressive treatment varies between individual patients and between organ manifestations within the same 
individual. Many patients respond poorly to first- line treatment with glucocorticoids and other immunosuppressive 
agents such as methotrexate or azathioprine, with symptoms persisting in the muscles, skin, and lungs, leading to 
refractory disease. Management of refractory IIM is a clinical challenge, and a systematic approach is proposed 
to better understand the lack of treatment response, in order to guide disease management. The first step in the 
management of refractory IIM is to recognize whether remaining symptoms are caused by persistent inflammation in 
the affected tissue or whether the symptoms may be attributable to damage preceding inflammation. Thus, a second 
diagnostic examination is recommended. Second, in particular for patients with remaining muscle weakness, it is 
important to ascertain whether the diagnosis of myositis is correct or whether another underlying muscle disorder 
could explain the symptoms. Third, with confirmation of remaining inflammation in the tissues, a strategy to change 
treatment needs to be undertaken. Few controlled trials are available to guide our treatment strategies. Furthermore, 
different subgroups of patients may benefit from different therapies, and different organ manifestations may respond 
to different therapies. In this context, subgrouping of patients with IIM based on autoantibody profile may be helpful, 
as there are emerging data from open studies and case series to support the notion of a varying treatment response 
in different autoantibody- defined subgroups of IIM patients.

Clinical challenge

The index patient, a 38- year- old woman, presented with 
weakness of the proximal leg muscles, elevated creatine kinase 
(CK) levels (5 times the upper limit of normal), signs of myopathy on 
electromyogram, and atrophy of the gluteus muscles on magnetic 
resonance imaging (MRI). A biopsy sample from the thigh muscle 
showed some fiber size variation and internal nuclei, but other-
wise normal histopathology. She was diagnosed as having poly-
myositis (PM). Despite having received treatment with high- dose 
glucocorticoids in combination with azathioprine followed by 
cyclosporine (methotrexate treatment was excluded due to preg-
nancy planning) and despite a routine of regular physical exercise, 

the patient’s muscle weakness progressed and she developed 
atrophy of her hamstring muscles– a refractory myopathy.

Introduction

This review addresses key issues in the management of 
refractory idiopathic inflammatory myopathies (IIMs), including the 
following: 1) how to discern whether progressive and remaining 
symptoms are attributable to persistent inflammatory disease or 
whether they may be attributable to organ damage from previ-
ous inflammation; 2) how to manage remaining symptoms in the 
absence of signs of active inflammation; 3) when and how to 
reevaluate the diagnosis of refractory IIM; and 4) treatment options 
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for various clinical manifestations due to persistent inflammation 
refractory to conventional immunosuppressive treatment.

Background

The IIMs, collectively referred to as myositis, constitute a 
heterogeneous group of disorders, with proximal muscle weak-
ness as a shared clinical manifestation (1). The IIMs are chronic 
autoimmune conditions, and many patients have extramuscu-
lar manifestations— for example, involvement of the skin, joints, 
lungs, heart, and gastrointestinal tract. This multiorgan feature 
suggests that the IIMs are systemic inflammatory disorders. 
Response to treatment with immunosuppressive drugs varies 
substantially among patients. Some patients have progressive 
weakness of the skeletal muscle as the predominating or only 
clinical manifestation, whereas others have persistent skin rash 
or develop interstitial lung disease (ILD) despite immunosuppres-
sive treatment. A first challenge in the management of refractory 
IIM cases is to evaluate whether the remaining clinical manifesta-
tions are attributable to persistent inflammation or rather could be 
attributed to the damage caused by previous inflammation or the 
side effects of treatment.

A second clinical challenge in the management of IIMs is 
to make the correct diagnosis, as there are several mimicking 
conditions characterized by muscle inflammation that will not 
improve with immunosuppressive treatment (2). The IIMs are 
also heterogeneous conditions in which different subgroups of 
patients may respond variably to different therapies. The classic 
subgroups of IIM, comprising  PM, dermatomyositis (DM), and 
inclusion body myositis (IBM),  may each respond differently to 
various therapies. IBM in all cases is generally refractory to all 
immunosuppressive therapies (IBM cases will not be discussed 
further herein).

A major scientific breakthrough with important clinical impli-
cations is the discovery of the so- called myositis- specific autoan-
tibodies (MSAs) (3). Serum positivity for MSAs is supportive of a 
diagnosis of IIM. Moreover, presence of MSAs is strongly asso-
ciated with clinical subphenotypes of IIM. With the identification 
of MSAs, new subgroups have been identified in which patients 
are seemingly clinically more homogeneous than the traditional 
subgroups of IIM patients; these new subgroups include patients 
with antisynthetase syndrome (ASyS) and patients with immune- 
mediated necrotizing myopathy (IMNM) (3).

A third major clinical challenge is the selection of treatment for 
the individual patient. For a patient with IIM with persistent active 
inflammatory disease, we have several options but we lack evi-
dence to guide us to select the right treatment for the individual 
patient. Different organ manifestations may respond to different 
therapies. Placebo- controlled trials are few. During recent years, 
the beneficial effects of biologic agents and small molecules have 
been reported in a number of case series, and some of these 
involve autoantibody- defined subgroups. These reports are 

encouraging, indicating a possibility that biomarkers for treatment 
response may be identified (as discussed herein), but controlled 
trials are needed.

Approach

Active inflammatory disease or damage? Refractory 
disease with remaining muscle weakness. In the management 
of IIM in patients whose disease does not improve with con-
ventional immunosuppressive treatment (i.e., a refractory IIM), a 
first question to address is whether the remaining symptoms or 
signs could be attributable to persistent inflammatory disease 
or whether they may be attributable to damage as a result of 
previous inflammation (Figure 1). One major clinical problem is 
the remaining muscle weakness in patients with refractory IIM. 
Other problems could be skin rash, dysphagia, or dyspnea or 
cough due to ILD.

An overarching goal in the management of the IIMs is to 
reduce the systemic and local tissue inflammation, in order to 
relieve symptoms such as weakness and fatigue. Reducing 
inflammation will also prevent irreversible organ damage. To facil-
itate management of treatment, an international collaborative 
group, the International Myositis and Clinical Studies (IMACS) 
Group, has proposed and validated a tool to assess disease 
activity in IIM. This 6- item core set tool includes physician’s and 
patient’s assessments of disease activity on a 10- cm visual analog 
scale, scores on the Health Assessment Questionnaire (HAQ), 
a measure of muscle strength (Manual Muscle Testing in 8 muscle 
groups [MMT- 8]), serum levels of 2 muscle enzymes (CK, lactate 
dehydrogenase, aspartate aminotransferase, alanine aminotrans-
ferase, or aldolase), and an extramuscular score (for symptoms 
and signs in organs other than the muscle) (4). This core set was 
developed for clinical trials but is also helpful in clinical practice 
to follow up patients and to guide treatment decisions. However, 
specific tools may be needed to evaluate certain clinical mani-
festations, such as remaining muscle weakness or pulmonary 
symptoms.

To recognize whether refractory muscle weakness is depen -
dent on persistent muscle inflammation or damage, serum levels 
of muscle enzymes, such as the serum levels of CK, may not 
be helpful, as these may normalize with glucocorticoid treatment 
despite ongoing muscle inflammation. MRI of the skeletal muscles 
is a sensitive tool to assess muscle inflammation, in which a high 
signal intensity on STIR and fat- suppressed T2- weighted images 
of skeletal muscle edema may indicate ongoing inflammation (5). 
However, this is not specific for IIM, as some non- myositis entities, 
such as some muscle dystrophies, may also demonstrate “inflam-
mation” in muscle tissue.

Another important tool to detect remaining inflammation is 
repeated muscle biopsy or a combination using MRI and an MRI- 
guided muscle biopsy (6). A muscle biopsy is important to confirm 
inflammation and to exclude other causes of persistent weakness, 
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such as glucocorticoid- induced myopathy or other mimicking 
conditions, as discussed below.

Remaining lung symptoms. For patients with persistent 
pulmonary symptoms, repeated pulmonary function testing 
is a helpful tool to monitor treatment. When the results of pul-
monary function tests do not improve as expected, repeated 
high- resolution computed tomography (HRCT) of the lungs may 
be helpful to decipher active disease from the development of 
fibrosis.

Remaining dysphagia. Dysphagia is another serious man-
ifestation that may persist despite immunosuppressive treat-
ment. Motility in the pharyngeal and esophageal muscles can 
be investigated by videofluoroscopy, fiberoptic endoscopic eval-
uation of swallowing, esophageal manometry, or real- time MRI. 
These techniques can be helpful for identifying the cause and 
location of the disturbance causing dysphagia, including any dis-
turbance to the pharyngeal muscles or esophagus (7).

Remaining muscle symptoms without signs of inflamma-
tion. If there is no sign of persistent inflammation on MRI or mus-
cle biopsy nor signs of inflammation in other organ systems, 
persistent weakness can most likely be attributable to muscle 
atrophy or replacement of muscle with fat and connective tissue 
as a consequence of previous inflammation. Another explana-
tion could be persistent muscle weakness due to loss of mus-
cle mass as a consequence of glucocorticoid treatment (8). 
Muscle pain without other signs of muscle inflammation could 

be a sign of generalized pain, and should not be subject to more 
intense immunosuppressive treatment. For these patients, a 
physical exercise program guided by a physiotherapist is the 
first- line treatment (Figure 1). Beneficial effects of physical exer-
cise have been well documented both in patients with chronic 
PM and in patients with chronic DM, and more recently also 
in patients with IMNM (9,10). Even in patients with IBM, some 
improvement of muscle strength or delay in progression of mus-
cle weakness has been reported following exercise programs 
(11). If the patient is receiving steroid treatment, tapering of the 
dose should be tried. Notably, occasional patients have devel-
oped a transient elevation in the serum CK levels after exercise. 
If this is observed without worsening of muscle strength or other 
signs of disease activity, it does not require modification of the 
immunosuppressive treatment nor does it necessitate discontin-
uation of exercise.

Refractory disease with persistent inflammation. 
Is the diagnosis correct? In a patient with signs of persistent 
inflammatory muscle disease, an important question to address 
is whether the diagnosis or subdiagnosis of IIM is correct 
(Figure 1). For patients without skin rash and a diagnosis of 
PM, the possibility of IBM, IMNM, or a muscle dystrophy needs 
to be considered. A careful new clinical examination with mus-
cle strength testing can be helpful, as well as a repeated 
screen for autoantibodies (both MSAs and myositis- associated 

Figure 1. Algorithm for a diagnostic approach for patients with refractory idiopathic inflammatory myopathy (IIM) with persistent muscle 
weakness. MMT = Manual Muscle Testing; FI = Functional Index in myositis; CK = creatine kinase; LDH = lactate dehydrogenase; MRI = 
magnetic resonance imaging; MSA = myositis- specific autoantibody; MAA = myositis- associated autoantibody; IBM = inclusion body myositis.
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autoantibodies). A repeated muscle biopsy should be con-
sidered to confirm inflammation and to exclude signs of IBM, 
such as rimmed vacuoles, that may not be present in early dis-
ease. Analysis could include immunohistochemical staining for 
p62, supporting an IBM diagnosis, as well as electron micros-
copy to find inclusions (12). A repeated muscle biopsy is also 
important to exclude other my  opathies that may mimic inflam-
matory myopathies, such as limb girdle muscular dystrophy, 
fascioscapulohumoral muscular dystrophy, metabolic myopa-
thies, and mitochondrial myopathies (2). A close collaboration 
with neurologists and muscle pathologists and discussions 
during multidisciplinary rounds is highly recommended. In some 
cases, genetic testing can be helpful to make the correct diag-
nosis. For patients with DM and persistent active inflammatory 
disease, an underlying malignancy should be considered and a 
repeated screening for cancer may be indicated.

Treatment options for different clinical manifestations due 
to persistent inflammation refractory to conventional immuno-
suppressive treatment. In cases of an inflammatory myopathy 
with documented persistent active inflammation despite con-
ventional immunosuppressive treatment, and with the possibility 
of a diagnosis of IBM or other noninflammatory myopathy being 
ruled out, a change in the immunosuppressive treatment needs 
to be undertaken (Figure 2). Overall, only a few randomized con-
trolled trials have been performed in patients with IIM, including 
trials in patients with refractory IIM, and there are no endorsed 

international guidelines; therefore, treatment recommendations 
for refractory cases are mostly based on case series, case 
reports, and expert opinion (Table 1). Furthermore, most avail-
able reports of treatment and outcome are limited to the tradi-
tional subgroups ( PM, DM, and IBM) and there are few reports 
on patients with ASyS or IMNM.

In a recent review of treatments for IIM, the recommended 
first- line therapy is glucocorticoids in combination with azathio-
prine or methotrexate (13). Second- line therapy in refractory cases 
includes mycophenolate mofetil (MMF), cyclosporine, or tacroli-
mus or a combination of methotrexate and azathioprine. Third- line 
therapy includes rituximab, cyclophosphamide, adrenocortico-
tropic hormone (also referred to as repository corticotropin injec-
tion) (14), other biologic agents such as abatacept or tocilizumab, 
or new experimental therapies such as JAK inhibitors (15– 17).  
In another recent review of treatments for myositis, MMF was 
suggested as an alternative first- line therapy in combination with 
glucocorticoids (18). As a second- line treatment, cyclosporine or 
tacrolimus have been proposed, and as a third- line treatment, 
experimental therapies such as leflunomide or JAK inhibitors 
(tofacitinib or baricitinib) have been proposed (18). Notably, in many 
countries, the availability of these immunosuppressive drugs (e.g., 
MMF, rituximab, and abatacept) for off- label use in myositis is lim-
ited. There are also restrictions on the use of high- dose IVIG as 
treatment for patients with IIM. Therefore, local guidelines need to 
be developed according to availability of therapies.

Figure 2. Algorithm for treatment of patients with refractory IIM with persistent muscle weakness and signs of inflammation in skeletal muscle 
despite having received glucocorticoid (GC) plus GC- sparing immunosuppressive treatment. AZA = azathioprine; MTX = methotrexate; MMF = 
mycophenolate mofetil; DM = dermatomyositis; IVIG = intravenous immunoglobulin; RTX = rituximab; ASyS = antisynthetase syndrome; Ab = 
antibody; anti- SRP = anti– signal recognition particle; anti- HMGCR = anti– hydroxymethylglutaryl- coenzyme A reductase; PEG = percutaneous 
endoscopic gastrostomy; ACTH = adrenocorticotropic hormone (see Figure 1 for other definitions).
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Refractory muscle weakness with persistent inflammation. 
A multidisciplinary team to manage this often- complicated dis-
ease is recommended. Muscle strength and muscle endurance 
are clinically important outcome measures. Notably, the Func-
tional Index in myositis 2 (FI- 2) or its shorter version, FI- 3 (19,20), 
which measures number of repetitions in several muscle groups, 
is more sensitive than the MMT- 8 for the detection of impairment 
of muscle performance (21,22).

Importantly, measurable effects on muscle performance can 
take months, and at least 3 months should be allowed to measure 
objective improvement of muscle performance, although findings 
from laboratory tests, such as serum levels of CK, may normalize 
sooner (23). Specifically, in patients with DM, a normalization of 
the CK level may be seen in conjunction with persistent muscle 
inflammation, which necessitates a high degree of clinical sus-
picion and careful monitoring of clinical manifestations. In some 
patients with IIM, the major refractory clinical manifestation may 
be extramuscular; management of these specific refractory clin-
ical manifestations are discussed below.

Refractory ILD with persistent inflammation. ILD is a com-
mon manifestation in patients with IIM and can be either rapidly 
or slowly progressive, or even asymptomatic. If the inflammatory 
process in the lungs cannot be stopped, the manifestation can 
become life- threatening. Both slowly progressive and rapidly 
progressive ILD can be refractory to treatment (Figure 3). Treat-
ment of ILD in patients with IIM needs to be initially aggressive. 
Induction therapy with high- dose glucocorticoids, administered 
either orally or as intravenous (IV) pulses, in combination with an 

immunosuppressive drug (azathioprine, MMF, cyclosporine, or 
tacrolimus) is recommended (13) (Table 2). MMF has increas-
ingly been used for the treatment of other systemic autoimmune 
diseases and is well tolerated and efficient in the treatment of 
ILD associated with systemic sclerosis (24). In a retrospective 
study comparing azathioprine and MMF in patients with ILD 
and myositis, MMF was equally as effective as azathioprine but 
with fewer side effects, thereby supporting the notion that MMF 
can be used as a first- line therapy in this subgroup of patients 
with IIM (25).

In cases of IIM with refractory ILD, the addition of rituximab or 
cyclophosphamide or a combination of MMF and tacrolimus are 
all possible approaches (Figure 3), as proposed in a review by Drs. 
C. Oddis and R. Aggarwal (13). As a third- line therapy in refractory 
ILD, abatacept or other new therapies that are being evaluated in 
ongoing clinical trials can be tried (13). One of the most challenging 
groups of patients in the disease spectrum of IIM is the subgroup 
of patients with rapidly progressive ILD (RPILD). These cases are 
often associated with anti– melanoma differentiation– associated 
protein 5 (anti- MDA5) autoantibodies (as further discussed below).

In patients with progressive ILD and declining respiratory 
function, collaboration with pulmonary medicine specialists is rec-
ommended to 1) determine the need for oxygen therapy, 2) initiate 
pulmonary rehabilitation with the aim of improving exercise capac-
ity, dyspnea, and quality of life, and 3) begin early discussions on 
the patient’s eligibility for lung transplantation.

Antifibrotic therapy (e.g., pirfenidone and nintedanib) has 
been shown to reduce the decline in lung function in patients with 

Figure 3. Algorithm for treatment of patients with idiopathic inflammatory myopathy (IIM) with refractory interstitial lung disease (ILD) and signs 
of inflammation. GC = glucocorticoid; MMF = mycophenolate mofetil; IVIG = intravenous immunoglobulin; ECMO = extracorporeal membrane 
oxygenation.
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idiopathic pulmonary fibrosis (IPF) (26). Recently, nintedanib was 
demonstrated to reduce the annual rate of decline in the forced 
vital capacity (FVC) in patients with SSc- ILD compared to those 
who received placebo (27). Other large trials evaluating the safety 
and efficacy of antifibrotic drugs in treating connective tissue 
disease– associated ILD are ongoing (INBUILD trial; ClinicalTrials.
gov identifier NCT02999178). Notably, ILD in patients with myosi-
tis is mainly inflammatory, and pulmonary function may improve 
with immunosuppressive treatment, in contrast to the observa-
tions in patients with IPF.

Refractory skin rash with persistent inflammation. For  
management of refractory skin rash with persistent active 
inflammation, a close collaboration with a dermatologist is rec -
ommended (Table 2). Treatment with hydroxychloroquine can be 
helpful to diminish skin rash. Notably, hydroxychloroquine may 
be associated with a paradoxical reaction of exfoliative DM, most 
notably in patients with anti- SAE– positive DM (28).

In cases of severe, refractory skin rash, high- dose IVIG is an 
alternative treatment, supported by the findings from a recently 
reported placebo- controlled trial (29,30). Lenabasum, a cannabi-
noid, had beneficial effects on refractory skin rash in patients with 
DM (31), and a placebo- controlled trial is ongoing (ClinicalTrials.
gov identifier NCT02466243). Another promising option for the 
treatment of refractory skin rash is JAK inhibitors (32). 

Cutaneous or subcutaneous calcinosis, which is mostly 
observed in patients with juvenile- onset DM and young adults 
with DM, is very difficult to treat but should be regarded as a sign 
of persistent underlying inflammation, and should be consid-
ered an indicator for the need to optimize the immunosuppres-
sive treatment. Beneficial effects of abatacept on calcinosis were 
reported in 1 patient with juvenile DM (33), and tofacitinib was 
observed to have some beneficial effects in an adult patient with 
DM (34). Severe pruritus may also be refractory to conventional 
immunosuppressive treatment. In this regard, anecdotal reports 
of the beneficial effects of apremilast may be of interest (35), and 
in patients with ASyS with refractory mechanic’s hands, usteki-
numab may be an alternative treatment (36).

Refractory dysphagia with persistent inflammation. Dys-
phagia is common in patients with IIM. It can be life- threatening 
because of the concomitant development of aspiration pneu-
monia. In all patients with dysphagia, it is recommended that 
proton inhibitors be used. Some patients may need a percuta-
neous gastrotomy to allow adequate supply of nutrition. Cases 
of severe dysphagia should be managed in collaboration with 
speech therapists or other experts on dysphagia according to 
local practice, in order to advise patients on how to minimize 
the risk of swallowing into the respiratory tract. In most patients, 
dysphagia improves with conventional immunosuppressive 
treatment. Alternatively, the beneficial effects of high- dose IVIG 
(Table 2) in some cases have been reported (37). Persistent dys-
phagia can be explained by dysmotility of the pharyngeal mus-
cles attributed to low endurance of swallowing musculature. This 

problem is not likely to respond to any immunosuppressor or 
surgical treatment of the esophagus. Rather, these patients may 
benefit from swallowing exercises (38). Severe cases need to 
be managed together with ear, nose, and throat specialists; in 
particular, in patients with IBM, dilation of the pharyngeal mus-
cles may sometimes relieve swallowing problems to facilitate 
nutrition.

The immunosuppressive treatment needs to be combined 
with active physical exercise to recover muscle strength and to 
promote development of lost skeletal muscle mass (9,39). Exer-
cise should be recommended at the time of diagnosis, to dimin-
ish damage from treatment with glucocorticoids and from disuse 
of muscles; however, the exercises should be individually adapted 
to the level of disease activity, extent of muscle weakness, and 
internal organ damage, as well as the pain and fatigue levels in 
each patient (Table 2). It is recommended that exercise should be 
initiated by a trained physical therapist with regular follow- up. Exer-
cise should be started on a low intensity, and gradually increased 
over time based on clinical improvement (9). Evidence supporting 
exercise as a disease- modifying treatment with antiinflammatory 
effects in patients with established, low- activity PM or DM has 
emerged (9,39). Patients need long- term follow- up by physical 
therapists and occupational therapists, since it has been shown 
that patients are limited in muscle endurance, aerobic capacity, 
and hand function, and also experience high levels of pain and 
fatigue and low quality of life despite low disease activity (21,22).

Treatment options for refractory inflammatory dis-
ease in autoantibody- defined subgroups of IIM. Most 
reports on the treatment of refractory IIM include patients classi-
fied as having either PM or DM. During recent years, some stud-
ies have indicated that patients with MSAs may respond variably 
(either better or worse) to different immunosuppressive drugs 
(Table 3). The fact that the presence of certain autoanti  bodies may 
be predictive of the treatment response was suggested by the 
findings from the Rituximab in Myositis (RIM) trial, which failed to 
reach its primary end point— the time to achieve a preestablished 
definition of improvement (40). However, a post hoc analysis 
revealed that adult patients with anti– Jo- 1 or anti– Mi- 2 autoan-
tibodies were more likely to improve following treatment with 
rituximab, as assessed using the 6- item core set of disease activ-
ity measures, when compared to patients who were negative for 
these autoantibodies (41).

Antisynthetase syndrome. The largest autoantibody- defined 
subgroup is patients with ASyS. This is also the autoantibody- 
defined subgroup of patients with IIM for whom most of the 
reported series on management of refractory cases is available. 
The anti– Jo- 1 autoantibody is the most prevalent antisynthetase 
autoantibody, present in ~20– 30% of patients with IIM, whereas 
the other antisynthetase autoantibodies are each present in <5% 
of patients with IIM. ASyS is characterized by multiorgan involve-
ment, including myositis, ILD, arthritis, mechanic’s hands, and 
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Raynaud’s phenomenon (3). Some patients experience all man-
ifestations simultaneously, whereas others only have 1 or 2 of 
the manifestations. Moreover, 1 manifestation can respond to 
treatment whereas another may be refractory. During recent 
years, several reports, in addition to those from the RIM trial, 
have indicated that patients with antisynthetase autoanti  bodies 
who do not respond to conventional immunosuppressive treat-
ment may improve with anti- CD20 therapy. Thus, patients with 
antisynthetase autoantibodies who have refractory muscle 
symptoms or arthritis may show improvement with rituximab 
treatment (42). Furthermore, refractory ILD associated with anti-
synthetase autoantibodies may respond to treatment with ritux-
imab, as suggested by the findings from retrospective studies 
and case series in which improved results on pulmonary func-
tion tests and improved HRCT scores of the lungs have been 
reported (42– 44). In these cases, adding or switching to rituxi-
mab may be an alternative treatment.

Anti- MDA5 antibody– positive ILD. A specific clinical chal-
lenge is the treatment of RPILD, often seen in patients with 
anti- MDA5 autoantibodies in whom mild or no clinical mus-
cle symptoms are present (known as clinical amyopathic DM 
[CADM]). This condition can be life- threatening and extremely 
refractory to immunosuppressive treatment with high- dose glu-
cocorticoids in combination with cyclophosphamide or ritux-
imab. Experts from Asia, where this severe phenotype of IIM 
seems to be more common than among White populations, rec-
ommend administering induction therapy to patients with RPILD 
using a triple combination of high- dose IV glucocorticoids in 
combination with IV cyclophosphamide and a calcineurin inhib-
itor, tacrolimus, which they found in an open- label prospective 
trial to reduce the frequency of mortality as compared to that in 
historical controls (45). Recently, investigators from Spain rec-
ommended treatment strategies for anti- MDA5– positive RPIILD 
based on a literature review and consensus discussions. These 
recommendations are to start with combination therapy, includ-
ing glucocorticoids and a calcineurin inhibitor with or without IV 
cyclophosphamide (46). In refractory cases, adding an immuno-
suppressive drug (cyclophosphamide, MMF, rituximab, basilixi-
mab, or tofacitinib) to the current therapy or even switching from 
one immunosuppressive agent to the other should be consid-
ered (46). For refractory, severe RPILD, a combination of rituxi-
mab and cyclophosphamide could be another option, although 
this is potentially associated with a high risk of infections (13). 
As a third step, adding high- dose IVIG, plasmapheresis, or poly-
myxin B has been suggested as rescue therapies (46). Even with 
aggressive immunosuppressive treatment, the mortality rate is 
considerable in this subgroup of patients with IIM, and in refrac-
tory cases, planning for lung transplantation should be initiated. 
Extracorporeal membrane oxygenation may be indicated while 
waiting for transplantation (47).

JAK inhibitors have emerged as a new potential effective 
treatment in anti- MDA5– positive RPILD (48). In an open- label 

trial of patients with anti- MDA5– positive amyopathic DM and ILD, 
tofacitinib in combination with glucocorticoids was used in the 
induction phase, before the devastating ILD had developed (48). 
Excellent results were reported with this treatment, resulting in 
100% survival at 6 months and improved pulmonary function test 
results, notably in patients with a disease duration of <3 months 
and FVC of >50% (48). In these cases, the rate of adverse events 
was low. These results need to be confirmed in larger studies, 
preferably placebo- controlled trials, both in refractory cases and 
in new- onset cases.

Anti– signal recognition particle (anti- SRP) antibody– positive 
and anti– hydroxymethylglutaryl- coenzyme A reductase (anti- 
HMGCR) antibody– positive myopathy. Another subgroup of 
patients with IIM, the so- called IMNM, is associated with anti- 
SRP or anti- HMGCR autoantibodies (3). Patients with anti- SRP 
or anti- HMGCR autoantibodies frequently develop severe mus-
cle impairment refractory to conventional immunosuppressive 
treatment such as glucocorticoids and methotrexate. These 
patients often have signs of muscle fiber necrosis with sparse 
or no detectable inflammation on muscle biopsy. Treatment rec-
ommendations for this subgroup have been promulgated from a 
European Neuromuscular Centre workshop (49). For treatment 
of refractory disease in patients with anti- SRP autoantibodies, 
the addition of rituximab infusions may improve muscle strength 
(50). For patients with anti- HMGCR autoantibodies, high- dose 
IVIG may have a dramatic effect, even as a monotherapy (51).

Discussion

The index patient in our clinical challenge case was started 
on treatment with azathioprine in combination with prednisolone, 
and when no improvement was noted, cyclosporine was added, 
but still no clinical improvement of muscle strength was seen, 
despite regular exercise. In this case, my approach would have 
been to switch the patient to methotrexate, but only if she had not 
expressed a wish to become pregnant. Moreover, as long as it was 
used as a third- line therapy, I would have suggested treatment 
with MMF. The patient had persistently elevated serum CK levels, 
but she did not have any signs of skin, lung, heart, or joint involve-
ment and she had no problems with swallowing. Her symptoms 
were restricted to her proximal leg muscles. Her autoantibody 
profile, as determined using the LineBlot test, yielded negative 
results. As a next step of treatment, I could have proposed aba-
tacept or rituximab, but at that time, there was some hesitancy 
because it was unclear whether the diagnosis was correct. The 
patient still wanted to become pregnant and she felt she could 
tolerate her muscle weakness.

We performed a second diagnostic evaluation on the 
patient. An MRI of the thigh muscles showed progressive fatty 
infiltration of the hamstrings and adductor muscles in the thighs. 
A second muscle biopsy showed occasional regenerating mus-
cle fibers but no degenerating or necrotic fibers and no signs of 
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inflammation. All immunosuppressive treatment was stopped. 
The patient was referred back to the neurologist and a new eval-
uation for a suspected limb girdle muscular dystrophy and Pom-
pe’s disease was performed, but genetic testing failed to reveal 
any known mutations. The patient moved to another city and was 
referred to the local neurologist and continued with a tentative 
diagnosis of a muscular dystrophy.

Ten years thereafter, a new subset of IIM was described: 
IMNM associated with anti- HMGCR autoantibodies (52,53). 
In the first case report, a remarkable association with previous 
statin use was observed. This observation was followed up by 
reports of young people with a refractory IIM who were postiive 
for anti- HMGCR autoantibodies but had not received statins (52). 
This prompted us to analyze anti- HMGCR autoantibodies in the 
stored serum from our patient, and it turned out to be strongly 
positive. The patient and her neurologist were notified and again 
her diagnosis was changed to anti- HMGCR– positive IIM or IMNM, 
although her muscle biopsy never displayed any fiber necrosis. 
Based on her serum positivity for HMGCR autoantibodies, she 
was started on treatment with high- dose IVIG as suggested by 
some case reports, and for the first time since her diagnosis of IIM 
she experienced improvement of muscle strength, which could be 
confirmed by muscle strength testing (53).

Identification of MSAs has helped us to define new subgroups 
of IIM, since some MSA- positive patients seem to benefit from 
different therapeutic approaches, such as anti- HMGCR– positive 
patients with refractory disease who may experience an excellent 
response to high- dose IVIG. However, we still need more clinical 
trials to guide our management of the disease in patients with 
IIM. We need to develop treatment regimens that would prevent 
the development of a refractory disease. One current limitation is 
that we lack biomarkers that could guide us when making deci-
sions on treatment for the individual with newly diagnosed IIM. We 
need studies that aim to address which patients with IIM are likely 
to respond to conventional immunosuppressive treatment and, 
indeed, also whether there are differences in response between 
subgroups of patients to different conventional immunosuppres-
sive agents such as methotrexate, azathioprine, MMF, or calineu-
rin inhibitors.

To address these questions, we need to study large cohorts 
with longitudinal data. One approach could be observational 
studies of well- characterized patients who are followed up using 
validated outcome measures in longitudinal registries. There is 
also a clear unmet need to develop therapies for patients who 
are refractory to conventional immunosuppressive treatments, 
as is obvious from the discussion above. Here again, one way 
forward could be to employ an observational study design and 
use data from longitudinally followed up patients in large multi-
center, international registries. From these studies we may even 
be able to compare the effect of different therapies by making 
use of restrictions in availability of drugs in different countries. 
One possibility for improving the effects of treatment could be a 

treat- to- target approach, as is now adopted in several rheumatic 
diseases. For this, we need to define and agree upon targets and 
apply these in studies of patients with IIM, and importantly, we 
need different targets depending on the dominating clinical man-
ifestation in the individual patient. In ongoing and new clinical tri-
als, subgroup analyses according to autoantibody profile should 
be conducted, as this may give us important information on bio-
markers to guide treatment response for autoantibody- defined 
subgroups of IIM.

Several studies on treatment effects over recent years and 
as discussed herein have been focused on patients in different 
autoantibody- defined subgroups. These observations from clinical 
practice have brought new information that is helpful in the man-
agement of patients with refractory disease. Still, almost 40% of the 
patients with myositis are seronegative and they are excluded from 
the autoantibody- defined cohorts. The seronegative group with 
IIM is a specific diagnostic challenge, in particular patients without 
DM- associated skin rash. Patients with signs of inflammatory my -
opathy without skin rash have, by different classification criteria, 
been classified as having PM. With the discovery of the antisyn-
thetase autoantibodies as well as of the antibodies associated with 
IMNM (anti- SRP and anti- HMGCR antibodies), the PM subgroup 
has decreased as patients have been classified into these new 
subgroups. However, we still have patients that can be classi-
fied as having PM. These patients need to be carefully followed 
up, because the clinical manifestations of PM can resemble IBM, 
adult- onset muscle dystrophies, or metabolic myopathies. We still 
need to explore the seronegative subgroup of patients with IIM to 
identify biomarkers for treatment response and improvement. In 
addition to refractory muscle weakness, 2 additional clinical mani-
festations that are challenging to treat are refractory ILD with devel-
opment of pulmonary fibrosis and calcinosis of the skin. The new 
antifibrotic treatments could potentially be effective in patients with 
refractory myositis- associated ILD, but we need clinical trials to 
guide treatment decisions. Likewise, we need systematic studies 
on calcinosis to understand its pathophysiology, with the aim of 
enhancing development of new therapies for this condition.

With the currently available immunosuppressive treatments, 
in combination with exercise, many patients improve partially, but 
few recover former muscle strength, and very few go into remis-
sion and can stop immunosuppressive treatment. Most patients 
with IIM experience a chronic disease course with high morbidity 
and mortality. Therefore, there is a high unmet need for new ther-
apeutic options. In order to develop these therapies, we need to 
acquire a better understanding of the molecular pathophysiology 
leading to this autoimmune disorder and to the development of a 
chronic disease. For this approach, subgrouping patients accord-
ing to autoantibody profile may be one way forward. IIM is a rare 
disorder, and the subgroups are even smaller. Thus, international 
collaborations with large cohorts of well- characterized patients 
with follow- up data in registries are needed as a standardized 
approach to improving the management of refractory IIM.
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Urate Lowering for Blood Pressure Control in Adults: 
Another Nail in the Coffin?
Edward Roddy1  and Nicola Dalbeth2

Numerous observational studies have demonstrated an 
association between serum urate level and elevated blood pres-
sure in adult populations (1). These observations, together with 
experimental in vivo studies, have generated substantial interest 
in the role of hyperuricemia as a mediator of elevated blood pres-
sure, with various postulated mechanisms, including activation of 
the renin– angiotensin system, oxidative stress, reduced endothe-
lial nitric oxide availability, and renal vasoconstriction (2). The 
potential of urate- lowering therapy for blood pressure lowering 
was supported by two short- term trials in adolescents with met-
abolic syndrome and elevated serum urate levels that reported 
significant reductions in blood pressure in response to allopurinol 
or probenecid (3,4) (Table 1).

Despite these promising results in adolescents, more recent 
studies have not supported the concept that urate- lowering ther-
apy has a blood pressure– lowering effect in adults. Mendelian 
randomization studies have not demonstrated a consistent strong 
causal relationship between serum urate level and blood pressure 
in adult populations (5,6). Furthermore, three randomized con-
trolled trials in adults (mean age ranging from 41 to 54 years) have 
not shown blood pressure– lowering effects with urate- lowering 
therapies (7– 9) (Table 1).

A key uncertainty has been whether urate- lowering therapy 
has beneficial effects on blood pressure in young adults who do 
not have the renal and vascular consequences of long- standing 
hypertension. In this issue of Arthritis & Rheumatology, Gaffo and 
colleagues report the findings of the Serum Urate Reduction to 
Prevent Hypertension (SURPHER) trial, which was designed to 
address this knowledge gap (10).

SURPHER was a single- center, double- blind, placebo- 
controlled crossover trial that examined the effect of allopurinol 
300 mg daily on systolic blood pressure in young adults. The 
primary outcome measure was the difference between the allo-
purinol and placebo phases in the change in 24- hour average 

systolic blood pressure over 4 weeks, measured by ambulatory 
blood pressure monitoring. Ninety- nine adults (mean age 28 
years; 63% male) were randomized. The mean serum urate level 
at baseline was 5.9 mg/dl, and no participants had gout. Mean 
systolic blood pressure was 123.6 mm Hg and 122.6 mm Hg at 
the start of the allopurinol and placebo phases, respectively. There 
was no difference in the primary outcome: the 24- hour average 
systolic blood pressure was reduced over 4 weeks by 1.39 mm 
Hg in the allopurinol phase and 1.06 mm Hg in the placebo phase. 
However, the mean serum urate level decreased by 1.33 mg/dl 
with allopurinol compared with 0.04 mg/dl with placebo. Sig-
nificant improvement in endothelial function (measured by flow- 
mediated dilatation) was seen in the allopurinol phase but not in  
the placebo phase. There were no differences between allopu-
rinol and placebo in other secondary outcomes, including dia-
stolic blood pressure, mean arterial pressure, and high- sensitivity 
C- reactive protein level.

Strengths of the SURPHER trial include the diversity of the 
participants recruited, 40% of whom were African American. 
Adherence to allopurinol was high during the 4- week treatment 
phase, with 73% of participants having detectable plasma oxy-
purinol levels during this period, leading to clinically meaning-
ful reductions in serum urate level. The trial included a range of 
secondary outcomes to explore possible mechanisms through 
which allopurinol might lower blood pressure, i.e. urate- lowering, 
endothelial function, and inflammation. Retention in the trial was 
good, with only 17% of participants withdrawn or lost to follow- up. 
Although trial recruitment fell short of its target of 112 participants, 
the recruited sample of 99 randomized participants provided 
89% power under the assumptions of the original sample size 
calculation.

An important question about the trial design concerns 
whether the dose of allopurinol of 300 mg daily was sufficient to 
bring about lowering of blood pressure. This dose is commonly 
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used in clinical practice in the management of hyperuricemia in 
gout, and Gaffo et al state that serum urate reduction is usually 
achieved at this dosage in support of the dose used. However, 
randomized trials show that allopurinol 300 mg is often insuffi-
cient to achieve a target serum urate level <6 mg/dl when used 
to manage hyperuricemia in gout. Only 21% of participants who 
received allopurinol 300 mg daily achieved a target serum urate 
level <6 mg/dl in a randomized trial that compared febuxostat 
with allopurinol for the management of gout (11). In another 
randomized trial in which 95% of participants who received 
nurse- led care achieved this target serum urate level, the mean 
dose of allopurinol required was 460 mg per day (12). Larger 
reductions in serum urate level than those observed in the 
SURPHER trial were reported in other randomized trials of the 
effect of allopurinol on blood pressure in adolescents or adults 
in which the doses of allopurinol used were higher (3,4,9). Fur-
thermore, a previous trial found that allopurinol 600 mg daily 
produced greater improvements in endothelial function and oxi-
dative stress than allopurinol 300 mg daily in patients with heart 
failure (13). Despite these observations suggesting that doses 
of allopurinol higher than 300 mg daily might be required to 
lower serum urate level and blood pressure, a dose of 300 mg 
daily led to both a clinically meaningful reduction in serum urate 
level (mean baseline urate 5.8 mg/dl, reducing by 1.33 mg/dl) 
and an improvement in endothelial function in the SURPHER 
trial participants. However, this did not result in blood pressure 
lowering.

A further possible mechanism through which allopurinol 
could lower blood pressure is through effects on renal function. 
Outcomes in the SURPHER trial did not include renal function 
despite considerable interest in the potential beneficial effects of 
urate- lowering therapy on chronic kidney disease (CKD) progres-
sion. However, in the recent Controlled Trial of Slowing of Kid-
ney Disease Progression from the Inhibition of Xanthine Oxidase 
(CKD-FIX) and Preventing Early Renal Loss in Diabetes (PERL) 
trials, decline in estimated glomerular filtration rate did not differ 
between allopurinol and placebo in people with CKD and type 1 
diabetes mellitus, respectively (14,15).

In summary, the findings of the SURPHER trial and the 
three previous randomized trials of the effect of urate- lowering 
therapy on blood pressure in adults do not support a causal 
relationship between serum urate level and hypertension in 
adults or provide a clear signal that the beneficial effect of urate- 
lowering therapy to lower blood pressure seen in adolescents 
is replicated in adults. It is likely that the mechanisms leading 
to hypertension in adults are different from those in children 
and adolescents. Gaffo et al suggest that young adults may 
have lost responsiveness to urate- mediated mechanisms pro-
posed to affect blood pressure, consistent with the findings of 
McMullan et al that allopurinol had no effect on kidney- specific 
or systemic renin– angiotensin system activity despite significant 

urate- lowering in a population of overweight or obese adults 
(mean age 41 years) (9).

While the collective findings of these trials do not support the 
use of urate- lowering therapy to lower blood pressure in young 
to middle- aged adults, clinicians should not be deterred from pre-
scribing urate- lowering therapies such as allopurinol for people 
with gout where clinically indicated. Treat- to- target urate- lowering 
therapy remains a highly effective treatment strategy to reduce the 
substantial pain, disability, and impairment of quality of life experi-
enced by people with gout (12).
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Epicardial Adipose Tissue Volume As a Marker of Subclinical 
Coronary Atherosclerosis in Rheumatoid Arthritis
George A. Karpouzas,1  Panteha Rezaeian,1 Sarah R. Ormseth,1 Ivana Hollan,2 and Matthew J. Budoff1

Objective. To assess epicardial adipose tissue volume (EATV) and its link to coronary atherosclerosis and plaque 
morphology in patients with rheumatoid arthritis (RA) and in age-  and sex- matched controls.

Methods. Computed tomography angiography was used to evaluate EATV and coronary plaque in 139 RA 
patients and 139 non- RA controls. All models assessing the effect of EATV on plaque were adjusted for age, sex, 
hypertension, diabetes, dyslipidemia, smoking status, family history of coronary artery disease, and obesity (body 
mass index of ≥30 kg/m2). Odds ratios (ORs) and 95% confidence intervals (95% CIs) were calculated.

Results. Mean ± SD log- transformed EATV was similar in patients with RA (4.69 ± 0.36) and controls (4.70 ± 
0.42). EATV was higher in RA patients with atherosclerosis compared to those without atherosclerosis (P = 0.046). 
In stratified analyses, EATV was associated with the number of segments with plaque in RA patients (rate ratio 1.20 
[95% CI 1.01– 1.41] per 1- SD increment of log- unit increase in EATV) but not in controls (P for interaction = 0.089). 
Likewise, EATV (per 1- SD log- unit increase) was related to the presence of multivessel or obstructive disease (OR 
1.63 [95% CI 1.04– 2.61]), noncalcified plaque (OR 1.78 [95% CI 1.17– 2.70]), and vulnerable plaque (OR 1.77 [95% 
CI 1.03– 3.04]) in RA patients but not in controls (P for interaction ≤ 0.048 for each). Among RA patients, EATV 
was associated with the number of segments with plaque in those with RA for <10 years who did not develop any 
cardiovascular risk factors and who were not obese (P for interaction ≤ 0.017).

Conclusion. Despite similar EATVs in RA patients and controls, EATVs were associated with greater plaque 
burden and presence of plaques with a noncalcified component and vulnerability features only in RA patients. EAT 
may be more pathogenic in RA and play a role in early- stage atherosclerosis. Its value as a biomarker of subclinical 
atherosclerosis and cardiovascular risk in RA warrants further studies.

INTRODUCTION

Patients with rheumatoid arthritis (RA) have higher coronary 
plaque burden (1) and increased cardiovascular risk compared to 
controls (2). Ischemic cardiovascular events are mostly due to ath-
erosclerosis in the larger coronary arteries (3). Those are embedded 
in epicardial adipose tissue (EAT), the layer of fat between the heart 
surface and the visceral pericardium (4). EAT, mesenteric fat, and 
omental fat share a common embryologic origin and collectively 
form the visceral adipose tissue (4). Because of its direct contact 
with the heart without a fascial barrier, EAT may directly influence 
coronary atherogenesis (4,5). Coronary segments with obstructive 
plaque (6) or high- risk plaque (7) are surrounded by larger amounts of 
EAT. In contrast, there is less atherosclerosis in segments physically 

separated from EAT (4), and surgical removal of EAT ameliorated 
atherogenesis in the underlying coronary artery in porcine athero-
sclerosis (8). EAT volume (EATV) is associated with the presence 
and progression of noncalcified plaque (9), coronary artery calcium 
(CAC) (10), severity of disease based on angiography (11), and car-
diovascular events (12,13). EATV improved prediction of obstructive 
disease (14) and cardiovascular events above and beyond visceral 
adiposity and CAC (15– 17). EATV further predicted plaque (18) and 
cardiovascular events in patients without CAC (19), suggesting a 
role early in atherogenesis and through different mechanisms than 
CAC. Notably, EATV was associated with atherosclerosis devel-
opment in the absence of obesity (11) and visceral adiposity (18). 
Beyond volume, biologic dysfunction of EAT may independently or 
synergistically promote atherosclerosis (20– 23).
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Chronic inflammation drives adipogenesis (24), may lead to 
EAT expansion (25– 27), and promotes the expression of a proin-
flammatory phenotype (28). Despite evidence linking visceral 
fat and cardiometabolic risk in RA (29), less is known about the 
relationship between coronary atherosclerosis and visceral fat in 
general and EATV in particular. The single study evaluating the 
link between EATV and coronary atherosclerosis showed that 
EATV was not associated with CAC in RA patients (30). Since 
EAT contributes to the formation of noncalcified plaque (9,18) and 
vulnerable plaque (31) independently of CAC, a comprehensive 
evaluation of the relationship of EATV with coronary plaque burden 
and composition in RA is needed.

To investigate EATV and subclinical coronary atherosclero-
sis, we measured CAC and EATV with noncontrast computed 
tomography (CT) scans, and plaque burden and composition 
with contrast- enhanced CT (CE- CT) coronary angiography in 
RA patients and age-  and sex- matched controls. The goals of 
our study were to: 1) compare EATV in RA patients versus con-
trols, 2) evaluate the associations between EATV and coronary 
plaque  burden and composition in RA patients and controls, and 
3) assess if the relationship between EATV and coronary plaque
is different in RA patients and controls. We additionally explored 
potential variations in the association of EATV with coronary plaque 
according to RA disease duration, tumor necrosis factor inhibitor 
(TNFi) use, prednisone use, C- reactive protein (CRP) level, obesity, 
and cardiac risk factor burden.

PATIENTS AND METHODS

Patient recruitment. One hundred fifty RA patients who 
fulfilled the 2010 American College of Rheumatology/European 
Alliance of Associations for Rheumatology criteria for RA (32), had 
no symptoms or history of cardiovascular disease (CVD), and were 
age ≥18 years, were enrolled on a first- come, first- served basis and 
underwent CE- CT coronary angiography between March 2010 and 
March 2011 (1). This study includes data from 139 RA patients with 
evaluable EAT information. One hundred thirty- nine age-  and sex- 
matched, non- RA controls who underwent CE- CT in the same cal-
endar year as the RA patients were selected retrospectively through 
a search of our institution’s preventive cardiology clinic database. The 
non- RA controls had no known history of CVD; they were referred 
for CE- CT scans due to either the presence of ≥1 cardiac risk factor 
(this being overwhelmingly a family history of coronary artery disease 
[CAD]), electrocardiographic abnormalities, or atypical chest pain, or 
referred as part of a routine health assessment, including self- referral. 
Exclusion criteria for both groups were history of CVD (prior unstable 
angina, myocardial infarction, revascularization, heart failure, tran-
sient ischemic attack, stroke, or peripheral arterial disease), con-
comitant autoimmune syndromes except for secondary Sjögren’s 
syndrome, weight >325 pounds, systolic blood pressure (BP) of <90 
or >170 mm Hg, diastolic BP of <60 or >110 mm Hg, uncontrolled 
tachycardia, irregular rhythm, iodine allergy, or  glomerular filtration 

rate of <60 ml/minute. The study was conducted in accordance with 
the Declaration of Helsinki and was approved by the local institutional 
review board. All participants provided written informed consent.

Demographic and clinical data. Hypertension was 
defined as systolic BP of ≥140 mm Hg, diastolic BP of ≥90 mm Hg, 
or use of antihypertensives. Diabetes was classified as hemoglo-
bin A1c of >6.5% or use of antidiabetic treatment. Smoking status 
was defined as ever versus never using cigarettes. Hyperlipidemia 
constituted a fasting cholesterol level of >200 mg/dl, low- density 
lipoprotein cholesterol level of >130 mg/dl, or statin use. RA activ-
ity was assessed using the Disease Activity Score in 28 joints 
using the CRP level. Body mass index (BMI) was computed and 
waist circumference was collected as measures of obesity and 
abdominal adiposity, respectively. Obesity was defined as a BMI 
of ≥30 kg/m2. Blood tests including cell counts, complete meta-
bolic panels, and measurements of fasting lipids were performed, 
and the erythrocyte sedimentation rate (ESR) and high- sensitivity 
CRP level were assessed, on the day of imaging.

Evaluations of EATV and coronary plaque. Scans were 
performed using a 64- multidetector row Lightspeed VCT scanner 
(GE Healthcare). EAT was measured on the axial slices of non-
contrast studies using GE Advantage Windows 4.6 workstations, 
by an experienced reader (PR), who was blinded with regard to 
plaque assessments and clinical data, including RA status and 
treatments. EAT comprised the fat between the heart surface and 
the visceral pericardium, starting 10 mm above the upper end of 
the left main artery ostium and ending at the last slice that con-
tained pericardium. Pericardium was manually traced every 2– 3 
slices, and software automatically outlined the segments between 
selected slices. Analysis software recognized fat on the basis of 
a Hounsfield unit (HU) threshold of −190 to −30 HU (15). EATV 
constituted the sum of all voxels (cubic centimeters) containing fat 
across the aforementioned boundaries.

Images for plaque analysis were evaluated as previously 
described, by another experienced interpreter (MJB), who was 
blinded with regard to EAT assessments and clinical data (1,33). 
CAC was quantified by the Agatston method (34). Coronary artery 
assessments were performed on contrast- enhanced studies based 
on a standardized 15- segment American Heart Association model 
(1). The segment involvement score showed the number of coronary 
segments with plaque per patient (range 0– 15). Plaque presence in 
segments across ≥2 coronary arteries was classified as  multivessel 
disease. Lesions yielding >50% luminal stenosis were considered 
obstructive. Both multivessel disease and obstructive disease por-
tend high cardiovascular event risk (35). Plaque composition was 
identified as noncalcified, mixed, or calcified, as described in a pre-
vious study (36). Noncalcified and mixed plaques were examined 
for the presence of high- risk features, defined as low- attenuation 
areas (density of <30 HU, representing necrotic lipid cores), posi-
tive remodeling (remodeling index of >1.1), and spotty calcifications 
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(focal calcifications <3 mm in diameter) (37). Patients with ≥1 plaque 
with such features were classified as having high- risk plaque. Inter-
scan and interobserver variability for such mea surements in our 
center have been previously reported (1,33). CT studies for both 
EAT and plaque assessments in RA patients and controls were 
evaluated in the same reading campaign.

Statistical analysis. Categorical variables were reported 
as frequencies and percentages, and continuous variables were 
reported as the mean ± SD. Due to non- normal distribution, EATV 
was log- transformed for analysis. The RA and control groups 
were compared using t- tests and chi- square tests or Fisher’s 
exact tests for independent samples. The association between 
RA status and EATV was evaluated with multiple linear regression. 
Negative binomial regression was used to assess the effect of 
EATV on segment involvement score among the RA and con-
trol groups. The estimated coefficients were transformed to rate 
ratios (RRs) to describe the percent change in segment involve-
ment score per 1- SD increment of log- unit increase in EATV. 
Logistic regression models in the RA and control groups were 
used to evaluate the relationship between EATV and the presence 
of multivessel or obstructive disease, noncalcified plaque, mixed 
plaque, calcified plaque, and vulnerable plaque. All models were 
analyzed with and without adjustment for the following traditional 
risk factors selected a priori: age, sex, hypertension, dyslipidemia, 
diabetes, smoking status, family history of CVD, and obesity.

The associations of EATV with plaque burden and presence 
according to RA status were evaluated in multivariable general 
linear models, with RA status and EATV as interaction terms. In 
exploratory subgroup analyses among RA patients, possible het-
erogeneities in the association of EATV with segment involvement 
score were assessed for the following variables: obesity (BMI of 
<30 versus ≥30 kg/m2), cardiac risk factor burden (0 versus ≥1 
risk factors), RA disease duration (<10 versus ≥10 years), CRP 
level (median of <4 versus ≥4 mg/liter), TNFi use (treated versus 
naive), and prednisone use (yes versus no). The significance of 
interactions was tested by adding the cross- product term EATV 
and each subgrouping variable into the negative binomial logistic 
regression model, adjusting for the aforementioned traditional risk 
factors as well as any RA characteristics associated with segment 
involvement score (P < 0.1). For depictions of the models, pre-
dictive margins were calculated. The significance level was set at 
0.05 for main effects and 0.1 for analyses assessing effect mod-
ification. The Bonferroni method was used to correct for multiple 
comparisons in post hoc exploratory subgroup analyses among 
RA patients (α of 0.17 for 6 potential moderators). Analyses were 
performed using SPSS 26.0 and Stata 15.0.

RESULTS

One hundred thirty- nine RA patients and 139 age-  and 
sex- matched controls with available EAT data were included 

in the analysis. Participant characteristics are shown in 
Table 1. RA patients had mostly seropositive, erosive, and 
well- controlled disease. All participants received conven-
tional synthetic disease- modifying antirheumatic drugs (csD-
MARDs); 87 of 139 (62.6%) were also receiving TNFi, with 
a median duration of 1.5 years (interquartile range [IQR] 0– 5), 
at enrollment. Traditional cardiac risk factors were similarly 
distributed in the RA patient and control groups, except for a 
family history of CVD, which was more prevalent in controls. 
RA patients displayed significantly higher plaque presence 
and burden. Moreover, 25 patients with RA had 42 segments 
with high- risk plaque characteristics compared to no seg-
ments with identifiable high- risk plaque in the 139 non- RA 
controls.

Table 1. Baseline characteristics of the RA patients and controls*

Characteristic
RA patients  

(n = 139)
Controls  
(n = 139) P

Age, years 54.50 ± 9.17 54.32 ± 9.11 0.83
Female, no. (%) 123 (88.49) 123 (88.49) 1.00
Hypertension, no. (%) 69 (49.64) 55 (39.57) 0.091
Diabetes mellitus, no. (%) 25 (17.99) 25 (17.99) 1.00
Hyperlipidemia, no. (%) 72 (51.80) 62 (44.60) 0.20
Smoking status—current, 

no. (%)
11 (7.91) 19 (13.67) 0.12

Family history of CAD, no. (%) 4 (2.88) 81 (58.27) <0.001
BMI, kg/m2 29.37 ± 5.48 29.02 ± 7.32 0.62
Obese (BMI of >30), no. (%) 59 (42.45) 51 (36.69) 0.33
Waist circumference, inches 37.20 ± 4.90 – – 
RF positive, no. (%) 121 (87.05) – – 
ACPA positive, no. (%) 119 (85.61) – – 
Erosions, no. (%) 93 (66.91) – – 
RA disease duration, years 11.13 ± 7.67 – – 
Tender joint count 1.59 ± 3.49 – – 
Swollen joint count 1.68 ± 2.57 – – 
DAS28- CRP 2.57 ± 1.03 – – 
hsCRP, mg/liter 8.50 ± 12.65 – – 
Prednisone use, no. (%) 47 (33.81) – – 
No. concurrent csDMARDs 2.01 ± 0.81 – – 
TNFi use, no. (%) 87 (62.59) – – 
EATV, ln 4.69 ± 0.36 4.70 ± 0.42 0.73
Any coronary plaque, no. (%) 103 (74.10) 65 (46.76) <0.001
Segment involvement score 2.14 ± 2.31 0.90 ± 1.21 <0.001
Coronary artery calcium 

score, ln
1.54 ± 2.22 0.43 ± 1.04 <0.001

Multivessel or obstructive 
plaque, no. (%)

61 (43.89) 30 (21.58) <0.001

Noncalcified plaque, no. (%) 83 (59.71) 53 (38.13) <0.001
Mixed plaque, no. (%) 41 (29.50) 15 (10.79) <0.001
Calcified plaque, no. (%) 32 (23.02) 14 (10.07) <0.001
Vulnerable plaque, no. (%) 25 (17.99) 0 (0.00) <0.001

* Groups were compared by independent samples t- test for 
continuous variables, and chi- square test and Fisher’s exact test for 
categorical variables. Except where indicated otherwise, values are 
the mean ± SD. RA = rheumatoid arthritis; CAD = coronary artery 
disease; BMI = body mass index; RF = rheumatoid factor; ACPA = anti– 
citrullinated protein antibody; DAS28- CRP = Disease Activity Score in 
28 joints using the C- reactive protein level; hsCRP = high- sensitivity 
CRP; csDMARDs = conventional synthetic disease- modifying anti -
rheumatic drugs; TNFi = tumor necrosis factor inhibitor; EATV = epi -
cardial adipose tissue volume. 
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EATVs and distribution of EATVs were similar in RA patients 
and controls (Table 1 and Figure 1). Even after adjustments for age, 
sex, BMI, and cardiac risk factors, mean log- transformed EATV 
remained similar among RA patients and controls (mean 4.66 
[95% CI 4.61– 4.72] and mean 4.73 [95% CI 4.66– 4.81], respec-
tively; P = 0.21). No interaction between RA status and age, sex, 
diabetes, dyslipidemia, smoking status, or family history on EATV 
was observed (data not shown). However, RA patients with ather-
osclerosis (segment involvement score of >0) had higher adjusted 
EATV (mean 4.72 [95% CI 4.66– 4.78]) compared to those without 
atherosclerosis (mean 4.59 [95% CI 4.48– 4.69]) (P = 0.046); this 
was not the case in the control group (P = 0.77). Interestingly, non-
obese RA patients with coronary atherosclerosis had significantly 
higher EATV compared to those without coronary atherosclero-
sis (mean log difference 0.22 [95% CI 0.06– 0.38], P = 0.007). 
This was not the case among obese RA patients. Likewise, no 
difference in EATV was noted among either nonobese or obese 
 controls with or without atherosclerosis (data not shown).

Association of EATV with coronary plaque in RA 
patients and controls. In a multivariable negative binomial 
regression model, RA was significantly associated with seg-
ment involvement score (adjusted RR 2.23 [95% CI 1.57– 3.16], 
P < 0.001), adjusting for age, sex, hypertension, diabetes, dys-
lipidemia, smoking status, family history of CAD, and obesity. 
There was no overall association between EATV (per 1- SD log- 
unit increase) and segment involvement score (adjusted RR 1.08 
[95% CI 0.93– 1.26], P = 0.320). However, an association was 
found between RA and EATV with respect to segment involve-
ment score after adjusting for the aforementioned covariates (P 
for interaction = 0.089) (Figure 2). Stratified analyses showed that 
EATV was associated with the number of segments with plaque 
among RA patients (adjusted RR 1.20 [95% CI 1.01– 1.41] per 

1- SD log- unit increase in EATV, P = 0.034), but not among con-
trols (adjusted RR 0.97 [95% CI 0.75– 1.25], P = 0.805).

We further evaluated if the relationship between EATV and 
coronary plaque presence and composition differed between 
RA patients and controls (Figure 3). Significant interactions 
were observed between RA diagnosis and EATV in relation to 
the presence of multivessel or obstructive disease and noncal-
cified plaque. Each 1- SD increment of log- unit increase in EATV 
was associated with a 63% higher likelihood of the presence 
of multivessel or obstructive disease in RA patients (adjusted 
odds ratio [OR] 1.63 [95% CI 1.04, 2.61], P = 0.033), but not 
in controls (P for interaction = 0.023). EATV (per 1- SD log- unit 
increase) was also associated with the presence of noncalcified 
plaque (adjusted OR 1.78 [95% CI 1.17, 2.70], P = 0.007) in RA 
patients but not in controls (P for interaction = 0.043). EATV was 
associated with mixed plaque presence in both RA patients and 
controls (P for interaction = 0.784). In contrast, EATV was not 
related to calcified plaque presence in either group in adjusted 
analyses (Figure 3).

Likewise, the adjusted association between EATV and con-
tinuous CAC score (log[CAC+1]) was not significant among RA 
patients (adjusted β = 0.05 [95% CI −0.11, 0.21], P = 0.554) 
or controls (β = 0.08 [95% CI 0.09, 0.25], P = 0.346; P for 

Figure 1. Distribution of epicardial adipose tissue (EAT) volume in 
rheumatoid arthritis (RA) patients and age-  and sex- matched non- 
RA controls.

Figure 2. Association of epicardial adipose tissue (EAT) volume with 
segment involvement score in rheumatoid arthritis (RA) patients and non- 
RA controls. Results are the adjusted predicted number of segments 
with plaque associated with the log- transformed EAT volume, with 95% 
confidence intervals (solid and dashed lines), in RA patients versus non- 
RA controls, derived from negative binomial regression models adjusting 
for age, sex, hypertension, dyslipidemia, diabetes, smoking status, 
family history of coronary artery disease, and obesity.
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interaction = 0.104). While no patients in the control group had 
plaques with high- risk features, EATV (per 1- SD log- unit increase) 
was associated with the presence of high- risk plaque in RA 
patients (adjusted OR 1.77 [95% CI 1.03, 3.04], P = 0.038).

Assessment of potential effect of modifiers on the 
EATV association with segment involvement score in RA 
patients. Finally, we explored potential differences in the asso-
ciation of EATV with segment involvement score in RA patients 
based on the following preselected stratification variables: obe-
sity (BMI of <30 versus ≥30 kg/m2), cardiac risk factor burden 

(0 versus ≥1 risk factor), RA disease duration (<10 versus ≥10 
years), CRP level (median of <4 versus ≥4 mg/liter), TNFi use 
(treated versus naive), and prednisone use (yes versus no). None 
of the investigated RA- related factors had a significant effect on 
segment involvement score (data not shown). We observed that 
obesity, cardiac risk factor burden, and RA disease duration mod-
erated the effect of EATV on segment involvement score, whereas 
significance was lost for CRP level and TNFi use after Bonferroni 
correction (Figure 4). Prednisone use did not moderate the rela-
tionship between EATV and plaque burden. Individual models 
describing the impact of each potential moderator are shown in 

Figure 3. Logistic regression models for associations between epicardial adipose tissue volume (EATV) and coronary plaque outcomes 
stratified by rheumatoid arthritis (RA) status. All adjusted models were adjusted for age, sex, hypertension, dyslipidemia, diabetes, smoking 
status, family history of coronary artery disease, and obesity. OR = odds ratio; 95% CI = 95% confidence interval.

Figure 4. Association between epicardial adipose tissue volume (EATV) and segment involvement score in rheumatoid arthritis (RA) patients stratified 
by selected characteristics. Rate ratios (RRs) derived from multivariable negative binomial regression models indicate the percent change in the number 
of coronary segments with plaque associated with 1- SD increments of log- unit increase in EATV. Values in boldface are significant at a Bonferroni 
correction threshold (P ≤ 0.017). 95% CI = 95% confidence interval; BMI = body mass index; CV = cardiovascular; CRP = C- reactive protein; TNF = 
tumor necrosis factor. * Adjusted for age, sex, waist circumference, hypertension, diabetes, dyslipidemia, and smoking status. † Adjusted for age, sex, 
obesity, and waist circumference. ‡ Adjusted for age, sex, obesity, waist circumference, hypertension, diabetes, dyslipidemia, and smoking status.
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Figure 5. EATV was associated with a higher number of segments 
with plaque in RA patients who were nonobese or had no cardiac 
risk factors or had RA for <10 years.

Importantly, obesity moderated the effect of EATV on plaque 
presence in patients without CAC; specifically, higher EATV (i.e., 
an EATV value defined as greater than the median value) was 
associated with greater likelihood of noncalcified plaque presence 
in nonobese RA patients (adjusted OR 4.41 [95% CI 1.14, 17.01], 
P = 0.031), but not in obese RA patients (P for interaction = 0.032).

DISCUSSION

To our knowledge, this is the first study that comprehen-
sively addresses the link between EATV and coronary plaque 
burden and composition in RA patients compared to age-  and 
sex- matched individuals without autoimmune disease. Our find-
ings highlight differences in the impact of EAT on atherogenesis 
between RA patients and controls and elucidate the moderating 
effects of obesity, cardiac risk factor burden, and RA disease 
duration on its relationship with coronary atherosclerosis.

An earlier study by Ormseth et al showed a trend toward 
higher EATV in RA patients compared to controls (30). However, 
we found no difference in EATV between RA patients and con-
trols. One reason may be that our non- RA comparator group did 
not consist of healthy volunteers, but were rather referred for eval-
uation of potential CVD. Additionally, 63% of RA patients received 
TNFi therapy compared to 20% of RA patients in the study by 
Ormseth et al. EAT thickness was reported to be lower in TNFi- 
treated patients compared to TNFi- naive patients, possibly due to 
reduced TNF- driven inflammation and increased insulin sensitivity 
in adipocytes (25). Moreover, 42.4% of our patients were receiving 
treatment with statins compared to 13% of patients in the study 
by Ormseth et al. Lipid- lowering therapy was shown to reduce 
EATV in a dose- dependent manner (38). Importantly, beyond vol-
ume, biologic dysfunction of EAT may promote atherosclerosis 
prior to change in volume (20– 23). Therefore, the impact of the 
quantitative and qualitative features of EAT on cardiovascular risk 
in RA patients should be further studied.

Our findings showed that EATV was higher in RA patients 
with coronary atherosclerosis compared to those without coronary 
atherosclerosis. This was particularly true in nonobese patients, 
even after adjusting for waist circumference. Our findings are also 
concordant with reports of general patients whose EATV was pre-
dictive of coronary atherosclerosis in the absence of visceral fat 
accumulation (11,18,39,40). The interaction effect between RA 
diagnosis and EATV on several plaque outcomes points to a dif-
ferent relationship between EAT and coronary atherosclerosis in 
RA. After adjustment for relevant confounders, higher EATV was 
associated with increased likelihood of multivessel or obstructive 
disease and a greater number of segments with total plaque in 

Figure 5. Association of epicardial adipose tissue (EAT) volume 
with segment involvement score in rheumatoid arthritis (RA) patients 
stratified by obesity (body mass index [BMI] of <30 versus ≥30 kg/
m2) (A), cardiac risk factor burden (none versus ≥1 risk factor) (B), 
RA disease duration (<10 versus ≥10 years) (C), C- reactive protein 
(CRP) level (median of <4 versus ≥4 mg/liter) (D), tumor necrosis 
factor inhibitor (TNFi) use (naive versus exposed) (E), and prednisone 
use (yes versus no) (F). Results are from negative binomial regression 
models adjusted for the indicated covariates, showing associations 
between log EAT volume and predicted number of segments with 
plaque (solid lines) with 95% confidence intervals (dashed lines), 
estimated using the standard error from the Delta method. CV = 
cardiovascular.



KARPOUZAS ET AL 1418       |

RA patients, but not in controls. This may imply a greater biologic 
dysfunction of EAT in RA patients which may in turn promote ath-
erosclerosis in the underlying coronary arteries in a paracrine man-
ner. Indeed, RA patients who underwent a coronary artery bypass 
graft displayed significantly higher expression of TNF and interleu-
kin- 18 (IL- 18) in aortic adventitia, and greater expression of IL- 33 in 
endothelial cells of adventitial vasa vasorum compared to non- RA 
controls (41,42). We further demonstrated that EATV was associ-
ated with the presence of mixed plaque in both RA patients and 
non- RA controls, yet EATV had no association with advanced and 
relatively stable calcified plaque in either group. We observed no 
significant association between EATV and CAC, which is a finding 
similar to that in the study by Ormseth et al (30). Increasing CAC 
is related to both higher- risk mixed plaques and the more stable 
fully calcified plaques (43). However, since EATV is only associated 
with mixed plaque but not calcified plaque in our study, it is not sur-
prising that the association of CAC with EATV was not significant in 
either RA patients or controls.

Importantly, EATV was associated with noncalcified plaque 
and the presence of high- risk plaque only in RA patients. The non-
calcified component within a plaque relates to an early and active 
atherosclerotic process as well as to its vulnerability to rupture. 
Our data therefore indicate that EATV may be particularly relevant 
to earlier atherogenesis as well as conducive to high- risk plaque 
growth in RA patients (44). Prior studies reported higher EATV 
in general patients with noncalcified or partially calcified (mixed) 
plaques compared to those with only calcified plaques (7,27,45). 
Also, coronary segments with high- risk plaque were surrounded 
by larger segmental EATV (7). Likewise, TNF and IL- 1β expres-
sion within EAT was associated with noncalcified, mixed, and 
vulnerable coronary plaque burden, but not calcified plaque, 
corroborating the importance of EAT in an active atherosclerotic 
process (20,21,23). Moreover, macrophage presence within EAT 
was increased in patients with CAD (46), and their polarization 
reflected a more proinflammatory state (46).

Consistent with previous studies of general patients 
(11,39,40), we found that EATV was associated with plaque bur-
den preferentially in nonobese RA patients, above and beyond 
waist circumference and traditional cardiac risk factors. More-
over, higher EATV was associated with noncalcified plaque pres-
ence in nonobese RA patients without CAC. Nonobese patients 
are less likely to have abdominal visceral fat accumulation, insulin 
resistance, or metabolic syndrome (11). Therefore, production 
of proatherogenic adipocytokines within the physically remote 
abdominal visceral fat depots is likely negligible. In contrast, bio-
logic dysfunction or inflammation within a progressively expand-
ing and coronary- adjacent EAT may promote atherogenesis via 
paracrine effects (4). Concordantly, Iwayama et al reported signif-
icantly larger size adipocytes and lower pericardial adiponectin in 
nonobese patients with CAD compared to those without CAD. In 
contrast, adiponectin was similar in obese patients with or without 
CAD (40). However, whether these or other mechanisms mediate 

the proatherogenic effects of expanded EAT in nonobese patients 
requires further investigation.

EATV was associated with higher coronary plaque burden, 
particularly in RA patients with no cardiac risk factors, after adjust-
ments for relevant confounders. This may imply that EAT influences 
atherosclerosis through different mechanisms than traditional car-
diac risk factors. Alternatively, the adverse effects of EAT on ath-
erosclerosis may be overridden by the impact of the other cardiac 
risk factors. Specifically, as traditional cardiac risk factors accrue, 
their collective impact on the arterial wall may independently or 
synergistically influence atherosclerosis, thus attenuating the rel-
ative contributions of EAT. EATV was also associated with coro-
nary plaque burden in patients with shorter RA disease duration. 
It is possible that higher inflammation within EAT in earlier RA may 
accelerate coronary atherosclerosis. Although EATV was associ-
ated with coronary plaque burden in TNFi- naive RA patients and 
those with lower systemic inflammation, these effects were not sig-
nificant after Bonferroni correction.

Our study has several limitations. First, RA patients had no 
prior diagnosis or symptoms of CVD, had mostly low cardiovas-
cular risk, and had well- controlled disease. On the other hand, 
those in the control group were recruited from a cohort of patients 
referred for CE- CT assessment of cardiovascular risk, which intro-
duced a potential selection bias. These characteristics may have 
attenuated differences in EATV, coronary plaque burden, or associ-
ations thereof. Despite that, the significant differences in the effects 
of EAT on coronary plaque in RA patients compared to general 
patients point to inherent associations between RA and alterations 
in EAT- related pathways. Second, EAT density was not measured 
in our study; therefore, we could not evaluate differences in EAT 
inflammation and dysfunction in RA patients compared to controls. 
Third, we did not formally quantify abdominal visceral fat volume. 
While we adjusted for waist circumference, a surrogate of visceral 
adiposity (47), in analyses of RA patients, waist circumference 
information was not available in controls. Lastly, given its cross- 
sectional nature, our study may not imply causality.

Among patients without CVD, EATV was associated with 
subclinical coronary plaque above and beyond traditional cardio-
vascular risk factors (including obesity) in RA patients, but not in 
age-  and sex- matched non- RA individuals. The relationship was 
stronger in some subgroups of RA patients, particularly those who 
had RA disease duration of <10 years, had no cardiac risk factors, 
and were not obese. While it remains unclear whether EAT plays a 
pathogenic role or if changes in its volume are an epiphenomenon 
of the atherogenic process, these findings justify further investiga-
tion of EAT as a potential marker of subclinical coronary athero-
sclerosis and cardiovascular risk in RA patients.
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Objective. To examine the effects of a smartphone application (app) to monitor longitudinal electronic patient- 
reported outcomes (ePROs) on patient satisfaction and disease activity in patients with rheumatoid arthritis (RA).

Methods. We conducted a 6- month randomized controlled trial of care coordination along with an app (intervention) 
versus care coordination alone (control) in 191 RA patients. Participants in the intervention group were prompted to 
provide information daily using ePROs. In both the intervention and control groups, a care coordinator contacted 
participants at 6 and 18 weeks to assess for flares. The main outcome measures were the global satisfaction score 
from the Treatment Satisfaction Questionnaire for Medication (TSQM), the score from the Perceived Efficacy in 
Patient- Physician Interactions (PEPPI) Questionnaire, and the Clinical Disease Activity Index (CDAI) score.

Results. Groups were similar at baseline. The median TSQM score at 6 months was 83.3 in both groups, and the 
median PEPPI score at 6 months was 50 in both groups. The median CDAI score at 6 months was 8 in the intervention 
group versus 10 in the control group. No statistically significant group differences in the medians of TSQM, PEPPI, 
or CDAI scores at 6 months were detected. Of the 67 intervention participants who completed the exit survey, 90% 
rated their likelihood of recommending the app as ≥7 of 10. Of the 11 physicians who completed the exit survey, 73% 
agreed/strongly agreed that they wanted to continue offering the app to patients.

Conclusion. A mobile app designed to collect ePRO data on RA symptoms did not significantly improve patient 
satisfaction or disease activity compared to care coordination alone. However, both patients and physicians reported 
positive experiences with the app.

INTRODUCTION

The majority of patients with rheumatoid arthritis (RA) expe-
rience at least 1 flare in a 6- month period (1). Patients with RA 
describe these increases in disease activity as emotionally dis-
tressing and physically disabling (2). It is assumed that prompt 
reporting of flares to health care providers will lead to faster reso-
lution of symptoms and greater control of overall disease activity. 
In practice, however, many patients do not notify their health care 
providers of flares occurring between scheduled appointments, 
and, instead, try to manage flares on their own (3).

Smartphone applications (apps) present a unique opportu-
nity to improve the real- time assessment and management of RA 
by providing ways to collect electronic patient- reported outcomes 
(ePROs) between physicians’ appointments, present these data 
to patients and physicians, and identify sustained increases in 
these ePROs (i.e., flares) that may benefit from early intervention. 
At least 17 apps aimed at helping RA patients monitor disease 
activity are publicly available (4,5). However, to our knowledge, 
none of these apps have been incorporated into routine clinical 
care, and no studies have evaluated their efficacy. Several other 
RA- focused apps have been described in the scientific literature, 
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but most were developed for collecting ePROs for research 
 studies (6– 11).

The few studies that have examined the use of a smartphone 
app to assess disease activity for clinical care were focused on 
validating ePROs, assessing feasibility of implementation, and/or 
determining patient and physician satisfaction with the app. Walker 
et al reported strong correlations between app- based assess-
ments and physician- assessed measures of disease activity (12). 
Austin et al reported that the Remote Monitoring of RA (REM-
ORA) app was able to collect daily information on ePROs on 91% 
of days over 3 months (13). Participants in both studies viewed 
the apps positively and endorsed beneficial effects on patient– 
physician communication. Additional studies have assessed the 
feasibility and acceptance of other web- based tools, which can 
be accessed on mobile devices, though not developed specifi-
cally for mobile devices (14). Importantly, none of these studies 
was a randomized controlled trial (RCT), so no conclusions could 
be made regarding outcomes compared to usual care.

The objective of this study was to examine the effects of a 
smartphone app with care coordination to monitor ePROs on 
patient satisfaction and RA disease activity. The underlying ratio-
nale was that the app would enable the identification of RA flares 
that occur between routine clinic visits. The care coordinator 
would transmit this information to the health care provider, thereby 
prompting an interaction between the patient and provider that 
would lead to changes in medications and improved overall man-
agement of disease activity. We thus hypothesized that the app 
would improve patient perception of the patient– provider interac-
tion, patient satisfaction with treatment, and disease activity.

PATIENTS AND METHODS

Study design and participants. This study was an RCT 
of a smartphone app with care coordination versus care coordina-
tion alone to monitor ePROs of RA disease activity and associated 
symptoms between clinic appointments (ClinicalTrials.gov identifier: 
NCT02822521). The full protocol was previously published (15).

Participants age ≥18 years with physician- diagnosed RA 
were enrolled by 23 rheumatologists at a single academic rheu-
matology practice. Eligibility criteria included owning a smart-
phone/tablet with an Android or iOS operating system and 
speaking English. Patients were excluded if they did not plan to 
receive care at the recruiting site within 6 months. Participants 
experiencing an RA- related flare at the time of screening were 
asked to defer enrollment until their disease was stable. A flare 
was defined according to Outcome Measures in Rheumatology 
(OMERACT) as “a cluster of symptoms of sufficient duration and 
intensity to require initiation, change, or increase in therapy” (16). 
Thus, if participants were imminently planning to change medi-
cations or had not been receiving stable disease- modifying drug 
(DMARD) treatment for ≥ 6 weeks, they were placed on a wait list 
to be considered for future enrollment. The rationale for requiring 

participants to have stable disease activity at the time of enroll-
ment was to enable the establishment of a stable baseline as a 
reference for detecting flares.

Physicians were given the option of participating in this study. 
No physicians specifically declined to participate, though not all 
physicians had patients enrolled in the study. Physicians who did 
not have patients enrolled in the study were mostly physicians with 
small patient populations (e.g., rheumatology fellows or research-
ers with half a day of clinic per week) or those with a focus on 
disease states other than RA.

Randomization. A project manager generated the random 
allocation sequence using a publicly available web- based ran-
domization tool. We used a blocked randomization strategy with 
8 participants per block and a 1:1 allocation ratio. To ensure an 
equal distribution of patients with moderate versus severe disease 
activity in the 2 groups, we block-randomized by disease activ-
ity. The project manager who generated the allocation sequence 
assigned participants to interventions, but was not involved in par-
ticipant enrollment.

Study visits and procedures. Study visits occurred at 
baseline and ~3 and 6 months thereafter, on the same day as 
scheduled clinic appointments. The majority of visits occurred after 
the participant’s clinic appointment. Each visit included 1) a joint 
examination, 2) a review of medications and comorbidities, and 3) 
questionnaires to assess patient satisfaction with treatment (Treat-
ment Satisfaction Questionnaire for Medication [TSQM] (17) and the 
Perceived Efficacy in Patient- Physician Interactions [PEPPI] ques-
tionnaire) (18) and RA disease activity (Clinical Disease Activity Index 
[CDAI]) (19). The CDAI assessment of disease activity in the joints 
and global satisfaction assessments were performed by a trained 
study staff member who was blinded with regard to the intervention 
assignment. The primary patient satisfaction outcome measures 
were the TSQM global satisfaction and PEPPI scores at 6 months. 
The TSQM is a validated, patient- reported measure of overall satis-
faction with medication and satisfaction with specific aspects (e.g., 
effectiveness) of medication (20). The PEPPI is a validated measure 
of patients’ self- efficacy in exchanging information with their phy-
sicians (21). It includes assessment of the patients’ confidence in 
explaining health concerns to their physicians, getting physicians 
to pay attention to what they have to say, getting physicians to do 
something about their health concerns, and making the most of 
their clinic visit. The primary disease activity outcome measure was 
the CDAI score at 6 months.

Participants were also asked to complete an exit survey 
regarding their satisfaction with the app (Supplementary File 1, 
available on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41686/ abstract). Rheuma-
tologists were asked to complete an exit survey to assess their 
perceptions of the app (Supplementary File 2, http://onlin elibr ary.
wiley.com/doi/10.1002/art.41686/ abstract).

http://onlinelibrary.wiley.com/doi/10.1002/art.41686/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41686/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41686/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41686/abstract
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Control group (care coordination alone). Participants 
randomized to the control group were assigned a care coordina-
tor who was a trained research assistant with a bachelor’s degree. 
The care coordinator called the patient after the first study visit and 
at weeks 6 and 18 to assess for RA flares. If participants reported 
experiencing a flare, they were asked a set of questions about the 
flare. This information was provided to the participant’s rheumatol-
ogist via a secure email within 24 hours of the call.

Intervention group (smartphone app and care coor-
dination). The study team worked with the ADK Group to develop 
the app, which functions using the Android and iOS operating sys-
tems. The app sent daily notifications to participants at 9:00 am, 
reminding them to log in to complete questionnaires, including the 
Rheumatoid Arthritis Disease Activity Index- 5 (RADAI- 5) and the 
Patient- Reported Outcomes Measurement Information System 
(PROMIS) 4- item measures for pain interference, physical function, 
fatigue, depression, and sleep disturbance (22– 27). The app sent 
responses to the questionnaires to a secure server in real time. 
Participants were able to view their responses in graphic form 
(Supplementary File 3, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41686/ 
abstract). Median adherence to the daily questions delivered by 
the app was 79% (interquartile range [IQR] 48– 90%) (28).

A care coordinator called participants in this group accord-
ing to the same schedule as the control group. The first phone 
call included instructions on how to download and use the app. If 
the participants’ RADAI- 5 rose by >30% compared to the previ-
ous 2 weeks and their current RADAI- 5 score was >3, the dash-
board sent a notification to the care coordinator. This threshold 
was determined based on conversations with rheumatologists at 
the study site. After receiving a notification of a potential flare, the 
care coordinator reviewed the questionnaire data on the dash-
board and called the participant to obtain information about their 

symptoms. This information, along with data on the RADAI- 5 and 
PROMIS measures, was provided to the patient’s rheumatologist 
via a secure email within 24 hours. A one- page summary of the 
RADAI- 5 questionnaire, PROMIS assessments, and flares was 
provided to the patient’s rheumatologist before each clinic visit 
(Supplementary File 4, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41686/ 
abstract). Physicians were not specifically trained in understanding 
and utilizing this information. Patients were not notified as to how 
their physicians would use this information. While data entered via 
the app were continuously updated, the care coordinator was not 
required to review the dashboard unless a flare notification was 
received.

Statistical analysis. Baseline descriptive statistics were 
calculated. All outcome measures were analyzed in the intent- 
to- treat (ITT) population and the per- protocol population, includ-
ing only completers. For the ITT analyses, missing data were 
imputed using the last observation carried forward. Effects on 
TSQM, PEPPI, and CDAI scores at 6 months were analyzed 
using median quantile regression. No covariates were included, 
as participants were randomized, and chi- square tests indicated 
no differences in age, sex, and race. Stratified analyses were per-
formed using median quantile regression to examine the effects of 
the app on TSQM, PEPPI, and CDAI scores in subgroups divided 
by baseline CDAI ≤10 and >10.

A sample size of 122 participants provided 80% power to 
detect a between- group difference of ≥9.4 points in the TSQM, 
based on a standard deviation of 18.4 (29,30). This sample size 
also allowed for 84% power to detect a difference of 7.0 in the 
CDAI. The minimum clinically important difference (MCID) in the 
CDAI is 1 for low disease activity, 6 for moderate disease activity, 
and 12 for high disease activity (31). We planned to enroll 191 
patients, factoring in a 64% retention rate.

Figure 1. Flow chart showing the enrollment of patients, their allocation to either the intervention group (mobile application [app] plus care 
coordination) or the control group (care coordination alone), disposition status, and how they were analyzed in the trial. * Data from 7 patients 
were excluded because they never received the app. ITT = intent- to- treat; PP = per protocol.

http://onlinelibrary.wiley.com/doi/10.1002/art.41686/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41686/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41686/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41686/abstract
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RESULTS

Participant population. Participants were recruited 
from November 2016 through May 2018. Four hundred fifty- nine 
patients were approached to assess for eligibility (Figure 1). Forty- 
eight patients had recently changed DMARDs or were imminently 
about to do so and were not enrolled at the time of initial contact. 
One hundred ninety- one RA patients met screening criteria and 
provided written informed consent. These participants were block 
randomized based on disease activity, thus allowing for some imbal-
ance between those randomized to receive the app (n = 91) and 
those randomized to the control group (n = 100). Participants ran-
domized to the intervention group had similar characteristics com-
pared with participants randomized to the control group (Table 1). 
One hundred thirty- seven participants completed all 3 study visits. 
Ten participants completed only the baseline and 3- month visits, 
and 34 participants completed only the baseline and 6- month visits. 
Ten participants completed only the baseline visit. The trial ended 
when the last participant completed the final study visit.

Patient satisfaction with treatment. Baseline global 
TSQM scores were high, with a median of 83.3 (IQR 66.7– 100) in 
both groups. Baseline PEPPI scores were also high, with a median 
of 50 in both groups (intervention group, IQR 48– 50; control group, 
IQR 46– 50). After 6 months, median TSQM scores were 83.3 (IQR 
66.7– 100) in both groups, and median PEPPI scores were 50 in 
both groups (intervention group, IQR 47– 50; control group, IQR 

48– 50) (Figure 2). There were no group differences in the median 
TSQM values at 6 months (β 0, 95% confidence interval [95% CI] 
−10.6, 10.6) or median PEPPI values at 6 months (β 0.00, 95% 
CI −0.4, 0.4). In exploratory analyses stratified by baseline CDAI of 
≤10 (n = 123) versus CDAI of >10 (n = 68), no group differences 
in the median TSQM values at 6 months (for CDAI ≤10 group, β 
0, 95% CI −9.4, 9.4; for CDAI >10 group, β 0, 95% CI −8.5, 8.5) 
or median PEPPI values at 6 months (for CDAI ≤10 group, β 0, 
95% CI −0.5, 0.5; for CDAI >10 group, β 0, 95% CI −1.5, 1.5) were  
identified. Results were similar in the per- protocol population.

RA disease activity. Median baseline CDAI was 8.5 (IQR 
3.5– 14) in the intervention group and 8.0 (IQR 4.0– 14) in the control 
group. Median 6- month CDAI was 8 (IQR 4– 14) in the intervention 
group versus 10 (IQR 3– 16) in the control group (Figure 2). No group 
differences in the median CDAI values at 6 months (β −2.0, 95% CI 
−5.8, 1.8) were identified. Exploratory analyses stratified by baseline 
CDAI of ≤10 (n = 123) versus CDAI of >10 (n = 68) did not show 
group differences in median CDAI values at 6 months (for CDAI ≤10 
group, β 0.5, 95% CI −2.2, 3.2; for CDAI >10 group, β −2.0, 95% 
CI −7.7, 3.7). Results were similar in the per- protocol population.

Flares and medication changes. Eighty- three cases 
of flare were identified among patients randomized to the 
intervention group, compared to 29 flares identified among 
patients randomized to the control group. Of the 83 cases 
of flare identified in the intervention group, 74 (89.2%) were 

Table 1. Baseline characteristics of the trial participants*

Characteristic

Mobile app + care 
coordination  

(n = 91)

Care coordination 
alone  

(n = 100)

Overall study 
cohort 

(n = 191)
Sex

Female 73 (80.2) 83 (83.0) 156 (81.7)
Male 18 (19.8) 17 (17.0) 35 (18.3)

Age
<45 years 21 (23.1) 28 (28.0) 49 (25.7)
45– 65 years 44 (48.4) 43 (43.0) 87 (45.6)
≥65 years 26 (28.6) 29 (29.0) 55 (28.8)

Race
White 79 (86.8) 86 (86.0) 165 (86.4)
Nonwhite 12 (13.2) 14 (14.0) 26 (13.2)

Education
High school or below 19 (20.9) 22 (22.0) 41 (21.5)
College 52 (57.1) 47 (47.0) 99 (51.8)
Post- college 20 (22.0) 31 (31.0) 51 (26.7)

Treatment Satisfaction Questionnaire for 
Medication score (range 0–100), median (IQR)

83.3 (66.7– 100.0) 83.3 (66.7– 100.0) 83.3 (66.7– 100.0)

Perceived Efficacy in Patient– Physician 
Interactions score (range 10–50), median (IQR)

50 (48.0– 50.0) 50 (46.0– 50.0) 50.0 (47.0– 50.0)

Clinical Disease Activity Index (range 0–76), 
median (IQR)

8.5 (3.5– 14.0) 8.0 (4.0– 14.0) 8.0 (4.0– 14.0)

Methotrexate 49 (53.9) 63 (63.0) 112 (58.6)
Non- methotrexate synthetic DMARD 20 (22.0) 22 (22.0) 42 (22.0)
TNF inhibitor 35 (38.5) 36 (36.0) 71 (37.2)
Non- TNF biologic DMARD 30 (33.0) 30 (30.0) 60 (31.4)

* Except where indicated otherwise, values are the number (%) of participants. App = application; IQR = interquartile 
range; DMARD = disease- modifying antirheumatic drug; TNF = tumor necrosis factor. 
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identified by the app, and 9 (10.8%) were identified at the time 
of scheduled 8-  and 16- week care coordinator phone calls. 
Participants who had flares identified by the app had simi-
lar median TSQM, PEPPI, and CDAI scores as those whose 
flares were identified during care coordinator phone calls at 8 
and 16 weeks.

Physicians were asked at each study visit whether action 
was taken based on the flare reports received in the past 
3 months. However, physician response to this assessment 
was poor. Physician responses were available for 14 of the 33 
patients in the intervention group who attended the 3- month 
visit and experienced ≥1 flare between the baseline visit and 
3- month visit. Physicians reported calling or seeing 7 of these 
14 patients (50.0%). Physician responses were available for 
11 of the 23 patients in the intervention group who attended 
the 6- month visit and experienced ≥1 flare between the 3-  and 
6- month visits. Physicians reported calling or seeing 6 of these 
11 patients (54.5%).

One hundred forty- seven patients had complete medica-
tion data at 3 months, and 171 patients had complete medica-
tion data at 6 months. At the 3- month visit, 5 of 67 patients in 
the intervention group (7.5%) reported that they were changing 
DMARDs, compared to 7 of 80 patients in the control group 
(8.8%). At the 6- month visit, 8 patients in the intervention group 
(10.1%) reported they were changing DMARDs, compared to 5 
of 92 patients in the control group (5.4%).

Patient- reported outcome measures assessed 
via app. Among the 91 patients randomized to the interven-
tion group, mean scores for RADAI- 5 decreased from 3.0 at 
baseline to 2.7 at 24 weeks (Figure 3). Mean PROMIS fatigue 
scores decreased from 52.7 to 47.6. Other PROMIS scores 
remained stable. The proportion of patients providing data 
on RADAI- 5 scores decreased from 89% at week 1 to 59% 
at week 23, and the proportion of patients providing data on 
PROMIS fatigue scores decreased from 75% at week 1 to 
45% at week 23. These proportions reflect a denominator of 
91 patients, but the actual number of PROMIS surveys sent 
each week was often lower because PROMIS measures were 
sent on an 8- day cycle. Adherence to the surveys is the focus 
of a previous study (28).

Patient satisfaction with the app. Of the 91 patients 
randomized to the intervention group, 67 (74%) completed an 
exit survey (Figure 4). Of these 67 patients, 59 (88%) agreed/
strongly agreed that the app was easy to use, and 63 (94%) 
agreed/strongly agreed that the time required to answer ques-
tions was reason able. Fifty- eight patients (87%) agreed/strongly 
agreed that the app helped track disease activity, and 36 
patients (54%) agreed/strongly agreed that information from the 
app was incorporated into physician visits. When asked which 
component was most helpful, 39 patients (58%) thought the 
combination of the app and care coordinator was most helpful. 

Figure 2. Primary outcome measures at baseline and 6 months in participants who received care coordination plus the mobile application 
(App group) versus those who received care coordination alone (No App group). Scores on the Treatment Satisfaction Questionnaire for 
Medication (TSQM) (A), Perceived Efficacy in Patient-Physician Interactions (PEPPI) (B), and Clinical Disease Activity Index (CDAI) (C) are 
shown as box plots, in which the plus symbols indicate the mean, horizontal lines and boxes show the median with interquartile range, and 
whiskers show 1.5 × the interquartile range. Circles represent outliers.

Figure 3. Longitudinal, self- reported data obtained from the mobile application (app) over 24 weeks. Participants in the intervention group 
reported scores on the Rheumatoid Arthritis Disease Activity Index- 5 (RADAI- 5) (A) as well as Patient- Reported Outcomes Measurement 
Information System (PROMIS) fatigue (B) and pain interference scores on the PROMIS 4- item short forms (C). Results are shown as the mean 
± SD. The lines are observably smoothing over time.
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Twenty patients (30%) thought the app was most helpful, and 42 
patients (63%) rated their likelihood of recommending the app 
as 10 on a 0– 10 scale. Two patients strongly disagreed with 
all questions (i.e., were highly dissatisfied), but highly rated their 
likelihood to recommend the app, suggesting that they may 
have misunderstood scale directionality.

Physician satisfaction with the app. Of the 22 physi-
cians who had patients in the intervention group, 11 responded 
to an exit survey (Figure 5). Eight physicians (73%) agreed/
strongly agreed that they would like to continue offering the app 

to patients, and 7 physicians (64%) agreed/strongly agreed that 
the app improved management of RA disease activity. Three phy-
sicians (27%) agreed/strongly agreed that the app led to earlier 
changes in medications, and 1 physician (9%) agreed/strongly 
agreed that the app increased their workflow.

DISCUSSION

No differences were observed in TSQM, PEPPI, or CDAI 
scores at 6 months between groups. However, 90% of partici-
pants rated their likelihood of recommending the app as ≥7 on a 

Figure 4. Participant responses to an exit survey regarding patient satisfaction with the mobile application (app). Of the 91 rheumatoid arthritis 
(RA) patients who were randomized to receive the app, 67 (74%) completed the exit survey. Two participants strongly disagreed with all items, 
but rated their likelihood to recommend the app highly, suggesting a possible misunderstanding regarding the directionality of the measures. 
Participants were asked whether the app was easy to use (A), about the time required to answer daily questions on the app (B), whether the app 
was helpful in tracking disease activity (C), and whether information from the app was incorporated into clinic visits with the rheumatologist (D).

Figure 5. Physician responses to a survey regarding physician satisfaction with the mobile application (app). Of the 22 physicians who had 
patients in the intervention group, 11 (50%) completed the survey. Physicians were asked whether they would like to continue offering the app 
(A), whether the app improved management of disease activity (B), whether the app led to earlier changes in disease- modifying antirheumatic 
drugs (DMARDs) (C), and whether the app led to an increase in workload (D).
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0– 10 scale, and 73% of physicians wanted to continue offering 
the app to their patients.

The finding of no differences in TSQM and PEPPI scores 
at 6 months was contrary to our hypothesis that the app would 
improve patient satisfaction with treatment and perception of the 
patient– provider interaction. We expected that symptom tracking 
would improve TSQM scores by identifying RA flares between rou-
tine clinic visits, leading to changes in medications and, therefore, 
greater treatment satisfaction. We expected symptom tracking 
to improve PEPPI scores by providing patients with a graphical 
tool for communicating symptom trajectories and patterns to 
their  physicians. Specifically, we expected that the visual pres-
entations of RA disease activity and associated symptoms would 
aid patients in explaining their chief health concern to their phy-
sicians, thereby increasing their confidence in getting their physi-
cians to pay attention to what they have to say, take their chief 
health concerns seriously, and do something about their chief 
health concern. Ultimately, this would also result in greater confi-
dence in making the most out of their clinic visit. However, baseline 
scores for TSQM and PEPPI may have been too high to appreci-
ate improvement (“ceiling effect”). Even in the subgroup of patients 
with baseline moderate/high disease activity, TSQM and PEPPI 
scores were high, precluding our ability to rule out a ceiling effect. 
Analyses could not be stratified by TSQM or PEPPI scores, as few 
participants had low scores.

Similarly, we did not observe differences in CDAI scores 
between groups at 6 months. In the a priori power estimate, we 
had assumed a large effect size (>7 CDAI units), based on an 
MCID estimation across a typical RA trial population. However, 
the population we recruited had low disease activity, possibly due 
to the inclusion criterion that participants could not be experienc-
ing an RA- related flare at the time of screening. In populations 
with low disease activity, the MCID is small (1 CDAI unit) (31). In 
a post hoc calculation, a sample size of 191 patients yielded a 
power estimate of 11% to detect a 1- unit difference in CDAI. To 
explore the possibility that the results may have differed in a popu-
lation with higher disease activity, we examined group differences 
in CDAI scores at 6 months among patients with moderate/high 
baseline disease activity. However, no differences in median CDAI 
scores at 6 months were identified. It is possible that the study 
duration was too short to observe changes in disease activity due 
to DMARD changes. DMARD changes are most likely to occur 
at the time of clinic visits, and the 3- month visit was the only 
scheduled clinic visit before the 6- month visit. When looking at 
data on medication changes, a larger proportion of patients in the 
intervention group, compared to the control group, reported that 
they would be changing DMARDs at the 6- month visit, whereas 
no differences were identified at 3 months. Studies with longer 
follow- up duration are required to address this possibility.

Answers from the patient and physician surveys also suggest 
other reasons the app may not have improved disease activity. 
Forty- five percent of physicians were neutral or strongly disagreed 

that the app improved communication. Patients were also mixed 
in their agreement with the statement: “Information from the app 
was incorporated into my physician visits.” These data suggest 
that barriers may have existed in translating data from the app to 
the clinic setting. One barrier may have been that data were not 
integrated into the electronic health record (EHR). Previous studies 
have highlighted the importance of integrating mobile health data 
into the EHR (14,32,33). Another explanation could be inadequate 
education of physicians on how to utilize ePROs (34,35). Additional 
studies are planned to test implementation strategies for integrat-
ing the app into the EHR and routine care of patients with RA.

It is also important to understand our definition of a flare, 
because flare detection prompted contact with participants and 
sharing information with physicians between visits. We defined 
flares according to OMERACT, which characterized a flare as “a 
cluster of symptoms of sufficient duration and intensity to require 
initiation, change, or increase in therapy” (16). When this study 
was initiated, no recommendations existed regarding duration and 
intensity, so we surveyed rheumatologists to ascertain the mini-
mal duration and intensity of flare that would prompt a change in 
DMARD therapy. The consensus was that it would require a 30% 
increase in disease activity over 14 days. A subsequent publica-
tion from OMERACT suggested a duration of ≥7 days (36). Thus, 
we may have missed flares that some physicians would find mean-
ingful. No recommendations were made by OMERACT regarding 
thresholds for changes in disease activity, though others have pro-
posed an increase in Disease Activity Score in 28 joints of >1.2 or 
>0.6 (37).

Both patient and physician satisfaction with the app was high, 
consistent with results from a feasibility study of the REMORA app 
(13). Results from both studies, as well as studies of apps that 
track RA disease activity via other measures (e.g., optical imag-
ing), indicate that patients feel empowered by having the ability 
to track their own disease activity (38). Of particular interest, our 
study showed that satisfaction was high, even after 6 months of 
use, supporting the feasibility of tracking apps for long- term use.

A strength of this study was the inclusion of care coordinators 
who served as patient– physician liaisons. The care coordinators 
were college- educated staff members who did not have advanced 
health care training, which enhances the scalability of this inter-
vention in comparison to those requiring licensed nurses or social 
work providers. The care coordinator was included in response to 
concerns that the app may interfere with physician workflow and 
increase workload. While we did not survey participants in the 
control group about their perception of the care coordinator, most 
participants in the intervention group reported that the combina-
tion of the care coordinator and app was more helpful than either 
component alone. The care coordinator was incorporated in both 
study groups to minimize group differences that were not directly 
related to the app. However, including the care coordinator in the 
control group may have lowered the chance of observing a differ-
ence between groups.
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This study had several limitations. Data were not integrated 
into the EHR, and ceiling and floor effects may have affected 
the analyses. In addition, generalizability was limited because 
 participants were recruited from a single medical center, serv-
ing a well- educated population. To participate, patients had to 
be English- speakers and own a smartphone. Thus, patients 
who were not technologically savvy and may have experienced 
challenges in answering daily surveys may have been excluded. 
Furthermore, physicians were not required to enroll patients in 
the study. Thus, those with inherently negative perceptions of 
the role of mobile technology in health care may have cho-
sen not to enroll patients in the study. We also did not collect 
data on how often physicians viewed the one- page summary 
of ePROs. Finally, the patient and physician surveys may have 
reflected a biased sample, thereby inflating perceived satisfac-
tion with the app.

During the conduct of this study, we learned several key points 
that should be emphasized to promote high- quality research in 
digital rheumatology. First, a “one- size- fits- all” approach is unlikely 
to be efficacious, making it critical to precisely define the target 
study population. Specific aspects of the study (e.g., the need to 
identify flares) may suggest the need for specific enrollment cri-
teria (e.g., stable DMARD use), which impact the characteristics of 
the study population. These impacts must be carefully considered 
prior to study initiation. Second, in contrast to typical drug stud-
ies, many digital intervention studies require substantial physician 
involvement. This involvement may require knowledge in areas 
in which physicians do not have expertise (e.g., interpretation of 
ePROs). Resources must be provided to educate physicians on 
these measures and methods to integrate this information into 
their workflow. Third, implementation of a digital intervention is 
likely to be more complex than implementation of a typical RCT 
of a drug. To identify implementation barriers, quantitative assess-
ments of each step (e.g., how often physicians reviewed app- 
generated data during clinic visits) are necessary.

Despite the challenges and limitations, this study provides 
valuable information, as it is the first RCT to assess the effects of 
an ePRO app on RA. No statistically significant differences were 
found for the primary outcome measures of treatment satisfac-
tion, perception of the patient– provider interaction, and disease 
activity, but both patients and physicians viewed the app favor-
ably. In addition, more patients in the intervention group reported 
that they would be switching DMARDs at the 6- month visit than 
patients in the control group. Important future directions include: 
1) identifying the needs of specific subgroups of patients and
designing the app such that it can be tailored to specific situa-
tions, 2) understanding what resources physicians need to incor-
porate data obtained between clinic visits into clinical care, and 
3) quantitatively assessing outcome measures associated with
implementation of smartphone technology, in addition to efficacy. 
It will be also important to determine the efficacy of this type of 
intervention in larger and longer studies.
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Protective Role of Collectin 11 in a Mouse Model of 
Rheumatoid Arthritis
Na Wang,1 Weiju Wu,2 Cui Qiang,3 Ning Ma,1 Kunyi Wu,1 Dan Liu,4 Jia- Xing Wang,1 Xiao Yang,1 Li Xue,1 
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Objective. Collectin 11 (CL- 11) is a soluble C- type lectin, a mediator of innate immunity. Its role in autoimmune 
disorders is unknown. We undertook this study to determine the role of CL- 11 in a mouse model of rheumatoid 
arthritis (RA).

Methods. A murine collagen- induced arthritis (CIA) model was used and combined two approaches, including 
gene deletion of Colec11 and treatment with recombinant CL- 11 (rCL- 11). Joint inflammation and tissue destruction, 
circulating levels of inflammatory cytokines, and adaptive immune responses were assessed in mice with CIA. Splenic 
CD11c+ cells were used to examine the influence of CL- 11 on antigen- presenting cell (APC) function. Serum CL- 11 
levels in RA patients were also examined.

Results. Colec11−/− mice developed more severe arthritis than wild- type mice, as determined by disease 
incidence, clinical arthritis scores, and histopathology (P < 0.05). Disease severity was associated with significantly 
enhanced APC activation, Th1/Th17 responses, pathogenic IgG2a production and joint inflammation, as well as 
elevated circulating levels of inflammatory cytokines. In vitro analysis of CD11c+ cells revealed that CL- 11 is critical 
for suppression of APC activation and function. Pharmacologic treatment of mice with rCL- 11 reduced the severity 
of CIA in mice. Analysis of human blood samples revealed that serum CL- 11 levels were lower in RA patients (n = 51) 
compared to healthy controls (n = 53). Reduction in serum CL- 11 was inversely associated with the Disease Activity 
Score in 28 joints, erythrocyte sedimentation rate, and C- reactive protein level (P < 0.05).

Conclusion. Our findings demonstrate a novel role of CL- 11 in protection against RA, suggesting that the 
underlying mechanism involves suppression of APC activation and subsequent T cell responses.

INTRODUCTION

Collectins are a group of soluble C- type lectins; mannose- 
binding lectin (MBL), collectin 10, and lung surfactant proteins 
(surfactant proteins A and D) are well- known members of the 
group. They function as pattern- recognition receptors that bind 
to carbohydrates or carbohydrate  moieties on the surface of 

pathogens and host cells, and they play a role in modulation of 
cellular processes in addition to participating in host defense (1– 3).

Collectin 11 (CL- 11, also known as CL- K1) is another mem-
ber of the collectin family, displaying structural similarities with 
other collectins. However, it displays some unique characteristics 
such as having a wide tissue distribution, a relatively low serum 
concentration, and binding a wide range of ligands (4– 7). These 
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characteristics suggest that CL- 11 may be involved in a broad 
range of cellular processes, and local production of CL- 11 may 
play an important role in these cellular processes. CL- 11 is highly 
conserved among different species; humans and mice show 92% 
homology at the amino acid level (5). Functional protein is derived 
from the COLEC11 gene on chromosome 2 in humans and chro-
mosome 12 in mice. CL- 11 has been shown to have an important 
function in embryogenesis and host defense and to mediate the 
pathogenesis of renal ischemia reperfusion injury (8– 11). Addition-
ally, in a recent study in retinal pigment epithelial cells, we found 
that CL- 11 up- regulates interleukin- 10 (IL- 10) but down- regulates 
IL- 6 production by the cells, suggesting a critical role of CL- 11 
in immune regulation (12). Taken together, findings from these 
studies suggest that CL- 11 is a multifunctional molecule that can 
participate in diverse biologic processes. To date, the functional 
roles of CL- 11 have been described in either nonimmune or innate 
immune settings. It is unknown whether CL- 11 plays an important 
role in adaptive immunity.

Rheumatoid arthritis (RA) is a chronic, progressive inflam-
matory autoimmune disease, manifesting both joint and 
systemic effects. It is characterized by general synovial inflam-
mation, cartilage destruction and bone erosion, with accom-
panying elevation of circulating autoantibodies and systemic 
inflammation (13). The pathogenesis of RA is not fully under-
stood, but it is thought that genetic susceptibility and envi-
ronmental factors (e.g., smoking, infections) trigger abnormal 
autoimmune responses, which involve both innate and adap-
tive immune responses (14). Previous studies have suggested 
that the pathogenic process in RA involves several stages. 
These stages include the following: 1) the induction of adaptive 
immune responses that lead to T cell and B cell activation and 
autoantibody production (the initial phase), 2) subsequently, the 
occurrence of synovial inflammation, with inflammatory cell infil-
tration, cell activation, and increase in cytokine production (the 
effector phase), and 3) eventually, the inflammation is converted 
to a chronic process which leads to the release of cytokines, 
proteases, and other mediators that cause tissue destruction 
(the chronic phase) (15).

The dysregulation of adaptive immune responses is thought 
to play a significant role in the pathogenesis of RA (13). Clinical 
studies have shown that multiple autoantibodies— due to epitope 
spreading— can be detected in the serum and synovium of RA 
patients (16), and T cell costimulation blockade produces sig-
nificant clinical and functional benefits in patients who have had 
an inadequate response to anti– tumor necrosis factor (anti- 
TNF)  therapy (17). Experimental studies in murine models of 
RA have further demonstrated the importance of CD4+ T cells, 
specifically Th17 cells in the pathogenesis of RA, particularly in 
the initial phase of the autoimmune reaction and in inducing local 
inflammation in the joints (18). Despite the major role of the adap-
tive immune response, innate immune responses could also have 
an important function in the initiation of RA. Adaptive immunity 

effector mechanisms, such as the action of Th17 cells, require the 
participation of innate cells and cytokine/chemokines. The inflam-
matory environment plays a key role in shaping adaptive immune 
responses. Indeed, a large number of studies have shown that 
innate immune responses have an important function in RA. 
Proinflammatory cytokine/chemokine production, inflammatory 
cell infiltration, and complement activation in synovium have been 
implicated in tissue inflammation and bone destruction (19– 21). 
However, most of these studies have focused on the role of innate 
immune responses in the pathogenesis of effector and chronic 
phases. Little is known about whether or how the innate immune 
system can act in concert with adaptive immune responses and 
impinge on the initiation of RA.

Given that CL- 11 is a pattern- recognition molecule with mul-
tiple potential functions that also possesses immune regulatory 
properties, we hypothesized that CL- 11 might play an impor-
tant role in shaping adaptive immunity, thereby influencing the 
development of RA. In the present study, we investigated this 
hypothesis. A murine model of RA induced by collagen, which 
included both deletion of the Colec11 gene and treatment with 
recombinant CL- 11 (rCL- 11), was used to determine the role of 
CL- 11 in disease development and progression. Joint inflam-
mation and tissue destruction, circulating levels of inflammatory 
cytokines, and adaptive immune responses were assessed fol-
lowing collagen immunization. Splenic CD11c+ cells were used to 
examine the influence of CL- 11 on antigen- presenting cell (APC) 
cytokine secretion and function in T cell stimulation. Additionally, 
we assessed the clinical relevance of CL- 11 in RA by measuring 
serum CL- 11 levels in RA patients.

PATIENTS AND METHODS

Mice. Homozygous Colec11−/− mice on a C57BL/6 back-
ground (22) were obtained from Mutant Mouse Resource and 
Research Centers (University of California, Davis) and were back-
crossed to the C57BL/6 strain for least 8 generations. Wild- type 
(WT) littermates were used as controls. Male mice (10– 14 weeks 
of age) were used in all experiments unless specified otherwise. 
All mice were maintained in specific pathogen– free conditions on 
a 12- hour reversed light/dark cycle. The Ethics Review Committee 
for Animal Experimentation at Xi’an Jiaotong University approved 
and oversaw all mouse experiments.

Patients. A total of 51 patients diagnosed with RA and 53 
healthy donors were enrolled. The study was approved by the 
Ethics Committee Board of the No. 5 Hospital of Xi’an and the 
Second Affiliated Hospital of Xi’an Jiaotong University. Informed 
consent was obtained from each participant according to the 
regulations of our institutional ethics committee. The clinical char-
acteristics of the patients are provided in Supplementary Table 1 
(available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41696/ abstract).

http://onlinelibrary.wiley.com/doi/10.1002/art.41696/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41696/abstract
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Induction of collagen- induced arthritis (CIA) and 
clinical evaluation. Arthritis was induced in WT mice and 
Colec11−/− mice or rCL- 11– treated mice using a previously de -
scribed protocol in C57BL/6 mice (23) (Supplementary Figure 1A, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41696/ abstract). 
Clinical arthritis was evaluated using a previously described scoring 
system (24,25). The incidence of arthritic paws was defined as 
the occurrence of inflamed paws with a clinical arthritis score of ≥2 
(24) by 2 independent observers (NW, WW) in a blinded manner. 
Serum cytokine levels, C3a/C5a, and collagen- specific IgG/IgG2a 
were measured by enzyme- linked immunosorbent assay (ELISA). 
Histopathologic changes were assessed using hematoxylin and 
eosin (H&E)– stained and toluidine blue– stained sections by 2 

independent observers in a blinded manner. Cellular infiltration in 
joint tissue was assessed by immunohistochemistry. Tissue inflam-
mation was assessed by reverse transcriptase– quantitative poly-
merase chain reaction (RT- qPCR) for key inflammatory mediators. 
Splenocytes isolated from WT mice with CIA and Colec11−/− mice 
with CIA were used to evaluate frequencies of CD4+ T cells, CD8+ 
T cells, and B cells and for detection of interferon- γ (IFNγ)–  or IL- 
17A– producing cells by flow cytometry analysis.

In vitro experiments. Splenic CD11c+ cells from WT mice 
and Colec11−/− mice were prepared and used to investigate the 
impact of CL- 11 on APC cytokine secretion and capacity to stim-
ulate T cells, by flow cytometry and ELISA.

Figure 1. Colec11−/− mice develop more severe collagen- induced arthritis (CIA). A– C, Incidence of arthritis (A), clinical arthritis scores from 
day 24 to day 42 (B), and clinical arthritis scores on day 42 (C) in the paws of wild- type (WT) mice (n = 40) and Colec11−/− mice (n = 36).  
D, Representative microscopic images of hematoxylin and eosin (H&E) and toluidine blue (T- blue) staining in knee joint sections on day 42. Arrows 
indicate lesions and abnormalities in the joint. Bars = 200 μm. The bottom panels show higher- magnification images of boxed regions in the panels 
above. E, Separate histologic scores (n = 8 mice per group). F, Representative images of immunohistochemical staining for F4/80 (macrophages) 
and Ly6B.2 (neutrophils) in knee joint sections from WT and Colec11−/− mice with CIA on day 42 (n = 3 mice/group). Arrows indicate the positively 
stained cells. Bars = 20 μm. The bottom panels show higher- magnification images of boxed regions in the panels above. B = bone; SM = synovial 
membrane; JS = joint surface. Symbols represent individual mice; bars show the mean ± SD. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; 
**** = P < 0.0001, by chi- square test (A), two- way analysis of variance with multiple comparisons test (B and E), or unpaired t- test (C).

http://onlinelibrary.wiley.com/doi/10.1002/art.41696/abstract
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Statistical analysis. Data are presented as the mean ± SD. 
Unpaired t- test was used to compare 2 groups. Paired t- test 
was used to compare the means of matched pairs. Analysis of 
variance was used to compare the means of ≥2 independent 
groups. Pearson’s correlation coefficient was used to measure the 
degree of relationship between the 2 groups of data. All analyses 
were performed using GraphPad Prism 7 software. P values less 
than 0.05 (2- tailed) were considered significant.

Additional details. Reagents and more detailed methods 
for clinical arthritis scoring, histopathology of knee joints, immu-
nohistochemistry, detection of CL- 11, CD11c, and CD4 in the 
spleen, ex vivo analysis of T cell and B cell responses in mice with 
CIA, isolation of CD11c+ cells and CD4+ T cells, in vitro analy-
sis of antigen-specific T cell responses, flow cytometry analysis, 
RT- qPCR, and ELISA are described in Supplementary Methods 
(http://onlin e libr ary.wiley.com/doi/10.1002/art.41696/ abstract).

RESULTS

More severe CIA development in Colec11−/− mice. We 
induced arthritis in Colec11−/− mice and WT mice to determine 
the role of CL- 11 in this model of RA. The incidence and sever-
ity of arthritis were assessed visually beginning 24 days after the 
first immunization (3 days after the second/booster immunization), 
at intervals of 2 days, for up to 42 days. Colec11−/− mice dis-
played a higher incidence of arthritis than WT mice (Figure 1A). 
Colec11−/− mice also developed more severe arthritis with signif-
icantly higher clinical scores than WT mice across all time points 
(Figures 1B and C). H&E and toluidine blue staining showed that 
Colec11−/− mice with CIA exhibited more severe synovial inflam-
mation (i.e., synovial edema and hyperplasia, inflammatory infil-
trates in synovium, pannus formation and its invasion of articular 
cartilage and bone), cartilage damage (loss of proteoglycan on 
the surface), and bone erosion, compared to WT mice with CIA 
(Figures 1D and E). Immunohistochemistry showed that the num-
ber of macrophages (F4/80+) and neutrophils (Ly6B.2+) in knee 
joint tissue was higher in Colec11−/− mice with CIA compared 
to WT mice with CIA (Figure 1F). Taken together, these results 
demonstrate that CL- 11 deficiency promotes more severe arthritis.

Increased joint inflammation and elevated circulating  
levels of inflammatory cytokines in Colec11−/− mice 
with CIA. Joint inflammation was analyzed by examining tis-
sue messenger RNA (mRNA) levels of key proinflammatory 
cytokines by RT- qPCR. Colec11−/− mice with CIA had signifi-
cantly higher levels of mRNA for Tnf, Il1b, Il6, Ccl8, Ccl2, and 
Rankl, compared to WT mice with CIA (Figure 2A). Circulating 
levels of inflammatory cytokines in mice with CIA were analyzed 
by ELISA. Colec11−/− mice with CIA had significantly higher 
serum levels of TNF, IL- 6, and CCL2, but lower levels of IL- 10, 
compared to WT mice (Figure 2B). These results demonstrate 

that CL- 11 deficiency leads to increased joint inflammation and 
systemic inflammatory responses. There was no significant dif-
ference in basal levels of inflammatory cytokines between naive 
Colec11−/− mice and WT mice (Supplementary Figure 2A, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41696/ abstract), indicat-
ing that the observed differences in cytokine production resulted 
from differential inflammatory responses to collagen antigen.

Enhanced adaptive immune responses following 
collagen immunization in Colec11−/− mice. Adaptive immune 
responses contribute to the pathogenesis of RA in humans and 
CIA in mice. We therefore assessed the impact of CL- 11 defi-
ciency on adaptive immune responses following collagen immuni-
zation. We examined serum levels of T helper cell index cytokines 
and collagen- specific antibodies in WT and Colec11−/− mice with 
CIA on day 42 postinduction. Colec11−/− mice with CIA had signifi-
cantly higher serum levels of IFNγ and IL- 17A, as well as collagen- 
specific total IgG and IgG2a, compared to WT mice with CIA 
(Figures 2B and C). These findings indicate that CL- 11 deficiency 
leads to enhanced adaptive immune responses following antigen 
immunization.

CL- 11 deficiency– dependent enhancement of adaptive 
immune responses was further evaluated by analyzing T cell and 
B cell activation in WT and Colec11−/− mice with CIA on days 25 
and 42 from isolated splenocytes. Colec11−/− mice with CIA had 
significantly higher frequencies of splenic CD4+ T cells and CD8+ 
T cells on day 25 compared to WT mice with CIA. However, the 
frequency of CD19+ B cells was lower in Colec11−/− mice with 
CIA (potentially reflecting a relative change in the CD45+ com-
partment) (Figure 2D). Frequencies of regulatory T cells in the 
spleen were comparable between the WT and Colec11−/− mice 
with CIA (Supplementary Figure 3, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41696/ abstract). Next, we analyzed IFNγ-  and 
IL- 17A– producing CD4+ T cells in splenocytes isolated from WT 
and Colec11−/− mice with CIA. Compared to WT mice with CIA, 
Colec11−/− mice with CIA had a significantly higher percentage of 
IFNγ+ and IL- 17A+ cells in the CD4+ T cell population on days 25 
and 42 (Figure 2E). There was no statistically significant difference 
in the basal levels of T cell and B cell activities, or serum cytokines, 
between naive Colec11−/− mice and WT mice (Supplementary  
Figures 2B and C).

APC maturation/activation is critically important for the initia-
tion and direction of T cell responses. We therefore investigated 
whether CL- 11 deficiency can impact APC maturation/activation. 
We analyzed CD11c+ cells from the draining lymph nodes of WT 
and Colec11−/− mice 24 hours after collagen immunization. Lymph 
node CD11c+ cells from Colec11−/− mice displayed higher levels 
of surface major histocompatibility complex (MHC) class II, CD86, 
and CD40 than the cells from WT mice (Figure 2F).

Taken together, these results indicate that ablation of CL- 11 
leads to enhanced adaptive immune responses following the col-
lagen immunization.

http://onlinelibrary.wiley.com/doi/10.1002/art.41696/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41696/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41696/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41696/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41696/abstract
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Impact of CL- 11 deficiency on APC function. Impact 
of CL- 11 deficiency on APC function was evaluated using both 
splenic CD11c+ cell culture and a coculture model for measuring 
antigen- specific T cell responses. Isolated splenic CD11c+ cells 
(from WT and Colec11−/− mice) were further cultured for 24 hours, 
and inflammatory cytokine secretion was assessed. Compared 

to splenic CD11c+ cells from WT mice, splenic CD11c+ cells 
from Colec11−/− mice produced higher levels of proinflammatory 
cytokines (i.e., TNF, IL- 12) but lower levels of IL- 10 (Figure 3A). Iso-
lated splenic CD11c+ cells (from WT and Colec11−/− mice) were 
also cocultured with syngeneic splenic CD4+ T cells (from collagen 
antigen– primed C57BL/6) in the presence of collagen antigen for 

Figure 2. Colec11−/− mice have enhanced innate and adaptive immune responses following collagen immunization. A, Relative mRNA levels 
of proinflammatory mediators in hindpaw tissues from wild- type (WT) and Colec11−/− mice with collagen- induced arthritis (CIA) (n = 8 mice 
per group). B and C, Serum cytokine levels (B) and serum type II collagen– specific IgG and IgG2a levels (C) (n = 22 WT mice with CIA, n = 
18 Colec11−/− mice with CIA). D, Frequencies of CD4+, CD8+, and CD19+ cells in the spleens of WT and Colec11−/− mice with CIA (n = 6 
per group). E, Percentage of interferon- γ– positive (IFNγ+) and interleukin- 17A– positive (IL- 17A+) cells in the CD4+ T cell population in serum 
from WT and Colec11−/− mice with CIA (n = 6 per group) on days 25 and 42, as determined by flow cytometry (top) and representative flow 
cytometry graphs (bottom). F, Flow cytometry analysis for surface expression of major histocompatibility complex (MHC) class II, CD86, and 
CD40 in lymph node CD11c+ cells from WT and Colec11−/− mice with CIA (n = 10 per group) 24 hours after collagen immunization (top), and 
representative flow cytometry graphs (bottom). In A– C, horizontal dotted lines show the expression levels in normal mice, which were similar 
between WT and Colec11−/− mice. Symbols represent individual mice; bars show the mean ± SD. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; 
**** = P < 0.0001, by unpaired t- test. TNF = tumor necrosis factor; OD = optical density.
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up to 72 hours, and T cell responses were analyzed by assessing 
IFNγ-  or IL- 17A– producing CD4+ T cells and cytokine secretion. 
Compared to splenic CD11c+ cells from WT mice, splenic CD11c+ 
cells from Colec11−/− mice induced higher T cell responses, as 
evidenced by an increase in IFNγ-  and IL- 17A– producing CD4+ 

T cells (Figure 3B). In addition, higher levels of IL- 2, IFNγ, IL- 17A, 
IL- 12, and TNF were observed in coculture supernatants (Figures 
3C and D). These results, taken together with in vivo observations 
about lymph node CD11c+ cells, indicate that CL- 11 deficiency 
leads to enhanced APC activation and function.

Figure 3. Impact of collectin 11 (CL- 11) deficiency on function. A, Cytokine levels in 24- hour culture supernatants of splenic CD11c+ cells 
derived from WT or Colec11−/− mice in the presence of lipopolysaccharide (10 ng/ml) were determined by enzyme- linked immunosorbent assay 
(ELISA). B, Percentage of IFNγ+ and IL- 17A+ cells in the CD4+ T cell population in the coculture of primed CD4+ T cells and splenic CD11c+ 
cells derived from WT or Colec11−/− mice in the presence of collagen for 72 hours was determined by intracellular staining/flow cytometry 
analysis. C and D, Cytokine levels in 48- hour or 72- hour coculture supernatants were determined by ELISA. E, Immunohistochemical staining 
for CL- 11 (red), CD11c (green), CD4 (white), and nuclei (DAPI; blue) was performed on the spleen section from a mouse 24 hours after the 
booster immunization. Top, Positive staining for CL- 11 was detected in the marginal zone (MZ) and T cell zone (TZ) with less intense staining 
in the germinal center (GC). Bar = 50 μm. Bottom, Higher- magnification images corresponding to the boxed regions in the top panel show that 
a majority of CD11c+ cells were positively stained for CL- 11 in the marginal zone (indicated by arrows) (image 1); CD4+ T cells were rarely 
positively stained for CL- 11 in the T cell zone (indicated by arrows) (image 2). Bars = 10 μm. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by 
paired t- test (n = 3– 4 independent experiments). See Figure 2 for other definitions.
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Next, we assessed the possibility of an interaction of CL- 11 
with APCs and T cells in the spleen. Immunohistochemical stain-
ing for CL- 11, CD11c, and CD4 was performed on spleen sec-
tions (24 hours after the booster immunization), to examine the 
distribution and localization of CL- 11. CL- 11 was clearly detected 
in the spleen and was mainly distributed in the marginal and T cell 
zones and less in the germinal center. A majority of the CD11c+ 
cells were positively stained for CL- 11, and CD4+ T cells were 
rarely positively stained for CL- 11 (Figure 3E). Thus, abundant 
distribution of CL- 11 in the marginal and T cell zones, as well as 
colonization of CL- 11 with CD11c+ cells, support the notion of an 
interaction of CL- 11 with APCs and possibly T cells.

Pharmacologic treatment of mice with rCL- 11. Having 
demonstrated the role of CL- 11 in protection against CIA by using 
Colec11−/− mice, we next explored whether pharmacologic treat-
ment of mice with rCL- 11 could reduce CIA. Two treatment pro-
tocols were employed, including early treatment (starting 24 hours 

before the induction of CIA) and late treatment (starting on the day 
of the booster immunization) (Supplementary Figures 1B and C, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41696/ abstract). 
Severity of arthritis, serum levels of proinflammatory cytokines, and 
antigen specific IgG levels were assessed as described in Figure 1. 
Compared to the control group, mice receiving early treatment 
with rCL- 11 developed less severe CIA, as evidenced by reduced 
arthritis scores and reduced serum levels of IFNγ, IL- 17A, TNF, and 
type II collagen– specific IgG/IgG2a. In contrast, serum levels of IL- 
10 were higher in the rCL- 11 treatment group compared to the 
control group (Figures 4A–C). Mice receiving late treatment with 
rCL- 11 also displayed reduced arthritis scores and type II collagen– 
specific IgG2a levels (but higher IL- 10 levels) compared to the 
 control group, though the differences were small (Figures 4D–F).

Other pathologic parameters, including serum cytokines 
(TNF, IFNγ, IL- 17A) and type II collagen– specific total IgG levels, 
were not statistically different between the 2 groups, although 
there was a trend toward a reduction in the rCL- 11– treated group 

Figure 4. Pharmacologic treatment of mice with recombinant collectin 11 (rCL- 11). A– C, Administration of rCL- 11 or bovine serum albumin 
(BSA) (used as control [ctrl]) to WT mice started 24 hours before the first collagen immunization. Clinical arthritis scores from day 24 to 
day 42 (A), serum cytokine levels (B), and serum type II collagen– specific total IgG/IgG2a levels (C) (n = 10 mice per group) are shown.  
D– F, Administration of rCL- 11 or BSA to WT mice started 21 days after the first collagen immunization. Clinical arthritis scores from day 24 to 
day 42 (D), serum cytokine levels (E), and serum type II collagen– specific total IgG/IgG2a levels (F) (n = 12 mice per group) are shown. In B, 
C, E, and F, symbols represent individual mice; bars show the mean ± SD. The horizontal dotted lines show the cytokine levels in the serum 
from normal mice. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by two- way analysis of variance with a test for multiple comparisons (A and D) 
or unpaired t- test (B, C, E, and F). NS = not significant (see Figure 2 for other definitions).

http://onlinelibrary.wiley.com/doi/10.1002/art.41696/abstract
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(Figures 4D– F). These findings indicate that pharmacologic treat-
ment of mice with rCL- 11 reduces CIA, with the early treatment 
protocol providing improved protection compared to the late 
treatment protocol.

Clinical relevance of CL- 11 in RA patients. We explored 
the clinical relevance of CL- 11 in RA patients. We analyzed the 
serum levels of CL- 11 in RA patients (n = 51) and healthy con-
trols (n = 53) by ELISA. CL- 11 levels in RA patients were signifi-
cantly lower compared to controls (Figure 5A). We also performed 
correlation analysis in RA patient samples to assess the strength 
of the relationship between CL- 11 levels and the Disease Activ-
ity Score in 28 joints (DAS28) (26) or the levels of several inflam-
matory and immunologic molecules that are usually present in a 
person with RA. CL- 11 levels were negatively correlated with the 
DAS28, erythrocyte sedimentation rate (ESR), and C- reactive pro-
tein (CRP) level (Figure 5B). There was no apparent correlation 
between CL- 11 levels and either anti– cyclic citrullinated peptide 
antibody (anti- CCP) or rheumatoid factor levels (Figure 5C). These 
observations indicate a negative relationship between the serum 
CL- 11 levels and the severity of RA as well as key inflamma-
tory markers (ESR, CRP level).

DISCUSSION

Although it is well recognized that both innate and adaptive 
immune responses contribute to the pathogenesis of autoimmune 
diseases such as RA, there is relatively less known about the reg-
ulation at the interface of the 2 arms of the immune system, par-
ticularly in the early phase of the disease. In this study, we have 
demonstrated a novel role of CL- 11 as an important link between 
innate and adaptive immune responses, whereby CL- 11 medi-
ates suppression of APC activation/function and subsequent T 
cell responses, ultimately limiting inflammatory responses and 
conferring protection against CIA.

We used a murine CIA model, which included mice lacking 
the Colec11 gene and WT mice that were administered phar-
macologic rCL- 11, in order to determine the role of CL- 11 in 
CIA. The results of our in vivo experiments, in which multiple 
parameters (i.e., clinical arthritis scores, joint tissue inflamma-
tion/destruction, serum levels of proinflammatory cytokines and 
antigen- specific antibodies) were measured, clearly show that 
CL- 11 is required for suppression of CIA, as mice lacking CL- 
11 developed more severe CIA. These observations support a 
protective role of CL- 11 in the development and progression of 
destructive arthritis.

In addition to demonstrating the protective role of CL- 11 in 
CIA, we investigated how CL- 11 confers this protection. A key 
finding in this regard is that Colec11−/− mice exhibited markedly 
enhanced Th1 and Th17 responses and antigen- specific antibody 
production. This suggests that CL- 11 has a suppressive effect 
on adaptive immune responses. To elucidate potential mecha-
nisms of CL- 11– dependent suppression of the adaptive immune 
response, we identified CL- 11 as critical for suppression of APC 
activation/function. This conclusion was supported by several 
findings from in vivo and ex vivo analyses of APCs. The first finding 
was that CD11c+ cells from draining lymph nodes of immunized 

Figure 5. Serum collectin 11 (CL- 11) levels in patients with 
rheumatoid arthritis (RA) and its association with disease activity. 
A, Serum CL- 11 levels in patients with RA and heathy controls, as 
determined by enzyme- linked immunosorbent assay. Data were 
analyzed by unpaired two- tailed t- test (n = 51 RA patients, n = 53 
controls). Symbols represent individual patients; bars show the 
mean  ± SD. B and C, Association between CL- 11 and Disease 
Activity Score in 28 joints (DAS28), erythrocyte sedimentation rate 
(ESR), and C- reactive protein (CRP) level (B), and presence of anti– 
cyclic citrullinated peptide antibody (anti- CCP) and rheumatoid 
factor (RF) (C). Data were analyzed using Pearson’s correlation test.
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Colec11−/− mice displayed a more activated phenotype, with 
enhanced expression of MHC class II and costimulatory mole-
cules. The second observation was that splenic CD11c+ cells 
from Colec11−/− mice secreted more proinflammatory cytokines. 
Additionally, splenic CD11c+ cells from Colec11−/− mice, when 
cocultured with syngeneic CD4+ T cells in the presence of colla-
gen antigen, induced enhanced antigen specific T cell responses.

An important question that arises from our observation of 
the impact of CL- 11 deficiency on CD11c+ cell activation is how 
the absence of CL- 11 leads to overactivation of CD11c+ cells. 
One possibility is that extracellular CL- 11 released from dendritic 
cells (DCs) and possible bystander cells, as well as from the cir-
culation, could establish suppressive effects on cell maturation/
activation. This idea could be supported by our 2 observations. 
First, in the present study, we observed abundant distribution of 
CL- 11 in the marginal and T cell zones, and colocalization of CL- 
11 with CD11c+ cells. Second, in a previous study, we showed 
that bone marrow CD11c+ cells can synthesize and secrete 
CL- 11, and the addition of rCL- 11 to bone marrow CD11c+ cell 
culture medium inhibited proinflammatory cytokine production 
in these cells (27). It is known that CL- 11 has a wide spectrum 
of carbohydrate ligands. Notably, CL- 11 has been shown to 
bind mannose residues on retinal epithelial cells and fibroblasts, 
thereby modulating cell function (11,12). Accordingly, it is con-
ceivable that CL- 11 can modulate DC function (in an autocrine or 
paracrine manner) through engagement of carbohydrate ligand 
on the cell surface. Apart from the extracellular effect, CL- 11 may 
exert a suppressive effect on DCs through other mechanisms 
such as intracellular actions, which warrants further investigation. 
Therefore, ablation of CL- 11 could result in loss of suppressive 
effects on DCs, leading to cellular overactivation.

Based on our findings and previously published observa-
tions, we propose that CL- 11 is an important negative regulator 
of APC activation (Figure 6). CL- 11 deficiency causes APC over-
activation, leading to enhanced T cell responses (particularly Th1/
Th17). This may (directly or indirectly) promote systemic and local 
inflammatory responses and antigen- specific antibody produc-
tion, thus contributing to CIA. In contrast, with CL- 11 sufficiency, 
CL- 11 mediates suppression of APC activation and subsequent 
T cell responses, resulting in minimal inflammation and tissue 
damage.

Another important finding of this study is that early adminis-
tration of rCL- 11 reduces the severity of CIA in mice. Given that 
the amino acid sequence of CL- 11 is highly conserved between 
human and mouse, the efficacy of rCL- 11 in protection against 
CIA in mice may have therapeutic implications for human RA 
(e.g., RA at preclinical stage or in first- degree relatives with anti- 
CCP positivity). The mechanisms by which administration of 
rCL- 11 mediates protection are unclear. There are several poten-
tial mechanisms. First, rCL- 11 could modulate the activation/
function of APCs (e.g., monocytes) both in the circulation and 
lymphoid tissues, as rCL- 11 can penetrate lymphoid tissues (Sup-
plementary Figure 4, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41696/ abstract). Second, rCL- 11 may mediate direct effects 
on T cell activation. Third, rCL- 11 may mediate antiinflammatory 
effects on innate immune cells. Administration of rCL- 11 after the 
onset of disease also resulted in a certain degree of protection 
against CIA, which may reflect the involvement of a direct inhibi-
tory effect of CL- 11 on T cell activation and/or CL- 11– mediated 
antiinflammatory effects on monocytes/macrophages.

Our findings in the preclinical CIA model of RA and the 
availability of an ELISA that is specific and sensitive for human 

Figure 6. Proposed mechanism for the protective role of collectin 11 (CL- 11) in CIA. A schematic diagram of the proposed mechanism for 
the protective role of CL- 11 in CIA is shown. Based on our findings in this study, we propose that CL- 11 deficiency causes dendritic cell (DC) 
overactivation, leading to enhanced T cell responses (particularly Th1/Th17), which may promote systemic and local inflammatory responses, 
thus contributing to CIA. In contrast, with CL- 11 sufficiency, CL- 11 mediates suppression of DC activation and subsequent T cell responses, 
resulting in minimal inflammation and tissue damage. See Figure 2 for other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.41696/abstract
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CL- 11 (28) led us to examine the clinical relevance of CL- 11 in 
RA patients. By assessing serum CL- 11 levels in RA patients 
and healthy controls and by performing correlation analyses, we 
determined that serum CL- 11 levels were inversely associated 
with the DAS28 and key inflammatory markers such as ESR and 
CRP level. The mechanisms involved in the presence of low levels 
of CL- 11 in RA are unknown but could result from dysregulated 
synthesis of CL- 11, hyper- consumption, or genetic variations that 
exist in the general population (29), which warrants further inves-
tigation. Our findings are consistent with previous observations 
that patients with systemic lupus erythematosus have significantly 
lower serum CL- 11 levels compared to controls (30), suggesting 
an association between lower serum CL- 11 levels and autoim-
mune disorders.

Considering the spectrum of biologic functions of collectins, 
studies in surfactant proteins and MBL have suggested that bind-
ing of collectins to carbohydrate ligands on the surface of patho-
gens or host cells not only leads to activation of the lectin pathway 
but also mediates regulation of multiple cellular processes (31,32). 
This also appears to be true for CL- 11. Studies in patients with 
Malpuech- Michels- Mingarelli- Carnevale syndrome, murine mod-
els of renal ischemia reperfusion injury, and Streptococcus pneu-
moniae infection in the lung suggest that the role of CL- 11 in these 
pathologies is dependent on complement activation. However, 
complement activation– independent functions of CL- 11, such as 
opsonophagocytosis of apoptotic cells and cell proliferation, have 
also been reported in previous studies (11,12). Furthermore, in the 
present study, no significant differences in the circulating levels 
of C3a/C5a and synovial C3d deposition between WT mice with 
CIA and Colec11−/− mice with CIA were observed (Supplemen-
tary Figures 5 and 6, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41696/ abstract), suggesting that the protective role of CL- 11 
observed in this model was achieved independently of comple-
ment activation. Overall, these studies support the notion that CL- 
11 as a multifunctional molecule participates in pathophysiology 
via different mechanisms, in a complement activation– dependent 
or – independent manner.

There are limitations to this study. Being focused on the  
mechanism of CL- 11– mediated suppression of APC  activation/
function does not exclude the possibility that CL- 11 may also 
provide protection against CIA by influencing other immune cell 
functions (e.g., T cells, macrophages, and regulatory T cells. 
Additionally, our study does not address how ablation of CL- 11 
causes overactivation of APC, which warrants further studies. 
As a paradigm shift in immune response regulation may exist 
in CIA, proinflammatory cytokines, especially for IFNγ, may 
change to having antiinflammatory effects. Our study there-
fore does not exclude the possibility that up- regulation of IFNγ 
in Colec11−/− mice with CIA might also exert antiinflammatory 
effects in this model. Finally, the sample size for the RA patient 
study was too small, and therefore the results may not be 
complete  ly generalizable.

In conclusion, our findings reveal a novel role of CL- 11 in 
protection against CIA in mice, suggesting that CL- 11 confers 
protection through suppression of both APC activation and sub-
sequent Th1 and Th17 responses. In addition, our data show 
that CL- 11 plays an important role in limiting the development 
of RA and should be explored as a possible future treatment 
option.
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Involvement of Transient Receptor Potential Vanilloid 
Channel 2 in the Induction of Lubricin and Suppression 
of Ectopic Endochondral Ossification in Mouse 
Articular Cartilage
Hideki Nakamoto,1 Yuki Katanosaka,2 Ryota Chijimatsu,1  Daisuke Mori,1 Fengjun Xuan,1 Fumiko Yano,1 
Yasunori Omata,1 Yuji Maenohara,1 Yasutaka Murahashi,1 Kohei Kawaguchi,1 Ryota Yamagami,1 Hiroshi Inui,1 
Shuji Taketomi,1 Yuki Taniguchi,1 Motoi Kanagawa,3 Keiji Naruse,2 Sakae Tanaka,1  and Taku Saito1

Objective. Transient receptor potential vanilloid channel 2 (TRPV2) is a Ca2+- permeable channel and plays a role 
in mediating intracellular Ca2+ current via mechanical stimuli. This study was undertaken to examine the expression 
and role of TRPV2 in adult articular cartilage and the development of osteoarthritis (OA).

Methods. We examined TRPV2 expression in mouse and human articular cartilage. We analyzed the development 
of OA in Col2a1- CreERt2;Trpv2fl/fl mice and Trpv2fl/fl littermates in the resection of the medial meniscus and medial 
collateral ligament model (n = 5 each), the destabilization of the medial meniscus model (n = 5 each), and the aging 
mouse model (n = 8– 9 each). We examined marker protein expression in these joints, Ca2+ influx by mechanical 
stimuli, and downstream pathways in vitro.

Results. TRPV2 was expressed in mouse and human articular cartilage and ectopic ossification lesions. In all 
mouse models of OA examined, Col2a1- CreERt2;Trpv2fl/fl mice were observed to have enhanced degradation of articular 
cartilage accompanied by decreased expression of lubricin/Prg4, and marked formation of periarticular ectopic 
ossification. Mechanical stress– induced Ca2+ influx was decreased by Trpv2 knockout (KO). Prg4 induction by fluid- 
flow shear stress was diminished in Trpv2- KO mouse chondrocytes, and this was mediated by the Ca2+/calmodulin- 
dependent protein kinase kinase- cyclic AMP response element binding protein axis. Hypertrophic differentiation was 
enhanced in Trpv2- KO mouse chondrocytes. Increased activity of calcineurin and nuclear translocation of nuclear 
factor in activated T cells 1 induced by fluid- flow shear stress or TRP agonist treatment was reversed by Trpv2 
knockout.

Conclusion. Our findings demonstrate regulation of articular cartilage by TRPV2 through Prg4 induction and 
suppression of ectopic ossification.

INTRODUCTION

Osteoarthritis (OA) is the most common joint disorder occur-
ring with degeneration of articular cartilage. Among the various 
factors associated with the pathogenesis of OA, including aging, 
obesity, joint instability, and trauma, excessive mechanical loading 
plays a key role in several of these factors. Recently, we identified 

a signaling pathway that is responsible for mechanical loading– 
induced cartilage degeneration (1). In this pathway, exces-
sive mechanical loading leads to hyperactivation of NF- κB and 
a subsequent increase in matrix metalloproteinase 13 (MMP- 13), 
which is a representative enzyme for the degradation of the car-
tilage matrix (1– 5). Besides catabolic effects, mechanical loading 
itself is involved in the maintenance of articular cartilage. Ogawa 
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et al previously showed that application of shear stress onto the 
superficial zone of murine articular cartilage induces lubricin, which 
is encoded by the proteoglycan 4 (Prg4) gene (6). Lubricin, which 
is secreted from chondrocytes and synoviocytes in the superfi-
cial zone, plays an essential role in maintaining lubrication of the 
joint surface. In humans, loss of lubricin causes camptodactyly- 
arthropathy- coxa vara- pericarditis syndrome (OMIM ID #208250). 
This is a rare autosomal recessive disorder characterized by 
congenital or early- onset camptodactyly and noninflammatory 
arthropathy associated with synovial hyperplasia. The knee joints 
of Prg4- knockout (KO) mice display an irregular surface, and as 
the mice age, hyperplastic synovium (not associated with inflam-
mation) and arthritic changes become evident. (7). Cyclic AMP 
response element binding protein (CREB) is a major transcription 
factor for the induction of Prg4 by shear stress loading (6). How-
ever, signaling pathways from mechanosensing to CREB activa-
tion are not well understood.

Recently, several cation channels have been identified as  
mechanoreceptors. Members of the transient receptor potential 
(TRP) channel family are involved in various types of responses 
to mechanical loading in various types of cells (8). Among them, 
TRP vanilloid channel 4 (TRPV4) has been the most investigated 
in the bone and cartilage field. Trpv4- KO mice display severe 
OA changes in the joints, accompanied by greatly increased 
subchondral bone volume and calcified meniscal volume (9,10). 
The deletion of Trpv4 leads to a lack of osmotically induced 
Ca2+ signaling in articular chondrocytes (9). Another well- known 
family of mechanically activated ion channels is Piezo. Piezo1 
and Piezo2 are expressed in various cell types in mechano-
sensitive tissues and play essential roles in mechanotransduc-
tion (11). Previous in vitro studies using primary chondrocytes 
demonstrated redundant or specific roles of Trpv4, Piezo1, and 
Piezo2 in Ca2+ influx induced by different mechanical stimulations 
(12,13).

Besides TRPV4, TRPV2 has been shown to play a role in 
various cells in an increasing number of studies. We previously 
demonstrated that TRPV2 was critical for the maintenance of 
cardiac structure and function (14). Deletion of Trpv2 in the 
adult mouse heart causes a severe decrease in cardiac func-
tion, accompanied by disorganization of the intercalated discs 
that support mechanical coupling with neighboring myocytes 
and myocardial conduction defects (14). TRPV2 is also required 
for the normal function of sensory neurons (15). Knockout of 
Trpv2 results in a deficit of mechanical nociception because of 
the lack of mechanosensitivity in a subclass of adult primary sen-
sory neurons (15).

In this study, we aimed to determine TRPV2 expression 
in mouse and human articular cartilage and its role in the devel-
opment of OA using chondrocyte- specific KO mice. We further 
examined the intracellular influx of Ca2+ by mechanical stimulation, 
as well as downstream signaling pathways that have been associ-
ated with the phenotype of Trpv2- KO mouse joints.

MATERIALS AND METHODS

Quantitative reverse transcription– polymerase chain  
reaction (qRT- PCR). Total RNA was purified with an RNeasy 
Mini kit (Qiagen). One microgram of total RNA was reverse tran-
scribed using ReverTra Ace qPCR RT Master Mix with gDNA 
Remover (Toyobo). Each PCR contained 1 × THUNDERBIRD 
SYBR qPCR Master Mix (Toyobo), 0.3 mM specific primers, and 
20 ng of complementary DNA. The copy number was normal-
ized to rodent total RNA (Thermo Fisher Scientific), with rodent 
G3PDH used as an internal control. All reactions were run in trip-
licate. Primer sequences are shown in Supplementary Table 1 
(available on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41684/ abstract). For expression  
analysis of Trp family members, articular cartilage was collected 
from the knee joints of 12- week- old wild- type mice under a sur-
gical microscope, and messenger RNA (mRNA) was directly 
extracted.

Animals. All animal experiments were authorized by the 
Animal Care and Use Committee of the University of Tokyo. We 
complied with all relevant ethics regulations. In each experiment, 
wild- type littermate mice maintained on a C57BL/6J background 
were used as controls for genotype comparisons. Col2a1- Cre mice 
were purchased from The Jackson Laboratory (16). Tamoxifen- 
inducible Col2a1- CreERt2 mice were generously provided by Dr. 
D. Chen (Rush University, Chicago, IL) (17). Trpv2- flox mice were 
generated as previously described (14). Col2a1- CreERt2;Trpv2fl/fl  
mice and Trpv2fl/fl mice were used for OA experiments after 
tamoxifen injections, and Trpv2fl/fl mice were used as controls. 
Mice were housed in plastic cages with free access to drinking 
water and were fed a pellet- based diet. Primer sequences used 
for genotyping are shown in Supplementary Table 2 (available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41684/ abstract).

Human articular cartilage samples. We obtained sam-
ples of human articular cartilage from patients who underwent 
total knee arthroplasty. Written informed consent was obtained 
from all individuals, and approval was provided by the ethics com-
mittee of the University of Tokyo. We complied with all relevant 
ethics regulations.

OA experiment. We created the following mouse models  
of surgically induced OA: models involving resection of the medial  
collateral ligament (MCL model) and resection of the medial  
meniscus (medial meniscus model), as well as a destabilization 
of the medial meniscus (DMM) model. Tamoxifen (100 μg/gm 
of body weight; Millipore Sigma) was injected intraperitoneally 
into male Col2a1- CreERt2;Trpv2fl/fl and Trpv2fl/fl mice daily for 5 days 
at age 7 weeks and age 11 weeks for the medial models and 
DMM model, respectively. All surgical procedures were performed 
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under general anesthesia using a surgical microscope. The mice 
were analyzed 8 and 16 weeks after surgery for the medial and 
DMM models, respectively.

For the aging experiments, mice were injected with tamox-
ifen for 5 days at 8 weeks, 6 months, and 12 months of age. 
The mice were bred under physiologic conditions and killed at 
18 months. All mice were maintained under the same conditions 
(5 mice per cage). The severity of OA was scored using the Oste-
oarthritis Research Society International histologic scoring system 
(18), which was assessed by 2 observers (FY and YM) who were 
blinded with regard to the experimental groups.

Histologic study. Tissue samples were fixed in 4% para-
formaldehyde/phosphate buffered saline at 4°C overnight. Samples 
were then decalcified with 10% EDTA (pH 7.4) at 4°C for 2 weeks, 
embedded in paraffin, and 4- μm– thick sagittal sections were cut 
from the specimens. Safranin O staining was performed accord-
ing to standard protocols. For immunohistochemical (IHC) analy-
sis, sections were incubated with antibodies against lubricin/Prg4 
(1:500, product no. ab28484; Abcam), Col2a1 (1:500, product 
no. MAB8887; Merck Millipore), Acan (1:500, product no. 13880- 
1- AP; Proteintech), Col10a1 (1:500, product no. 14- 9771- 80; 
eBioscience), and Mmp13 (1:500, product no. 18165- 1- AP; Pro-
teintech). For IHC analysis of Trpv2, we used a polyclonal antibody 
against the C- terminal region of mouse Trpv2 (1:500) (generated 
by Kanagawa M [unpublished observations]). Histologic studies 
were performed at least 3 times using 2– 3 mice per genotype for 
confirmation of results. The percentages of cells and tissue areas 
found positive for each gene were determined using BZ- X analyzer 
 software (Keyence).

Cell cultures. Primary articular chondrocytes were isolated 
from 5- day- old C57BL/6J mice according to a standard proto-
col (19) and then cultured in Dulbecco’s modified Eagle’s medium 
(DMEM)/F- 12 with 10% fetal bovine serum (FBS). The medium 
was changed every 2 or 3 days. For most experiments, cultured 
cells were transferred to serum- free DMEM/F- 12 1 hour before 
exposure to stimuli. In some experiments, cells were treated with 
2- aminoethoxy- diphenylborate (2- APB) (R&D Systems), which 
is an agonist of Trp channels (20), and KN- 93 (Merck Millipore), 
which is an inhibitor of Ca2+/calmodulin- dependent protein kinase 
(CaMK). HeLa cells (RIKEN Cell Bank) were grown and maintained 
in DMEM with 10% FBS.

Imaging of Ca2+ intracellular signaling. Primary articular 
chondrocytes obtained from 5- day- old Col2a1- Cre;Trpv2fl/fl and 
Trpv2fl/fl mice were used. The chondrocytes were loaded with 2 μM 
of Fura 2– acetyoxymethyl ester (Dojindo Laboratories) for 30 min-
utes at 37°C and were maintained in Tyrode’s solution (140 mM 
NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 0.5 mM MgCl2, 0.33 mM 
NaH2PO4, 11 mM glucose, and 5 mM HEPES- NaOH [pH 7.4]). 
Fura 2– loaded cells were alternately subjected to excitation at a 

wavelength of 340 nm and 380 nm using a Lambda DG- 4 Ultra 
High Speed Wavelength Switcher (Sutter Instruments) coupled to 
an inverted IX71 microscope with a UApo 20×/0.75 objective lens 
(Olympus). Fura 2 fluorescence signals were recorded at 5 Hz by a 
digital camera (ORCA- Flash 2.8; Hamamatsu Photonics) and were 
analyzed using a ratiometric fluorescence method and MetaFluor 
software (Molecular Devices).

Mechanical stimulation for examination of Ca2+   
intracellular signaling in mouse primary articular chon-
drocytes. For stretch stimulation of chondrocytes, the cell suspen-
sion was plated on 1- cm2 collagen- coated polydimethylsiloxane 
stretch chambers at 2 × 105 cells per well and cultured. Mem-
branes were uniformly stretched by 20% for 3 seconds using a 
computer- controlled stepping motor machine (STB- 150; STREX), 
and a slight modification of previously described cell- stretch cul-
ture methods (21). One end of the chamber was firmly attached to 
a fixed frame, while the other was attached to a moveable frame 
connected to a motor- driven shaft. The amplitude and frequency 
of stretch were controlled by a programmable microcomputer. The 
silicon membrane was uniformly stretched over the whole mem-
brane area, and lateral thinning did not exceed 1% at 20% stretch. 
For hypoosmotic stimulation, the chondrocytes were plated on 
a 12- mm collagen- coated glass- bottomed dish (Iwaki). In the 
hypotonicity- induced cell swelling experiment, hypotonic swelling 
with 60% of normal osmolarity (340 mOsm) was achieved by add-
ing distilled water in an equal volume to the bath solution. The iso-
tonic solution was prepared by adding mannitol.

For fluid- flow shear stress stimulation, the chondrocytes were 
seeded onto a µ- Slide I Luer (Ibidi) at a density of 2 × 104 cells/
cm2. Fluid-flow shear stress (5 or 10 dynes/cm2) was applied using 
an Ibidi pump system. We examined 18– 56 cells per group and 
analyzed responsive cells among them (Supplementary Table 3, 
available on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41684/ abstract).

Fluid-flowshearstressloadingfortheanalysisofsig-
nalingpathways. Mouse primary chondrocytes were seeded 
onto tissue culture plates (diameter 3.5 cm) at a density of 2 × 105 
cells/cm2. The cells were cultured in DMEM containing 10% FBS. 
Fluid- flow shear stress (180 rotations/minute) was applied using a 
WB- 101SRC orbital shaker (WAKEN) in a CO2 incubator. Control 
cells were cultured under static conditions.

Western blotting. Cells were lysed in M- PER (Thermo 
Fisher Scientific) supplemented with Complete protease inhibi-
tor mixture (Roche Applied Science). The total protein was quan-
tified using a BCA Protein Assay kit (Pierce). Equal amounts of 
protein were subjected to sodium dodecyl sulfate– polyacrylamide 
gel electrophoresis using 7.5– 15% Tris– glycine gradient gels, and 
these were then blotted onto PVDF membranes (Bio- Rad Lab-
oratories). After blocking with 5% skim milk, membranes were 
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incubated with primary antibodies against Creb1 (1:800, product 
no. 9197S; Cell Signaling Technology), phosphorylated Creb1 at 
Ser133 (1:800, product no. 9198; Cell Signaling Technology), or 
actin (1:1,000, product no. AC- 74; MilliporeSigma) in Can Get 
Signal solution (Toyobo). The membranes were then incubated 
with horseradish peroxidase– conjugated secondary antibody (Pro-
mega), and immunoreactive bands were visualized with ECL Plus 
(GE Healthcare) according to the manufacturer’s instructions. For 
quantification of bands, densitometry analysis was performed 
using ImageJ software (National Institutes of Health).

Statistical analysis. Data were analyzed using GraphPad 
Prism software version 8 and are expressed as the mean ± SD. 
Statistical significance was evaluated using analysis of variance 
(ANOVA) and Welch’s t- test for comparison. For multiple compari-
sons, the statistical significance of differences between groups was 
determined by one- way ANOVA followed by Tukey’s or Dunnett’s 
post hoc test. P values less than 0.05 were considered significant. 
Other experimental procedures are described in the Supplementary 
Materials and Methods (available on the Arthritis & Rheumatology  
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41684/ abstract).

RESULTS

Expression of Trpv2 in human and mouse articu-
lar cartilage. We initially examined mRNA levels of TRP ion 
channels, Piezo1, and Piezo2 in adult mouse articular car-
tilage. Trpv2, Trpp1, Trpc6, Trpv4, and Piezo1 were highly 
expressed (Figure 1A). We then analyzed TRPV2 protein 
expression in mouse and human adult articular cartilage. 
TRPV2 protein expression was distributed in the superficial 
and middle layers of articular cartilage from 20- week- old nor-
mal mice, while it was hardly detected in articular cartilage 
from 20-week-old mice with surgery-induced OA (Figure 1B). 
Trpv2 expression in OA articular cartilage was maintained at 
relatively stable levels in the mice up to age 12 months and 
began to decrease in the mice at age 18 months (Figure 1C). 
In human articular cartilage, intense expression of TRPV2 pro-
tein was observed in the middle and deep layers, and mod-
erate expression with or without fibrillation was found in the 
superficial layer (Figure 1D). TRPV2 protein was expressed 
in osteophytic lesions both in human and in mouse articular 
cartilage (Figures 1E and F).

Figure 1. Transient receptor potential vanilloid channel 2 (TRPV2) expression in mouse and human articular cartilage. A, Messenger RNA (mRNA) 
levels of TRP ion channels, Piezo1, and Piezo2, in the articular cartilage of 8- week- old mice. Symbols represent individual mice; horizontal lines and 
error bars show the mean ± SD. B, Trpv2 expression as assessed by immunohistochemical (IHC) staining of articular cartilage from a 20- week- old 
mouse with osteoarthritis (OA) compared to a normal mouse. OA was induced in mice at age 12 weeks by surgical destabilization of the medial 
meniscus. Bars = 50 µm. C, Trpv2 expression as assessed by IHC staining of OA articular cartilage from a mouse at age 6 months, age 12 months, 
and age 18 months. Bars = 50 µm. D, Top, Safranin O staining of TRPV2 protein expression in human OA articular cartilage (bar = 100 µm). Bottom 
panels, Higher-magnification views of the boxed areas in top panel, showing IHC staining of the superficial (S), fibrillated superficial (FS), middle 
(M), and deep (D) layers (bars = 200 µm). E, TRPV2 protein expression in an osteophytic lesion from mouse OA articular cartilage, as assessed by 
Safranin O and IHC staining. Boxed area in top panel (bar = 200 μm) is shown at higher magnification in bottom panel (bar = 20 μm). F, TRPV2 
protein expression in an osteophytic lesion from human OA articular cartilage, as assessed by Safranin O and IHC staining. Boxed area in top panel 
(bar = 400 µm) is shown at higher magnification in lower panel (bar = 100 µm). Color figure can be viewed in the online issue, which is available at 
http://onlinelibrary.wiley.com/doi/10.1002/art.41684/abstract.
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Accelerated development of OA in Trpv2- KO mice. To 
identify the role of Trpv2 in articular cartilage, we performed in vivo 
loss- of- function analyses using Trpv2- flox mice and conventional 
or tamoxifen- inducible Col2a1 promoter- driven Cre mice. Although 
Col2a1- Cre;Trpv2fl/fl mice did not show obvious impairment of 
skeletal growth (Supplementary Figures 1A– C, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41684/ abstract), we used Col2a1- CreERt2;Trpv2fl/fl  
mice for OA experiments to determine the specific role of Trpv2 
in adult articular cartilage. Trpv2 expression was down- regulated 
in KO mouse cartilage (Figure 2A and Supplementary Figure 2, 
available on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41684/ abstract). We first ana-
lyzed the development of OA in Trpv2fl/fl (control) and Col2a1- 
CreERt2;Trpv2fl/fl (KO) mice after surgical resection of either the MCL or 
the medial meniscus (Figure 2B). The development of OA was signif-
icantly enhanced in KO mice (Figure 2B). Enhanced development of 
OA in KO mice was confirmed in the DMM model (Figure 2C) and in 
the aging mouse model (Figure 2D). In all models, there was marked 
ectopic endochondral ossification in KO mice (Figures 2B– D). 
Ectopic endochondral ossification was significantly enhanced in the 
DMM and aging mouse models (Supplementary Figures 3A and B, 
available on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41684/ abstract). Ectopic endo-
chondral ossification was not quantified in the medial menis-
cus model because we could not distinguish between ectopic 
endochondral ossification and regeneration of the medial meniscus.

Expression of chondrocyte marker proteins in 
chondrocyte- specific Trpv2- KO mice. We examined the 
expression of marker proteins in control and KO mouse artic-
ular cartilage. Prg4, which was highly expressed in the super-
ficial zone of cartilage from control mice, was hardly detected 
in KO mouse cartilage (Figure 3A). Levels of the type II colla-
gen gene Col2a1 were not changed, whereas levels of mRNA 
for the aggrecan gene Acan were slightly decreased in 
Trpv2- KO mouse cartilage; both of these represent carti-
lage matrix proteins that are abundantly produced by mature 
chondrocytes  (Supplementary Figure 4, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41684/ abstract). Levels of the type X 
collagen gene Col10a1, which is a marker for hypertrophic 
differentiation of chondrocytes, and Mmp13 were not signifi-
cantly changed in KO mice (Figure 3B).

Protein expression of these markers was assessed in 
the meniscus of control and KO mice and in ectopic endochon-
dral ossification lesions in the knee joints of Trpv2- KO mice. 
Although both the gene and protein expression of type II col-
lagen, aggrecan, and MMP-13 was similar in both regions, 
intense expression of the type X collagen gene and protein 
was observed in ectopic endochondral ossification lesions in 
the knee joints of Trpv2-KO mice (Figure 3B and Supplemen-
tary Figure 4, available on the Arthritis & Rheumatology web-
site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41684/ 
abstract).

Figure 2. Development of osteoarthritis (OA) in cartilage-specific TRPV2-knockout (KO) mice. A, Col2a1-CreERt2;Trpv2fl/fl KO mice and  
Trpv2fl/fl mice as controls (Cntl) were injected with tamoxifen at age 8 weeks. Knee joints from the mice at age 16 weeks were stained with 
Safranin O (bars = 100 μm) and assessed by immunohistochemical (IHC) staining for Trpv2 expression (bars = 20 μm). Right images are 
higher-magnification views of the boxed areas on the left. Results of IHC staining were quantified as the percentage of Trpv2-positive cells. 
B–D, Development of OA was assessed in knee joints from control and KO mice in the resection of the medial meniscus and medial collateral 
ligament (Medial) model (B), destabilization of the medial meniscus (DMM) model (C), and a model of aging-induced OA (D). Top, Time course 
of the protocols and quantification of OA development using Osteoarthritis Research Society International (OARSI) histologic scoring. Bottom, 
Development of OA assessed with Safranin O staining of cartilage (bars = 50 μm). Representative results are shown. Symbols represent 
individual mice; horizontal lines and error bars show the mean ± SD. * = P < 0.05. Color figure can be viewed in the online issue, which is available 
at http://onlinelibrary.wiley.com/doi/10.1002/art.41684/abstract.
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Mechanical stimulation– induced changes in Ca2+ 
intracellular signaling in Trpv2- deficient mouse chon-
drocytes. We investigated whether chondrocytes show an 
intracellular increase in Ca2+ after mechanical stimulation depend-
ent on Trpv2. In control mouse chondrocytes, an extracellular 
Ca2+- dependent intracellular increase in Ca2+ was detected after 
hypoosmotic stimulation, which was blocked by an inhibitor of 

TRPV2 (tranilast) (Figures 4A and B and Supplementary Figure 5A, 
available on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41684/ abstract). Conversely, no  
hypoosmotic- evoked increase in Ca2+ was observed in Trpv2- 
KO mouse chondrocytes (Supplementary Figure 5A and Fig-
ures 4A and B). Additionally, we observed a stretch- evoked 
Ca2+ increase in control mouse chondrocytes and a blockade of 

Figure 3. Expression of cartilage-specific marker proteins in Trpv2-KO mice. A, Control and KO mice were injected with tamoxifen at age 8 
weeks. Knee joints from the mice at age 16 weeks were stained with Safranin O (bars = 100 μm) and assessed for Prg4 expression by IHC 
staining (bars = 20 μm). Right images are higher-magnification views of the boxed areas on the left. Results of IHC staining were quantified as 
the percentage of Prg4-positive cells. B, OA was induced in control and KO mice by destabilization of the medial meniscus (DMM) surgery. At 
16 weeks after DMM surgery, the knee joints were stained with Safranin O (bars = 200 μm) (top) and assessed by IHC staining for Col10a1 and 
Mmp13 expression, both in the articular cartilage (bottom panels outlined in black) and in ectopic ossification lesions in the medial meniscus 
(bottom panels outlined in yellow) (bars = 50 μm). Results of IHC staining were quantified as the percentage of Prg4-positive cells. Symbols 
represent individual mice; horizontal lines and error bars show the mean ± SD. * = P < 0.05. See Figure 2 for other definitions.

Figure 4. Mechanical stimulation– induced changes in Ca2+ intracellular signaling in Trpv2- deficient mouse chondrocytes. A, Representative 
trace of hypoosmotic stimulation (HSS)– induced intracellular Ca2+ dynamics in control (Cntl) and knockout (KO) mouse chondrocytes with or 
without treatment with tranilast (inhibitor of TRPV2). B, Ratios of an HSS-induced increase in intracellular Ca2+ dynamics in control and KO 
mouse chondrocytes with or without tranilast. C, Representative trace of stretch- induced intracellular Ca2+ dynamics in control and KO mouse 
chondrocytes. D, Ratios of a stretch- induced increase in intracellular Ca2+ in control and KO cells. E, Representative traces of fluid- flow shear 
stress– induced intracellular Ca2+ dynamics in control and KO mouse chondrocytes. F, Ratios of a fluid- flow shear stress– induced increase in 
intracellular Ca2+ in control and KO cells. Symbols represent individual mice; horizontal lines and error bars show the mean ± SD. * = P < 0.05.
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this response in KO mouse cells (Supplementary Figure 5B and 
 Figures 4C and D).

We further analyzed the fluid- flow shear stress– induced 
change in Ca2+ in control and KO mouse chondrocytes. Con-
trol cells showed a rapid and high Ca2+ response against fluid- 
flow shear stress of 5 or 10 dynes/cm2. In contrast, a change in 
intracellular Ca2+ with fluid- flow shear stress was not observed in 
KO mouse cells (Supplementary Figure 5C and Figures 4E and F). 
These results indicate that TRPV2 is a key molecule in the mechan-
ical stimulation– induced Ca2+ response of chondrocytes.

Involvement of Creb1 activation in modulation of  
Prg4 expression by Trpv2. To examine the mechanisms under-
lying down- regulation of Prg4 in Trpv2- KO mouse chondro-
cytes, we performed in vitro experiments using primary articular 
chondrocytes from control and KO mice. Trpv2 mRNA levels in 
KO mouse chondrocytes were down- regulated to approximately 
half of those in control chondrocytes (Figure 5A). Prg4 expression 
at the mRNA level was significantly decreased following knock-
out of Trpv2, and TRPV2 protein levels were also observed to be 
decreased in KO mice (Figures 3A and 5A). Prg4 expression was 
enhanced by fluid- flow shear stress in control mouse cells, but 
not in KO mouse cells (Figure 5A). Col2a1 and Acan mRNA levels 
were not obviously changed by knockout of Trpv2 or fluid- flow 
shear stress (Supplementary Figure 6, available on the Arthritis 
& Rheumatology website at http://onlin elibr ary.wiley.com/doi/ 
10.1002/art.41684/ abstract).

We then searched downstream signaling pathways of Tprv2 
using a luciferase assay. Among various reporter vectors, only 
luciferase activity of the CRE reporter was enhanced by 2- APB, 
an agonist of Trp channels, while that of NF- κB and hypoxia- 
responsive element (HRE) reporters was suppressed (Supplemen-
tary Figure 7A, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41684/ abstract). 
Activity of the CRE reporter was up- regulated by Tprv2 overex-
pression or 2- APB treatment and was synergistically enhanced by 
both of them (Supplementary Figure 7B). These findings indicate 
a potential association of Trpv2 with Prg4 induction by fluid- flow 
shear stress through Creb.

We then examined whether CaMK pathways are involved in 
the induction of Prg4 by Trpv2 signaling because CaMKs are mod-
ulated by Ca2+ influx, and Creb is one of the CaMK substrates 
(22,23). Among CaMKs, CaMKIV can activate Creb, rather than 
CaMKII (22). We used the CaMK kinase (CaMKK) inhibitor STO- 
609 to suppress its substrate CaMKIV for in vitro experiments 
using mouse primary articular chondrocytes and compared it with 
the CaMKII inhibitor KN- 93. Although enhanced Prg4 mRNA lev-
els induced by fluid- flow shear stress were not changed by KN- 
93, they were significantly decreased by STO- 609 (Figure 5B). The 
increase in Prg4 expression following treatment of the cells with 
2- APB was abolished in the presence of STO- 609 (Supplemen-
tary Figure 8A, available on the Arthritis & Rheumatology website 

at http://onlin elibr ary.wiley.com/doi/10.1002/art.41684/ abstract). 
Protein levels of p Creb- 1 were significantly increased by fluid- flow 
shear stress and decreased by STO- 609 treatment (Figure 5C). 
Protein levels of pCreb- 1 were increased by 2- APB and decreased 
to the baseline level by STO- 609 (Supplementary Figure 8B). Fur-
thermore, an increase in pCreb- 1 protein levels by fluid- flow shear 
stress was not observed in KO mouse cells (Figure 5D). These 
data indicate that the CaMKK– Creb- 1 axis mediates the induction 
of Prg4 by Trpv2 signaling.

Enhanced hypertrophic differentiation of chondro-
cytes and decreased nuclear translocation of Nfatc1 in  
Trpv2- KO mouse chondrocytes. Finally, we examined the mech -
anisms underlying enhanced ectopic endochondral ossification 
in KO mouse joints. We obtained primary chondrocytes from 
5- day- old Trpv2fl/fl (control) and Col2a1- Cre;Trpv2fl/fl (KO) mice and 

Figure 5. Role of Creb1 activation in Prg4 induction by fluid- flow shear 
stress (FFSS) in conjunction with  Trpv2 signaling. A, Levels of mRNA 
for Trpv2 and Prg4 in primary chondrocytes obtained from 5- day- old 
control and knockout (KO) mice before (−) and after (+) application of 
7.6 dynes/cm2 of fluid- flow shear stress for 8 hours. B, Prg4 mRNA 
levels in primary mouse chondrocytes subjected to fluid- flow shear 
stress and treatment with KN- 93 or STO- 609. C, Left, Western blotting 
for determination of Creb1 and phosphorylated Creb1 (pCreb1) protein 
levels in lysates of primary mouse chondrocytes subjected to fluid- 
flow shear stress and STO- 609 treatment. Right, Quantification of the 
results from Western blotting, expressed as levels of Creb1 and pCreb1 
protein relative to GAPDH. D, Left, Western blotting analysis of Creb1 
and pCreb1 protein levels in lysates of primary mouse chondrocytes 
from control (Cntl) and KO mice before (−) and after (+) application of 
fluid- flow shear stress. Right, Quantification of the results from Western 
blotting, expressed as levels of Creb1 and pCreb1 protein relative to 
GAPDH. Symbols represent individual mice; horizontal lines and error 
bars show the mean ± SD. * = P < 0.05.
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cultured them in differentiation medium supplemented with 50 µg/
ml of ascorbic acid and 10 mM of β- glycerophosphate for 20 days. 
Col10a1 mRNA levels were significantly increased in KO mouse 
cells, while the increase in Col2a1, Acan, and Mmp13 levels was 
not significant (Figure 6A). Alizarin red staining was enhanced in 
KO mouse cells (Figure 6B).

We then examined the involvement of calcineurin (Cn) and 
Nfatc in accelerated hypertrophic differentiation. Nfatc1 and 
Nfatc2 are activated by Ca2+/Cn signaling, and their loss- of- 
function in mice leads to early onset of OA and the formation 
of osteochondroma around joints, accompanied by enhanced 
hypertrophic differentiation (24,25). Cn activity was enhanced by 
2- APB treatment in control chondrocytes, but not in KO mouse 
chondrocytes (Figure 6C). Fluid- flow shear stress significantly 
enhanced nuclear translocation of Nfatc1 in control chondrocytes, 
but it did not change subcellular localization in KO mouse chon-
drocytes (Figure 6D). Similarly, nuclear translocation of Nfatc1 was 
enhanced by 2- APB treatment in control chondrocytes, but not in 

KO mouse chondrocytes (Supplementary Figure 9, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41684/ abstract).

DISCUSSION

In the present study, we showed abundant expression of 
TRPV2 in mouse and human articular cartilage and ectopic ossi-
fication lesions. Chondrocyte- specific Trpv2- KO mice displayed 
enhanced degradation of articular cartilage accompanied by 
decreased Prg4 expression and marked formation of periarticu-
lar ectopic endochondral ossification. Mechanical stress– induced 
Ca2+ influx was decreased following knockout of Trpv2. CaMKK– 
Creb– mediated induction of Prg4 by fluid- flow shear stress was 
abolished by knockout of Trpv2, and hypertrophic differentiation of 
chondrocytes was enhanced in Trpv2- KO chondrocytes.

Expression of TRP channels, Piezo1, and Piezo2 in cartilage 
or chondrocytes has been shown by previous studies (12,26). 
Somogyi et al showed that Trpv4 expression was robust in the 
articular cartilage of young mice, while it almost disappeared in 
adult mice, as assessed by RT- PCR (26). These authors showed 
that Trpv4 was not detected in young or adult chicken cartilage 
(26). Trpv2 expression was detected in adult mouse cartilage, 
but not in young mouse cartilage (26). In cartilage from chickens, 
Trpv2 was detected in cartilage both from young chickens and 
from adult chickens (26). Lee et al showed that Piezo1 mRNA lev-
els were similar in mouse cartilage and lungs, while Piezo2 mRNA 
levels in cartilage were much lower than those in the lungs (12). 
However, in their study, PIEZO1 and PIEZO2 were expressed at 
similar levels in human cartilage.

In the present study, Piezo1 mRNA levels were most abun-
dant in the articular cartilage of adult mice among the investi-
gated channels, followed by the mRNA levels of Trpp1, Trpc6, 
Trpv2, and Trpv4 (Figure 1A). Owing to the different expression 
patterns of these Trp and Piezo channels in different species at 
different ages, their expression and localization in human articular 
joints may vary according to age and type of tissue. Expression 
of Trpv2 and some relative channels in articular cartilage is redun-
dant. Nevertheless, down- regulation of Trpv2 in articular chondro-
cytes markedly decreased Ca2+ influx by 3 types of mechanical 
stimuli in our study (Figure 4). Interestingly, 4 TRP channel subunits 
coassemble to form functional homotrimers or heterotetramers 
(27). TRPV2 may be widely required for the TRP complex, as the 
core subunit in articular cartilage. However, we could not deter-
mine the specific types of mechanical forces that TPRV2 senses 
in articular cartilage in vivo. The types and intensity of mechanical 
stress that are received by chondrocytes are likely to be different in 
different locations (e.g., shear or strain stress for superficial chon-
drocytes and hydrostatic pressure for deep zone chondrocytes). 
Which mechanosensors, such as TRP channels, Piezo1, and 
Piezo2, are responsible for sensing each specific force in articular 
cartilage should be further examined in the future.

Figure 6. Enhanced hypertrophy of mouse chondrocytes and 
decreased nuclear translocation of Nfatc1 in Trpv2- knockout (KO) 
mouse chondrocytes. A, Marker gene mRNA levels in Trpv2fl/fl  
(control [Cntl]) and Col2a1- Cre;Trpv2fl/fl KO (cKO) mouse chon -
drocytes after differentiation with 50 µg/ml of ascorbic acid and 
10 mM of β- glycerophosphate for 20 days. B, Alizarin red staining 
for marker genes in control and KO mouse chondrocytes after a 
20- day culture. The percentage of positively stained cells is shown 
in the right panel. C, Calcineurin activity of control and KO mouse 
chondrocytes treated with or without 2- aminoethoxy- diphenylborate 
(2- APB). D, Immunofluorescence staining for Nfatc1 (along with 
DAPI staining) in control and Col2a1- CreERt2;Trpv2fl/fl (KO) mouse 
chondrocytes with or without fluid- flow shear stress (FFSS). Bar = 20 
µm. The percentage of cells staining for intracellular Nfatc1 is shown 
in the right panel. Symbols in A– C represent individual samples 
(n = 3 per group). Symbols in D represent fields (n = 5–6 per group). 
Horizontal lines and error bars show the mean ± SD. * = P < 0.05. 
Color figure can be viewed in the online issue, which is available at 
http://onlinelibrary.wiley.com/doi/10.1002/art.41684/abstract.
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In male Trpv4- KO mice, the development of OA is enhanced, 
and the enlargement of sesamoid bones and increased calcifi-
cation of menisci are obvious at 12 months of age (9). However, 
tamoxifen- induced chondrocyte- specific Trpv4- KO mice were 
observed to have suppressed development of OA with aging and 
no change in the DMM model (28). The mechanisms underlying 
this discrepancy have not been fully determined, and this causes 
difficulty in understanding the roles of Trpv4 in articular cartilage. 
Because the phenotypes of KO mice using Col2a1- CreERt2 indi-
cate loss- of- function of the deleted gene in chondrocytes, Trpv2 
and Trpv4 may play contrasting roles in chondrocytes (i.e., carti-
lage homeostasis and cartilage catabolism, respectively). These 
2 TRP channels may be involved in sensing mechanical loading 
of different intensities in chondrocytes. In the present study, we 
only analyzed male Col2a1- CreERt2;Trpv2fl/fl mice, similar to the 
previous study of male Col2a1- CreERt2;Trpv4fl/fl mice (28). Since 
female Trpv4- KO mice were not observed to have enhanced OA 
(9), Trpv2 may exert different effects in chondrocytes according 
to sex.

In humans, gain- of- function mutations of TRPV4 cause 
skeletal disorders, including brachyolmia (OMIM ID #113500) 
(29), Kozlowski- type spondylometaphyseal dysplasia (OMIM ID 
#184252), and metatropic dysplasia (OMIM ID #156530) (30). 
Mutations of TRPV4 have been identified in other types of skele-
tal dysplasia and hereditary neuropathy. TRPV4 mutations cause 
familial digital arthropathy– brachydactyly (OMIM ID #606835) (31). 
These arthropathy- associated mutations reduce channel activity. 
This is in contrast to gain- of- function TRPV4 mutations, which 
cause skeletal dysplasias and peripheral neuropathies. Despite 
increasing evidence indicating the involvement of TRPV4 in human 
genetic diseases, including arthropathy (32), there have been no 
such reports of TRPV2 involvement. In the present study, the 
TRPV2 protein was widely detected in human articular cartilage 
and osteophytic lesions (Figures 1D and F). TRPV2 expression 
was common in human and mouse osteophytic lesions (Figures 
1E and F). However, the expression pattern of TRPV2 in articular 
cartilage was different between humans and mice (Figures 1B– D). 
This finding suggests that TRPV2 plays other roles in deep layers 
of human articular cartilage. The clinical relevance of TRPV2 func-
tion in human OA pathophysiology remains unknown.

Prg4 is an essential molecule for homeostasis of articular 
joints. Prg4 contains many repeats of mucin- like domains, which 
contribute to the lubrication of the joint surface. Using Prg4-  
reporter mice, Ogawa et al showed that Prg4 expression in the 
knee joint surface was increased by heterotetramers (6). Prg4 was 
also induced by fluid- flow shear stress in cultured chondrocytes 
(6). These authors demonstrated that prostaglandin E2 and para-
thyroid hormone– related protein were involved in the induction of 
Prg4 by fluid- flow shear stress via the cyclic AMP– protein kinase 
A– CREB pathway (6). However, how mechanical loading is sensed 
in chondrocytes is unknown. In the present study, we showed the 
involvement of Trpv2 in the induction of Prg4 by fluid- flow shear 

stress (Figure 5A). Induction of Prg4 was accompanied by phos-
phorylation of Creb, and these changes were abolished by inhi-
bition of CaMKK (Figure 5 and Supplementary Figure 8, available 
on the Arthritis & Rheumatology website at http://onlin e libr ary.wiley.
com/doi/10.1002/art.41684/ abstract). Although we could not 
evaluate the activity of CaMK family members in our study, the 
CaMKK– CREB axis is most likely a major pathway for the induc-
tion of Prg4 by fluid- flow shear stress– TRPV2 signaling.

We found that hypertrophic differentiation of chondrocytes 
was enhanced by knockout of Trpv2 (Figure 3B and Figures 6A 
and B). We speculate that the Cn- Nfatc pathway is associated 
with this phenotype of Trpv2- KO mice. However, we could not 
determine further mechanisms underlying enhanced periarticu-
lar ossification. Notably, Prg4- KO mice were observed to have 
thickening of the cartilage surface and the synovium, as well as 
ectopic endochondral ossification around the joints with aging, 
in addition to degradation of articular cartilage (7). Other than 
lubricating the joint surface, Prg4 binds to Toll- like receptors or 
CD44 and modulates intracellular signaling (33,34). Prg4 may reg-
ulate joint homeostasis by modulating chondrocytes or synovio-
cytes as a signal molecule and may partially mediate formation 
of periarticular ectopic ossification in Trpv2- KO joints. Trpv2 may 
regulate articular cartilage via other pathways. We found that 
2- APB treatment decreased luciferase activity of NF- κB and 
HRE reporter vectors (Supplementary Figure 7A, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41684/ abstract). Based on the fact that NF- κB 
and hypoxia- inducible factor 2α play roles in the degradation of 
cartilage (1– 3), these pathways may also be modulated by Trpv2 
signaling.

In conclusion, TRPV2 is required for homeostasis of articular 
joints by the induction of Prg4 and suppression of ectopic endo-
chondral ossification in these joints. Although the role of TRPV2 in 
the pathogenesis of OA in human articular cartilage is unknown, 
the present findings may contribute to furthering the understand-
ing of mechanosensing and responses in articular cartilage.
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Lipopolysaccharide Binding Protein and CD14, Cofactors 
of Toll- like Receptors, Are Essential for Low- Grade 
Inflammation–InducedExacerbationofCartilageDamage
inMouseModelsofPosttraumaticOsteoarthritis
Yoonkyung Won, Jeong- In Yang, Seulki Park, and Jang- Soo Chun

Objective. Osteoarthritis (OA) is initiated by pathogenic factors produced by multiple stimuli, including mechanical 
stress, metabolic stress, and/or inflammaging. This study was undertaken to identify novel low- grade inflammation– 
associated pathogenic mediators of OA.

Methods. Candidate pathogenic molecules were screened using microarray data obtained from chondrocytes 
exposed to OA- associated catabolic factors. In mice with OA generated by destabilization of the medial meniscus 
(DMM), low-grade inflammation was induced by a high- fat diet or endotoxemia. Functions of candidate molecules 
in OA pathogenesis were examined using primary- culture chondrocytes from mice with DMM-induced OA, following 
intraarticular injection of adenovirus expressing the candidate gene. Specific functions of candidate genes were 
evaluated using whole- body gene-knockout mice.

Results. Bioinformatics analysis identified multiple candidate pathogenic factors that were associated with low- 
grade inflammation, including components of the Toll- like receptor (TLR) signaling pathways (e.g., TLR- 2, TLR- 4, 
lipopolysaccharide binding protein [LBP], and CD14). Overexpression of the individual TLR signaling components in 
mouse joint tissue did not alter cartilage homeostasis. However, the low- grade inflammation induced by a high- fat diet 
or endotoxemia markedly enhanced posttraumatic OA cartilage destruction in mice, and this exacerbation of cartilage 
destruction was significantly abrogated in LBP−/− and CD14−/− mice. Additionally, LBP and CD14 were found to be necessary 
for the expression of matrix- degrading enzymes in mouse chondrocytes treated with proinflammatory cytokines.

Conclusion. LBP and CD14, which are accessory molecules of TLRs, are necessary for the exacerbation of 
posttraumatic OA cartilage destruction resulting from low- grade inflammation, such as that triggered by a high- fat 
diet or endotoxemia.

INTRODUCTION

Osteoarthritis (OA) is a whole- joint disease characterized 
by cartilage destruction, synovial inflammation, osteophyte for-
mation, and subchondral bone remodeling (1). Among these 
OA manifestations, articular cartilage degradation is the cen-
tral feature of OA. Although it is well understood that multiple 
cell types of joint tissue are involved in the disease process, the 
study of the pathogenesis of OA has largely focused on chondro-
cytes. OA cartilage destruction can be caused primarily by the 
up- regulation of matrix- degrading enzymes and/or the down- 
regulation of cartilage extracellular matrix (ECM) molecules (2). 

Among the matrix- degrading enzymes, matrix metalloprotein-
ase 3 (MMP- 3), MMP- 13, and ADAMTS- 5 have been shown to 
play important roles in cartilage destruction in experimental OA 
(3−5). The expression levels of matrix- degrading enzymes and 
cartilage ECM molecules are regulated by multiple pathogenic 
factors produced by chondrocytes and other cell types in joint 
tissue. These factors include proinflammatory cytokines such 
as interleukin- 1β (IL- 1β), IL- 6, and tumor necrosis factor (TNF) 
(6). We previously identified cellular catabolic mediators in chon-
drocytes, including the transcription factor hypoxia- inducible 
factor 2α (HIF- 2α) (7), and the zinc importer ZIP8 (8). These 
cellular mediators exert catabolic functions in OA pathogenesis 
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by up- regulating matrix- degrading enzymes and/or down- 
regulating ECM molecules in articular chondrocytes (7,8).

OA- causing pathogenic factors can be produced by mechan-
ical stress (9), metabolic stress (10), and/or inflammaging (11), 
which are all associated with low- grade inflammation. Stud-
ies in humans and in animal models have demonstrated that 
low- grade inflammation plays a crucial role in OA pathogenesis 
(12,13). Innate immune pathways that involve pattern- recognition 
receptors, such as the Toll- like receptor (TLR) pathways, are cru-
cial in OA inflammation (12−15). Indeed, studies have shown 
that inflammation- induced catabolic processes, including up- 
regulation of matrix- degrading enzymes and down- regulation of 
cartilage ECM molecules, are tightly controlled by TLR- dependent 
immune responses (16,17). TLR signaling pathways are com-
posed of multiple components, including the various TLRs; acces-
sory molecules (cofactors), such as lipopolysaccharide binding 
protein (LBP) and CD14; upstream agonists, such as serum amy-
loid A (SAA) protein; and various downstream mediators, such as 
NF- κB– related molecules (14,15).

In preliminary experiments, we performed a bioinformat-
ics analysis of various microarray data obtained from OA- like 
chondrocytes to identify novel pathogenic factors involved in 
OA pathogenesis. We initially identified multiple components of 
TLR signaling pathways as being up- regulated in chondrocytes 
exposed to OA- associated catabolic factors (IL- 1β, HIF- 2α, and 
ZIP8). Accordingly, we selected subsets of TLR signaling com-
ponents and characterized their potential functions in low- grade 
inflammation– associated OA. We found that TLR- 2, TLR- 4, LBP, 
and CD14 have differential functions in OA pathogenesis associ-
ated with low- grade inflammation in mice. In particular, we demon-
strated that LBP and CD14 are necessary for the exacerbation of 
posttraumatic OA under conditions of low- grade inflammation.

MATERIALS AND METHODS

Mice and experimental OA. All animal experiments were 
approved by the Gwangju Institute of Science and Technology 
Animal Care and Use Committee. C57BL/6J- background knock-
out (KO) mice (TLR2−/−, TLR4−/−, CD14−/−) were purchased from 
The Jackson Laboratory. BALB/c- background LBP−/− mice were 
purchased from The Jackson Laboratory and backcrossed with 
C57BL/6J mice. Experimental OA was induced in 12- week- old mice 
by destabilization of the medial meniscus (DMM), and the mice were 
euthanized at 6, 8, or 10 weeks thereafter (18). We used a high- fat 
diet model (19) and a metabolic endotoxemia model (20) to examine 
the impact of low- grade inflammation. For the high- fat diet model, 
8- week- old mice were fed either a regular diet (10% of total calories 
from fat) or a high- fat diet (60% of total calories from fat; Research 
Diets). DMM or sham operation was performed on mice at week 4 
of exposure to a regular diet or a high- fat diet, and the mice were 
euthanized at 6 weeks thereafter. For the endotoxemia model, 
DMM-  or sham- operated 12- week- old male mice were injected 

intraperitoneally with a subclinical low- dose of lipopolysaccharide 
(LPS) (5 ng/kg body weight) every 3 days for 4 weeks (21). Mice 
were euthanized at 8 weeks after surgery for histologic analysis.

To examine the effects of overexpression of TLR signaling 
components in joint tissue, mice were injected intraarticularly (once 
weekly for 3 weeks) with 1 × 109 plaque- forming units (PFU) (in a 
total volume of 10 μl) of the TLR signaling component– expressing 
adenoviruses Ad- TLR- 2, Ad- TLR- 4, Ad- LBP, Ad- CD14, and Ad- 
SAA1. Mice were euthanized at 3 or 8 weeks after the first intraar-
ticular injection. Intraarticular injections of Ad- HIF- 2α and Ad- ZIP8 
were used as positive controls for OA pathogenesis (7,8). All ade-
noviruses were purchased from Vector BioLabs.

Skeletal staining, histology, and immunohisto-
chemistry. Skeletons from E18.5 whole- mouse embryos were 
stained with Alcian blue and alizarin red (8,22). Mouse knee joint 
samples were fixed with 4% paraformaldehyde, decalcified in 
0.5M EDTA, embedded in paraffin, sectioned frontally at 5- μm 
thickness, and stained with Safranin O (8,22). Osteoarthritis 
Research Society International (OARSI) histologic OA severity 
grades (scale 0–6) (23) and synovitis scores (scale 0–3) were cal-
culated as the average values obtained from 3 different sections 
selected at ~100- μm intervals for each knee joint; each section 
was scored by 4 observers under blinded conditions (YW, JIY, 
SP, and JSC). OARSI grades were expressed as the maximum 
score observed among the medial femoral condyle, medial 
tibial plateau, lateral femoral condyle, and lateral tibial plateau 
(23). Synovitis was determined by scoring the extent of synovial 
inflammation using joint sections stained with Safranin O and 
hematoxylin (24), or by detecting synovial infiltration of mono-
cyte chemotactic protein 1 (MCP- 1)– positive or F4/80– positive 
inflammatory cells (e.g., macrophages) (25). Osteophyte size 
was measured using an Aperio ImageScope (Leica) (8,22). 
Subchondral bone sclerosis was indirectly examined by mea -
suring the thickness of the subchondral bone plate from 3 joint 
sections in each mouse using an Aperio ImageScope (8,22,26). 
Alternatively, subchondral bone remodeling was examined by 
immunostaining with Osterix to identify osteoblast activation 
(27). The following antibodies were used for immunostain-
ing: mouse anti- SAA1 (Hycult Biotechnology), rabbit anti– TLR- 2 
and mouse anti- CD14 (Novus Biologicals), mouse anti– TLR- 4, 
rabbit anti– MCP- 1 and rabbit anti- Osterix (Abcam), rabbit anti- 
LBP (LifeSpan Biosciences), and rat anti- F4/80 (Bio- Rad).

Primary chondrocyte culture. Mouse articular chondro-
cytes were isolated from the femoral condyles and tibial plateaus 
of 5- day- old mice, and maintained as a monolayer in complete 
Dulbecco’s modified Eagle’s medium (DMEM) (28). On culture 
day 2, cells at passage 0 were treated with IL- 1β (GenScript) in 
complete medium or with IL- 6 (Merck Millipore) and LPS (Sigma- 
Aldrich) under serum- free conditions. For adenoviral overexpres-
sion of target genes, chondrocytes were cultured for 3 days, 



LBP AND CD14 IN OA |      1453

infected with adenovirus for 2 hours at the indicated multiplicity 
of infection (MOI), and cultured for an additional 36 hours prior to 
further analysis.

Enzyme- linked immunosorbent assay (ELISA). Mouse 
sera were collected from sham-  or DMM- operated mice fed with 
a regular diet or a high- fat diet or administered phosphate buffered 
saline (PBS) or LPS, and serum aliquots were stored at −80°C 
until analysis. ELISA kits for IL- 1β, IL- 6, TNF, MCP- 1, CD14, and 
leptin were purchased from R&D Systems, and the ELISA kit for 
LBP was purchased from MyBioSource.

Reverse transcription– polymerase chain reaction 
(RT- PCR), quantitative RT- PCR, and Western blotting. 
Total RNA was extracted from primary- culture chondrocytes 
and reverse transcribed, and the resulting complementary DNA 
was PCR amplified; primers and experimental conditions are 
summarized in Supplementary Table 1 (available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41679/ abstract). For Western blotting, total cell 
lysates were prepared using radioimmunoprecipitation assay 
lysis buffer (8,22). For detection of secreted proteins (SAA1, 
LBP, and CD14), 900 μl of serum- free conditioned medium was 
subjected to trichloroacetic acid precipitation, and the proteins 
were fractionated by sodium dodecyl sulfate– polyacrylamide gel 
electrophoresis, transferred to a nitrocellulose membrane, and 
detected using anti- SAA1, anti- LBP, and anti- CD14 antibodies.

Bioinformatics analysis of microarray data. Microarray 
data from chondrocytes stimulated with IL- 1β or overexpressing 
HIF- 2α or ZIP8 were previously deposited into Gene Expression 
Omnibus (GEO) under accession numbers GSE10 4794 (HIF- 2α), 
GSE10 4795 (ZIP8), and GSE10 4793 (IL- 1β). To identify dysregu-
lated genes in the 3 GEO data sets, the full differential expression 
data sets were subjected to gene set enrichment analysis (GSEA) 
using GSEA software (Broad Institute). GSEA was performed using 
functional gene sets derived from the Molecular Signatures Data-
base (MSigDB) of the canonical pathways, the KEGG pathway data-
base, and gene ontology (GO) biologic process terms. Differentially 
expressed genes were selected using a |log2 fold change| cutoff of 
>1.5 and a significance level of P < 0.05. The genes identified as being 
significantly differentially expressed were subjected to pathway 
enrichment analysis using Enrichr (http://amp.pharm.mssm.edu/
Enric hr/), with default parameters and annotations obtained from the 
Panther, Biocarta, or Reactome pathway databases. We used the 
ggplot2 R package to analyze the results of GO enrichment analysis 
and differentially expressed genes.

Statistical analysis. For statistical comparison of exper-
imental groups, data were analyzed using the Shapiro- Wilk 
normality test and Levene’s test for homogeneity of variance. 
Nonparametric data based on an ordinal grading system (OARSI 

and synovitis grades) were compared between 2 groups using 
the Mann- Whitney U test, whereas the Kruskal- Wallis test was 
used to compare nonparametric data from multiple groups. Direct 
comparisons between pairs of groups (in the multiple group 
comparisons of nonparametric data) were conducted using the 
Mann- Whitney U test. Parametric data were compared between 
2 independent experimental groups using the 2- tailed t- test. 
One- way analysis of variance with the Bonferroni post hoc test 
was used to compare para  metric data from ≥3 groups. P values 
less than 0.05 were considered significant. Parametric data are 
expressed as the mean ± SEM; 95% confidence intervals (95% 
CIs) are included for nonparametric data.

RESULTS

Up- regulation of TLR signaling components in 
chondrocytes stimulated with OA- associated cata-
bolic factors. To identify novel factors in OA pathogenesis, we 
screened microarray data obtained from mouse articular chondro-
cytes treated with IL- 1β or overexpressing OA-associated cellular 
catabolic mediators, such as HIF- 2α or ZIP8 (7,8). GSEA of KEGG 
pathways and GO gene set analysis revealed that genes associ-
ated with the TLR signaling pathway exhibited the most significant 
enrichment in mouse chondrocytes stimulated with the examined 
catabolic factors (Figures 1A and B, and Supplementary Figures 1A 
and B, available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41679/ abstract). We  
further performed enrichment analysis to identify the functional 
categories of the differentially expressed genes, and we discov-
ered that genes related to TLR signaling pathways were com-
monly enriched in chondrocytes stimulated with all 3 catabolic 
factors (Supplementary Figures 1C and D, http://onlin elibr ary.
wiley.com/doi/10.1002/art.41679/ abstract).

TLR signaling pathways regulate inflammation- induced cat-
abolic processes, such as the expression of matrix- degrading 
enzymes, during OA pathogenesis (12,13). Accordingly, we ana-
lyzed the microarray data in the context of TLR signaling compo-
nents, including TLRs and their cofactors, upstream stimulators, 
and downstream targets (14,15) (Supplementary Table 2, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41679/ abstract). Exposure 
of chondrocytes to OA- associated catabolic factors selectively 
up- regulated certain TLR signaling components, including TLR- 2, 
TLR- 3, and TLR- 4; accessory molecules, such as LBP and CD14; 
upstream agonists, such as SAA protein; and downstream medi-
ators, such as NF- κB– related molecules (Figure 2A and Sup-
plementary Table 2, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41679/ abstract). We validated these microarray data by qRT- 
PCR analysis of chondrocytes treated with IL- 1β, Ad- HIF- 2α, or 
Ad- ZIP8. We also extended our analysis to include chondrocytes 
treated with IL- 6 or LPS. IL- 6 plays a key role in systemic inflamma-
tion and OA pathogenesis (29,30), and LPS is thought to contrib-
ute to OA by stimulating TLR signaling (20). All of these catabolic 

http://onlinelibrary.wiley.com/doi/10.1002/art.41679/abstract
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stimulators caused significant up- regulation of TLR- 2, LBP, CD14, 
and all of the SAA family members. In contrast, up- regulation of 
TLR- 4, CD36, CD44, and LY96 was less marked or insignificant 
(Figures 2B and C, and Supplementary Figures 2A– E, http://onlin e   
libr ary.wiley.com/doi/10.1002/art.41679/ abstract). These results 
collectively suggest that the significantly up- regulated TLR signal-
ing components may contribute to OA pathogenesis.

Stimulation of TLR signaling pathways enhances 
posttraumatic OA in mice. Prior to characterizing the role 
of individual TLR signaling components in OA pathogenesis, 
we clarified whether conditions that stimulate TLR signaling 

pathways modulate OA pathogenesis in mice, in experiments 
using 2 models: high- fat diet– induced low- grade inflammation (19) 
and LPS- mediated low- grade inflammation (endotoxemia) (20). 
In mice, a high- fat diet is known to cause low- grade inflammation 
and can exacerbate the progression of OA (19). Consistently, we 
found that mice that were fed a high- fat diet exhibited significant 
exacerbation of DMM- induced OA manifestations, such as carti-
lage destruction, osteophyte formation, and synovial inflammation, 
without marked effects on subchondral bone plate thickness or the 
Osterix- staining pattern indicative of osteoblast activation (Supple-
mentary Figures 3A, B, and E, available on the Arthritis & Rheumatology 
website at http://onlin e libr ary.wiley.com/doi/10.1002/art.41679/ abstract). 

Figure 2. Osteoarthritis- associated catabolic factors up- regulate subsets of Toll- like receptor (TLR) signaling components in chondrocytes. 
A, Chondrocytes were treated with interleukin-1β (IL- 1β) (1 ng/ml) or infected with 800 multiplicities of infection of adenoviruses Ad- HIF- 2α or 
Ad- ZIP8. Vehicle and control adenovirus were used as controls. Heatmap shows expression of TLR signaling components in the chondrocytes 
after treatment. B and C, Primary- culture chondrocytes were treated for 36 hours with IL- 1β (1 ng/ml), IL- 6 (100 ng/ml), lipopolysaccharide 
(LPS) (10 ng/ml), or 800 multiplicities of infection of control adenovirus, Ad- HIF- 2α, or Ad- ZIP8. Levels of mRNA for the TLR- 2 and TLR- 4 genes 
(B) as well as for other genes (C) were determined by quantitative reverse transcription– polymerase chain reaction analysis (n = 6 per group). 
Each symbol represents an individual mouse; bars show the mean ± SEM. * = P < 0.05; ** = P < 0.005; *** = P < 0.001, by one- way analysis 
of variance with Bonferroni post hoc test. FC = fold change; LBP = lipopolysaccharide binding protein; NS = not significant.
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Figure 1. Transcriptional profiling of mouse chondrocytes treated with osteoarthritis- associated pathogenic catabolic factors. Microarray data 
were obtained from primary- culture mouse articular chondrocytes that had been treated for 36 hours with interleukin-1β (IL- 1β) (1 ng/ml) or 
infected with 800 multiplicities of infection of control adenovirus, Ad- HIF- 2α, or Ad- ZIP8. A, Enrichment plot of the top 15 most significant KEGG 
terms with normalized enrichment scores (NES). Gene ratio is the number of core enriched genes divided by number of genes in a given KEGG 
gene set after filtering out the genes that were not found in the expression data set. B, Gene set enrichment analysis of microarray signals on 
KEGG pathways. NOD = nucleotide- binding oligomerization domain; RIG- 1 = retinoic acid– inducible gene 1; CoA = coenzyme A; FDR = false 
discovery rate; TLR = Toll-like receptor.
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Systemic low- grade inflammation was determined by measur-
ing circulating levels of inflammation markers, such as cytokines 
(IL- 1β, IL- 6, TNF), a chemokine (MCP- 1), an adipokine (leptin), 
and TLR components (LBP and CD14). A high- fat diet under our 
 experimental conditions had differential effects on the serum lev-
els of these inflammation markers. We observed a decrease in 
IL- 6 levels, an increase in LBP levels, and no significant change in 
IL- 1β, TNF, MCP- 1, and CD14 levels (Supplementary Figure 4A,   
available on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41679/ abstract). Consistent with  
the  synovitis score, a high- fat diet in mice subjected to DMM  
 markedly enhanced the synovial infiltration of MCP- 1–  or F4/80– 
positive  inflammatory cells (Supplementary Figures 4B and C, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41679/ abstract), 
indicating that a high- fat diet enhanced inflammatory responses in 
joint tissue.

Metabolic endotoxemia, which is a low- level elevation of gut- 
derived endotoxin (LPS) in blood, also causes low- grade inflamma-
tion and activates TLR signaling pathways (20). However, no direct 
evidence has been published to date regarding the in vivo role of circu-
lating LPS in OA pathogenesis. We therefore examined the effects of 
intraperitoneal injection of a subclinical low dose of LPS (21) in DMM- 
operated mice and found that this treatment significantly enhanced 
DMM- induced OA cartilage destruction (Supplementary Figures 
3C and D, http://onlin elibr ary.wiley.com/doi/10.1002/art.41679/ 
abstract). However, other OA manifestations, such as osteophyte 
formation and subchondral bone sclerosis (i.e., subchondral bone 
plate thickness and Osterix staining for osteoblast activation), were 
not modulated by LPS administration (Supplementary Figures 3C– E,  
http://onlin elibr ary.wiley.com/doi/10.1002/art.41679/ abstract). 
Although synovitis scores were similar in mice administered PBS 
or LPS, the synovial infiltration of MCP- 1–  or F4/80– positive cells 

was markedly increased in mice that were administered LPS 
(Supplementary Figures 4E and F, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41679/ abstract), indicating that local inflammatory 
responses occurred in the joint tissue of these mice. Unexpectedly, 
with a high- fat diet, LPS administration caused significant increases 
in the circulating levels of inflammation markers such as IL- 1β, IL- 6, 
TNF, MCP- 1, LBP, and CD14 (Supplementary Figure 4D, http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41679/ abstract). Collectively, our 
results suggest that conditions that stimulate low- grade inflamma-
tion and TLR signaling pathways can enhance posttraumatic OA 
cartilage destruction in mice, but may not affect the other OA man-
ifestations examined.

Overexpression of individual TLR signaling compo-
nents in joint tissue is not sufficient to cause OA in mice. 
To examine the possible functions of the up- regulated TLR sig-
naling components in OA pathogenesis, we used adenovirus- 
mediated overexpression in mouse joint tissue. Our group 
previously described adenoviruses that could effectively deliver 
transgenes to joint tissue (7,8,22). Here, we confirmed that 
intraarticular injection of individual adenoviruses caused marked 
overexpression of SAA1, TLR- 2, TLR- 4, LBP, or CD14 in artic-
ular cartilage (Supplementary Figure 5A, available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41679/ abstract). While overexpression of the 
previously characterized catabolic factors (HIF- 2α or ZIP8) (7,8) 
caused cartilage erosion, osteophyte formation, and subchon-
dral bone sclerosis, we found that overexpression of SAA1, 
 TLR- 2, TLR- 4, LBP, or CD14 did not cause any OA- like change 
in the joint tissue (Figure 3A). This suggests that overexpression 
of these individual TLR signaling components is not sufficient to 
cause OA development in mice.

Figure 3. Overexpression of individual Toll- like receptor (TLR) signaling components in joint tissue does not cause osteoarthritis- like changes 
in mice. A, Wild- type mice were intraarticularly injected (once weekly for 3 weeks) with 1 × 109 plaque- forming units of control adenovirus (Ad- 
C) or adenovirus expressing TLR signaling components (Ad- SAA1, Ad- TLR- 2, Ad- TLR- 4, Ad- LBP, or Ad- CD14). Ad- HIF- 2α and Ad- ZIP8 were
used as positive controls for OA pathogenesis. Mice were euthanized at 8 weeks after the first intraarticular injection. Representative images 
of joint sections are shown. The boxed areas in upper rows are shown at higher magnification in lower rows. Bars = 50 μm. B, Primary- culture 
mouse articular chondrocytes were infected with 800 multiplicities of infection of Ad- C, Ad- SAA1, Ad- TLR- 2, Ad- TL- R4, Ad- LBP, Ad- CD14, 
Ad- HIF- 2α, or Ad- ZIP8 for 36 hours. Relative levels of mRNA for the indicated molecules were determined by quantitative reverse transcription– 
polymerase chain reaction analysis (n = 7 per group). Each symbol represents an individual mouse; bars show the mean ± SEM. * = P < 0.05; 
*** = P < 0.001, by one- way analysis of variance with Bonferroni post hoc test. NS = not significant.
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We also examined the impact of up- regulated TLR signal-
ing components on the expression of matrix- degrading enzymes 
and cartilage ECM molecules, as OA cartilage destruction can 
be regulated by the balance of these catabolic and anabolic fac-
tors (2). Unexpectedly, we found that overexpression of TLR- 4, 
LBP,  or CD14 caused significant up- regulation of MMP- 3 and 
MMP- 13 mRNA, but did not modulate the expression levels of 
SOX9, type II collagen, and aggrecan mRNA (Figure 3B and Sup-
plementary Figure 5C, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41679/ abstract). Because MMP- 3 and MMP- 13 are known to 
play crucial roles in OA cartilage destruction (3,4), it might seem 
contradictory that intraarticular injection of Ad- TLR- 4, Ad- LBP, 
or Ad- CD14 did not cause cartilage degeneration. However, 
MMP- 3 and MMP- 13 were up- regulated to much smaller degrees 
by the overexpression of TLR- 4, LBP, or CD14 compared to 
the  overexpression of OA- associated HIF- 2α or ZIP8 (Figure 3B,  
http://onlin elibr ary.wiley.com/doi/10.1002/art.41679/ abstract). This 
could possibly explain why overexpression of TLR- 4, LBP, or CD14 
in the mouse joint tissue was not associated with OA pathogenesis.

Differential regulation of posttraumatic OA car-
tilage destruction by TLR- 2, LBP, and CD14 under 
conditions of low- grade inflammation. Next, we inves-
tigated the role of the individual TLR signaling components 

in DMM- induced OA. To this end, we used TLR2−/−, TLR4−/−, 
LBP−/−, and CD14−/− mice, which are viable and exhibit nor-
mal development (31−34). We confirmed the normal skeletal 
development of these mice in E18.5 embryos and verified the 
deletion of target genes in primary- culture chondrocytes (Sup-
plementary Figures 6A and B, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41679/ abstract). In both wild- type (WT) and 
KO mice, all examined OA manifestations (cartilage destruction, 
osteophyte formation, and subchondral bone plate thickening) 
were observed at 6 weeks after DMM and exacerbated at 8 
and 10 weeks after surgery (Supplementary Figure 7A, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41679/ abstract). 
Among the KO mice, LBP−/− and CD14−/− mice exhibited sig-
nificant amelioration of cartilage destruction at 10 weeks, but 
not at 6 or 8 weeks, post- DMM (Supplementary Figure 7B). 
However, osteophyte formation and subchondral bone scle-
rosis were not modulated in these mice at the examined time 
points after DMM (Supplementary Figure 7B).

We further examined the effects of the various gene dele-
tions on DMM- induced OA under conditions with or without low- 
grade inflammation (i.e., regular diet versus high- fat diet, and PBS 
versus LPS). A high- fat diet caused marked increases in body 
weight in both WT mice and KO mice (Supplementary Figures 8A and 
B, http://onlin elibr ary.wiley.com/doi/10.1002/art.41679/ abstract). 

Figure 4. Deficiency of Tlr2, Lbp, or Cd14 abrogates the high- fat diet (HFD)– induced acceleration of posttraumatic osteoarthritis cartilage 
destruction in mice. Wild- type (WT) mice and TLR2−/−, TLR4−/−, LBP−/−, or CD14−/− mice subjected to sham surgery or destabilization of 
the medial meniscus (DMM) were fed a regular diet (RD) or high- fat diet, and then euthanized 6 weeks after the surgery. A, Representative 
immunostained images of joint sections. The boxed areas in upper rows are shown at higher magnification in lower rows. Bars = 50 μm. B, 
Scoring of Osteoarthritis Research Society International (OARSI) histologic severity grade, osteophyte size, and subchondral bone plate (SBP) 
thickness (n = 10 mice per sham group and 12 mice per DMM group). Each symbol represents an individual mouse; bars show the mean and 
95% confidence interval (for OARSI grade) or the mean ± SEM (for osteophyte size and SBP thickness). *** = P < 0.001, by Mann- Whitney 
U test for OARSI grade, and by one- way analysis of variance with Bonferroni post hoc test for osteophyte size and SBP thickness. NS = not 
significant.
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Although individual KO mice exhibited differential gains of body 
weight under a high- fat diet, the leptin levels in sera were not sig-
nificantly different among the KO mice (Supplementary Figure 8C). 
Thus, the observed body weight differences did not appear to be 
due to differences in serum leptin levels. Additionally, serum levels 
of IL- 6 and TNF were similar between WT and KO mice (CD14−/− 
and LBP−/−) under both regular diet and high- fat diet conditions. 
However, IL- 1β levels were significantly elevated in LBP−/− mice, 
but not in CD14−/− mice under regular diet and high- fat diet con-
ditions (Supplementary Figure 8D).

WT and KO mice that were fed a regular diet exhibited 
similar degrees of DMM- induced OA manifestations at 6 weeks 
post- DMM. However, a high- fat diet caused more severe carti-
lage destruction in DMM- operated WT mice, and this enhanced 
OA manifestation was significantly eliminated in TLR2−/−, LBP−/−, 
and CD14−/− mice (Figures 4A and B, and Supplementary Figure 7,  
http://onl in el ibr ary.wi ley.com/doi/10.1002/art.41679/ 
abstract). Osteophyte formation was also enhanced in high- fat  
diet−fed WT mice and DMM- operated WT mice, but this was  
eliminated only in TLR2−/− mice (Figures 4A and B). The increases  
in subchondral bone plate thickness and Osterix staining for  
activated osteoblasts were not modulated by a high- fat diet,  
and no differential change in these parameters were seen among 
the various KO mice (Figures 4A and B, and Supplementary 

Figure 9A, http://onlin e libr ary.wiley.com/doi/10.1002/art.41679/  
 abstract). These results suggest that TLR signaling compo-
nents differentially regulate the high- fat diet– induced exacer-
bation of posttraumatic OA under our examined experimental 
conditions.

Intraperitoneal injection of LPS also exacerbated DMM- 
induced cartilage destruction without significantly affecting 
other manifestations of OA, such as osteophyte formation, syn-
ovitis, and subchondral bone sclerosis (Supplementary Figures 
3C– E). Similar to our findings in high- fat diet– fed mice, LPS 
administration in WT mice enhanced DMM- induced OA cartilage 
destruction, and this was significantly eliminated in LBP−/− and 
CD14−/− mice (Figures 5A and B). Unlike our findings in high- fat 
diet– fed mice, however, TLR2−/− and TLR4−/− mice exhibited no 
significant modulation of the LPS- induced exacerbation of OA 
cartilage destruction (Figures 5A and B). Additionally, none of 
the KO mice showed any marked change in osteophyte for-
mation or subchondral bone sclerosis (i.e., subchondral bone 
plate thickness and Osterix staining for activated osteoblasts) 
(Figures 5A and B, and Supplementary Figure 9B). Thus, our 
results collectively suggest that LBP and CD14 are necessary 
for the enhanced posttraumatic OA cartilage destruction seen 
under the low- grade inflammation caused by a high- fat diet or 
LPS administration.

Figure 5. Deficiency of Lbp or Cd14 abrogates lipopolysaccharide (LPS)– induced acceleration of posttraumatic osteoarthritis cartilage 
destruction in mice. Mice subjected to sham surgery or destabilization of the medial meniscus (DMM) (wild- type [WT], TLR2−/−, TLR4−/−, LBP−/−, 
or CD14−/−) were intraperitoneally injected with phosphate buffered saline (PBS) or a subclinical low dose of LPS for 4 weeks, and euthanized 
8 weeks after the surgery. A, Representative immunostained images of joint sections. The boxed areas in upper rows are shown at higher 
magnification in lower rows. Bars = 50 μm. B, Scoring of Osteoarthritis Research Society International (OARSI) grade, osteophyte size, and 
subchondral bone plate (SBP) thickness (n = 10 mice per sham group and 12 mice per DMM group). Each symbol represents an individual 
mouse; bars show the mean and 95% confidence interval (for OARSI grade) or the mean ± SEM (for osteophyte size and SBP thickness). * = 
P < 0.05, by Mann- Whitney U test for OARSI grade and by one- way analysis of variance with post hoc Bonferroni test for osteophyte size and 
SBP thickness. NS = not significant.
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Regulation of matrix- degrading enzyme expres-
sion in chondrocytes by LBP and CD14. Finally, given our 
finding that LBP and CD14 are required for the exacerbation 
of posttraumatic OA cartilage destruction under conditions of 
low- grade inflammation, we sought to elucidate some poten-
tial mechanisms that could be related to this enhanced carti-
lage destruction. We examined the impact of LBP and CD14 on 
the expression levels of the matrix- degrading enzymes MMP- 3, 
MMP- 13, and ADAMTS- 5, which are crucial for OA cartilage 
destruction in animal models (3– 5). Treatment of WT chondro-
cytes with IL- 1β, IL- 6, or LPS caused marked up- regulation of 
MMP- 3, MMP- 13, and ADAMTS- 5, and these effects were signif-
icantly inhibited in LBP−/− mouse chondrocytes (Figure 6A). Defi-
ciency of CD14 in chondrocytes also eliminated the up- regulation 
of these matrix- degrading enzymes caused by IL- 6 or LPS, but 
not IL- 1β (Figure 6B). Based on the established catabolic func-
tion of IL- 6 (29,30) and the potential role of LPS (20) in OA patho-
genesis, these results suggest that the expression modulation of 
these matrix- degrading enzymes by LBP and CD14 may contrib-
ute to the ability of the latter factors to exacerbate OA cartilage 
destruction.

DISCUSSION

In this study, we have demonstrated that multiple compo-
nents of the TLR signaling pathways, such as TLR- 2, TLR- 4, LBP, 
CD14, and SAAs, are up- regulated in chondrocytes treated with 
OA- associated catabolic factors. Overexpression of a specific 
TLR signaling component alone in joint tissue did not affect DMM- 
induced posttraumatic OA manifestations under our experimental 

conditions. Moreover, knockout of Tlr2 or Tlr4 does not modu-
late posttraumatic OA. This is consistent with previous reports 
that deficiency of Tlr2 and/or Tlr4 does not affect DMM- induced 
cartilage damage (35,36). In contrast, we found that LBP−/− and 
CD14−/− mice exhibited slight but significant amelioration of post-
traumatic OA cartilage destruction at 10 weeks, but not at 6 or 8 
weeks, post- DMM. Our findings in CD14−/− mice were similar to 
the results of a previous study by Sambamurthy et al (37), in which 
the authors found that CD14 deficiency was associated with less 
severe cartilage destruction at a later stage of OA (19 weeks post- 
DMM), but not at 6 weeks post- DMM.

Our key finding is that LBP and CD14 exacerbate posttrau-
matic cartilage destruction under conditions of low- grade inflam-
mation. We verified systemic low- grade inflammation by detecting 
circulating levels of inflammation markers in the high- fat diet model 
(i.e., leptin and LBP) and the metabolic endotoxemia model (i.e., 
IL- 1β, IL- 6, TNF, MCP- 1, LBP, and CD14). Circulating levels of 
inflammation markers have been reported to vary depending on 
the type of diet, duration of feeding, time point at which feeding 
is initiated, etc. For instance, some studies showed that a high- 
fat diet increased levels of IL- 6, TNF, MCP- 1, and leptin levels 
(38), whereas other studies showed insignificant changes or no 
changes of these molecules (39). LPS- induced endotoxemia is 
also known to increase IL- 6, TNF, and MCP- 1 blood levels (21).

We confirmed the presence of local synovial inflammation in 
both models by detecting infiltrating MCP- 1–  or F4/80– positive 
inflammatory cells in the inflamed synovial tissue. Low- grade 
inflammation stimulates OA pathogenesis by producing inflam-
matory mediators, including cytokines, microbial factors (LPS), 
and/or lipid metabolites (10). Innate immune pathways, such 

Figure 6. Deficiency of Lbp or Cd14 abrogates the up- regulation of matrix- degrading enzymes following treatment of mouse chondrocytes 
with osteoarthritis- associated catabolic factors. Wild- type (WT) and LBP−/− mouse chondrocytes (A) and CD14−/− mouse chondrocytes (B) 
were isolated, cultured, and treated for 36 hours with interleukin- 1β (IL- 1β) (1 ng/ml), IL- 6 (100 ng/ml), or lipopolysaccharide (LPS) (10 ng/ml). 
Levels of mRNA for matrix- degrading enzymes (matrix metalloproteinase 3 [MMP- 3] MMP- 13, and ADAMTS- 5) were determined by quantitative 
reverse transcription– polymerase chain reaction analysis. Each symbol represents an individual mouse; bars show the mean ± SEM (n = 7 per 
group). ** = P < 0.005; *** = P < 0.001, by one- way analysis of variance with Bonferroni post hoc test. KO = knockout; NS = not significant.
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as TLR signaling pathways, are known to play pivotal roles in 
these processes (12−15). TLRs are activated by damage- 
associated molecular patterns to trigger proinflammatory medi-
ator secretion and joint inflammation (12,15). The expression of 
TLRs is also increased in the lesional areas of cartilage in OA 
patients (16). We observed up- regulation of various TLR sig  naling 
components in chondrocytes treated with OA- associated cata-
bolic factors. The most prominent up- regulations were seen in 
LBP and CD14, which are accessory proteins for multiple TLRs 
and interact with various signaling molecules, including LPS 
(14,15). LBP binds with high affinity to LPS and presents LPS 
to CD14 to enable TLR-4 to respond to LPS (14,15). Therefore, 
it is logical to consider that LBP and CD14 would play essential 
roles in exacerbation of the posttraumatic cartilage destruction 
resulting from intraperitoneal injection of LPS.

In the high- fat diet model, a high- fat diet causes low- grade 
inflammation, in which TLR signaling pathways play pivotal roles 
(12,19). Therefore, it is likely that the LBP-  and CD14- mediated 
regulations of TLR signaling pathways are responsible for the 
high- fat diet– induced acceleration of cartilage destruction. Given 
that mice fed high- fat diets exhibit an elevation in plasma LPS 
levels (20,40), we speculate that LBP and CD14 can relay LPS 
signaling in these mice to regulate the exacerbation of cartilage 
destruction. However, the role of CD14 and LBP in low- grade 
inflammation– induced exacerbation of posttraumatic OA could 
be more complicated in OA pathogenesis associated with met-
abolic disorders. Indeed, CD14−/− mice exhibit impaired glucose 
intolerance under a high- fat diet (41). LBP−/− mice exhibit no sig-
nificant alterations in blood glucose levels, but develop glucose 
intolerance and insulin resistance (42).

The limitations of this study include the use of single– time 
point evaluations of OA manifestations in relatively young mice 
(12 weeks old) under conditions of low- grade inflammation (6 
weeks after exposure to a high- fat diet and 8 weeks after LPS 
administration). In our experimental setting, knockout of Tlr2, 
but not Tlr4, ameliorated the high- fat diet– induced exacerbation 
of posttraumatic cartilage destruction at 6 weeks post- DMM. 
Tlr2- deficient mice are known to exhibit protection from insu-
lin resistance induced by a high- fat diet (43). Insulin resistance 
is associated with metabolic OA (10), which may explain the 
observed TLR- 2– specific contributions in mice fed a high- fat diet. 
However, in contrast to our observations, a previous study showed 
that TLR- 4 is necessary for high- fat diet– induced cartilage catab-
olism in middle- aged female mice (13– 15 months old) (44). Both 
TLR- 2 and TLR- 4 were not required for the LPS- induced stimula-
tion of cartilage destruction under our current experimental con-
ditions. However, LPS appears to regulate OA pathogenesis by 
stimulating LBP, CD14, and TLR- 4 signaling pathways (15,20,45). 
Therefore, the function of TLR- 4 should be further elucidated by 
analysis of mice of different ages at various time points post- DMM. 
Given that both LBP and CD14 are accessory proteins for multi-
ple TLRs (14), it may be that deficiency of a single TLR is not 

sufficient to inhibit the LPS- induced stimulation of cartilage degen-
eration. Indeed, a recent study revealed that TLR- 2 and TLR- 4 
have redundant functions (46). Finally, although we focused our 
efforts on elucidating the pathogenic mechanisms of OA cartilage 
destruction, analysis of symptomatic outcomes, such as OA pain- 
related behaviors, might provide further insight into the functions 
of LBP and CD14 in OA pathogenesis and facilitate the develop-
ment of new therapeutic approaches to the disease.

In conclusion, we identified various TLR signaling pathway– 
related molecules as potential pathogenic factors in OA. Among 
them, we demonstrated that the TLR accessory molecules 
LBP and CD14 are essential to the low- grade inflammation– 
induced exacerbation of posttraumatic OA cartilage destruction. 
Thus, our results suggest that LBP and CD14 may regulate the 
processes of meta- inflammation and/or inflammaging in the 
pathogenesis of OA.
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Molecular Signatures of Kidney Antibody–Secreting 
Cells in Lupus Patients With Active Nephritis Upon 
Immunosuppressive Therapy
Etienne Crickx,1  Farah Tamirou,2 Tessa Huscenot,3 Nathalie Costedoat- Chalumeau,4 Marion Rabant,5 
Alexandre Karras,6 Ailsa Robbins,3 Tatiana Fadeev,3 Véronique Le Guern,4 Philippe Remy,7 Aurélie Hummel,5 
Selda Aydin,2 Bernard Lauwerys,2  Jean- Claude Weill,3 Claude- Agnès Reynaud,3 Frédéric Houssiau,2 and 
Matthieu Mahévas8

Objective. This study was undertaken to characterize kidney and urine antibody- secreting cells (ASCs) from 
patients with active lupus nephritis, before and after induction therapy.

Methods. We included patients with biopsy- proven active lupus nephritis and performed anti- CD138 staining of 
kidney biopsy samples to visualize ASCs. We performed single- cell gene expression profiling on sorted ASCs from 
fresh biopsy samples using multiplex reverse transcriptase– polymerase chain reaction. We used a gene set that 
allowed for the study of ASC maturation from plasmablasts to long- lived plasma cells. We quantified urine ASCs from 
untreated patients with lupus nephritis at diagnosis and after 6 months of prospective follow-up during induction 
therapy.

Results. The number of kidney CD138+ ASCs in 46 untreated patients with lupus nephritis was correlated with 
a low estimated glomerular filtration rate and with tubulointerstitial damage. Most kidney ASCs from 3 untreated 
patients had a plasmablast molecular signature; in contrast, in 4 patients with refractory lupus nephritis, the kidney 
ASCs were mainly long-lived plasma cells, representing an ASC transcriptional profile similar to that in the bone 
marrow of 2 healthy donors. Some urine ASCs with a plasmablast signature were detected in patients with untreated 
active lupus nephritis. The presence of urine ASCs at 6 months was associated with treatment failure.

Conclusion. Our results suggest potential for ASC- directed therapy in refractory lupus nephritis.

INTRODUCTION

Despite improvement in the management of lupus nephritis, 
~10% of patients will eventually develop end- stage renal disease 
(1– 3). The mechanisms leading to lupus nephritis are complex and 
not completely understood. Almost all components of the immune 
system have been implicated in the generation of inflammation 

leading to tissue damage (4). Among them, B cells are considered 
to be a key target because of the demonstrated role of pathogenic 
autoantibodies and immune complexes (5). However, despite 
encouraging results in uncontrolled studies, including in lupus 
nephritis cases, anti- CD20 therapies targeting B cells have failed 
so far to demonstrate a clinical benefit in randomized trials (6,7), 
possibly because they do not efficiently target antibody- secreting 
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cells (ASCs), which are the effector, terminally differentiated state 
of B cells responsible for the secretion of pathogenic antibodies in 
systemic lupus erythematosus (SLE) (8).

The direct contribution of ASCs to lupus nephritis has been 
demonstrated in mouse models (9,10). In humans, circulating ASCs 
correlate with disease activity (4). The pathogenic role of ASCs in 
patients with lupus nephritis is further supported by the secretion 
of autoantibodies that have been shown to be directly pathogenic, 
such as anti- DNA antibodies (11), and by some preliminary reports 
of the efficacy of ASC- directed therapy efficacy in SLE (12).

The ASC compartment includes plasmablasts, which are short- 
lived, proliferating cells that are predominant in human SLE (13), and 
long- lived plasma cells, which are mainly found in the bone marrow 
and are responsible for long- term antibody secretion (14).

We have previously demonstrated that anti- CD20– directed 
therapies induce a paradoxical maturation of the splenic ASC 
transcriptional program in humans (15) and mouse models (16) 
toward long- lived plasma cells in this tissue, thus contributing 
to disease perpetuation and treatment failure. Whether similar 
changes in the ASC transcriptional program occur in SLE after 
induction therapy is unknown.

In this study, we investigated the transcriptional program of sin-
gle ASCs infiltrating the kidneys of patients with active lupus nephri-
tis at diagnosis and during immunosuppressive therapy. We show 
that while kidney ASCs from untreated patients are mainly short- 
lived, the profile of ASCs from patients with immunosuppressant-re-
fractory lupus nephritis is similar to that of long- lived bone marrow 
plasma cells. Prospective follow- up of urine ASCs in patients receiv-
ing induction therapy for active lupus nephritis revealed that their 
transcriptional program was similar to that of kidney ASCs, and that 
their persistence was linked to clinical outcome.

PATIENTS AND METHODS

Patients. We included patients from 5 centers in Belgium 
and France with biopsy- proven active lupus nephritis who met the 
American College of Rheumatology revised classification criteria 
for SLE (17). All patients gave written informed consent. Research 
was conducted in accordance with the Declaration of Helsinki and 
was approved by the Comité de Protection des Personnes Nord 
IV (09/05/2017) and by the Comité d’Ethique Hospitalo- Facultaire 
of the Université catholique de Louvain (2016/01FEV/034).

Definitions. The estimated glomerular filtration rate (eGFR) 
was calculated using the Modification of Diet in Renal Disease 
(Chronic Kidney Disease Epidemiology Collaboration) formula. 
Proteinuria was assessed using 24- hour urine protein output.

Histologic study. Kidney biopsy samples were scored 
according to 2003 International Society of Nephrology/Renal 
Pathology Society (ISN/RPS) classification criteria (18). Chronic 
tubulointerstitial lesions were assessed using a semiquantitative 

score (19) based on the percentage of interstitial fibrosis and 
tubular atrophy on hematoxylin and eosin–stained slides (score 
range 0– 3). Kidney biopsy specimens were stained with 
anti- CD138 (clone MI15; Dako), and ASCs were enumerated by 
an expert nephro pathologist (MR) as the mean number per field 
of anti- CD138 ASCs (5 consecutive high- power fields were evalu-
ated for each biopsy specimen).

Fresh kidney biopsy samples. Fresh kidney biopsy sam-
ples were obtained from 1 center and directly immerged at 4°C 
in RPMI 1640 (Invitrogen) supplemented with 10% HyClone fetal 
bovine serum (FBS) (Thermo Scientific). Mechanical dissociation 
was then performed as previously described (20).

Urine samples. For ASC identification in urine, fresh urine 
samples (>100 ml) were obtained and immediately mixed with an 
equal volume of RPMI–10% FBS, and then centrifuged at 4°C. 
Thereafter, the cell pellets were resuspended in RPMI–10% FBS 
and filtered before staining.

Cell sorting and single- cell gene expression analysis. 
ASCs were single- cell sorted as CD3−CD14−CD16−CD27high 

CD38high live lymphoid cells (antibodies used for staining are 
shown in Supplementary Materials and Methods, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41703/ abstract) with a FACSAria III cell sorter 
(BD Biosciences). Cells were sorted in 5 μl of buffer containing 
reverse transcriptase– polymerase chain reaction (RT- PCR) rea-
gents and preamplification primers (CellsDirect One- Step qRT- 
PCR mix, SuperScript III RT/Platinum Taq Mix 2%, and TaqMan 
primers [0.005×]; Applied Biosystems). The primer list is  available 
in Supplementary Materials and Methods at http://onlin elibr ary. 
wiley.com/doi/10.1002/art.41703/ abstract. Only samples with >10 
sorted ASCs were analyzed. After reverse transcription and gene- 
specific preamplification, complementary DNAs (cDNAs) were 
diluted 5 times and kept frozen at − 20°C. Thereafter, 10x primer 
solutions were prepared with 2× Assay Loading Reagent (Fluidigm). 
The cDNAs were mixed with TaqMan Universal PCR Master Mix 2× 
(Applied Biosystems), and 20× GE Sample Loading Re agent (Flui-
digm). Assay mix and cDNA mix were then transferred in a 48.48 
Dynamic Array primed chip, and real- time PCR was run according 
to the Fluidigm protocol. Cells that did not express PRDM1 (the mas-
ter gene of ASC identity) were excluded. Data were analyzed using 
Fluidigm Real- Time PCR analysis software. Principal components 
analysis was performed using the R function “prcomp,” without nor-
malization for the Ct expression value of the B2M gene.

Statistical analysis. Statistical analyses were performed 
using GraphPad Prism software version 6. The Mann- Whitney 
test was used for continuous variables and Pearson’s correlation 
was used for linear regressions. P values less than 0.05 were con-
sidered significant.

http://onlinelibrary.wiley.com/doi/10.1002/art.41703/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41703/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41703/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41703/abstract
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RESULTS

ASCs infiltrate the kidney interstitium of untreated 
patients with lupus nephritis and correlate with eGFR 
and tubulointerstitial lesions. We first quantified the num-
ber of ASCs in kidney biopsy samples from 46 untreated patients 
who were experiencing a first flare of lupus nephritis (Supple-
mentary Table 1, available at http://onlin elibr ary.wiley.com/doi/10.  
1002/art.41703/ abstract). Anti- CD138 staining easily distinguished 
tubular cells also expressing anti- CD138 (19) from ASCs (Figure 1A). 
When present, ASCs were only found in the interstitium, usually 
in clusters among inflammatory infiltrates and sometimes near 
sclerotic glomeruli. We found no correlation between ASC num-
ber and ISN/RPS classification of lupus nephritis, although only 

biopsy samples from patients with class IV glomerulonephritis 
(GN) showed a very high number of ASCs (Figure 1B). Instead, we 
found a clear correlation between ASC number and tubulointerstitial 
damage (R2 = 0.3195, P < 0.0001) (Figure 1C), in accordance with 
predominantly interstitial localization of ASCs. This high number of 
ASCs also correlated with a low eGFR at presentation (R2 = 0.2892, 
P < 0.0001) (Figure 1D), and marginally, but not significantly, with 
proteinuria (R2 = 0.07889, P = 0.0558) (Figure 1E).

Altogether, we found that ASCs infiltrated the kidneys of most 
of the untreated patients with lupus nephritis, mainly in the inter-
stitium. The number of infiltrating ASCs correlated most strongly 
with the score for chronic tubulointerstitial lesions and the eGFR, 
suggesting that ASCs may contribute to tubulointerstitial damage 
in SLE patients.

Figure 1. Antibody- secreting cells (ASCs) infiltrate the kidney interstitium of untreated patients with lupus nephritis and correlate with the 
estimated glomerular filtration rate (eGFR) and tubulointerstitial lesions. A, CD138 staining (brown) of a kidney biopsy specimen from an 
untreated patient with acute lupus nephritis, showing interstitial inflammatory infiltrates containing numerous CD138+ ASCs (arrows), easily 
distinguished from CD138+ tubular cells (asterisks). The right panel shows a higher- magnification view (original magnification × 40) of the 
boxed area in the left panel (original magnification × 15). B, Mean number of CD138+ ASCs per field according to International Society of 
Nephrology (ISN)/Renal Pathology Society (RPS) class of glomerulonephritis. Symbols represent individual patients; horizontal lines show the 
median. C–E, Correlation between mean number of CD138+ ASCs per field and the tubulointerstitial score (C), eGFR (D), and proteinuria (E) 
in untreated patients with lupus nephritis.

http://onlinelibrary.wiley.com/doi/10.1002/art.41703/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41703/abstract
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Kidney ASCs are mainly plasmablasts in untreated 
lupus nephritis patients, while ASCs in patients with 
immunosuppressant-refractory lupus nephritis have a 
transcriptional program similar to that of bone marrow 
long- lived plasma cells. From previous transcriptome analyses 
of ASCs in the spleen, we defined a set of genes that allowed us 
to distinguish, at the single- cell level, the process of ASC matu-
ration (15). For long- lived plasma cell genes, we selected KLF6, 

KLF9, FOS, TNFAIP3, BIRC3, and ATF3. For plasmablast genes, 
we used HLA- DR, BUB1, MKI67, CCND2, ZWINT, RRM2, EZH2, 
and BIRC5. The gene PRDM1 was used as a control for ASC 
identity.

To characterize the kidney ASC transcriptional program 
in patients with lupus nephritis, we sorted single CD3−CD14−
CD16−CD27+CD38high cells from 9 fresh kidney biopsy samples 
(Figure 2A) from  3 untreated patients with active lupus nephritis 

Figure 2. Transcriptional program of kidney and urine ASCs in patients with lupus nephritis. A, Gating strategy for ASC identification in a 
representative sample of untreated patients with lupus nephritis. B, Heatmap showing the expression of plasmablasts and long- lived plasma 
cell (PC) genes for single ASCs (rows) sorted from bone marrow (BM) from a healthy donor (HD), kidney biopsy tissue from a treated patient, 
and kidney biopsy tissue from an untreated patient. C and D, Principal components analysis (PCA) of the gene expression of ASCs from the 
bone marrow of 2 healthy donors (red; n = 76 ASCs), kidney biopsy tissue from 4 patients with disease refractory to mycophenolate mofetil 
or azathioprine (blue; n = 32 ASCs), and kidney biopsy tissue from 3 untreated patients (green; n = 102 ASCs) (C), and PCA of the gene 
expression of ASCs from the same groups as shown in C as well as 2 patients with low immunosuppression (IS), indicating nonadherence to 
mycophenolate mofetil (pink; n = 42 ASCs) (D). Each dot represents a single ASC. E, PCA of ASC gene expression from the kidneys (red; n = 
102 ASCs) and urine (blue; n = 57 ASCs) of 3 untreated patients with acute lupus nephritis, showing a similar transcriptomic profile. F, Number 
of ASCs per 100 ml urine at diagnosis (month 0) in 22 untreated patients with acute lupus nephritis, and at months 3 and 6 in 11 patients with 
a significant number of urine ASCs and ISN/RPS class III or IV glomerulonephritis at diagnosis. Two patients with residual proteinuria (>0.5 
gm/24 hours) still had urine ASCs at 6 months. Symbols represent individual patients; horizontal lines show the median. See Figure 1 for other 
definitions.



MOLECULAR SIGNATURE OF KIDNEY ASCs IN LUPUS NEPHRITIS |      1465

(Supplementary Table 1, available at http://onlin e  libr ary.wiley.com/
doi/10.1002/art.41703/ abstract), and 6 patients who had relaps-
ing/immunosuppressant-refractory lupus nephritis while taking 
immunosuppressant drugs, including 2 patients who did not 
adhere to the treatment regimen (Supplementary Table 1). Of note, 
5 of the 6 patients with relapsing/immunosuppressant-refractory 
disease had positive anti- DNA titers when biopsy was performed 
(Supplementary Table 1). Bone marrow ASCs were obtained from 
healthy donor controls (n = 2). Single- cell gene expression profiles 
obtained using multiplex RT- PCR with Fluidigm Dynamic Arrays 
were analyzed using Fluidigm Real- Time PCR analysis software 
(Figure 2B) and by principal components analysis. Almost all long- 
lived plasma cells from bone marrow expressed a long- lived pro-
gram and no proliferative genes (Figures 2B and C).

ASCs from untreated patients segregated into 2 populations, 
plasmablasts expressing proliferative genes, and an intermedi-
ate mature population that differed from long- lived plasma cells 
(Figures 2B and C). In contrast, ASCs from patients with relapsing 
disease or with refractory lupus nephritis appeared to be mostly non-
dividing and composed of a mature population expressing a long- 
lived program that differed from that of plasma cells isolated from 
untreated patients (Figures 2B and C). Finally, we analyzed ASCs 
from 2 patients who had previously received mycophenolate mofetil 
and in whom treatment was recently discontinued due to nonadher-
ence. These ASCs were either intermediate, similar to mature plasma 
cells in untreated patients, or long- lived plasma cells (Figure 2D).

Overall, we observed modification of the kidney ASC transcrip-
tional program upon immunosuppressive therapy. The presence 
of kidney plasma cells with a long- lived transcriptional program in 
patients with immunosuppressant- refractory disease suggests that 
these cells are not sensitive to induction therapy and could play a 
role in treatment failure.

Urine and kidney ASCs have a similar transcriptional 
program and correlate with clinical outcome. Because 
access to kidney tissue is limited in humans, we wondered if ASCs 
could be found in the urine of patients with acute lupus nephritis. 
We prospectively obtained fresh urine samples from 22 untreated 
patients with lupus nephritis and found that 13 of 22 (59%) had 
a significant number of ASCs in urine, with the highest number 
correlating with class IV GN (Supplementary Figure 1, available 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41703/ abstract). 
Urine ASCs had a transcriptional program similar to their kidney 
counterparts, with the expression of genes linked with proliferation 
(Figure 2E). Then, at 3 and 6 months, we prospectively followed 
up the 11 patients with class III or class IV GN and detectable 
urine ASCs at baseline (Figure 2F). At 6 months, 9 of 11 patients 
achieved a clinical response, including proteinuria <0.5 gm/24 
hours. None had ASCs detectable in the urine at 3 and 6 months. 
In contrast, 2 patients had residual proteinuria at 6 months (>0.5 
gm/24 hours) and detectable ASCs in urine. One of them still had 
urine ASCs at 3 and 6 months, and their disease was refractory 

to induction therapy with rituximab, requiring intensification with 
intravenous cyclophosphamide. The other patient had detectable 
ASCs at 6 months and only achieved a partial response (proteinu-
ria 1 gm/24 hours without hematuria or eGFR decline) after induc-
tion therapy with mycophenolate mofetil.

In conclusion, short- lived kidney ASCs are detectable in 
the urine of patients with active lupus nephritis, and longitudinal 
follow- up suggests that the presence of urine ASCs is associated 
with lack of clinical response.

DISCUSSION

In human subjects with SLE, the analysis of ASCs has 
been mainly limited to the blood, but findings from previous stud-
ies have suggested that ASCs also infiltrate target organs, such 
as the kidneys (9,21). In our study, we found that ASCs infiltrate 
the kidney interstitium of untreated patients with lupus nephritis 
and correlate with the eGFR and tubulointerstitial score, a progno-
sis marker of renal outcome in human subjects with lupus nephritis 
(22,23). This suggests that local production of pathogenic anti-
bodies could contribute to the pathophysiology of lupus nephritis.

We previously proposed that B cell depletion, through its impact 
on the splenic microenvironment, could promote the emergence 
of long- lived plasma cells in the spleens of patients with immune 
thrombocytopenia, which explains, in part, the failure of anti- CD20 
therapy (15,16). Using a set of diagnostic genes selected from 
these analyses, we performed single- cell gene expression assays 
of kidney ASCs. This analysis revealed that ASCs from untreated 
patients were composed of short- lived plasmablasts and mature 
plasma cells, while ASCs from patients with refractory disease 
were mainly long- lived plasma cells, similar to the cells identified 
in bone marrow. These findings suggest that immunosuppressive 
therapy, as previously described with anti- CD20 therapy, might 
favor the emergence of a long- lived plasma cell population in the 
kidneys. Because the number of ASCs obtained from a kidney 
biopsy sample only allows for a descriptive assessment, we can-
not exclude the possibility that there might be enrichment of a pre-
existing long- lived plasma cell population. Whatever the scenario, 
targeting ASCs with proteasome inhibitors or anti- CD38 in addition 
to B cell depletion could provide significant clinical improvement, 
especially in patients with refractory lupus nephritis (8,12,24). 
Because the longevity of long- lived plasma cells is not cell- intrinsic 
but largely depends on signals provided by the microenvironment 
(25), a challenge for the future is to understand what signals drive 
the generation, putative migration, and survival of kidney ASCs. 
Finally, our results show that urine ASCs present a transcriptomic 
profile reflecting the signature of kidney ASCs and that the pres-
ence of urine ASCs may correlate with clinical response. This non-
invasive approach could be used to guide immunosuppressive 
treatment in patients with refractory disease.

Our study has several limitations owing to the technical 
challenge of sorting single ASCs from kidney biopsy samples. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41703/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41703/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41703/abstract
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Cell viability was poor in frozen samples. Working with fresh 
samples provides constraints and a potential batch effect, but 
this approach revealed a specific signature of kidney ASCs upon 
treatment.

In conclusion, we found that short- lived ASCs infiltrate the 
kidneys of untreated patients with lupus nephritis and their num-
bers are correlated with the eGFR and tubulointerstitial lesions, 
suggesting that these cells are involved in kidney damage. Some 
ASCs with the transcriptomic signature of long- lived plasma cells 
were also found in the kidneys of patients with disease refrac-
tory to induction therapy, supporting the interest in potential ASC- 
directed therapy.
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Aim2 Couples With Ube2i for Sumoylation- Mediated 
Repression of Interferon Signatures in Systemic 
Lupus Erythematosus
Ailing Lu,1 Shuxian Wu,2 Junling Niu,3 Mengmeng Cui,3 Mengdan Chen,3 William L. Clapp,4 Betsy J. Barnes,5 and 
Guangxun Meng6

Objective. Systemic lupus erythematosus (SLE) involves kidney damage, and the inflammasome-caspase-1 axis 
has been demonstrated to promote renal pathogenesis. The present study was designed to explore the function of 
the Absent in Melanoma 2 (Aim2) protein in SLE.

Methods. Female wild- type Aim2−/−, Aim2−/−Ifnar1−/−, Aim2−/−Rag1−/−, and Asc−/− mice ages 8– 10 weeks received 1 
intraperitoneal injection of 500 μl pristane or saline, and survival of mice was monitored twice a week for 6 months.

Results. The absence of Aim2, but not Asc, led to enhanced SLE in mice that received pristane treatment. Increased 
immune cell infiltration and type I interferon (IFN) signatures in the kidneys of Aim2−/− mice coincided with severity of 
lupus, which was alleviated by blockade of Ifnar1- mediated signal. Adaptive immune cells were also involved in the 
glomerular lesions of Aim2−/− mice after pristane challenge. Importantly, even in the absence of pristane, plasmacytoid 
dendritic cells in the kidneys of Aim2−/− mice were significantly increased compared to control animals. Accordingly, 
transcriptome analysis revealed that Aim2 deficiency led to enhanced expression of type I IFN– induced genes in the 
kidneys even at an early developmental stage. Mechanistically, Aim2 bound ubiquitin- conjugating enzyme 2i (Ube2i), 
which mediates sumoylation- based suppression of type I IFN expression deficiency of Aim2 decreased cellular 
sumoylation, resulting in an augmented type I IFN signature and kidney pathogenesis.

Conclusion. The present study demonstrates a critical role for Aim2 in an optimal Ube2i- mediated sumoylation- 
based suppression of type I IFN generation and development of SLE. As such, the Aim2– Ube2i axis can thus be a 
novel target for intervention in SLE.

INTRODUCTION

Systemic lupus erythematosus (SLE) is an autoimmune syn-
drome with severe clinical manifestations (1). SLE is associated 
with significant organ damage resulting from abnormal activation 

of immune signals (2). Innate immune factors, including type 
I interferon (IFN), have been implicated in the development and 
pathogenesis of SLE (3,4).

Recently, an essential role for caspase-1 in pristane- 
induced murine lupus has been described previously, indicating 
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an involvement of inflammasomes in the pathogenesis of SLE 
(5), as assembly of an inflammasome leads to the activation of 
caspase-1, which triggers pyroptosis and the secretion of proin-
flammatory cytokines interleukin- 1β (IL- 1β) and IL- 18 as well as 
other functional proteins such as galectin- 3 (6,7). Contrary to the 
function of caspase-1, Aim2 deficiency has been implicated in the 
pathogenesis of SLE due to increased levels of type I IFN signaling 
(8). However, direct in vivo evidence for this function is still lacking 
in lupus mice, even though several recent studies have demon-
strated that Aim2, Asc, and Caspase1 knockout mice all produce 
higher amounts of type I IFN with DNA stimulation (9– 13).

Somewhat surprisingly, in the present study, we found that 
Aim2−/− mice developed severe SLE with pristane induction. Con-
versely, Asc−/− mice did not develop any disease activity. These 
findings indicated that the enhanced lupus in Aim2−/− mice was 
not due to a lack of inflammasome function. Instead, the severe 
lupus- like syndrome in Aim2- deficient mice was mainly attributed 
to the hastened glomerular type I IFN signal. Mechanistically, the 
Absent in Melanoma 2 (Aim2) protein was found to bind ubiquitin- 
conjugating enzyme 2i (Ube2i), which mediates sumoylation- 
based inhibition of type I IFN transcription. When Aim2 was 
deleted, compromised Ube2i activity led to a stronger IFN signa-
ture and severe SLE. Therefore, our study uncovers the mecha-
nism by which loss of Aim2 function drives lupus development, 
which is not associated with its inflammasome activity, but rather 
its function in facilitating Ube2i- mediated sumoylation- based inhi-
bition of type I IFN signaling.

MATERIALS AND METHODS

Mice. C57BL/6 Ifnar−/−, Rag1−/−, and wild- type (WT) mice 
were obtained from The Jackson Laboratory. Asc−/− mice and 
Aim2−/− mice were generous gifts from Dr. Vishva M. Dixit and 
Dr. Kate Fitzgerald, respectively. Animal care, use, and experi-
mental procedures complied with national guidelines and were 
approved by the Animal Care and Use Committee at the Institut 
Pasteur of Shanghai.

Quantification of anti– double- stranded DNA (anti- 
dsDNA), anti–single-stranded DNA (anti-ssDNA), and 
total IgG. Serum levels of anti- dsDNA (Sigma), (anti- ssDNA), and 
total IgG (eBioscience) were determined by enzyme-linked immu-
nosorbent assays (ELISAs) as previously described (14). Briefly, 
96-well plates were coated with 5 μg/ml of calf thymus dsDNA 
(Sigma-Aldrich, D4522-1MG) or calf thymus ssDNA ( D8899-
1MG; Sigma-Aldrich). A mouse anti-dsDNA mAb (MAB030; Milli-
pore) or mouse anti-ssDNA mAb (MAB3868; Millipore) was used 
to prepare a reference standard curve. Absorbance was meas-
ured at 450 nm. Anti-dsDNA or anti-ssDNA concentrations were 
quantified according to the standard curves. Serum was collected 
for the measurement of total IgG using commercial ELISA kits 
(eBioscience) according to the manufacturer’s instructions.

Quantification of MPO and PR3. Serum levels of mye-
loperoxidase (MPO) and proteinase 3 (PR3) were determined by 
ELISA according to the manufacturer’s instructions (Jianglai Bio).

Crithidia luciliae assay. Slides of dsDNA- specific Crithidia 
luciliae (Inova Diagnostics) were used for determination of anti- 
dsDNA in mouse serum. Twenty- five microliter of serum was 
added to wells and incubated for 30 minutes. Afterward, serum 
was washed, and each well was covered with a drop of Alexa 
Fluor 488– conjugated anti- mouse IgG followed by additional incu-
bation. Finally, coverslips were mounted, and fluorescent images 
were captured.

Evaluation of renal histopathologic features and 
immune complex deposition. Paraffin- embedded sec-
tions of renal tissues were stained with hematoxylin and eosin 
(H&E) or periodic acid– Schiff (PAS) reagent– hematoxylin (PAS- 
H). Histopathologic features of glomerular lesions were graded 
for severity in a double- blinded manner. The score for each 
animal was calculated via dividing total score by the number 
of glomeruli observed. For detection of immune complex dep-
osition, frozen kidney sections were stained with anti- mouse 
IgG– fluorescein isothiocyanate (Santa Cruz) and anti- mouse 
C3– fluorescein isothiocyanate (Cedarlane) (14). The intensity 
of fluorescence was confirmed by flow cytometry.

Biochemical analysis. Urine samples were collected prior 
to euthanasia of mice and assessed for total protein with a bicin-
choninic acid kit as well as blood urea nitrogen (BUN) and creati-
nine levels with ELISA kits (BioAssay Systems).

Flow cytometry. Isolation of total kidney cells from mice 
was performed as described (14). Cells were incubated with 
anti- mouse CD16/CD32 to block nonspecific Fc receptor 
binding, then incubated with F4/80, major histocompatibility 
complex class II (MHCII), Ly- 6C, Ly- 6G, PDCA (eBioscience), 
CD11b, CD3, CD4, CD8, CD11c, CD45.2, B220 (BD PharMin-
gen), and CD19 (BioLegend). Data were acquired using a BD 
FACS Fortessa and analyzed using FlowJo software version 10.

Real- time polymerase chain reaction (PCR). Total RNA 
was extracted from the kidneys of mice or BMMs using TRIzol 
reagent (Invitrogen). Reverse transcription of messenger RNA 
(mRNA) and synthesis of complementary DNA (cDNA) was per-
formed using TaqMan reverse- transcription reagents (Promega). 
Real- time PCR analysis was performed using the SYBR green 
quantitative PCR (qPCR) Master Mix (Toyobo) and the 7900HT 
Fast Real- Time PCR system (Applied Biosystems). Relative quan-
tification of genes was achieved via normalization against GAPDH. 
The primers used in these analyses are listed in Supplementary 
Table 1, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41677/ abstract.
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RNAseq. Two kidneys from each embryonic day 18 
(E18) embryo were pooled as one sample, and 3 such sam-
ples from each genotyped mouse were preserved in RNAl-
ater solution (Ambion) and subjected to RNA extraction after 
homogenization in TRIzol (Sigma) according to the manufac-
turer’s instructions. RNA- Seq was performed as previously 
described (15).

Yeast 2- hybrid (Y2H) screening. The Clontech Match  maker 
Two- Hybrid system was used to identify Aim2- interacting mole-
cules. Briefly, the PGB- Aim2 plasmid was constructed and cotrans-
formed using the Mouse Kidney Matchmaker cDNA Library for 
screening. Clones were selected with SD medium lacking Trp, Leu, 
and His but containing 30 mM of 3- amino- 1,2,4- triazole. Plasmids 
from all the identified clones were isolated and co- transformed with 

Figure 1. Spontaneous autoimmunity and more severe renal damage following pristane injection in Aim2– /–  mice. A, Female wild- type (WT) 
and Aim2– /–  mice ages 8– 10 weeks were injected with 500 μl of pristane, and cumulative survival was assessed. Data were analyzed by 
Gehan- Breslow- Wilcoxon test. B, Serum levels of anti– double- stranded DNA (anti- dsDNA) IgG, anti– single- stranded DNA (anti- ssDNA) IgG, 
and total IgG were determined by enzyme- linked immunosorbent assay (ELISA) 6 months after mice were injected with saline or pristane. 
C, Serum levels of dsDNA antibodies were assessed in wild- type (WT) mice and Aim2– /–  mice by incubating the serum with dsDNA- specific 
Crithidia luciliae slides, followed by detection of anti-dsDNA with fluorescence- conjugated anti- mouse IgG. D, Urine from mice in each treatment 
group were assessed for levels of albumin and blood urea nitrogen (BUN), measured relative to the values for urinary creatinine. E, Paraffin- 
embedded mouse kidney sections were assessed for renal damage by staining with periodic acid– Schiff and hematoxylin. F, Glomeruli on the 
stained kidney sections were counted by an investigator who was blinded with the regard to mouse genotype, and the glomerular diameter 
(Glom.Diamete.), and histologic score were also determined. G, Myeloperoxidase (MPO) and proteinase 3 (PR3) levels in mouse serum were 
determined by ELISA. Data are pooled from 2 independent experiments in A. In B, D, F, and G, bars show the mean ± SEM (n = 5– 8 mice for 
each genotype). * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001. ns = not significant.
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PGB- Aim2 into Y190 yeast cells individually, and confirmed genes 
were identified through sequencing analysis.

Plasmids and antibodies. Plasmids of mouse Aim2 and 
Ube2i were cloned from cDNA of bone marrow– derived mac-
rophages (BMMs) and ligated to pcDNA4.0. Sumo1, sumo2, and 
sumo3 plasmids were kindly provided by Dr. Jinke Cheng (Shang-
hai Jiao Tong University). Blots were stained with anti- FLAG 
(Sigma), anti- V5 (InvivoGen), anti- HA (Santa Cruz Biotechnology), 
anti– small ubiquitin- like modifier- 1 (anti-sumo1), anti-sumo2, anti-
sumo3, anti- Ube2i, anti- Aim2, anti- Stat1, anti– pStat1, and anti- 
GAPDH antibodies (Cell Signaling Technology).

Co-immunoprecipitation and immunoblotting. Trans-
fected HEK293 cells were lysed and centrifuged at 14,000 revo -
lutions  per minute for 20 minutes at a temperature of 4°C. 
Forty microliter supernatants were used as input, and the remain-
ing supernatants were diluted with lysis buffer and incubated with 
respective antibodies and protein A/G magnetic beads at a tem-
perature of 4°C overnight. Beads were then washed, and immu-
noprecipitated proteins were resolved with 12% sodium dodecyl 
sulfate– polyacrylamide gel electrophoresis (SDS-PAGE), followed by 
immunoblotting.

Sumoylation assay. Transfected HEK293 cells or pri-
mary mouse kidney cells, BMMs, or THP- 1 cells with or without AIM2 
silencing (16) were lysed with SDS loading buffer for immunoblotting 
against sumo1, sumo2, and sumo3 using respective antibodies.

Statistical analysis. Prism 7 software (GraphPad) with 
paired t- tests unless noted otherwise were used to perform statis-
tical analyses. P values less than 0.05 were considered significant.

RESULTS

Exacerbation of autoimmunity and severe renal 
damage in Aim2−/− mice after pristane challenge. Lupus 
exhibits a strong female bias, and Aim2 expression is signifi-
cantly decreased in female mice compared to male mice of 
certain strains (17). Moreover, Aim2 silencing or deficiency 
in macrophages leads to elevated production of IFNβ upon 
DNA stimulation (18,19). We thus tested whether Aim2−/− mice 
were prone to pristane- induced lupus (14) and found that sur-
vival of Aim2−/− mice was significantly lower compared to that 
of WT controls (Figure 1A). In addition, serum levels of autoan-
tibodies against DNA and total IgG were significantly higher in 
Aim2−/− mice than in WT mice (Figure 1B). Of note, even saline 
injection led to a significant increase in autoantibodies (IgG 
and IgM) against DNA, complement proteins C3 and C5b– 9, 
and total IgG in Aim2−/− mice (Figure 1B and Supplementary 
Figure 1A, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41677/ abstract). 

In addition, the dsDNA- specific Crithidia luciliae assay further 
confirmed the increase in serum levels of dsDNA autoantibodies 
in Aim2−/− mice injected with either saline or pristane (Figure 1C).

As expected, the relative levels of urine protein and BUN were 
elevated in Aim2−/− mice compared to WT mice (Figure 1D). Histo-
pathologic analysis of the kidneys revealed increased glomerular 
diameter and accentuated glomerular lobularity in pristane- injected 
Aim2−/− mice compared to saline- injected Aim2−/− mice (Figures 
1E and F and Supplementary Figure 1B). Aim2- deficient mice 
displayed mesangial widening, mesangial hypercellularity, and 
endocapillary hypercellularity, with mononuclear cells filling the 
glomerular capillaries of the kidneys. Glomerular fibrinoid necrosis 
was not identified, and glomerular crescents were extremely rare 
(<0.5%). Furthermore, there were clearly more glomerular immune 
complexes consisting of IgG and C3 in the kidneys of Aim2−/− mice 
after pristane injection (Supplementary Figures 1C and D), which 
was confirmed by flow cytometry (Supplementary Figure 1E) (20).

In addition, levels of MPO antibodies were found to be sig-
nificantly elevated in the serum of Aim2−/− mice after either saline 
or pristane injection, whereas levels of PR3 were comparable 
between genotypes (Figure 1G). Antineutrophil cytoplasmic anti-
bodies (ANCAs) are a marker for ANCA- associated vasculitis 
(AAV), which is characterized by pauci- immune necrotizing cres-
centic glomerulonephritis. However, circulating MPO antibodies 
have also been observed in the serum of patients with immune- 
mediated glomerular disease, such as endocarditis- associated 
glomerulonephritis (21), anti– glomerular basement membrane 
disease (22), and lupus nephritis (23). Aim2−/− mice did not exhibit 
glomerular fibrinoid necrosis or prominent cellular crescents, the 
characteristic glomerular lesions of ANCA disease, which have 
been demonstrated in murine models of MPO- ANCA disease 
(24,25). The elevated levels of anti- dsDNA antibodies, glomeru-
lar hypercellularity, lack of glomerular fibrinoid necrosis and only 
rare crescents, and glomerular IgG and C3 deposition seen in the 
Aim2−/− mice are findings more characteristic of lupus nephritis.

Amplified immune cell infiltration and elevated 
levels of proinflammatory mediators in the kidneys of 
Aim2−/− mice after pristane challenge. We further deter-
mined the profile of immune cell populations in the kidneys of 
Aim2−/− mice and WT mice. First, a significant difference in the 
ratio of kidney weight to body weight between Aim2−/− mice and 
WT mice after pristane injection was observed (Figure 2A). Moreo-
ver, the kidneys of Aim2−/− mice contained more cells than those of 
WT mice after injection with either saline or pristane (Figure 2A). The 
proportions and numbers of CD45.2+ cells were increased in the 
kidneys of saline- treated Aim2−/− mice compared to saline- treated 
WT mice and were further elevated in the pristane- treated Aim2– /–   
mice (Figure 2A). When specific cell populations were analyzed, 
the percentages and absolute cell counts were found to be signifi-
cantly elevated in Aim2– /–  mice (Figures 2B and C and Supplemen-
tary Figures 2A and B, available on the Arthritis & Rheumatology 

http://onlinelibrary.wiley.com/doi/10.1002/art.41677/abstract
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website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41677/ 
abstract). Strikingly, in the kidneys of Aim2−/− mice, total dendritic 
cells (DCs), conventional dendritic cells, and plasmacytoid den-
dritic cells (pDCs) were abundant compared to those in WT mice, 
independent of saline or pristane challenge (Figure 2B and Sup-
plementary Figure 2A).

Since pDCs are powerful type I IFN producers (26,27), and 
type I IFN is closely connected with the development and progres-
sion of lupus, these data implied a type I IFN– associated patho-
genesis in Aim2−/− mice. In addition, macrophages and neutrophils 
were more abundant in the kidneys of Aim2−/− mice compared to 
WT mice, especially after pristane injection (Figure 2B and Supple-
mentary Figure 2A), indicating an enhanced inflammatory response 
in those mice. Of note, numbers of adaptive immune cells (B cells 
and T cells) were also significantly elevated in Aim2−/− mice after 
pristane injection (Figure 2C and Supplementary Figure 2B). In 
Aim2−/− mice that received saline treatment, numbers of these 
cells increased, and CD4+ T helper cells were significantly more 
abundant in the kidneys of Aim2−/− mice (Figure 2C and Sup-
plementary Figure 2B). Taken together, these data suggest that 
the severe renal damage observed in Aim2−/− mice also involves 
recruitment of adaptive immune cells.

Since pDCs were so strikingly abundant in the kidneys of 
Aim2−/− mice, we reasoned that the type I IFN signature should 
also be highly elevated in the kidneys of these mice. Interest-
ingly, however, we found that the expression level of Ifnβ mRNA 
was only slightly elevated in the kidneys of Aim2−/− mice 
(Figure 2D). Nonetheless, IFN- stimulated genes such as Isg15 
and Mx2 as well as Irf7 and Ifi202b were all significantly elevated 
in Aim2−/− mouse kidney samples following pristane injection 
(Figure 2D and Supplementary Figure 2C). Of note, expression 
levels of Ifi202b and Irf7 were already significantly elevated in the 
kidneys of Aim2−/− mice after saline injection, whereas expres-
sion levels of Flt3 and Flt3L were only slightly increased (Supple-
mentary Figure 2C [http://onlin elibr ary.wiley.com/doi/10.1002/
art.41677/ abstract]). These data imply that type I IFN and 
interferon- stimulated gene (ISG) induction in vivo in chronic 
diseases such as SLE may differ from transient transfection of 
exogenous DNA into innate immune cells in vitro (9,18).

Further analysis demonstrated that the proinflammatory 
cytokines Il6, Il18, Tnfa, and Csf2 (granulocyte– macrophage 
colony- stimulating factor) were all significantly elevated in the 
kidneys of pristane- treated Aim2−/− mice compared to WT 
controls, whereas expression of Il1β was only slightly higher 

Figure 2. Enhancement of renal infiltration of immune cells and expression of proinflammatory factors after pristane injection in Aim2– /–  mice. 
A, Relative kidney weight– to– body weight ratio, total number of kidney cells, and proportion and number of CD45.2+ cells were determined 
in 8 to 10- week- old female WT and Aim2– /–  mice injected with saline or pristane. B and C, Isolated kidney cells from mice treated as indicated 
were analyzed by flow cytometry after staining with specific antibodies to determine the proportions of total dendritic cells (DCs; CD11c+), 
conventional DCs (CD11chighB220– ), plasmacytoid DCs (CD11chighB220+PDCA+), macrophages (CD11b+F4/80+), and neutrophils (CD11b+Ly- 
6G+) (B), and proportions of B cells (CD19+B220+) and T cells (CD3+, CD4+, and CD8+) (C). D– F, Quantitative real- time polymerase chain 
reaction was used to monitor the expression of indicated proinflammatory factors in kidney samples from Aim2– /–  mice and WT mice injected 
with saline or pristane. Bars show the mean ± SEM (n = 3– 4 mice per group in A– C; n = 3– 8 mice per group in D– F). * = P < 0.05; ** = P < 0.01;  
*** = P < 0.001. See Figure 1 for other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.41677/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41677/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41677/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41677/abstract
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(Figure 2E and Supplementary Figure 2D); these data are 
consistent with findings in SLE patients (28). We also found 
that transcription of Ccl2, Ccl3, Ccl5, Ccl20, and Cxcr3 were 
all markedly increased in the kidneys of Aim2−/− mice com-
pared to WT mice (Figure 2F and Supplementary Figure 2D). 
Thus, deficiency of Aim2 in mice promoted the expression of 
proinflammatory cytokines and chemokines in the kidneys, 
especially following pristane challenge.

Last, we observed that in the kidneys of Aim2−/− mice, 
expression levels of Baff and April were significantly elevated com-
pared to those in WT controls. Interestingly, a significant difference 
was not observed in the T cell– associated cytokines Ifnγ and Il17a 
between Aim2−/− and WT mouse kidney samples (Supplementary 
Figure 2E, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41677/ abstract). 
Therefore, lupus development in Aim2−/− mice involves some, but 
not all, aspects of adaptive immunity.

Amelioration of pristane- induced lupus by block-
ing of type I IFN signal in Aim2−/− mice. Since the number of 
pDCs and the expression of type I IFN– related factors were both 
increased in the kidneys of Aim2−/− mice, we hypothesized that the 
observed increase in ISG expression was responsible for lupus 
development in Aim2−/− mice. To test this possibility, we crossed 
Aim2−/− mice with Ifnar1−/− mice and induced lupus. Of note, 
Aim2−/−Ifnar1−/− mice were all protected against pristane- induced 
lethality, having lower titers of anti- dsDNA and total IgG in serum 
and lower levels of proteinuria/creatinine ratios and BUN/creati-
nine ratios than Aim2−/− mice (Figures 3A– C). Staining with H&E 
and PAS- H showed that the size and morphology of glomeruli 
in Aim2−/−Ifnar1−/− mice were similar to those in WT mice, without 
the clear hypercellularity, mesangial expansion, or interstitial mon-
onuclear cell infiltration seen in Aim2−/− mice (Figures 1E and 3D).

In addition, the percentage of IgG+ and C3+ cells was 
clearly decreased in Aim2−/−Ifnar1−/− mice (Figure 3E). Further, 

Figure 3. Kidney damage and systemic proinflammatory responses in pristane- injected Aim2– /–  mice depend on Ifnar1- mediated signaling. 
A, Female mice (ages 8– 10 weeks) of the indicated genotypes were injected with pristane, and cumulative survival was assessed. B and C, 
Disease parameters, including anti- dsDNA and total IgG levels in serum (B) as well as urine protein excretion, BUN, and urine creatinine (C) were 
assayed in samples from Aim2– /–  mice and Aim2– /– Ifnar1– /–  mice. Data in A were analyzed as in Figure 1A. D, Paraffin-embedded kidney sections 
were stained with hematoxylin and eosin (H&E) and periodic acid– Schiff–hematoxylin (PAS- H) to assess renal damage. Representative results 
from 4– 7 mice per group are shown. E, The proportion and number of IgG+ cells and C3+ cells in the mouse kidney sections were determined 
by flow cytometry. F– H, The proportion and number of the indicated cell types in the mouse kidney sections were determined by flow cytometry. 
I and J, Quantitative real- time polymerase chain reaction was performed to analyze expression levels of the indicated factors in mice kidney 
samples. A total of 4– 7 mice were used in each group in B, C, D, I, and J, and 3– 4 mice were used in each group in E– H. Data are the mean 
± SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001. See Figure 1 for other definitions.
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cell infiltration analysis in the kidneys from Aim2−/− and Aim2−/−   

Ifnar1−/− mice showed that although the abundance of total immune 
cells was not significantly different (Figure 3F), infiltration of innate 
immune cells, including total DCs, pDCs, macrophages, and 
neutrophils were significantly diminished in Aim2−/−Ifnar1−/− mice 
(Figure 3G). Moreover, numbers of B cells and T cells in Aim2−/−  

Ifnar1−/− mice were significantly reduced compared to those in 
Aim2−/− mice (Figure 3H). Furthermore, the expression levels of 
Irf7, Isg15, and Mx2 were all significantly decreased in mice defi-
cient in both Aim2 and Ifnar1 compared to Aim2−/− mice, although 
a marked difference in the expression levels of Ifnα and Ifnβ in 
these mice was not observed (Figure 3I). Accordingly, the expres-
sion levels of chemokines such as Ccl2, Ccl3, Ccl5, Ccl20, Cxcl10, 
and chemokine receptor Cxcr3, were all significantly decreased in 
Aim2−/−Ifnar1−/− mice (Figure 3J). Therefore, signaling mediated by 
Ifnar1 is central to the in vivo pathogenesis of nephritis in Aim2- 
deficient mice.

Amelioration of pristane- induced lupus nephritis 
by depletion of adaptive immune cells in Aim2−/− mice. 
When Aim2−/− mice were crossed with Rag1−/− mice, lupus- 
associated lethality diminished with substantially lower 
serum levels of anti- dsDNA and total IgG as well as pro-
teinuria/creatinine ratios and BUN/creatinine ratios (Figures 
4A– C). In addition, the size and morphology of glomeruli in 
Aim2−/−Rag1−/− mice were similar to those in WT mice, with 
clearly less damage than that observed in Aim2−/− mice (Fig-
ures 1E and 4D). Moreover, the number of cells expressing 
IgG was also reduced in Aim2−/−Rag1−/− mice compared to 
Aim2−/− mice, although the number of C3+ cells expressing IgG 
was only slightly decreased (Figure 4E). The abundance of var-
ious immune cells was lower in Aim2−/−Rag1−/− mice compared 
to Aim2−/− mice (Figures 4F– H). Accordingly, real- time PCR 
analysis showed that in the kidneys of Aim2−/−Rag1−/− mice, 
expression levels of Ifnα, Ifnβ, Irf7, Isg15, Mx2, Ccl2, Ccl3, 

Figure 4. Kidney damage and systemic proinflammatory responses alleviated in Aim2– /– Rag1– /–  mice compared to Aim2– /–  mice. A, Female mice 
(ages 8– 10 weeks) of the indicated genotypes were injected with pristane, and cumulative survival was assessed. B and C, Disease parameters, 
including anti- dsDNA and total IgG in serum (B) as well urine protein excretion, BUN, and urine creatinine (C) in mice were assayed in samples 
from Aim2– /–  and Aim2– /– Rag1– /–  mice. D, Paraffin-embedded kidney sections were stained with hematoxylin and eosin (H&E) and periodic acid– 
Schiff–hematoxylin (PAS- H) to assess renal damage. Representative results from 4– 7 mice per group are shown. E, The proportion and number of 
IgG+ cells and C3+ cells in the mouse kidney sections were determined by flow cytometry. F– H, The proportion and number of the indicated cell 
types in the mouse kidney sections were determined by flow cytometry. I and J, Results from real- time polymerase chain reaction was performed 
to analyze expression levels of the indicated factors in mouse kidney samples. In B, C, and E– J, bars show the mean ± SEM. In B, C, I, and J, 
n = 4–7 mice per group. In E–H, n = 3– 4 mice per group). * = P < 0.05; ** = P < 0.01; *** = P < 0.001. See Figure 1 for other definitions.
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Ccl5, Ccl20, Cxcl10, and Cxcr3 were clearly decreased 
compared to those in Aim2−/− mice (Figures 4I and J). Taken 
together, these data demonstrated that abolishing Rag1 in 
Aim2−/− mice prevented renal damage and attenuated the level 
of proinflammatory mediators as well as immune cell infiltration 
to the kidney upon pristane challenge, indicating that B cells 
and T cells contribute to the pathogenesis of lupus in Aim2- 
deficient mice.

Development of lupus in Aim2−/− mice independent 
of the inflammasome. To determine whether the develop-
ment of lupus in Aim2−/− mice was due to a lack of inflammas-
ome function, Asc−/− mice and WT mice were injected with 
pristane and monitored for 6 months. None of the Asc−/− mice 
died or developed SLE. Histologic appearance, serum param-
eters, and urine parameters, as well as the expression of type 
I IFNs and ISGs in the kidneys of Asc−/− mice and WT mice 
were all similar (Supplementary Figures 3A– C, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41677/ abstract). These data indicated 
that the phenotype of Aim2−/− mice after pristane injection 
was independent of the Aim2/Asc/Caspase-1 inflammasome 
cascade.

Kidney inflammation beginning in the embryonic 
stage in Aim2−/− mice. As adult Aim2−/− mice injected with saline 
showed more renal damage, inflammatory cytokine/chemokine 
expression, and immune cell infiltration in the kidneys compared 
to WT mice, we reasoned that Aim2 might play an important role 
in suppressing inflammation in a resting state without exogenous 
challenges. Because type I IFN signature genes can be self- 
inducing and interamplifying, we examined when the inflammatory 
response begins and what the early driving factors are. To this 
end, we analyzed cell infiltration in the kidneys of E18 mice and 
found that the numbers of CD45.2+, CD11c+, CD11chighB220−, 
CD11chighB220+, and CD11b+/F4/80+ cells were increased in 
Aim2−/− mice compared to WT mice, whereas the numbers of 
CD11b+Ly- 6G+ cells did not differ between these two genotypes. 
The numbers of CD4+ T cells and CD19+B220+ B cells were 
slightly decreased in the kidneys of Aim2−/− mice compared to 
WT mice (Figures 5A and B). Accordingly, RNA- Seq revealed that 
a large set of ISGs were up- regulated in samples from Aim2−/− mice 
compared to WT mice (Figure 5C). Of note, expression of Ifi202b 
was highly elevated, and expression levels of Mx2, Ccl9, Ccr5, 
Stat1, Stat2, and Stat5a were all increased in Aim2−/− mice 
(Figure 5C). Expression of selected ISGs, such as Ifi202b, Isg15, 
Irf7, and Mx2 were further confirmed by qPCR (Figure 5D). These 

Figure 5. Spontaneous development of type I interferon signature on embryonic day 18 (E18) in Aim2– /–  mice. A and B, Isolated cells from 
duplicate E18 embryonic kidneys of 4 predelivery Aim2–/– mice and 4 predelivery WT mice were stained with specific antibodies and analyzed 
by flow cytometry after staining with the indicated antibodies. C, Heatmap of differential gene expression in kidneys from E18 embryos of 
Aim2–/– mice compared to WT controls is shown. Red indicates higher mean levels of gene expression, and blue indicates lower mean levels 
of expression in Aim2– /–  mice compared to WT mice. Data are representative of duplicate experiments using 3 independent biologic replicates 
each. D, Quantitative real- time polymerase chain reaction was performed to analyze gene expression levels in kidneys from E18 embryos 
of Aim2– /–  mice compared to WT mice. Bars show the mean ± SEM (4– 6 mouse embryos per group). * = P < 0.05. See Figure 1 for other 
definitions.
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findings indicate that Aim2 negatively regulates type I IFN signa-
tures even at an early stage of embryonic development.

Aim2 interaction with Ube2i, promotion of Ube2i- 
mediated sumoylation, and inhibition of type I IFN 
expression. In order to identify factors that contribute to Aim2- 
mediated negative regulation of type I IFN and/or ISG expres-
sion, Y2H screening was performed, which revealed that Ube2i 
was the most frequent binding partner for Aim2 (Figure 6A). The 
interaction between Aim2 and Ube2i was confirmed in yeast 
(Figure 6B) and by co-immunoprecipitation in HEK293 cells 
(Figure 6C). Although weak, the endogenous Ube2i bound Aim2 
in BMMs (Supplementary Figure 4A). Mapping experiments 
revealed that only full- length Aim2 was able to bind Ube2i; the 
truncated forms lacking either pyrin or HIN200 domain lost 

interaction with Ube2i (Supplementary Figures 4B and C). As 
one of the unique ubiquitin- conjugating E2 enzymes, Ube2i is 
essential for sumoylation of substrate proteins (29). Interestingly, 
we found that Aim2 promoted Ube2i- mediated sumoylation of 
proteins in HEK293 cells when comparing lanes 3 to 2, 6 to 5, 
and 9 to 8 in Figure 6D. More importantly, primary kidney cells 
from Aim2−/− mice exhibited decreased sumo1-  and sumo2/3- 
modified protein compared to WT controls (Figure 6E). In addi-
tion, resting BMMs from Aim2−/− mice showed less sumoylated 
substrates (Supplementary Figure 5A, available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41677/ abstract). Sumoylation regulates protein 
stability, interaction, and activity and is involved in innate immune 
responses (30). Loss of sumoylation in innate immune cells leads 
to potent type I IFN responses without exogenous stimuli (31,32). 

Figure 6. Aim2 binding of Ube2i, promotion of Ube2i- mediated sumoylation, and inhibition of type I IFN production. A, Yeast 2- hybrid 
screening results for Aim2 binding partners in the Mouse Kidney Matchmaker cDNA Library are shown. Ube2i is indicated as the most frequent 
prey molecule. B, PGB- Aim2 and pGADT7- Ube2i were cotransformed into Y190 yeast cells, and the yeast formed clones on the SD selection 
medium lacking Trp, Leu, and His but containing 30mM 3- amino- 1,2,4- triazole (middle), with PGBKT7- p53 and pGADT7- T cotransformed 
as a positive control (top) and PGBKT7- lam and pGADT7- T cotransformed as a negative control (bottom). C, HEK293 cells were transfected 
with the indicated plasmids for 36 hours and then analyzed by coimmunoprecipitation and immunoblotting (IB) with the indicated antibodies. 
D, HEK293 cells were transfected with the indicated plasmids for 36 hours followed by in vivo sumoylation assay and immunoblotting with the 
indicated antibodies. HA blot (top) indicate total sumoylated proteins, and HA blot (bottom) shows the expression of transfected sumo1, sumo2, 
and sumo3 plasmids. E, Primary kidney cells from WT and Aim2– /–  mice were lysed, and then immediately subjected to immunoblot analysis 
of sumo1 and sumo2/3 as indicated. In C– E, results are representative of 2 independent experiments. IP = immunoprecipitation (see Figure 1 
for other definitions).

http://onlinelibrary.wiley.com/doi/10.1002/art.41677/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41677/abstract


LU ET AL 1476       |

Consistent with these findings, Aim2- deficient BMMs showed a 
spontaneous increase in the levels of ISGs such as Isg15 and Mx2 
(Supplementary Figures 5B and C), which was similar to increases 
in the levels of ISGs observed in Ube2i-deficient cells (31). Of 
note, treatment with the sumoylation inhibitor ginkgolic acid or 
Ube2i silencing with small interfering RNA rescued up- regulation 
of Aim2 deficiency– mediated ISGs (Supplementary Figures 5B 
and C), implying that Aim2 inhibits type I IFN signaling via Ube2i. 
Further, AIM2- silenced human monocytic THP- 1 cells showed 
less SUMO- 2–  and SUMO- 3– mediated modification compared 
to scrambled controls, whereas SUMO- 1– mediated modification 
was relatively unchanged (Supplementary Figure 5D). Notably, 
for the negative regulation of IFN response, SUMO- 2– mediated 
and SUMO- 3– mediated modifications were more dominant than 
SUMO- 1– mediated modification (32), consistent with the obser-
vation of a stronger effect of AIM2 silencing on SUMO- 2–  and 
SUMO- 3– mediated modifications than SUMO- 1– mediated modi-
fication. Thus, Aim2 functions as an Ube2i chaperone, promoting 
sumoylation and inhibition of type I IFN production (Supplementary 
Figure 5E [http://onlin elibr ary.wiley.com/doi/10.1002/art.41677/ 
abstract]).

DISCUSSION

In the present study, we demonstrate that independent of 
its inflammasome function, Aim2 acts as a negative regulator 
of type I IFN and ISG expression. We further showed that Aim2 
binds Ube2i, a protein that mediates sumoylation- based suppres-
sion of type I IFN production. Similar to Ube2i- deficient mice (31), 
Aim2−/− mice developed an SLE- like syndrome spontaneously, 
which was exacerbated by pristane challenge.

Because inflammasome- mediated kidney damage has 
been shown to contribute to the pathogenesis of SLE (5,14), it is 
possible that although type I IFN signaling is high in Aim2−/− mice, 
lack of inflammasome activation may decrease the likelihood of 
inflammatory damage. Our data indicated that type I IFN sig-
naling is dominant, which is consistent with the findings of a 
recent study showing that upon infection with Francisella novi-
cida, detrimental type I IFN signaling dominates the protective 
AIM2 inflammasome response (33). Nonetheless, the finding of 
abnormally high type I IFN– related signatures at an early devel-
opmental stage in the kidneys of Aim2−/− mice demonstrates that 
even in the absence of exogenous DNA challenge, Ube2i activity 
is compromised, resulting in spontaneous autoimmune pheno-
types in Aim2−/− mice.

As a critical cellular source of type I IFN, pDCs are strongly 
involved in the pathogenesis of SLE (34). Intriguingly, our pres-
ent work shows that after injection with either saline or pristane, 
significantly more pDCs were observed in the kidneys of adult 
Aim2−/− mice. Remarkably, even at the embryonic stage, more 
pDCs were found in the kidneys of Aim2−/− mice compared to 
WT controls, which was further magnified at the adult stage, 

with the expression of ISGs showing the same bias (Figure 5 
and Supplementary Figure 6, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41677/ abstract).

Interestingly, the expression of Aim2 was dramatically 
decreased when mice reached adult age, which fits very well 
with our findings that mice with lower expression levels of Aim2 
were prone to developing SLE. Moreover, since the expression 
of a panel of chemokines was significantly elevated in the kid-
neys of Aim2−/− mice, the accumulation of pDCs was likely due 
to chemokine- mediated infiltration of such cells from immune 
organs. Indeed, the abundance of pDCs in the inguinal lymph 
node was increased, whereas it was slightly decreased in the 
spleens and bone marrow from Aim2−/− mice compared to WT 
controls (Supplementary Figure 7 [http://onlin elibr ary.wiley.
com/doi/10.1002/art.41677/ abstract]). It should be noted 
that although an increase in Ifnβ expression in the kidneys of 
resting- state adult Aim2−/− mice was observed, the expression 
was only slightly elevated (Figure 2D). Therefore, the very early 
trigger of a type I IFN signature in the E18 mouse kidney may 
be due to trace amounts of type I IFN in Aim2−/− progenitor 
cells, which leads to further differentiation and maturation of 
pDCs. Since expression levels of Ifnar were also moderately 
increased in Aim2−/− mice (Supplementary Figure 2D), and 
increased type I IFN signaling via increased pSTAT1 levels 
in both kidney cells and BMMs from Aim2−/− mice was also 
detected (Supplementary Figure 8), it is possible that the tran-
scription of ISGs has been amplified via the type I IFN/IFNAR/
STAT1/ISG cascade.

As a typical ISG, expression levels of the Ifi202b gene were 
strongly elevated in the kidney samples from Aim2−/− mice (Fig-
ures 5C and D and Supplementary Figure 2C). Since Ifi202b 
encodes the SLE susceptibility protein p202 (35), which can 
also drive the expression of type I IFN in the presence of stim-
ulator of IFN genes (36), it is possible that the disease activity 
observed in Aim2−/− mice can be partially attributed to p202 ele-
vation. In addition, the production of type I IFN is regulated by 
interferon regulatory factors (IRFs), many of which are involved 
in SLE (37). In the present study, the expression of Irf7 was 
significantly elevated in the kidneys of Aim2−/− mice injected 
with either saline or pristane compared to WT controls (Sup-
plementary Figure 2 [http://onlin elibr ary.wiley.com/doi/10.1002/
art.41677/ abstract]). In E18 kidney samples, expression levels 
of Irf7 were also significantly elevated in Aim2−/− mice. Since 
almost all IRFs are ISGs, these data suggest that once a trace 
amount of type I IFN is produced, an activation loop with feed-
forward effects may amplify inflammatory responses locally and 
cause severe renal damage.

In summary, our work elucidates an important and novel mech-
anism for Aim2- mediated inhibition of type I IFN expression in the 
development and pathogenesis of lupus, which points to the Aim2- 
Ube2i complex as a new therapeutic target in SLE.

http://onlinelibrary.wiley.com/doi/10.1002/art.41677/abstract
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http://onlinelibrary.wiley.com/doi/10.1002/art.41677/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41677/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41677/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41677/abstract


AIM2 STABILIZATION OF UBE2I AND REGULATION OF TYPE I IFN IN SLE |      1477

ACKNOWLEDGMENTS

We are grateful to Dr. Vishva M. Dixit for providing the Asc−/− mice, 
and Drs. Kate Fitzgerald and Bing Sun for sharing the Aim2−/− mice. We 
thank Qiuhong Guo for excellent technical assistance, Feng Qian from 
Shanghai Genomics for providing the yeast 2-hybrid screening service, 
and Drs. Huihua Ding and Dakang Xu for help with the C luciliae assay.

AUTHOR CONTRIBUTIONS

All authors were involved in drafting the article or revising it critically 
for important intellectual content, and all authors approved the final version 
to be published. Dr. Meng had full access to all the study data and takes 
responsibility for the integrity of the data and the accuracy of the data analysis.
Study conception and design. Lu, Barnes, Meng.
Acquisition of data. Lu, Wu, Niu, Cui, Chen, Meng.
Analysis and/or interpretation of data. Lu, Wu, Clapp, Barnes, Meng.

REFERENCES
 1. Rahman A, Isenberg DA. Systemic lupus erythematosus [review].  

N Engl J Med 2008;358:929– 39.

 2. Ward MM. Premature morbidity from cardiovascular and cerebro-
vascular diseases in women with systemic lupus erythematosus. 
Arthritis Rheum 1999;42:338– 46.

 3. Nacionales DC, Kelly- Scumpia KM, Lee PY, Weinstein JS, Lyons R, 
Sobel E, et al. Deficiency of the type I interferon receptor protects 
mice from experimental lupus. Arthritis Rheum 2007;56:3770– 83.

 4. Marshak- Rothstein A. Autoimmunity: promoting and stabilizing 
innate immunity ’UNWUCHT’ [review]. Immunol Rev 2016;269:7– 10.

 5. Kahlenberg JM, Yalavarthi S, Zhao W, Hodgin JB, Reed TJ, Tsuji NM, 
et al. An essential role of caspase 1 in the induction of murine lupus and 
its associated vascular damage. Arthritis Rheumatol 2014;66:152– 62.

 6. Schroder K, Tschopp J. The inflammasomes [review]. Cell 2010;140: 
821– 32.

 7. Chen Y, Wang H, Shen J, Deng R, Yao X, Guo Q, et al. Gasdermin 
D drives the nonexosomal secretion of galectin- 3, an insulin signal 
antagonist. J Immunol 2019;203:2712– 23.

 8. Choubey D, Panchanathan R. Absent in melanoma 2 proteins in SLE 
[review]. Clin Immunol 2017;176:42– 8.

 9. Wang Y, Ning X, Gao P, Wu S, Sha M, Lv M, et al. Inflammasome 
activation triggers caspase- 1- mediated cleavage of cGAS to regu-
late responses to DNA virus infection. Immunity 2017;46:393– 404.

 10. Banerjee I, Behl B, Mendonca M, Shrivastava G, Russo AJ, Menoret 
A, et al. Gasdermin D restrains type I interferon response to cytosolic 
DNA by disrupting ionic homeostasis. Immunity 2018;49:413– 26.

 11. Corrales L, Woo SR, Williams JB, McWhirter SM, Dubensky TW Jr, 
Gajewski TF. Antagonism of the STING pathway via activation of the 
AIM2 inflammasome by intracellular DNA. J Immunol 2016;196:3191– 8.

 12. Yu X, Du Y, Cai C, Cai B, Zhu M, Xing C, et al. Inflammasome activa-
tion negatively regulates MyD88- IRF7 type I IFN signaling and anti- 
malaria immunity. Nat Commun 2018;9:4964.

 13. Yan S, Shen H, Lian Q, Jin W, Zhang R, Lin X, et al. Deficiency of the 
AIM2- ASC signal uncovers the STING- driven overreactive response 
of type I IFN and reciprocal depression of protective IFN- γ immunity 
in mycobacterial infection. J Immunol 2018;200:1016– 26.

 14. Lu A, Li H, Niu J, Wu S, Xue G, Yao X, et al. Hyperactivation of the 
NLRP3 inflammasome in myeloid cells leads to severe organ dam-
age in experimental lupus. J Immunol 2017;198:1119– 29.

 15. Yao X, Zhang C, Xing Y, Xue G, Zhang Q, Pan F, et al. Remodelling of 
the gut microbiota by hyperactive NLRP3 induces regulatory T cells 
to maintain homeostasis. Nat Commun 2017;8:1896.

 16. Mao L, Zhang L, Li H, Chen W, Wang H, Wu S, et al. Pathogenic fun-
gus microsporum canis activates the NLRP3 inflammasome. Infect 
Immun 2014;82:882– 92.

 17. Panchanathan R, Duan X, Arumugam M, Shen H, Liu H, Choubey 
D. Cell type and gender- dependent differential regulation of the p202 
and Aim2 proteins: implications for the regulation of innate immune 
responses in SLE. Mol Immunol 2011;49:273– 80.

 18. Hornung V, Ablasser A, Charrel- Dennis M, Bauernfeind F, Horvath 
G, Caffrey DR, et al. AIM2 recognizes cytosolic dsDNA and forms a 
caspase- 1- activating inflammasome with ASC. Nature 2009;458:514– 8.

 19. Jones JW, Kayagaki N, Broz P, Henry T, Newton K, O’Rourke K, et al. 
Absent in melanoma 2 is required for innate immune recognition of 
Francisella tularensis. Proc Natl Acad Sci U S A 2010;107:9771– 6.

 20. Lesher AM, Zhou L, Kimura Y, Sato S, Gullipalli D, Herbert AP, et al. 
Combination of factor H mutation and properdin deficiency causes 
severe C3 glomerulonephritis. J Am Soc Nephrol 2013;24:53– 65.

 21. Boils CL, Nasr SH, Walker PD, Couser WG, Larsen CP. Update on 
endocarditis- associated glomerulonephritis. Kidney Int 2015;87: 
1241– 9.

 22. McAdoo SP, Tanna A, Hruskova Z, Holm L, Weiner M, Arulkumaran N, 
et al. Patients double- seropositive for ANCA and anti- GBM antibodies 
have varied renal survival, frequency of relapse, and outcomes com-
pared to single- seropositive patients. Kidney Int 2017;92:693– 702.

 23. Turner- Stokes T, Wilson HR, Morreale M, Nunes A, Cairns T, Cook 
HT, et al. Positive antineutrophil cytoplasmic antibody serology in 
patients with lupus nephritis is associated with distinct histopatho-
logic features on renal biopsy. Kidney Int 2017;92:1223– 31.

 24. Xiao H, Heeringa P, Hu P, Liu Z, Zhao M, Aratani Y, et al. Antineutrophil 
cytoplasmic autoantibodies specific for myeloperoxidase cause glomer-
ulonephritis and vasculitis in mice. J Clin Invest 2002;110:955– 63.

 25. Hu P, Su H, Xiao H, Gou SJ, Herrera CA, Alba MA, et al. Kinin B1 
receptor is important in the pathogenesis of myeloperoxidase- 
specific ANCA GN. J Am Soc Nephrol 2020;31:297– 307.

 26. Means TK, Latz E, Hayashi F, Murali MR, Golenbock DT, Luster AD. 
Human lupus autoantibody- DNA complexes activate DCs through 
cooperation of CD32 and TLR9. J Clin Invest 2005;115:407– 17.

 27. Siegal FP, Kadowaki N, Shodell M, Fitzgerald- Bocarsly PA, Shah K, 
Ho S, et al. The nature of the principal type 1 interferon- producing 
cells in human blood. Science 1999;284:1835– 7.

 28. Linker- Israeli M, Deans RJ, Wallace DJ, Prehn J, Ozeri- Chen T, Klinenberg 
JR. Elevated levels of endogenous IL- 6 in systemic lupus erythemato-
sus: a putative role in pathogenesis. J Immunol 1991;147:117– 23.

 29. Wilkinson KA, Henley JM. Mechanisms, regulation and conse-
quences of protein SUMOylation. Biochem J 2010;428:133– 45.

 30. Geiss- Friedlander R, Melchior F. Concepts in sumoylation: a decade 
on [review]. Nat Rev Mol Cell Biol 2007;8:947– 56.

 31. Decque A, Joffre O, Magalhaes JG, Cossec JC, Blecher- Gonen 
R, Lapaquette P, et al. Sumoylation coordinates the repression of 
inflammatory and anti- viral gene- expression programs during innate 
sensing. Nature Immunol 2016;17:140– 9.

 32. Crowl JT, Stetson DB. SUMO2 and SUMO3 redundantly prevent 
a noncanonical type I interferon response. Proc Natl Acad Sci 
2018;115:6798– 803.

 33. Zhu Q, Man SM, Karki R, Malireddi RK, Kanneganti TD. Detrimental type I 
interferon signaling dominates protective AIM2 inflammasome responses 
during Francisella novicida infection. Cell Rep 2018;22:3168– 74.

 34. Panda SK, Kolbeck R, Sanjuan MA. Plasmacytoid dendritic cells in 
autoimmunity. Curr Opin Immunol 2017;44:20– 5.

 35. Rozzo SJ, Allard JD, Choubey D, Vyse TJ, Izui S, Peltz G, et al. 
Evidence for an interferon- inducible gene, Ifi202, in the susceptibility 
to systemic lupus. Immunity 2001;15:435– 43.

 36. Brunette RL, Young JM, Whitley DG, Brodsky IE, Malik HS, Stetson 
DB. Extensive evolutionary and functional diversity among mamma-
lian AIM2- like receptors. J Exp Med 2012;209:1969– 83.

 37. Matta B, Song S, Li D, Barnes BJ. Interferon regulatory factor signa-
ling in autoimmune disease. Cytokine 2017;98:15– 26.



1478  

Arthritis & Rheumatology
Vol. 73, No. 8, August 2021, pp 1478–1488
DOI 10.1002/art.41685
© 2021, American College of Rheumatology

Camptothecin and Topotecan, Inhibitors of Transcription 
Factor Fli- 1 and Topoisomerase, Markedly Ameliorate 
Lupus Nephritis in (NZB × NZW)F1 Mice and Reduce 
the Production of Inflammatory Mediators in Human 
Renal Cells
Xuan Wang,1 Jim C. Oates,2 Kristi L. Helke,3 Gary S. Gilkeson,2 and Xian K. Zhang3

Objective. To examine the therapeutic effects of camptothecin (CPT) and topotecan (TPT), inhibitors of transcription 
factor Fli- 1 and topoisomerase, on lupus nephritis in (NZB × NZW)F1 (NZBWF1) mice, and to examine the effects of 
CPT and TPT on inflammatory mediators in human renal cells.

Methods. Female NZBWF1 mice were treated with vehicle, cyclophosphamide (CYC), CPT (1 mg/kg or 2 mg/kg), 
or TPT (0.03 mg/kg, 0.1 mg/kg, or 0. 3 mg/kg) by intraperitoneal injection twice a week, beginning at the age of 25 
weeks (n = 8– 10 mice per group). Blood and urine were collected for monitoring autoantibodies and proteinuria. Mice 
were euthanized at 40 weeks, and renal pathology scores were assessed. Human renal endothelial and mesangial 
cells were treated with CPT or TPT, and cytokine expression was measured.

Results. None of the NZBWF1 mice treated with 1 mg/kg or 2 mg/kg of CPT or 0.3 mg/kg of TPT had proteinuria 
>100 mg/dl at the age of 40 weeks. One of 8 mice treated with 0.1 mg/kg of TPT and 1 of 10 mice treated with CYC 
had proteinuria >300 mg/dl, whereas 90% of the mice treated with vehicle had proteinuria >300 mg/dl. Compared 
to vehicle control, mice treated with 1 mg/kg or 2 mg/kg of CPT, 0.1 mg/kg or 0.3 mg/kg of TPT, or CYC had 
significantly prolonged survival, attenuated renal injury, diminished splenomegaly, reduced anti– double- stranded DNA 
autoantibody levels, and reduced IgG and C3 deposits in the glomeruli (all P < 0.05). Human renal cells treated with 
CPT or TPT had reduced expression of Fli- 1 and decreased monocyte chemotactic protein 1 production following 
stimulation with interferon- α (IFNα) or IFNγ.

Conclusion. Our findings indicate that low- dose CPT and TPT could be repurposed to treat lupus nephritis.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic autoim-
mune disease characterized by the production of autoantibodies, 
immune- mediated inflammation in a variety of organs, and the 
accrual of organ damage over time (1– 3). Lupus nephritis is one of 
the major causes of morbidity and mortality in SLE patients (4– 6). 
Up to 60% of adult SLE patients and 80% of juvenile SLE patients 
develop clinical lupus nephritis during the course of their illness (6). 
Ten to thirty percent of patients with lupus nephritis progress to 
end- stage renal disease within 15 years of diagnosis (7). Despite 

the severe outcome in many patients with lupus nephritis, treat-
ment options are limited by toxicity. The most severe side effects 
of medication for treating lupus nephritis are increased risk of 
infections and malignancies, and amenorrhea (8,9). In more than 
50 years, only one new drug, belimumab, has been approved 
for the treatment of SLE (10– 13). Thus, novel approaches to the 
treatment of lupus nephritis are urgently needed (10,14).

The Fli- 1 transcription factor belongs to the Ets gene family, 
and abnormal expression of Fli- 1 has been associated with the 
pathogenesis of SLE in both human patients and murine models 
of lupus (15– 18). Transgenic mice with >2- fold expression of Fli- 1 
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developed a progressive immune complex– mediated lupus- like 
renal disease and ultimately died of renal failure (19). Reduced 
expression of Fli- 1 in both MRL/lpr and NZM2410 mice resulted in 
profound, prolonged survival with significantly reduced severity of 
lupus nephritis (20,21). In humans, increased expression of Fli- 1 is 
significantly associated with new or recurrent lupus nephritis (22). 
We have demonstrated that Fli- 1 is a key regulator in modifying 
the expression of several inflammatory cytokines, including mono-
cyte chemotactic protein 1 (MCP- 1), CCL5, interleukin- 6 (IL- 6), 
and CXCL10, which are implicated in lupus development (23– 25).

A previous study demonstrated that several groups of com-
pounds, including camptothecin (CPT) and topotecan (TPT), can 
inhibit the expression and activity of Fli- 1 (26). CPT is a natural 
product of a topoisomerase inhibitor discovered in the 1960s that 
has been used to treat leukemia in several countries (27). TPT 
is a semisynthetic derivative of CPT with increased solubility and 
stability and is currently used to treat ovarian and lung cancers 
in the US (28). In this study, we investigated whether low doses 
of these chemotherapeutic drugs could have therapeutic effects 
on lupus nephritis in female (NZB × NZW)F1 (NZBWF1) mice 
and reduce the production of Fli- 1– regulated cytokines in human 
renal cells. We found that low doses of CPT and TPT signifi-
cantly reduced autoantibody titers, improved renal function, and 
prolonged survival in NZBWF1 mice, and reduced production of 
inflammatory mediators in human renal cells after stimulation with 
interferon- α (IFNα) or IFNγ.

MATERIALS AND METHODS

Animals. Twenty- week- old female NZBWF1 mice (stock no. 
100008) were purchased from The Jackson Laboratory and main-
tained in the animal facility at the Medical University of South 
Carolina (MUSC). All animal experiments were approved by the 
Institutional Animal Care and Use Committee at MUSC.

Chemicals. CPT, TPT, and cyclophosphamide (CYC) were 
purchased from SelleckChem and dissolved in sterile phosphate 
buffered saline (PBS) solution containing 1% DMSO. CYC was 
used as a positive treatment control.

Treatment of mice with chemotherapeutic drugs. 
Mice were randomized 8– 10 per group to 7 treatment groups. Mice 
were treated with vehicle (PBS solution containing 1% DMSO), CPT 
(1 mg/kg or 2 mg/kg), TPT (0.03 mg/kg, 0.1 mg/kg, or 0.3 mg/kg), or 
CYC (25 mg/kg) by intraperitoneal (IP) injection twice a week begin-
ning at the age of 25 weeks. The doses of CPT and TPT used in this 
study were based on the doses used in mouse models for treating 
tumors and in the clinical treatment of human patients. The higher 
dose of CPT used in this study is approximately one- fourth to one- 
seventeenth of the amount used in mouse tumor models (29,30). 
The higher dose of TPT used in this study is approximately one- sixth 

to one- twentieth of the dose used in the mouse tumor model (2.5– 
12.5 mg/kg per week) (31), and the CYC dose used was that previ-
ously reported in murine lupus models (32,33).

Urine and serum measurements. Urine was collected 
as previously described (20). Proteinuria was measured with 
Albustix (Siemens Healthcare Diagnostics) and quantified as 
grade 0 (negative), grade 1+ (≥30 mg/dl), grade 2+ (≥100 mg/
dl), grade 3+ (≥300 mg/dl), or grade 4+ (≥2,000 mg/dl) according 
to the manufacturer’s recommendations. Serum from 40- week- old 
NZBWF1 mice was assessed for the levels of blood urea nitrogen 
(BUN), creatinine, and alanine aminotransferase (ALT). Measurements 
were performed using the respective kits from BioAssay Systems 
according to the manufacturer’s instructions.

Measurement of serum Ig and anti–double-stranded 
DNA (anti-dsDNA) autoantibody levels. Total IgG, IgM, IgG1, 
IgG2a, IgG2b, and IgG3 levels in the mouse serum were deter-
mined by enzyme- linked immunosorbent assay (ELISA) using a 
standard curve of known concentration of the same mouse Ig 
isotype, as previously described (20). Anti- dsDNA antibody lev-
els were measured in the mouse serum by ELISA, as previously 
described (20).

Pathologic analysis of the mouse kidneys. Mice were 
euthanized at 40 weeks, and the kidneys were removed. One kid-
ney was fixed with 10% buffered formalin, embedded in paraffin, 
and then sectioned for hematoxylin and eosin staining. The other 
kidney was frozen immediately in liquid nitrogen. Frozen sections 
(4 μm each) were stained with fluorescein- conjugated anti- mouse 
IgG or complement C3 (Jackson ImmunoResearch). The intensity 
of IgG and C3 fluorescence staining was quantified by Image J 
after 10 high- power random fields were taken from each section 
using a Keyence BZ- X700 microscope. Kidneys were scored in a 
blinded manner as previously described (20).

Determination of complete blood cell (CBC) counts. 
Twenty microliters of whole blood from 23- week- old and 39-   
week- old NZBWF1 mice was collected in tubes with lithium 
 heparin for the CBC count. The blood hematology profile was 
determined at the Department of Comparative Medicine, MUSC, 
using a Veterinary Multi- species Hematology System (Hemavet 
950 FS; Drew Scientific).

Cell culture. Primary human renal glomerular endothelial 
cells (HRGECs) and human renal mesangial cells (HRMCs) were 
purchased from ScienCell Research Laboratories and maintained 
in cell medium at 37°C with 5% CO2.

Measurement of cytokine levels. MCP- 1, CXCL10, 
tumor necrosis factor (TNF), IL- 10, and IL- 6 concentrations in 
supernatants were determined by ELISA (R&D Systems).
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Western blotting. HRGECs and HRMCs were lysed with 
radioimmunoprecipitation assay buffer, and the protein con-
centrations were determined using a Pierce BCA protein assay. 
Expression of Fli- 1 was detected by immunoblotting as previously 
described (20).

DNA transfection. Equimolar concentrations of the Fli- 1 
expression construct and empty vector (pcDNA3.0 and pcDNA/
Fli1) were transfected into the cells as previously described (34).

RESULTS

Reduced proteinuria, decreased serum levels of BUN 
and creatinine, and prolonged survival in NZBWF1 mice 
treated with CPT or TPT. NZBWF1 mice were initially treated 
with PBS control, CPT, TPT, or CYC at the age of 25 weeks 
(Figure 1A), when ~40– 50% of the mice in each group had grade 
1 proteinuria (data not shown). The percentage of mice with pro-
teinuria in the control group started to increase as mice aged 
(Figure 1B). At the age of 34 weeks, 50% of the control group mice 

and 60% of the mice treated with 0.03 mg/kg of TPT had grade 3 
proteinuria (≥300 mg/dl) (Figure 1B). None of the mice treated with 
1 mg/kg of CPT, 2 mg/kg of CPT, 0.1 mg/kg of TPT, or 0.3 mg/
kg of TPT had proteinuria of grade 2 (≥100 mg/dl) at the age of 34 
weeks (data not shown). One of 10 mice treated with 25 mg/kg of 
CYC had grade 3 proteinuria (≥300 mg/dl) starting at the age of 34 
weeks, and 1 of 8 mice treated with 0.1 mg/kg of TPT had grade 
3 proteinuria at the age of 40 weeks (Figure 1B). Mice treated with 
0.03 mg/kg of TPT had rates of proteinuria similar to those of mice 
treated with PBS. Ninety percent of the mice that received PBS 
control had grade 3 or higher proteinuria (≥300 mg/dl), and 70% 
of these mice had grade 4 proteinuria (≥2,000 mg/dl) at 40 weeks 
(data not shown).

Next, we measured the serum BUN and creatinine concen-
trations in all of the mice at 40 weeks. Mice treated with 1 mg/
kg of CPT, 2 mg/kg of CPT, 0.1 mg/kg of TPT, or 0.3 mg/kg of 
TPT, as well as mice treated with 25 mg/kg of CYC, had signif-
icantly lower BUN concentrations than mice treated with vehicle 
(Figure 1C). Mice treated with 1 mg/kg of CPT, 0.1 mg/kg of TPT, 
0.3 mg/kg of TPT, or 25 mg/kg of CYC had significantly lower 

Figure 1. Prolonged survival and improved kidney function in (NZB × NZW)F1 (NZBWF1) mice treated with chemotherapeutic drugs inhibiting 
Fli- 1. A, Timeline of drug treatment and sample collection in NZBWF1 mice. NZBWF1 mice were treated with camptothecin (CPT), topotecan 
(TPT), cyclophosphamide (CYC), or vehicle (n = 8– 10 per group) twice a week beginning at the age of 25 weeks. CBC = complete blood cell. B, 
Percentage of mice with proteinuria with a high grade of 3+ (≥300 mg/dl). Mice treated with CPT or TPT had significantly reduced proteinuria. 
* = P < 0.05 versus vehicle controls, by two- way analysis of variance (ANOVA). C and D, Reduced blood urea nitrogen (BUN) (C) and serum 
creatinine (D) levels in the mice treated with CPT or TPT. BUN and serum creatinine were measured in 40- week- old animals. Symbols represent 
individual mice (n = 8– 10 per group); bars show the mean ± SEM. * = P < 0.05 versus vehicle control, by one- way ANOVA. E, Significantly 
improved survival in NZBWF1 mice treated with CPT or TPT. All mice (n = 8– 10 per group) treated with 1 mg/kg or 2 mg/kg of CPT, 0.1 mg/kg 
or 0.3 mg/kg of TPT, or 25 mg/kg of CYC survived to the age of 40 weeks compared with only 60% (6 of 10) of the mice in the control group. 
* = P < 0.05 versus vehicle control, by Kaplan- Meier log rank test.
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creatinine levels than mice treated with vehicle (Figure 1D). Mice 
treated with 2 mg/kg of CPT had creatinine levels >50% lower 
than those in the control mice, though the difference was not sig-
nificant (Figure 1D). All of the mice treated with CPT, the 2 higher 
doses of TPT (0.1 mg/kg and 0.3 mg/kg), or CYC survived to 
the age of 40 weeks, whereas only 60% of mice that received 
vehicle survived (P < 0.05) (Figure 1E). Fifty percent of the mice 
treated with 0.03 mg/kg of TPT survived to the age of 40 weeks. 
These data clearly demonstrate that low doses of CPT and TPT 
can keep female NZBWF1 mice in remission and increase survival 
rates. Mice treated with CPT or CYC developed slightly darkened 
claws during treatment, a known side effect of CYC. Other than 
that, none of the mice treated with 1 mg/kg of CPT, 2 mg/kg of 
CPT, 0.1 mg/kg of TPT, or 0.3 mg/kg of TPT, or mice treated with 
25 mg/kg of CYC, showed any clinical illness or abnormalities dur-
ing treatment.

Reduced splenomegaly in NZBWF1 mice treated with 
CPT or TPT. Splenomegaly is closely associated with lupus dis-
ease activity in both human patients and murine models of lupus 
(3,35). Mice were euthanized at 40 weeks of age, and spleens 
were collected and weighed. The spleen index (ratio of spleen 
weight to body weight) and spleen size were significantly smaller 
in mice treated with 1 mg/kg of CPT, 2 mg/kg of CPT, 0.1 mg/kg 
of TPT, 0.3 mg/kg of TPT, or CYC than in the control group (Fig-
ures 2A and C). Total spleen cell numbers were significantly lower 
in the mice treated with 1 mg/kg of CPT, 2 mg/kg of CPT, 0.3 mg/
kg of TPT, or CYC than in the control mice (Figure 2B).

Reduced expression of Fli- 1 in spleen cells from mice 
treated with CPT or TPT. To investigate whether treatment 
with CPT or TPT affects the expression of Fli- 1, spleen cells 
from 40- week- old mice were lysed, and Fli- 1 expression was 

Figure 2. Reduced splenomegaly, number of splenocytes, and expression of Fli- 1 in spleen cells in NZBWF1 mice treated with CPT or TPT. 
Spleen size, spleen cell number, and Fli- 1 protein levels were determined in 40- week- old mice. A, Reduced splenomegaly in the mice treated 
with CPT or TPT. The spleen index was defined as the ratio of spleen weight to body weight. B, Reduced total spleen cell number in the mice 
treated with CPT or TPT. C, Representative spleen sizes in each treatment group. D, Representative Fli- 1 levels from spleen cells in each 
treatment group. E, Fli- 1 protein levels in mouse spleen cells, determined by Western blotting. Fli- 1 expression was reduced in spleen cells 
from mice treated with CPT or TPT. β- actin was used as the protein loading control. Fli- 1 expression was normalized to the β- actin level in each 
mouse. In A, B, and E, symbols represent individual mice (n = 8– 10 per group); bars show the mean ± SEM. * = P < 0.05 versus vehicle control, 
by one- way ANOVA. See Figure 1 for definitions.
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determined by immunoblotting. The expression of Fli- 1 in spleen 
cells from mice treated with 2 mg/kg of CPT or 0.3 mg/kg of TPT 
was significantly lower than in mice treated with vehicle or CYC. 
The Fli- 1 protein levels in spleen cells from mice treated with 1 mg/
kg of CPT or 0.1 mg/kg of TPT were decreased compared to 
those in the mice treated with vehicle, though the difference was 
not significant (Figures 2D and E).

Significantly lower autoantibody levels and reduced 
total IgG levels in the serum of NZBWF1 mice treated with 
CPT or TPT. Anti- dsDNA autoantibodies are hallmarks of lupus, 
and their role in pathogenesis is well demonstrated (36,37). Next, 
we measured anti- dsDNA autoantibody levels in sera from mice 
treated with CPT or TPT. Low levels of anti- dsDNA autoanti  bodies 
were detected in all mice at the age of 23 weeks (Figure 3A). The 
anti- dsDNA antibody level gradually increased with age in the 
control group, whereas the mice treated with 1 mg/kg of CPT, 
2 mg/kg of CPT, 0.1 mg/kg of TPT, 0.3 mg/kg of TPT, or CYC 
had significantly lower anti- dsDNA antibody levels at the ages of 

30 and 38 weeks. Anti- dsDNA antibody levels in the mice treated 
with 1 mg/kg of CPT, 2 mg/kg of CPT, 0.1 mg/kg of TPT, 0.3 mg/
kg of TPT, and CYC were still significantly lower at 40 weeks. Mice 
treated with 0.03 mg/kg of TPT had significantly lower anti- dsDNA 
antibody levels at 38 weeks compared to the mice treated with 
vehicle.

Next, we measured total serum IgG, IgM, IgG1, IgG2a, 
IgG2b, and IgG3 levels in all groups of mice at 40 weeks. Mice 
treated with 1 mg/kg of CPT, 2 mg/kg of CPT, 0.3 mg/kg of TPT, 
or CYC had significantly lower serum IgG levels than control mice 
(Figure 3B). Only the mice treated with 2 mg/kg of CPT or CYC 
had significantly lower serum IgM levels than mice treated with 
vehicle (Figure 3C). Mice treated with 1 mg/kg of CPT, 2 mg/kg 
of CPT, 0.3 mg/kg of TPT, or 0.1 mg/kg of TPT had significantly 
lower serum IgG1 levels than mice treated with vehicle (Figure 3D). 
Mice treated with 1 mg/kg of CPT, 2 mg/kg of CPT, 0.03 mg/kg of 
TPT, 0.1 mg/kg of TPT, or 0.3 mg/kg of TPT had significantly lower 
serum IgG2a levels than mice treated with vehicle (Figure 3D). 
All mice treated with CPT, TPT, or CYC had lower serum IgG2b 

Figure 3. Reduced anti– double- stranded DNA (anti- dsDNA) antibody (Ab) and total serum IgG levels in NZBWF1 mice treated with CPT or 
TPT. A, Reduced anti- dsDNA antibody levels in mice treated with CPT or TPT. Serum levels of anti- dsDNA antibody were measured at the 
indicated ages. There were no differences between any of the treatment groups at 23 weeks. Data are the mean ± SEM optical density (OD) 
at 450 nm at a 1:100 dilution. * = P < 0.05 at 30 weeks; # = P < 0.05 at 38 weeks; & = P < 0.05 at 40 weeks versus vehicle control, by two- 
way ANOVA. B–D, Serum levels of IgG (B), IgM (C), and IgG1, IgG2a, IgG2b and IgG3 (D) in 40- week- old NZBWF1 mice. Symbols represent 
individual mice (n = 8– 10 per group); bars show the mean ± SEM. * = P < 0.05 versus vehicle control, by one- way ANOVA. See Figure 1 for 
other definitions.
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levels than mice treated with vehicle, but these differences were 
significant only for mice treated with 1 mg/kg of CPT, 2 mg/kg of 
CPT, or 0.03 mg/kg of TPT. Mice treated with either dose of CPT 
or CYC had significantly lower serum IgG3 levels, whereas mice 
treated with 0.1 mg/kg of TPT had slightly higher serum IgG3 con-
centrations, than mice treated with vehicle (Figure 3D).

Significantly reduced kidney weight index, decreased  
IgG and C3 deposits in glomeruli, and attenuated renal 
injury in mice treated with CPT or TPT. When mice were 
euthanized at 40 weeks, kidney and body weights were mea -
sured, and the kidney weight index (ratio of kidney weight to body 
weight) was calculated. As shown in Figure 4A, mice treated with 
1 mg/kg of CPT, 2 mg/kg of CPT, 0.1 mg/kg of TPT, 0.3 mg/
kg of TPT, or CYC had significantly decreased kidney weight 

index compared to control mice. The deposition of IgG and C3 
in glomeruli was analyzed by immunofluorescence staining. Fro-
zen sections of kidneys from all 7 groups of mice were stained 
with fluorescein- conjugated anti- mouse IgG or C3. A random 
selection of images from 10 high- power fields was taken from 
each section, and the fluorescence intensity was analyzed using 
ImageJ software. The results showed significantly reduced IgG 
and C3 deposition in the glomeruli of mice treated with 1 mg/kg 
of CPT, 2 mg/kg of CPT, 0.1 mg/kg of TPT, 0.3 mg/kg of TPT, or 
CYC compared to the control mice (Figures 4B, C, and E). Renal 
pathology scores were determined using the other kidney from 
each mouse. As shown in Figures 4D and F, mice treated with 
1 mg/kg of CPT, 2 mg/kg of CPT, 0.1 mg/kg of TPT, 0.3 mg/kg 
of TPT, or CYC had significantly reduced renal pathology scores 
compared to control mice.

Figure 4. Reduced renal deposition of IgG and C3 and reduced renal pathology scores in NZBWF1 mice treated with CPT or TPT. A, 
Reduced kidney index in mice treated with CPT or TPT. The kidney index was defined as the ratio of kidney weight to body weight and was 
determined in 40- week- old mice. B and C, Glomerular IgG (B) and C3 (C) deposition in the kidneys of 40- week- old NZBWF1 mice treated 
with CPT, TPT, CYC, or vehicle, assessed by immunofluorescence microscopy and quantified as the immunofluorescence density. IgG and C3 
deposits were reduced in the mice treated with CPT or TPT. D, Reduced renal pathology scores in the mice treated with CPT or TPT. The renal 
pathology score was determined by evaluating glomerular proliferation, infiltration of inflammatory cells, crescents, and necrosis, assessed by 
an observer who was blinded with regard to treatment group. E, Representative images of IgG and C3 deposition in each treatment group. 
Bar = 200 μm. F, Representative images of hematoxylin and eosin (H&E) staining of mouse kidneys in each treatment group. Bars = 100 μm. 
In A– D, symbols represent individual mice (n = 8– 10 per group); bars show the mean ± SEM. * = P < 0.05 versus vehicle control, by one- way 
ANOVA. See Figure 1 for other definitions.
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Lack of liver toxicity or myelosuppression in mice 
treated with CPT or TPT. To measure the liver toxicity of 
CPT and TPT at the doses used in the experiments, we mea -
sured the ALT level in serum from 40- week- old mice. As shown 
in Figure 5A, mice treated with 1 mg/kg of CPT, 2 mg/kg of CPT, 
0.03 mg/kg of TPT, 0.1 mg/kg of TPT, or 0.3 mg/kg of TPT had 
ALT levels similar to those in vehicle- treated mice. To determine 
the potential impact of CPT and TPT on myelosuppression, we 
performed CBC counts in mice at 23 and 39 weeks. Mice treated 
with vehicle had increased total white blood cell (WBC), neutro-
phil, and lymphocyte counts at 39 weeks compared to 23 weeks, 
which reflects disease progression (Figure 5B). Mice treated with 
0.1 mg/kg of TPT, 0.3 mg/kg of TPT, or CYC had similar num-
bers of WBCs, neutrophils, and lymphocytes at 39 weeks com-
pared to the untreated mice at 23 weeks and significantly lower 
numbers of WBCs, neutrophils, and lymphocytes than the mice 
treated with vehicle at 39 weeks. Mice treated with 1 mg/kg of 
CPT had a significantly higher number of WBCs and neutrophils 
compared to the untreated mice at 23 weeks. The effect of treat-
ment on blood monocytes counts was similar to that on WBC 

counts (Figure 5C). At 39 weeks, mice treated with vehicle had 
decreased red blood cell numbers compared to untreated mice 
at 23 weeks. Mice treated with 1 mg/kg of CPT, 2 mg/kg of CPT, 
0.03 mg/kg of TPT, or CYC had reduced red blood cell num-
bers compared to untreated mice at 23 weeks. Mice treated 
with 0.1 mg/kg or 0.3 mg/kg of TPT had a similar number of 
red blood cells compared to the 23- week- old control mice, but 
significantly higher numbers compared to the 39- week- old con-
trol mice (Figure 5D). All mice had a similar number of platelets, 
except mice treated with 2 mg/kg of CPT, which had a signifi-
cantly higher number of platelets (Figure 5E). Since it has been 
reported that Fli- 1 deficiency is associated with systemic sclerosis 
(38), we examined mice treated with CPT or TPT regularly and 
found no fibrotic skin manifestations in NZBWF1 mice throughout 
the entire  treatment period.

Reduced production of inflammatory mediators in 
HRGECs and HRMCs treated with CPT or TPT. The involve-
ment of HRGECs and HRMCs in lupus nephritis through the pro-
duction of inflammatory cytokines and the expression of type I IFN 

Figure 5. No significant side effects of CPT or TPT on liver function or the hematopoietic system in NZBWF1 mice. A, Serum alanine 
aminotransferase (ALT) levels (units/liter [U/L]) at 40 weeks of age in the mice treated as indicated. B– E, Numbers of each cell type in the mice 
treated as indicated. Blood was collected from mice at 23 weeks (pretreatment) and 39 weeks, and 20 hematology parameters were tested. 
Cell counts for representative parameters of the hematopoietic system, including white blood cell (WBC), neutrophil (NE), and lymphocyte (LY) 
counts (B), monocyte (MO), eosinophil (EO), and basophil (BA) counts (C), red blood cell (RBC) and hemoglobin (Hb) counts (D), and platelet 
(PLT) count and mean platelet volume (MPV) (E), are shown. Dotted lines represent the mean value at 23 weeks (before the onset of disease). 
Symbols represent individual mice (n = 8– 10 per group); bars show the mean ± SEM. ̂  = P < 0.05 versus mice at 23 weeks; * = P < 0.05 versus 
vehicle- treated mice at 39 weeks, by one- way ANOVA. PBS = phosphate buffered saline (see Figure 1 for other definitions).
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in the pathogenesis of lupus development are well documented 
(39,40). To test whether CPT and TPT can inhibit Fli- 1 in human 
cells, HRGECs and HRMCs were incubated with different concen-
trations of CPT (0.05– 0.5 μM) for 12 hours. CPT concentrations 
as low as 0.05 μM decreased Fli- 1 protein expression (Figure 6A). 
HRGECs treated with CPT and stimulated with IFNα produced 
significantly less MCP- 1 and CXCL10 at 24 hours after stimulation 
than HRGECs stimulated with IFNα alone (Figure 6B). We were 

interested in MCP- 1 and CXCL10 levels given their involvement 
in lupus nephritis development, and we have previously shown 
that Fli- 1 regulates expression of these 2 cytokines (23,41). CPT 
and TPT also reduced Fli- 1 expression in HRMCs (Figure 6C). 
HRMCs treated with CPT or TPT had significantly reduced pro-
duction of MCP- 1 following IFNγ stimulation (Figure 6D). The inhi-
bition of MCP- 1 and CXCL10 production in CPT- treated HRMCs 
was dose- dependent (Supplementary Figure 1, available on the 

Figure 6. Inhibition of expression of Fli- 1 and reduction in inflammatory mediators in human renal cells treated with CPT or TPT. A, Reduced 
Fli- 1 protein levels in human renal glomerular endothelial cells (HRGECs) treated with CPT. HRGECs were treated with the indicated doses of CPT 
for 12 hours, and Fli- 1 protein levels were evaluated by immunoblotting. B, Reduced monocyte chemotactic protein 1 (MCP- 1) and CXCL10 
production in HRGECs treated with CPT. HRGECs were treated with 0.25 μM CPT or DMSO for 12 hours and stimulated with interferon- α (IFNα). 
MCP- 1 and CXCL10 were measured by enzyme- linked immunosorbent assay (ELISA). C, Reduced Fli- 1 protein levels in human renal mesangial 
cells (HRMCs) treated with CPT or TPT. HRMCs were treated with 0.25 μM CPT, 0.1 μM TPT, or control for 12 hours, and Fli- 1 protein levels 
were evaluated by immunoblotting. D, Reduced MCP- 1 production in HRMCs treated with CPT or TPT. HRMCs were treated with 0.25 μM CPT,  
0.1 μM TPT, or control, and MCP- 1 in supernatants was measured by ELISA. E and F, Fli- 1 protein (E) and MCP- 1 (F) levels in HRMCs treated with 
0.25 μM CPT or vehicle for 12 hours and transfected with 1 μg plasmid pcDNA3.0 empty vector or pcDNA/Fli1 and stimulated with IFNγ. Fli- 1 and 
MCP- 1 levels were measured 24 hours after stimulation. Fli- 1 protein and MCP- 1 levels were restored following transfection with plasmid pcDNA/
Fli1. In B, D, and F, symbols represent individual mice; bars show the mean ± SEM. * = P < 0.05 versus control. See Figure 1 for other definitions.
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Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41685/ abstract). The levels of TNF and IL- 10 in 
HRMCs and HRGECs treated with CPT were similar to those in 
untreated cells, whereas IL- 6 that was regulated by Fli- 1 was sig-
nificantly reduced (25) (Supplementary Figure 2, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41685/ abstract).

To verify if CPT reduced MCP- 1 by inhibiting Fli- 1, HRMCs 
were treated with 0.25 μM CPT for 12 hours and then transfected 
with 1 μg plasmid pcDNA3.0 empty vector or pcDNA/Fli1 and 
stimulated with IFNγ, and MCP- 1 levels were measured after 
stimulation. Fli- 1 protein levels and production of MCP- 1 in the 
cells transfected with plasmid pcDNA/Fli1 were restored to levels 
similar those in the cells not treated with CPT (Figures 6E and 
F). These data indicate that CPT reduced MCP- 1 largely through 
inhibition of Fli- 1 expression.

DISCUSSION

In this study, our data clearly demonstrated that the che -
motherapeutic drugs CPT and TPT, at least in part through inhib-
iting the expression of the transcription factor Fli- 1, markedly 
ameliorated lupus nephritis in NZBWF1 mice. The NZBWF1 mice 
treated with 1 mg/kg of CPT, 2 mg/kg of CPT, 0.1 mg/kg of TPT, 
or 0.3 mg/kg of TPT had complete elimination of splenomegaly, 
significantly decreased total serum IgG levels, serum anti- dsDNA 
antibody levels, proliferative glomerulonephritis, renal inflamma-
tion, and proteinuria, and significantly prolonged survival.

The impact of treatment with CPT or TPT on splenomegaly, 
anti- dsDNA autoantibody levels, and total serum IgG levels was 
profound. Mice treated with 1 mg/kg of CPT, 2 mg/kg of CPT, 
or 0.3 mg/kg of TPT had similar or lower anti- dsDNA autoanti-
body levels at the age of 40 weeks compared to the titers at the 
age of 23 weeks, before the treatment started (Figure 3). One of 
the possible mechanisms of the lower anti- dsDNA autoantibody 
levels in mice treated with CPT or TPT is through their immu-
nosuppressive function; this is supported by our data showing 
that the total serum IgG level was significantly lower in the mice 
treated with CPT or 0.3 mg/kg of TPT than the mice treated with 
vehicle (Figure 3). CPT treatment had a more profound impact on 
total serum IgG and anti- dsDNA antibody levels than TPT treat-
ment. The total serum IgG concentration in the mice treated 
with 2 mg/kg of CPT was reduced >80% compared to the 
untreated mice, despite the fact that these mice did not have leu-
kopenia (Figures 3B and 5B).

We have previously demonstrated that NZM2410 mice and 
MRL/lpr mice, murine models of lupus, with reduced expression 
of Fli- 1 had significantly lower anti- dsDNA autoantibody levels 
and lower total serum IgG levels (20,21). Mice treated with 1 mg/
kg of CPT, 2 mg/kg of CPT, 0.1 mg/kg of TPT, or 0.3 mg/kg of 
TPT had significantly lower expression of Fli- 1 (Figure 2D). Thus, 
reduced expression of Fli- 1 likely contributed to the decreased 

expression of anti- dsDNA antibodies in the mice treated with 
CPT or TPT. It is interesting to note that mice treated with 
0.03 mg/kg of TPT had lower anti- dsDNA antibody levels but 
had similar renal pathology scores and survival compared to 
the control mice, which indicates that additional factors other 
than anti- dsDNA antibodies affected renal scores and survival in 
the mice treated with TPT. The mice treated with 0.1 mg/kg or 
0.3 mg/kg of TPT had similar total WBC and lymphocyte counts 
at 39 weeks as 23- week- old control mice but significantly lower 
counts compared to the 39- week- old control mice, which sug-
gests that these treatments induced disease remission. Mice 
treated with 1 mg/kg or 2 mg/kg of CPT had significantly higher 
total WBC and lymphocyte counts at 39 weeks compared to 
23- week- old control mice, and had significantly reduced spleno -
megaly and renal pathology scores and prolonged survival 
(Figure 5). These data indicate that CPT and TPT likely have 
 different effects on myelotoxicity or myelosuppression.

Previous studies have shown that another topoisomer-
ase I (topo I) inhibitor, irinotecan, improved lupus nephritis in 
NZBWF1 mice (42,43). In those studies, the total serum IgG and 
anti- dsDNA autoantibody levels were similar in sera from mice 
treated with irinotecan and mice treated with vehicle, though glo-
merular IgG and C3 deposits were significantly reduced in the mice 
treated with irinotecan (42,43). Frese- Schaper and colleagues 
suggested that irinotecan protected NZBWF1 mice mainly by 
changing DNA relaxation and reducing anti- dsDNA binding to the 
autoantibodies (43). We found that both total serum IgG and anti- 
dsDNA autoantibody levels were significantly reduced in the mice 
treated with 1 mg/kg of CPT, 2 mg/kg of CPT, 0.1 mg/kg of TPT, 
or 0.3 mg/kg of TPT (Figure 3). The differences between the pre-
vious studies and our data are likely due to the different topo -
isomerase inhibitors used in the studies. Though CPT, TPT, and 
irinotecan belong to the same class of CPT analogs, they have 
different properties and different targets. CPT is water- insoluble 
with a relatively low ability to inhibit topo I (50% inhibition concen-
tration of 0.68 μM) (44). TPT is water soluble with high efficacy to 
inhibit topo I (45). Irinotecan is an inactive prodrug that is activated 
in vivo (46). We have found that CPT and TPT had different effects 
on neutropenia and platelets in NZBWF1 mice (Figure 5). Mice 
treated with 2 mg/kg of CPT had significantly higher numbers of 
WBCs, neutrophils, lymphocytes, and platelets than mice treated 
with TPT (Figure 5).

We further demonstrated that HRGECs and HRMCs treated 
with CPT or TPT had reduced expression of Fli- 1 and decreased 
production of inflammatory cytokines following IFNα or IFNγ stim-
ulation (Figure 6). An increased expression of type I IFN– regulated 
genes has been known to be associated with SLE (40). Human 
T cells and macrophages treated with CPT or TPT had signifi-
cantly reduced expression of Fli- 1 and decreased production of 
inflammatory mediators (Wang X et al: unpublished observations). 
These findings suggest that CPT and TPT could also have thera-
peutic effects in human patients with lupus nephritis.

http://onlinelibrary.wiley.com/doi/10.1002/art.41685/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41685/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41685/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41685/abstract
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Currently, CYC is one of the most reliable and effective treat-
ments for patients with severe lupus nephritis (2). The major side 
effects of CYC include infertility, urotoxicity, and oncogenicity, and 
a significant portion of patients do not respond to CYC treatment 
or do not tolerate CYC well as induction or maintenance therapy 
(2,47). A high dose of CYC is used for treating patients with severe 
lupus nephritis, at 500– 1,000 mg/m² IV monthly for 6 doses, 
whereas CYC is used for treating breast cancer at 400– 1,800 mg/
m² at intervals of 2– 4 weeks (2,47,48). The dose of CYC used in 
this study is equal to 600 mg/m2 every 4 weeks, which is similar 
to the dose used for chemotherapy. The dose of TPT used in this 
study for inducing remission in lupus nephritis is equal to 0.6 mg/
m2 per week for humans (1.8 mg/m2 every 3 weeks; for conver-
sion, see US Food and Drug Administration [FDA] guidance, Esti-
mating the Maximum Safe Starting Dose in Initial Clinical Trials 
for Therapeutics in Adult Healthy Volunteers [https://www.fda.
gov/media/ 72309/ download]), whereas a TPT dose of 7.5 mg/
m2 every 3 weeks is used for human ovarian cancer and small cell 
lung cancer (49,50). Thus, the TPT dose used in this study that 
achieved similar or better effects than CYC is approximately one- 
fourth of the dose used for cancer chemotherapy, which suggests 
that an effective dose of TPT could have efficacy similar to CYC 
with less toxicity for treating lupus nephritis.

Decreased expression of Fli- 1 has been reported to be asso-
ciated with systemic sclerosis (38); we did not find any signs of 
skin fibrosis in mice treated with CPT or TPT. Additionally, there 
is no literature indicating that cancer patients who receive high 
doses of TPT are at an elevated risk of developing systemic scle-
rosis. As a result, we believe the risk of systemic sclerosis is low 
for patients with lupus nephritis treated with CPT or TPT. A limi-
tation of this study is that only approximately half of the mice had 
proteinuria when the treatment started. We predict that CPT or 
TPT will have therapeutic effects on mice with established lupus 
nephritis. As shown in Figure 1B, treatment with 1 mg/kg of CPT 
suppressed proteinuria levels for the entire posttreatment period 
in one mouse with grade 3 proteinuria (≥300 mg/dl) at the age of 
26 weeks. Another area to study is the timing of lupus nephritis 
relapse after discontinuation of treatment with CPT or TPT.

In summary, our data indicate that the chemotherapeutic 
drugs CPT and TPT, at least in part by inhibiting the expression of 
Fli- 1, significantly ameliorated lupus nephritis in NZBWF1 mice as 
effectively as or better than CYC. TPT is an FDA- approved drug; 
thus, it is possible that the drug can be repurposed to treat lupus 
nephritis after further clinical investigation.
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Retinoic Acid Receptor– Related Orphan Nuclear Receptor γt 
Licenses the Differentiation and Function of a Unique 
Subset of Follicular Helper T Cells in Response to 
Immunogenic Self- DNA in Systemic Lupus Erythematosus
Zhenke Wen , Lin Xu, Wei Xu, and Sidong Xiong

Objective. Accumulating studies have identified self- DNA as driving IgG anti– double- stranded DNA (anti- dsDNA) 
in lupus, though the underpinning mechanisms of this process remain largely undefined. Here, we explored the 
activity of transcription factor retinoic acid receptor– related orphan nuclear receptor γt (RORγt) in the differentiation 
and function of self- DNA– specific follicular helper T (Tfh) cells in lupus.

Methods. B6, TCRα– /– , CD4– /– , RORγtfl/flCD4Cre, RORγt+/+CD4Cre, Bcl- 6fl/flCD4Cre, Bcl- 6+/+CD4Cre, IL- 17– /– , 
and ICOS– /–  mice were immunized with normal self- DNA, immunogenic self- DNA, and pathogen DNA to induce the 
production of Tfh cells and IgG anti- dsDNA. Tfh cells with or without interleukin- 17 (IL- 17) were evaluated for their 
role in supporting the generation of IgG. NSG mice were reconstituted with immune cells and circulating DNA from 
human subjects for translational studies. IL- 17– positive Tfh cells were analyzed for their correlation with IgG anti- 
dsDNA levels as well as their response to circulating self- DNA in lupus patients.

Results. Unlike normal self- DNA, immunogenic self- DNA and pathogen DNA efficiently induced IgG responses. 
Immunogenic self- DNA induced IgG in a CD4+ T cell– dependent manner, which was abrogated by RORγt deficiency. In 
contrast, RORγt was not required for the generation of pathogen DNA– induced IgG. Further analyses identified RORγt 
as essential for the differentiation and function of Tfh cells in response to immunogenic self- DNA, assigning IL- 17 as 
a feature cytokine. These IL- 17– positive Tfh cells functioned independent of inducible costimulator (ICOS), critically 
supporting IgG generation. Targeting immunogenic self- DNA– specific Tfh cells by RORγ knockdown and IL- 17 blockade 
ameliorated IgG response and lupus nephritis in a humanized mouse model. The presence of IL- 17– positive Tfh cells 
was associated with IgG anti- dsDNA levels and were expanded by circulating immunogenic self- DNA in lupus patients.

Conclusion. Immunogenic self- DNA instructs ICOS- dispensable IL- 17– positive Tfh cells via RORγt to produce 
an IgG anti- dsDNA response. As such, IL- 17– positive Tfh cells are a promising therapeutic target for lupus patients.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a devastating auto-
immune disease that affects essentially any tissues and organs in 
young female patients (1). Distinct from other autoimmune inflam-
matory diseases such as rheumatoid arthritis and large vessel 
vasculitis (2– 4), the pivotal characteristic of immunologic dysregu-
lation in SLE is the production of high levels of IgG autoantibodies 

that represent a major diagnostic feature of the disease and lead to 
pathologic disease processes (1). In particular, IgG autoantibodies 
directed against double- stranded DNA (dsDNA) are a major cause 
of morbidity and mortality in lupus, driving lupus nephritis (5,6). 
However, the mechanisms underpinning the generation of IgG 
anti- dsDNA are far less clear.

For over 50 years, DNA has been known to induce immu-
nostimulatory reactions (7). Accumulating studies have classified 
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self- DNA as an autoantigen for IgG anti- dsDNA (6). Our previous 
investigations have established a lupus model of mice with conven-
tional genetic backgrounds by immunizing mice with immunogenic 
self- DNA derived from syngeneic apoptotic cells, but not normal 
self- DNA derived from syngeneic fresh cells, which has led to devel-
opments of IgG anti- dsDNA and lupus- like syndrome in mice (8,9). 
Such a lupus model reflects realistic genetic conditions in human 
SLE and has been extensively applied in exploring lupus pathogen-
esis and therapeutics (10,11). Immunogenic self- DNA– induced IgG 
production is supported by the fact that mice deficient in DNase I, 
a major nuclease involved in clearance of extracellular DNA, develop 
high levels of IgG anti- dsDNA and lupus- like disease (12).

In human SLE, impaired clearance of apoptotic cells, together 
with frequently encountered mutations and/or lower activities of 
DNase I, results in higher levels of cell- free immunogenic self- DNA 
in circulation and disease development (12,13). Mechanistically, 
physical and biochemical properties such as hypomethylation 
are crucial for immunogenic self- DNA in driving IgG anti- dsDNA 
production and lupus nephritis, which requires the involvement of 
antigen- presenting cells (8– 11) (Supplementary Figure 1, avail  able 
on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41687/ abstract). Immunogenic self- 
DNA is sensed by lysosomal Toll- like receptor 9 (TLR- 9), licens-
ing the generation of IgG anti- dsDNA and development of lupus 
nephritis in a CD4 T cell– dependent manner (10) (Supplementary 
Figure 1A). Specifically, extracellular high mobility group box chro-
mosomal protein 1 (HMGB- 1) is critical for lysosomal recruitment 
of immunogenic self- DNA, enabling TLR- 9 activation and IgG anti- 
dsDNA generation (14,15) (Supplementary Figure 1A).

Further, immunogenic self- DNA instructs Notch1 signaling 
and accelerates NF- kB p50 translocation into the nucleus, induc-
ing M2b macrophage polarization and lupus nephritis (9) (Sup-
plementary Figure 1B). Immunogenic self- DNA is also sensed by 
DNA- dependent activators of interferon regulatory factor (DAIs), 
leading to activation of NF- κB and M2b polarization (16) (Supple-
mentary Figure 1B). Therapeutically, serum amyloid P component 
and mannose- binding lectin can blunt the M2b polarization and alle-
viate lupus nephritis, while granulin is a critical exacerbator of immu-
nogenic self- DNA– induced M2b polarization and lupus nephritis 
(17,18) (Supplementary Figure 1B). However, despite these studies 
showing how antigen- presenting cells and innate DNA sensors are 
involved in immunogenic self- DNA– induced SLE, phenotype and 
function of immunogenic self- DNA– specific T cells that support IgG 
anti- dsDNA generation are essentially unknown. In fact, while cur-
rent studies on DNA immunity are heavily focused on DNA sens-
ing in innate immunity (7), adaptive DNA immunity in regard to how 
immunogenic self- DNA drives IgG response remains largely unclear.

Generation of IgG with high affinity requires follicular helper 
T (Tfh) cells to support the hypermutation of germinal center (GC) 
B cells (19). Tfh cells differentiate in a multistep and multi- signal 
process, leading to their substantial heterogeneity (20). Specifi-
cally, Tfh cells are divided into interferon- γ (IFNγ)– , interleukin- 4 

(IL- 4)– , and IL- 17– expressing subpopulations, with IL- 4 and IL- 
17 being functional B cell helpers (21). The phenotype and func-
tion of Tfh cells are also distinct depending on their localizations 
(22). Such heterogeneity of Tfh cells highlights the relevance of 
characterizing immunogenic self- DNA– specific Tfh cells in SLE. 
Previous studies have identified an effective B cell helper activ-
ity of Th17 cells (23), which are commonly considered as highly 
proinflammatory T cells (23). The frequency of Th17 cells is ele-
vated and closely correlated with serum levels of IgG anti- dsDNA 
in lupus patients (24), implicating Th17 cells in the generation of 
auto- IgG (25). However, although Th17 cells are indispensable 
for orchestrating autoreactive GC response (26), Tfh cells, but 
not Th17 cells, mediate auto- IgG production (27), suggesting an 
involvement of Th17 cells in Tfh- mediated autoimmunity.

Herein, we explored how immunogenic self- DNA drives IgG 
anti- dsDNA and evaluated the activity of retinoic acid receptor– 
related orphan nuclear receptor γt (RORγt), a well- known Th17 
lineage– determining transcription factor, in SLE. Unexpectedly, 
RORγt was indispensable in the differentiation and function of 
immunogenic self- DNA– specific Tfh cells, assigning IL- 17 as a 
signature cytokine. Such IL- 17– positive Tfh cells differentiate and 
function in an inducible costimulator (ICOS)– dispensable manner, 
critically supporting IgG anti- dsDNA generation through IL- 17. Tar-
geting immunogenic self- DNA– specific Tfh cells by human RORγ 
knockdown and IL- 17 neutralization were sufficient in restricting 
IgG anti- dsDNA response and lupus nephritis in the humanized 
lupus mouse model. In human SLE, IL- 17– positive Tfh cells were 
associated with IgG anti- dsDNA response. Thus, RORγt is a key 
checkpoint in adaptive DNA autoimmunity, licensing the differ-
entiation and function of immunogenic self- DNA– specific IL- 17– 
positive Tfh cells as therapeutic targets for SLE treatment.

PATIENTS AND METHODS

Study participants. In total, 61 female Asian patients with 
new onset and untreated SLE (mean ± SD age 29.1 ± 12.6 years) 
who did not have other autoimmune diseases or infections, as 
well as 37 age- matched healthy control subjects, were recruited. 
Peripheral blood mononuclear cells (PBMCs) from lupus patients 
were isolated with Corning Lymphocyte Separation Medium 
(ThermoFisher). Written informed consent was received from 
each study participant. All experiments were carried out in accor-
dance with the Declaration of Helsinki and approved by the Ethics 
 Committee at Soochow University.

Mice. BALB/c, B6, and MRL/lpr mice were obtained from 
SLAC Laboratory Animal Company. TCRα– /– , CD4– /– , Bcl- 6fl/fl, 
RORγtfl/fl, CD4Cre, ICOS– /– , IL- 17– /– , and NSG mice were obtained 
from the JAX Mice division at The Jackson Laboratory. Mice were 
housed in a specific pathogen– free animal facility. Experimental 
protocols were approved by the Animal Care and Use Committee 
at Soochow University.

http://onlinelibrary.wiley.com/doi/10.1002/art.41687/abstract
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Reagents. Human lentiviral RORγ short hairpin RNAs 
 (shRNAs) and control shRNAs were obtained from Santa Cruz 
Biotechnology and Origene. T cell transfection was performed 
with a Nucleofector Kit (Lonza), and RPMI 1640 medium with 
10% fetal bovine serum plus penicillin/streptomycin/glutamine 
was used in cell cultures (ThermoFisher). All reagents were used 
in analyses according to the manufacturers’ instructions.

IgG anti- dsDNA generation. Purification of mouse nor-
mal self- DNA from syngeneic fresh splenic cells and mouse 
immunogenic self- DNA from syngeneic apoptotic splenic cells 
was performed as previously described (9,10,28). DNA isolated 
from Escherichia coli with a GenElute Bacterial Genomic DNA 
kit (Sigma) was used as pathogen DNA. To exclude the poten-
tial contamination with lipopolysaccharide, sterile endotoxin- free 
plastic ware and reagents were used in DNA preparations. DNA 
samples were monitored for low levels of endotoxin by limulus 
amoebocyte lysate assay (BioWhittaker). For induction of IgG anti- 
dsDNA, groups of 8- week- old mice were subcutaneously injected 
with 0.2 ml of an emulsion containing DNA (50 μg per mouse) 
in phosphate buffered saline plus an equal volume of complete 
Freund’s adjuvant (CFA) (Sigma) at week 0, followed by 2 booster 
immunizations of DNA (50 μg per mouse) emulsified with incom-
plete Freund’s adjuvant (IFA) (Sigma) at 2- week intervals.

Humanized lupus mouse model. A humanized 
lupus mouse model using lupus PBMC- NSG chimeras was 
generated as previously described (29). Specifically, 8- week- old 
NSG mice were reconstituted with PBMCs (10 × 106 cells/mouse) 
from patients with active lupus and immunized with patients’ 
immunogenic self- DNA (2 μg per mouse) emulsified in CFA 
(Sigma) after 24 hours. The chimeras were then immunized with 
immunogenic self- DNA emulsified in IFA (Sigma) an additional 2 
times at 2- week intervals. Immunogenic self- DNA was isolated 
using GenElute Plasma/Serum Cell- Free Circulating DNA Purifica-
tion kit (Sigma). An equal volume of Freund’s adjuvant was used 
as the vehicle control. For some experiments, CD4+ T cells were 
FACS sorted from PBMCs, transfected with human RORγ shRNA 
or a control, and adoptively transferred into NSG mice together 
with CD4+ T cell– depleted PBMCs.

Cell isolation. Isolation of IL- 17– producing T cells was 
performed using a Mouse IL- 17 Secretion Assay/Cell Enrichment 
and Detection kit (PE) (Miltenyi Biotec). Tfh cells were stained 
with fluorescein isothiocyanate (FITC)– conjugated anti- CD4 
antibody (clone GK1.5) or allophycocyanin (APC)– conjugated 
anti- CXCR5 antibody (clone L138D7) plus Brilliant Violet 421 
anti– programmed death 1 (anti- PD- 1) antibody (clone 29F.1A12) 
(all from BioLegend), and then sorted with a BD Biosciences 
FACSAria III flow cytometer. For adoptive transfer experiments, 
IL- 17– positive and IL- 17– negative Tfh cells were expanded into 
10 million cells by stimulation with anti- CD3/anti- CD28 beads 

at a 1:1 ratio (ThermoFisher) for 3 days and then intravenously 
injected into mice, followed by immunogenic self- DNA immu-
nization after 24 hours. Splenic macrophage and B cells were 
identified with phycoerythrin (PE)– conjugated anti- F4/80 anti-
body (clone BM8) and FITC- conjugated anti- CD19 antibody 
(clone 1D3/CD19) (all from BioLegend) and purified with a BD 
Biosciences FACSAria III flow cytometer. Cell purity was consis -
tently maintained at >95%.

Flow cytometry analysis. Cell surface staining were per-
formed with FITC- conjugated anti- CD4 (clones GK1.5 and OKT4), 
APC- conjugated anti- CXCR5 (clones L138D7 and J252D4), Bril-
liant Violet 421 anti– PD- 1 (clones 29F.1A12 and NAT105), and 
APC– Cy7– conjugated anti- human CD45 (clone 2D1) (all from 
BioLegend). For intracellular cytokines, cells were stimulated with 
50 ng/ml of phorbol myristate acetate (Sigma) and 500 ng/ml of 
ionomycin (Sigma) plus brefeldin A (BioLegend) at a 1:1,000 ratio 
for 5 hours, treated with Fix/Perm Buffer (BD Biosciences), and 
then stained with PE– Cy7– conjugated anti- IL- 17 (clones TC11- 
18H10.1 and BL168), PerCP– Cy5.5– conjugated anti– IL- 4 (clone 
11B11), or APC– Cy7– conjugated anti- IFNγ (clone XMG1.2) (all 
from BioLegend). Cell staining was performed at room tempera-
ture for 45 minutes and acquired with an LSRII flow cytometer (BD 
Biosciences). Data were analyzed with FlowJo software (Tree Star).

Real- time polymerase chain reaction (PCR). Total RNA 
was extracted using a RNeasy Mini kit (Qiagen). Complementary 
DNA was synthesized with Maxima First Strand cDNA Synthe-
sis Kits for real- time qPCR (Thermo Scientific). Quantitative PCR 
was performed using SYBR Green qPCR Master Mix (ThermoSci-
entific). Primers were used as previously described (3,4). Gene 
expression was normalized to 18S ribosomal RNA.

Antibody blockade of IL- 17. Blockade of IL- 17 in immu-
nogenic self- DNA– immunized mice was performed as previously 
described (29). Each mouse was injected intraperitoneally with 
100 μg of anti– IL- 17 neutralizing antibody (R&D Systems) or con-
trol antibody (R&D systems) 24 hours before DNA immunization, 
and then immunized at 3- day intervals.

Enzyme- linked immunosorbent assay (ELISA). IgG 
anti- dsDNA was determined with a Mouse anti- dsDNA IgG ELISA 
Kit (Chondrex) and/or a Human anti- dsDNA IgG ELISA Kit (Alpha 
Diagnostic) (5,28), and IL- 17 was detected with Mouse/Human 
IL- 17 Quantikine ELISA Kits (R&D Systems). Albumin and Creati-
nine Companion ELISA kits (Exocell) were used to determine urine 
albumin:creatinine ratios (29).

Statistical analysis. All data are available upon request 
from the corresponding authors. Quantitative data were expressed 
as the mean ± SEM. Paired and unpaired Student’s t- tests with 
Bonferroni adjustment for multiple comparisons were used for 
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comparison of 2 groups as appropriate. One- way analysis of var-
iance with Tukey’s post hoc test was used for comparisons of 2 
or more groups. Pearson’s correlation coefficient was used in cor-
relation analyses. Statistical analyses were performed with Prism 
version 8.0 (GraphPad Software). P values of less than 0.05 were 
considered statistically significant.

RESULTS

Tfh cell– dependent induction of IgG anti- dsDNA by 
immunogenic self- DNA. Circulating immunogenic self- DNA in 
human SLE is mainly from apoptotic cells (30), reinforcing the phe-
nomenon that immunogenic self- DNA from syngeneic apoptotic 
cells, but not normal self- DNA from fresh cells, induces IgG anti- 
dsDNA production in mice with conventional genetic backgrounds 

(8– 10,16,17,28) (Figure 1A). While immunogenic self- DNA induced 
IgG production effectively in wild- type (WT) mice, such IgG induc-
tion was impaired in TCRα– /–  and CD4– /–  mice (Figures 1B and C), 
demonstrating that CD4+ T cells are required for immunogenic 
self- DNA– induced IgG generation in SLE (10,11).

Tfh cells are specialized CD4+ T cells that help B cells with 
generating high affinity IgG and also differentiate through Bcl- 6 
as a master transcription factor (31). To determine the require-
ment of Tfh cells for immunogenic self- DNA– induced IgG gener-
ation, Bcl- 6fl/flCD4Cre and Bcl- 6+/+CD4Cre mice were immunized 
with immunogenic self- DNA and analyzed for the presence of 
splenic Tfh cells with IgG anti- dsDNA. While immunogenic self- 
DNA efficiently induced CD4+CXCR5+PD- 1high Tfh cells in Bcl- 
6+/+CD4Cre mice, these Tfh cells were diminished in Bcl- 6fl/fl 

CD4Cre mice (Figures 1D and E). Accordingly, IgG anti- dsDNA 

Figure 1. Immunogenic self- DNA– induced IgG response requires follicular helper T (Tfh) cells. A, Serum levels of IgG anti– double- stranded 
DNA (anti- dsDNA) at the indicated time points in BALB/c mice and B6 mice immunized with immunogenic self- DNA. Normal self- DNA was 
used as a control. B and C, Serum IgG anti- dsDNA levels at the indicated time points in wild- type (WT) and TCRα– /–  mice (B) and in WT and 
CD4– /–  mice (C) immunized with immunogenic self- DNA. D and E, Flow cytometry plots (D) and quantification (E) of CXCR5+PD- 1high CD4+ T 
cells in splenic Tfh cells obtained from Bcl- 6+/+CD4Cre mice and Bcl- 6fl/flCD4Cre mice immunized with immunogenic self- DNA over 4 weeks. 
Results in D are representative of experiments with 7 mice. F, Serum levels of IgG anti- dsDNA in Bcl- 6+/+CD4Cre mice and Bcl- 6fl/flCD4Cre mice 
immunized with immunogenic self- DNA. In A– C, E, and F, symbols represent individual mice (n = 6 per group in A– C and F; n =  7 per group in 
E); bars show the mean ± SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by paired t- test with Bonferroni adjustment for multiple comparisons 
in A, B, C, and F; by paired t- test in E. PD- 1 = programmed death 1.



RORγt AND FUNCTIONAL Tfh CELLS IN LUPUS |      1493

induction by immunogenic self- DNA was shown to be defective in 
Bcl- 6fl/flCD4Cre mice (Figure 1F), demonstrating that Tfh cells are 
essential for immunogenic self- DNA to induce IgG anti- dsDNA. 
IgG anti- dsDNA is a central pathogenic autoantibody in driving 
lupus nephritis (6,28). Consistent with the reduced levels of IgG 
anti- dsDNA in Bcl- 6fl/flCD4Cre mice, renal IgG levels and urine 
albumin:creatinine ratios were low in these mice in response to 
immunogenic self- DNA (Supplementary Figure 2A, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41687/ abstract).

Essentially, immunogenic self- DNA drives the production 
of IgG anti- dsDNA in vivo via Tfh cells, and the immunogenic 

self- DNA– induced lupus model used in the present study pro-
vides an optimal platform for characterizing immunogenic self- 
DNA– specific Tfh cells in SLE.

Immunogenic self- DNA instruction of RORγt- 
dependent IL- 17– positive Tfh cells. To explore the function 
of RORγt in SLE, we evaluated the activity of RORγt in Tfh cell 
differentiation in response to immunogenic self- DNA. RORγtfl/fl 

CD4Cre mice and RORγt+/+CD4Cre mice were immunized with 
immunogenic self- DNA and analyzed for the presence of splenic 
Tfh cells. Compared with RORγt+/+CD4Cre mice, development of 
Tfh cells in response to immunogenic self- DNA was impaired in 

Figure 2. Retinoic acid receptor– related orphan nuclear receptor γt (RORγt) is a key checkpoint in the differentiation and function of follicular 
helper T (Tfh) cells in response to immunogenic self- DNA. A, Percentage of splenic Tfh cells in RORγtfl/flCD4Cre mice and RORγt+/+CD4Cre 
mice immunized with immunogenic self- DNA or pathogen DNA for 4 weeks. B, Serum IgG anti– double- stranded DNA (anti- dsDNA) levels at 
the indicated time points in RORγt+/+CD4Cre mice and RORγtfl/flCD4Cre mice immunized with immunogenic self- DNA. C, RORγt expression in 
interleukin- 17 (IL- 17)– positive (IL- 17pos) Tfh cells and IL- 17– negative (IL- 17neg) Tfh cells obtained from BALB/c mice immunized with immunogenic 
self- DNA. Five mice were analyzed, and representative results are shown. Fluorescence Minus One (FMO) controls were used for gating. D, 
Serum IL- 17 levels at the indicated time points in RORγt+/+CD4Cre mice and RORγtfl/flCD4Cre mice immunized with immunogenic self- DNA. 
E and F, IL- 17 expression in splenic Tfh cells (E) and percentage of IL- 17– positive splenic Tfh cells (F) from BALB/c mice immunized with 
immunogenic self- DNA or pathogen DNA for 4 weeks. In E, 6 mice were analyzed, and representative results are shown. FMO controls were 
used for gating. In A, B, D, and F, symbols represent individual mice (n = 6 per group); bars show the mean ± SEM. * = P < 0.05; ** = P < 0.01; 
*** = P < 0.001, by paired t- test with Bonferroni adjustment for multiple comparisons. NS = not significant. Color figure can be viewed in the 
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41687/abstract.
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RORγtfl/flCD4Cre mice (Figure 2A), pinpointing RORγt as crucial 
for the differentiation of these Tfh cells. The requirement of RORγt 
for Tfh cell differentiation was not exhibited by pathogen DNA 
(Figure 2A).

Consistent with the RORγt- dependent differentiation of Tfh 
cells, high levels of IgG anti- dsDNA were induced by immuno -
genic  self- DNA in RORγt+/+CD4Cre mice, but not in RORγtfl/fl

CD4Cre mice (Figure 2B). This lack of IgG induction in RORγtfl/fl  

CD4Cre mice was not due to the insufficient amount of immuno-
genic self- DNA for immunizations (Supplementary Figure 2B [http://
onlin elibr ary.wiley.com/doi/10.1002/art.41687/ abstract]). Again, 

pathogen DNA efficiently induced IgG in both RORγtfl/fl CD4Cre mice 
and RORγt+/+CD4Cre mice (Supplementary Figure 2C).

Consistent with the IgG anti- dsDNA generation, renal 
IgG deposition and urine albumin:creatinine ratios were low in  
RORγtfl/flCD4Cre mice in response to immunogenic self- DNA (Sup-
plementary Figure 2D). Thus, RORγt is selectively indispens able for 
the differentiation and function of immunogenic self- DNA– specific 
Tfh cells.

RORγt is a master transcription factor of IL- 17 production in 
CD4+ T cells (32). Accordingly, IL- 17– positive Tfh cells, but not 
IL- 17– negative Tfh cells, were RORγt– positive in mice immunized 

Figure 3. IL- 17– positive Tfh cells are crucial for IgG anti- dsDNA response. A, Serum levels of IgG anti- dsDNA at the indicated time points in 
TCRα– /–  mice reconstituted with IL- 17– negative or IL- 17– positive Tfh cells and immunized with immunogenic self- DNA. B, Generation of IgG 
anti- dsDNA from purified B cells (2 × 106 cells/ml) cocultured with macrophages and immunogenic self- DNA (50 μg/ml) (control); macrophages, 
immunogenic self- DNA, and IL- 17– positive cells; or macrophages, immunogenic self- DNA, and IL- 17– negative Tfh cells (at a ratio of Tfh cells to 
macrophages to B cells of 1:2:4) for 7 days. C, Serum levels of IgG anti– dsDNA at the indicated time points in TCRα– /–  mice reconstituted with 
IL- 17– positive Tfh cells alone or in the presence IL- 17 blockade (IL- 17 neutralizing antibody [nAb]) and immunized with immunogenic self- DNA. 
D, Serum levels of purified B cells (2 × 106 cells/ml) cocultured with IL- 17– positive Tfh cells, macrophages, and immunogenic self- DNA (50 μg/
ml) plus either control neutralizing antibody or IL- 17 neutralizing antibody (1 μg/ml) (at a ratio of Tfh cells to macrophages to B cells of 1:2:4) for 7 
days. E, Serum levels of IgG anti- dsDNA at the indicated time points in wild- type (WT) mice and IL- 17– /–  mice immunized with immunogenic self- 
DNA. F, Serum levels of IgG anti- dsDNA at the indicated time points in BALB/c mice immunized with immunogenic self- DNA in the presence 
of IL- 17 control neutralizing antibody or IL- 17 neutralizing antibody. Symbols indicate individual mice (n = 6 per group); bars show the mean ± 
SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by paired t- test with Bonferroni adjustment for multiple comparisons in A, C, E, and F; by 
one- way analysis of variance with Tukey’s post hoc test in B; by paired t- test in D. See Figure 2 for other definitions. Color figure can be viewed 
in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41687/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41687/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41687/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41687/abstract


RORγt AND FUNCTIONAL Tfh CELLS IN LUPUS |      1495

with immunogenic self- DNA (Figure 2C). RORγtfl/flCD4Cre mice 
were resistant to IL- 17 induction in response to immunogenic self- 
DNA (Figure 2D), identifying RORγt as critical for the induction of 
IL- 17 by immunogenic self- DNA.

Consistent with the critical role of RORγt in Tfh cell differ-
entiation, expression levels of IL- 17 in Tfh cells were enriched 
compared to IFNγ and IL- 4, accounting for almost 60% of 
immunogenic self- DNA– induced Tfh cells (Figures 2E and F and 
Supplementary Figure 3, available on the Arthritis & Rheuma-
tology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41687/ abstract). Pathogen DNA– induced Tfh cells were 
positive for IFNγ and IL- 4, but relatively negative for IL- 17 (Sup-
plementary Figures 2E and F and Supplementary Figure 3), 
assigning IL- 17– positive Tfh cells as an immunogenic self- DNA– 
specific Tfh subset. Overall, licensed by RORγt, IL- 17– positive 
Tfh cells are differentiated and expanded by immunogenic self- 
DNA in SLE.

IL- 17– positive Tfh cells as the functional cell subset 
for IgG anti- dsDNA generation. To evaluate the contribution 
of IL- 17– positive Tfh cells in supporting immunogenic self- DNA– 
induced IgG, IL- 17– positive Tfh cells and IL- 17– negative Tfh 
cells were sorted from splenocytes (Supplementary Figure 4A), 
expanded with anti- CD3/anti- CD28 beads, and transferred into 
TCRα– /–  mice that were then immunized with immunogenic self- 
DNA and assessed for the presence of IgG. While the transfer 
efficiencies of IL- 17– positive Tfh cells and IL- 17– negative Tfh 
cells were comparable (Supplementary Figure 4B), IL- 17– positive 
Tfh cells efficiently restored the induction of IgG anti- dsDNA in 
TCRα– /–  mice, which is in contrast to IL- 17– negative Tfh cells that 
exerted limited activity (Figure 3A). Furthermore, IL- 17– positive 
Tfh cells, but not IL- 17– negative Tfh cells, mediated IgG induc-
tion by immunogenic self- DNA in vitro (Figure 3B). Also, IL- 17– 
positive Tfh cells mediated robust urine albumin:creatinine 
ratios in TCRα– /–  mice following immunization with immunogenic 
self- DNA (Supplementary Figure 4C [http://onlin elibr ary.wiley.
com/doi/10.1002/art.41687/ abstract]).

The crucial function of IL- 17– positive cells, but not IL- 17– 
negative Tfh cells, suggests that IL- 17 is functionally relevant in 
IgG anti- dsDNA response. Indeed, IL- 17 blockade abrogated 
the activity of IL- 17– positive Tfh cells in supporting immu-
nogenic self- DNA– induced IgG response both in vivo and in 
vitro (Figures 3C and D). Levels of IgG anti- dsDNA induced by 
immunogenic self- DNA were lower in IL- 17– /–  mice compared 
to WT mice (Figure 3E), and IL- 17 neutralization was shown to 
inhibit IgG anti- dsDNA induction by immunogenic self- DNA in 
BALB/c mice (Figure 3F) (28). In contrast, IL- 17 blockade did 
not significantly affect levels of IgG anti- dsDNA induction by 
pathogen DNA in conventional mice (Supplementary Figure 4D). 
In summary, IL- 17– positive Tfh cells are functional and compe-
tent Tfh cells, supporting IgG anti- dsDNA response in an IL- 17– 
dependent manner.

Differentiation and function of immunogenic 
self- DNA– specific IL- 17– positive Tfh cells in an ICOS- 
dispensable manner. To detect whether immunogenic self- 
DNA– specific Tfh cells are distinct from conventional Tfh cells, the 
activity of ICOS, a well- known costimulator that licenses the differ-
entiation and function of Tfh cells (20), was assessed for Tfh cell 
differentiation and function. Surprisingly, ICOS deficiency showed 
no significant effect on the differentiation and function of Tfh 
cells in response to immunogenic self- DNA (Figures 4A and B). 
Splenic Tfh cells and IgG anti- dsDNA induction by immunogenic 

Figure 4. IL- 17– positive Tfh cells do not require the presence of 
inducible costimulator (ICOS) in their response to immunogenic self- 
DNA stimulation. A, Percentages of splenic Tfh cells in wild- type (WT) 
mice and ICOS– /–  mice immunized with immunogenic self- DNA for 4 
weeks. B, Serum levels of IgG anti- dsDNA at the indicated time points 
in WT mice and ICOS– /–  mice immunized with immunogenic self- DNA. 
C and D, IL- 17 expression (C) and percentage of IL- 17– positive Tfh 
cells (D) in WT mice and ICOS– /–  mice immunized with immunogenic 
self- DNA for 4 weeks. E and F, Percentages of splenic Tfh cells (E) and 
serum levels of IgG anti- dsDNA (F) in 20- week- old ICOS+/+MRL/lpr  
mice and ICOS– /– MRL/lpr mice. In A, B, and D– F, symbols represent 
individual mice (n = 6 per group); bars show the mean ± SEM.  
*** = P < 0.001 by paired t- test. See Figure 2 for other definitions. 
Color figure can be viewed in the online issue, which is available at 
http://onlinelibrary.wiley.com/doi/10.1002/art.41687/abstract.
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self- DNA were well retained by ICOS– /–  mice. In line with these 
findings, levels of proteinuria in ICOS– /–  mice were comparable 
to those in WT mice (Supplementary Figure 4E, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41687/ abstract). Of note, the induction of IL- 17– 
positive Tfh cells by immunogenic self- DNA was unaffected in 
ICOS– /–  mice (Figures 4C and D), assigning such immunogenic 
self- DNA– specific IL- 17– positive Tfh cells as a unique subset.

To determine whether ICOS- dispensable differentiation 
of Tfh cells was a common feature in autoimmunity settings, 
MRL/lpr mice were bred with ICOS– /–  mice, and then the frequency 
of splenic Tfh cells and levels of IgG anti- dsDNA were assessed in 
their offspring. We found that ICOS was required for the differen-
tiation and function of Tfh cells in MRL/lpr mice (Figure 4E and F), 
in line with a previous study that showed decreased production 
of IgG anti- dsDNA in ICOS– /–  MRL/lpr mice (33).

Figure 5. Targeting immunogenic self- DNA– specific Tfh cells abrogates IgG anti- dsDNA response and lupus nephritis development in vivo. A, 
Percentage of splenic human IL- 17– positive Tfh cells in human– mouse chimeras treated with vehicle or immunogenic self- DNA. B, Percentage of 
IL- 17– positive Tfh cells in human CD4+ T cells within humanized mouse chimeras. Such CD4+ T cells were transfected with control short hairpin 
RNA (shCtrl) or RORγ short hairpin RNA (shRORγ) prior to adoptive transfer to chimeras. C, Human IgG anti-dsDNA levels in humanized mouse 
chimeras that were challenged with immunogenic self-DNA or the vehicle as the control. Immunogenic self- DNA increased the generation of human 
IgG anti- dsDNA levels in vivo. D, Human IgG anti-dsDNA levels in humanized mouse chimeras that were either reconstituted with RORγ-knockdown 
CD4+ T cells or treated with IL-17 neutralizing antibody (nAb). Genetic knockdown of RORγ in human CD4+ T cells and IL- 17 blockade reduced 
serum levels of IgG anti- dsDNA that were increased in response to immunogenic self- DNA. E, Frequency of CD45+ human immune cells in the renal 
tissues of mice in the humanized lupus model treated as indicated. Resident frequency of human CD45+ immune cells was significantly increased 
after immunization with immunogenic self- DNA. F, Relative expression (Rel. exp.) of human T cell receptor β (TRB) mRNA in the renal tissue 
of chimeras treated as indicated. Relative expression of TRB mRNA was significantly increased after immunization with immunogenic self- DNA. 
Symbols represent individual mice (n = 6 per group); bars show the mean ± SEM. ** = P < 0.01; *** = P < 0.001, by paired t- test in A– D; by one- way 
analysis of variance with Tukey’s post hoc test in E and F. See Figure 2 for other definitions. Color figure can be viewed in the online issue, which is 
available at http://onlinelibrary.wiley.com/doi/10.1002/art.41687/abstract.
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Taken together, the dispensability of ICOS is a specific fea-
ture for the differentiation and function of immunogenic self- DNA– 
specific Tfh cells, and ICOS- dispensable IL- 17– positive Tfh cells 
are a new Tfh cell subset in autoimmunity.

Restriction of anti- dsDNA response and lupus 
nephritis in vivo via targeting immunogenic self- DNA– 
specific Tfh cells. To evaluate the therapeutic value of immu-
nogenic self- DNA– specific Tfh cells, NSG mice were adoptively 
transferred with PBMCs obtained from patients with active lupus 
and then immunized with circulating immunogenic self- DNA, 
and the number of splenic Tfh cells and serum levels of IgG 
anti- dsDNA in these mice were then measured (Supplementary 
Figure 5 [http://onlin elibr ary.wiley.com/doi/10.1002/art.41687/ 
abstract]).

Immunogenic self- DNA increased the frequency of human 
IL- 17– positive Tfh cells in the spleens of humanized mouse chi-
meras (Figure 5A), a process that could be abrogated by RORγ 
knockdown in human CD4+ T cells (Figure 5B). In contrast, 
immunogenic self- DNA did not affect the frequency of splenic 
IFNγ– positive and IL- 4– positive Tfh cells of humanized chimeras 

(Supplementary Figure 6A). Further, immunogenic self- DNA pro-
moted the generation of IgG anti- dsDNA, which could be inhib-
ited by either human RORγ knockdown in CD4+ T cells or IL- 17 
neutralization (Figures 5C and D and Supplementary Figure 6B). 
Of note, blockade of ICOS showed no significant effect on the 
number of IL- 17– positive Tfh cells and levels of IgG anti- dsDNA 
in mice (Supplementary Figure 6C [http://onlin elibr ary.wiley.com/
doi/10.1002/art.41687/ abstract]), pinpointing an immunogenic 
self- DNA– induced IgG response via ICOS- independent and 
RORγ- dependent IL- 17– positive Tfh cells.

To determine the effect of targeting immunogenic self- DNA– 
specific Tfh cells in tissue inflammation, lupus nephritis, which was 
demonstrated by the infiltration of human immune cells and pro-
teinuria, was assessed in the chimeras (Supplementary Figure 5). 
The presence of immunogenic self- DNA was observed to increase 
the infiltration of CD45+ human immune cells in the kidneys of 
chimeras (Figure 5E and Supplementary Figure 7A). Tissue tran-
scripts for human T cell receptor β increased 7- fold in mice immu-
nized with immunogenic self- DNA (Figure 5F). Immunization with 
immunogenic self- DNA efficiently enhanced levels of renal IgG 
deposition and proteinuria (albumin:creatinine ratios) of humanized 

Figure 6. IL- 17– positive Tfh cells are associated with IgG anti- dsDNA response and respond to circulating immunogenic self- DNA in human 
systemic lupus erythematosus (SLE). A, Frequency of circulating IL- 17– positive Tfh cells in SLE patients and healthy individuals. B, Serum levels 
of circulating IL- 17 in SLE patients and healthy individuals. C– F, Frequency of IL- 17– positive Tfh cells (C), levels of IgG anti- dsDNA (D), frequency 
of interferon- γ (IFNγ)– positive Tfh cells (E), and frequency of IL- 4– positive Tfh cells (F) in peripheral blood mononuclear cells (1 × 106 cells/ml)  
obtained from lupus patients and cultured with control, 100 ng/ml of circulating self- DNA, or 100 ng/ml of normal self- DNA for 5 days. Symbols 
represent individual patients (n = 20 healthy individuals and 30 SLE patients in A; n = 12 healthy individuals and 16 SLE patients in B; n = 6 
patients per group in C– F); bars show the mean ± SEM. ** = P < 0.01; *** = P < 0.001, by paired t- test in A and B; by one- way analysis of 
variance with Tukey’s post hoc test in C– F. See Figure 2 for other definitions. Color figure can be viewed in the online issue, which is available at 
http://onlinelibrary.wiley.com/doi/10.1002/art.41687/abstract.
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chimeras (Supplementary Figure 7B). Of importance, targeting 
immunogenic self- DNA– specific Tfh cells by human RORγ knock-
down in CD4+ T cells and IL- 17 neutralization efficiently abrogated 
levels of renal inflammation, IgG deposition, and proteinuria in 
humanized chimeras (Figures 5E and F and Supplementary Fig-
ures 7A and B, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41687/ abstract).

The findings in the humanized lupus model are selective for 
SLE PBMCs, as levels of IgG anti- dsDNA and renal infiltration 
of CD45+ human immune cells were low in NSG mice reconsti-
tuted with healthy PBMCs (Supplementary Figure 7C). Of inter-
est, unlike renal immunoinfiltration, immunogenic self- DNA did 
not promote the infiltration of human immune cells into the lung, 
liver, and gut of humanized chimeras (Supplementary Figure 7D). 
Additionally, a second human RORγ shRNA knockdown was 
performed to confirm the crucial function of RORγ in immuno-
genic self- DNA– induced IgG responses, which showed consist-
ent findings in vivo (Supplementary Figure 8 [http://onlin e libr ary.
wiley.com/doi/10.1002/art.41687/ abstract]). Taken together, 
targeting immunogenic self- DNA– specific Tfh cells with RORγ 
knockdown and/or IL- 17 blockade is sufficient in reducing levels 
of IgG anti- dsDNA and ameliorating lupus nephritis in a human-
ized lupus model.

Association of IgG anti- dsDNA response with IL- 17– 
positive Tfh cells and the expansion of IL- 17– positive 
Tfh cells by circulating immunogenic self- DNA in lupus 
patients. To explore the clinical relevance of IL- 17– positive Tfh 
cells in human SLE, IFNγ– positive, IL- 4– positive, and IL- 17– 
positive Tfh cells in circulation were analyzed for correlations with 
disease progression in lupus patients. The circulating frequency 
of IL- 17– expressing Tfh cells was elevated in patients with lupus 
(Figure 6A) as well as an elevated frequency of total Tfh cells but 
not IFNγ– positive Tfh cells (Supplementary Figure 9A). These IL- 
17– positive Tfh cells were positively correlated with serum levels 
of IgG anti- dsDNA, urine albumin:creatinine ratios, and disease 
activity in human subjects (Supplementary Figure 9B [http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41687/ abstract]). Accordingly, 
serum levels of IL- 17 were also up- regulated in lupus patients 
(Figure 6B). In contrast, circulating frequencies of IFNγ– positive Tfh 
cells and IL- 4– positive Tfh cells showed no significant associations 
with levels of IgG anti- dsDNA in patients with SLE (Supplementary 
Figure 9C), reinforcing the relevance of IL- 17– positive Tfh cells in 
the IgG anti- dsDNA response in lupus patients.

To test whether IL- 17– positive Tfh cells could respond to 
immunogenic self- DNA in lupus patients, PBMCs were treated 
either with circulating self- DNA or with normal self- DNA for 5 days, 
gated for CD4 T cells (Supplementary Figure 9D) and analyzed for 
subsequent Tfh cell subsets, and then assessed for generations of 
IgG anti- dsDNA. Stimulation with circulating self- DNA expanded 
IL- 17– positive Tfh cells and promoted IgG anti- dsDNA genera-
tion, whereas normal self- DNA from fresh PBMCs had a minimal 

effect on IgG anti- dsDNA generation (Figures 6C and D). Again, 
IFNγ– positive and IL- 4– positive Tfh cells were unaffected by DNA 
stimulations (Figures 6E and F).

Taken together, circulating self- DNA functions as immuno-
genic self- DNA, promoting IL- 17– positive Tfh cell expansion and 
IgG anti- dsDNA response in patients with lupus.

DISCUSSION

The immunostimulatory activity of DNA in driving IgG gener-
ation has long been underestimated (6). While normal self- DNA 
from fresh cells has low immunogenicity, self- DNA obtained 
from apoptotic cells is known to have increased immunogenicity 
and inducing high levels of IgG anti- dsDNA. Such immunogenic 
self- DNA– induced IgG requires the innate DNA sensing pres-
ent in antigen- presenting cells as well as support from CD4+ T 
cells (Supplementary Figure 1, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41687/ abstract). Here, we identify the RORγt- dependent 
pathway and IL- 17 expression as a selective mechanism in the 
differentiation and function of Tfh cells for immunogenic self- DNA 
(Supplementary Figure 10). ICOS dispensability identifies RORγt- 
dependent IL- 17– positive Tfh cells as a new and specific cell sub-
set for immunogenic self- DNA. These Tfh cells critically promote 
IgG anti- dsDNA response and lupus disease activity through IL- 
17 (Supplementary Figure 10). Therapeutically, targeting immu-
nogenic self- DNA– specific Tfh cells ameliorates IgG anti- dsDNA 
response and lupus nephritis in a humanized mouse model, which 
is relevant in the clinical management of SLE.

Heterogeneity and plasticity are important features for CD4+ 
T cells as they allow these cells to competently function in various 
conditions (20). A recent study identified a new subset of non- 
Tfh CD4+ T cells with a phenotype of CXCR5– CXCR3+PD- 1high 
plus B cell help activity for extrafollicular B cell response in human 
SLE (34), which is in line with findings that a fraction of autoreac-
tive B cells contain autoantibodies without mutation (35). How-
ever, most of auto- IgG– producing B cells are somatically mutated 
(36), supporting a critical role of Tfh cells in SLE (36). Thus, differ-
entiation of functional Tfh cells in certain circumstances is relevant 
for elucidating lupus pathogenesis. As such, atherogenic dyslipi-
demia triggered TLR- 4– dependent IL- 27 production, leading to 
the differentiation of CXCR3+ Tfh cells and IgG2c production in 
SLE (37). Here, we identified RORγt- dependent IL- 17– positive Tfh 
cells as immunogenic self- DNA– specific and functional Tfh cells 
in IgG anti- dsDNA response. In contrast, pathogen DNA induces 
Tfh cells that are IL- 17– negative or have low levels of IL- 17. As IL- 
17 is essential for class- switch recombination to IgG2a and even 
IgG2b (23), which are the pathogenic isotypes of IgG anti- dsDNA 
(38), differentiation of Tfh cells that are IL- 17– negative or that have 
low levels of IL- 17 by pathogen DNA might cause the process in 
which pathogen DNA– induced IgG anti- dsDNA protects against 
lupus disease (39), pinpointing immunogenic self- DNA as an 
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effective driver for pathogenic IgG anti- dsDNA and SLE disease 
activity.

ICOS is well known to be needed for the differentiation and 
function of Tfh cells (20), but the requirement of ICOS for Tfh cells 
can be overcome by the presence of abundant autoantigens and a 
large number of activated antigen- specific B cells (20,40), reflecting 
realistic in vivo conditions in human SLE and leading to nonselective 
DNA recognition by IgG anti- dsDNA from lupus patients (41). Like-
wise, while immunizations of conventional mice and lupus- prone 
NZB/NZW mice with pathogen DNA result in the generation of IgG 
anti- dsDNA, such antibodies from conventional mice are specific 
for immunizing pathogen DNA, whereas antibodies from NZB/NZW  
mice have cross- reactivity (42). In the present study, we identified 
ICOS as an indispensable function for the differentiation of Tfh cells 
in MRL/lpr mice, though ICOS was found to not be needed for 
the differentiation and function of immunogenic self- DNA– specific 
Tfh cells. These findings not only determine a unique mechanism 
for immunogenic self- DNA to induce Tfh cells, but also reinforce 
an advantage of the immunogenic self- DNA– induced lupus model 
in mimicking human SLE. In fact, where SLE in humans is driven 
by IFNα, lupus- like disease in MRL/lpr mice develops via IFNγ (43), 
with IFNα protecting against lupus in these mice (44). Of note, 
humans with a Fas deficiency typically develop autoimmune lym-
phoproliferative syndrome but not SLE (45).

The differentiation of immunogenic self- DNA– specific Tfh 
cells in SLE seems like a disease- intrinsic mechanism, but not 
a consequence of inflammation, as clinical treatment has no 
effect on the distribution of IL- 17– producing Tfh cells in lupus 
patients (46). However, mechanisms underlying the differentia-
tion of such Tfh cells remain to be clarified. Our previous studies 
have shown that activation of macrophages by immunogenic 
self- DNA drives M2b polarization with robust production of 
IL- 1 and IL- 6 (Supplementary Figure 6, available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41687/ abstract) (9,16– 18). As IL- 1 and IL- 6 
are crucial cytokines in promoting the expression of RORγt and 
IL- 17 (47), competing against the inhibitory activity of Bcl- 6 (48), 
the differentiation of immunogenic self- DNA– specific IL- 17– 
positive Tfh cells might be caused by the unique responses of 
antigen- presenting cells to immunogenic self- DNA. Moreover, 
immunogenic self- DNA itself might be directly sensed within 
CD4+ T cells, regulating cell subset differentiation (34,49). 
Additionally, there is also the possibility that Th17 cell plasticity 
and conversion into Tfh cells in response to immunogenic self- 
DNA could contribute to IgG anti- dsDNA response. Likewise, 
Th17 cell plasticity and conversion into Tfh- like cells in Peyer’s 
patches is responsible for the induction of T cell– dependent IgA 
responses in gut homeostasis (50).

The findings of the present study have immediate clinical rele-
vance and demonstrate a refined understanding of adaptive DNA 
immunity. Immunogenic self- DNA induces the differentiation and 
function of IL- 17– positive Tfh cells through RORγt- dependent and 

ICOS- deficient mechanisms. RORγt acts as a key checkpoint for 
the differentiation and function of immunogenic self- DNA– specific 
Tfh cells, licensing IL- 17 expression and IgG anti- dsDNA response. 
Targeting immunogenic self- DNA– specific Tfh cells via human 
RORγ knockdown and IL- 17 neutralization restricts IgG anti- dsDNA 
response and lupus nephritis development in vivo, providing relevant 
therapeutic strategies for lupus management in clinical practice.
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Genome- Wide Reduction in Chromatin Accessibility and 
Unique Transcription Factor Footprints in Endothelial Cells 
and Fibroblasts in Scleroderma Skin
Pei-Suen Tsou,1PamelaJ. Palisoc,1Mustafa Ali,1Dinesh Khanna,1 andAmrH. Sawalha2

Objective. Systemic sclerosis (SSc) is characterized by widespread fibrosis and vascular complications. This 
study was undertaken to examine the chromatin landscape and transcription factor footprints in SSc, using an assay 
for genome- wide chromatin accessibility.

Methods. Dermal endothelial cells (ECs) and fibroblasts were isolated from healthy controls and patients with diffuse 
cutaneous SSc (dcSSc). Assay for transposase- accessible chromatin with sequencing (ATAC- seq) was performed to 
assess genome- wide chromatin accessibility at a read depth of ~150 million reads per sample. Transcription factor 
footprinting and motif binding analysis were performed, followed by functional experiments.

Results. Chromatin accessibility was significantly reduced in dcSSc patients compared to healthy controls. 
Differentially accessible chromatin loci were enriched in pathways and gene ontologies involved in the nervous 
system, cell membrane projections and cilia motility, nuclear and steroid receptors, and nitric oxide. In addition, 
chromatin binding of transcription factors SNAI2, ETV2, and ELF1 was significantly increased in dcSSc ECs, while 
recruitment of RUNX1 and RUNX2 was enriched in dcSSc fibroblasts. We found significant down- regulation of the 
neuronal gene NRXN1 and up- regulation of SNAI2 and ETV2 in dcSSc ECs. In dcSSc fibroblasts, down- regulation 
of the neuronal gene ENTPD1 and up- regulation of RUNX2 were confirmed. Further functional analysis revealed that 
ETV2 and NRXN1 dysregulation affected angiogenesis in ECs, while ENTPD1 enhanced profibrotic properties in 
dcSSc fibroblasts.

Conclusion. Our data identify the chromatin blueprint of dcSSc, and suggest that neuronal- related characteristics 
of SSc ECs and fibroblasts could be a culprit for dysregulated angiogenesis and enhanced fibrosis. Targeting the key 
pathways and transcription factors identified might present novel therapeutic approaches in SSc.

INTRODUCTION

Systemic sclerosis (SSc; scleroderma) is a chronic debilitat-
ing disease characterized by immune activation, vascular injury, 
and enhanced accumulation of extracellular matrix (ECM) pro-
teins in many organs. The high mortality and morbidity associated 
with this disease is due to a lack of effective treatment options 
to modify disease progression, with the exception of autologous 
hematopoietic stem cell transplantation, which is restricted to a 
small proportion of patients and can be associated with significant 
adverse events.

Although the etiology of SSc is poorly understood, our group 
and others have generated evidence that strongly implicates 
epigenetic dysregulation in the pathogenesis of SSc (1). This 
notion is supported by the low concordance rate for SSc in twins 
compared to other autoimmune diseases (2). Indeed, we have 
shown that in both endothelial cells (ECs) and fibroblasts isolated 
from SSc skin, epigenetic mechanisms are critically involved in 
the disease phenotype. Distinct differences in the genome- wide 
DNA methylation pattern were reported in fibroblasts isolated 
from patients with limited cutaneous SSc and those with diffuse 
cutaneous SSc (dcSSc) (3). The overexpressed methyl- CpG 
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binding protein 2 in SSc fibroblasts appeared to be antifibrotic, in 
part mediated by its effect on target genes including PLAU, NID2, 
and ADA (4). In addition to DNA methylation, changes in histone- 
modifying enzymes, such as the histone methyltransferase EZH2, 
have also been implicated in promoting fibrosis in SSc fibroblasts 

(5). We also showed that histone deacetylase 5 (HDAC- 5) and 
EZH2 were both up- regulated in SSc ECs and had detrimental 
effects on angiogenesis in these cells (5,6).

In this study we provide a comprehensive analysis of 
chromatin accessibility patterns in SSc using an assay for 

Figure 1. Assay for transposase- accessible chromatin with sequencing (ATAC- seq) captures chromatin accessibility in endothelial cells (ECs) 
from patients with diffuse cutaneous systemic sclerosis (dcSSc). A, Left, Volcano plot of differentially accessible genes in healthy control 
(normal) ECs versus dcSSc ECs. Values with log fold change (logFC) greater than 1 or logFC less than −1 and adjusted P < 0.05 are highlighted 
in green and blue, respectively. NS = not significant. Right, Representative ATAC- seq tracks at CDH2 and NLGN1 gene loci in normal ECs 
and dcSSc ECs. Both genes are neuronal- related genes. B, Genomic distributions of differentially accessible chromatin regions identified by 
ATAC- seq in ECs. Opening and closing refer to higher and lower chromatin accessibility, respectively, in dcSSc ECs relative to normal ECs. 
3′- UTR = 3′- untranslated region. C, Pathway enrichment analysis of loci annotated to all differentially accessible regions in dcSSc ECs. ECM =  
extracellular matrix. D, Gene regulatory network analysis for transcription factor targets using iRegulon, showing the top 18 most significant 
enrichments. E, An example of a gene regulatory network showing differentially accessible genes identified by ATAC- seq in dcSSc ECs that 
are targets of the transcription factor ZBTB33. F, Network analysis representing genes annotated to differentially accessible chromatin regions 
in dcSSc ECs compared to control ECs. The node size corresponds to the significance of the term it represents within the network. Colored 
portions of the pie charts represent the proportion of the genes associated with the term that were identified by ATAC- seq. Arrows indicate 
neuronal genes.
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transposase- accessible chromatin with sequencing (ATAC- seq) 
with high- read density, allowing for a detailed analysis of transcrip-
tion factor recruitment across the genome in skin- derived SSc 
ECs and fibroblasts compared to healthy controls.

MATERIALS AND METHODS

Detailed methods are provided in the Supplementary 
Methods, available on the Arthritis & Rheumatology website at  
http://onlin elibr ary.wiley.com/doi/10.1002/art.41694/ abstract. 
Skin biopsies were obtained from the distal forearm of dcSSc 
patients and age- , sex- , and ethnicity- matched healthy controls. 
ATAC- seq was performed to assess genome- wide chromatin 
accessibility in ECs and fibroblasts. Characteristics of the dcSSc 
patients and controls in the ATAC- seq experiments are listed in 
Supplementary Table 1, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41694/ 
abstract. Raw and processed sequencing data generated from 
our ATAC- seq experiments have been deposited in the GEO data-
base (accession no. GSE16 3199).

RESULTS

Broad decrease in chromatin accessibility in dcSSc 
cells. The ATAC- seq libraries were sequenced to an average of 
150 million reads per sample. All ATAC- seq libraries yielded frag-
ment lengths with the expected fragment distribution and clear 
nucleosome phasing (Supplementary Figure 1A, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41694/ abstract). The accessible regions identi-
fied were mostly enriched within 1 kb of the transcription start site 
(Supplementary Figure 1B), which is consistent with the presence 
of regulatory elements in these regions. We next compared our 
ATAC- seq data with ENCODE open chromatin data generated 
using DNase- seq, as well as ChIP- seq data targeting H3K27ac, 
which marks active enhancers (Supplementary Figure 1C). There 
were no publicly accessible data for H3K27ac markers in human 
dermal microvascular ECs (HMVECs); therefore, we also included 
tracks generated from human umbilical vascular ECs. The ATAC- 
seq peaks from both SSc ECs and fibroblasts overlapped with 
ENCODE peaks, further supporting the quality of our data. The 
unsupervised clustering and principal components plots of all sam-
ples included in our ATAC- seq experiment are shown in Supple-
mentary Figure 2 (available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41694/ abstract).

Chromatin accessibility in SSc ECs and fibroblasts was 
overall lower than that in normal ECs and fibroblasts, poten-
tially reflecting the disease state of SSc cells (Figures 1 and 2). 
ATAC- seq identified a total of 558 differentially accessible regions 
in SSc ECs compared to normal ECs. Among them, 97 regions 
showed increased chromatin accessibility, while 461 regions had 
decreased chromatin accessibility in SSc cells (Figure 1A). This 

corresponds to 74 and 390 genes in these regions, respectively. 
Figure 1A depicts the genome tracks of the CDH2 and NLGN1 
loci as two examples showing the regions that were differentially 
less accessible in dcSSc ECs compared to normal ECs, as indi-
cated by the decrease in peak intensity. We found that differentially 
accessible regions in ECs were enriched in introns (Figure 1B). 
Less accessible peaks in SSc ECs were also enriched in promotor 
regions. Among the putative more accessible regions, 11% were 
located in proximal promoters (within 1 kb of the transcription start 
site), 11% in distal promoters (1– 5 kb of the transcription start 
site), 24% in exons, 41% in introns, 8% in 5′- untranslated regions 
(5′- UTRs), and 5% in 3′- UTRs. In the less accessible regions, 21% 
were located in proximal promoters, 9% in distal promoters, 21% 
in exons, 28% in introns, 20% in 5′- UTRs, and 1% in 3′- UTRs.

To gain insight into the functions of the genes that are located 
in differentially accessible regions in SSc ECs, we performed 
functional enrichment analyses using Molecular Signatures 
Database and found that the top 3 pathways that these genes 
were significantly associated with included nuclear receptor tran-
scription, posttranslational protein modification, and nitric oxide 
(NO)– guanylate cyclase (Figure 1C and Supplementary Table 2, 
available on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41694/ abstract). Gene ontology 
analysis revealed that these genes were significantly associated 
with cell projection organization, chromosome, transcription reg-
ulator activity, and many neuronal- related gene ontology terms 
(Supplementary Table 3, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41694/ 
abstract). We also explored potential regulation by transcription 
factors among differentially accessible genes in SSc ECs, and 
identified enrichment of several transcription factors, including 
RNF138, ZSCAN9, and BCL11A, to name a few (Figure 1D). 
An example of a transcription factor gene regulatory network is 
shown in Figure 1E. Thirty- one genes annotated from differential 
chromatin accessible regions in dcSSc ECs were targets for regu-
lation by the transcription factor ZBTB33, which is a transcription 
factor also identified in the Hmm- based Identification of Tran-
scription Factor Footprints– ATAC (HINT- ATAC) analysis in ECs as 
shown below.

To further capture the relationships among the pathways and 
gene ontology terms enriched in differentially accessible regions 
in SSc ECs, we used ClueGO/CluePedia to generate a network 
plot comprising a subset of enriched terms with the best P val-
ues (Figure 1F). This analysis highlights gene clusters of enriched 
pathways and ontology terms related to cell membrane projec-
tions assembly and organization, cilia motility, nuclear and ster-
oid receptors, NO, and the nervous system. The main terms that 
the majority of the genes within the network converge to were “cell 
projection organization” and “plasma- membrane bounded cell 
projection assembly.” Several neuronal genes, including NLGN1, 
NRXN1, and SLIT2 (indicated by arrows) were among differen-
tially accessible genes shared among 3 pathways or ontology 

http://onlinelibrary.wiley.com/doi/10.1002/art.41694/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41694/abstract
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terms, implicating their possible significance in SSc ECs. Similarly, 
a group of genes enriched in the 3 terms related to cilium motil-
ity, cell projection assembly, and cell projection organization are 
 highlighted (Figure 1F).

In fibroblasts, we identified 50 genetic loci with differential 
chromatin accessibility between healthy individuals and patients 
with dcSSc. Sixteen and 34 loci demonstrated increased 
and decreased chromatin accessibility, respectively, in dcSSc 

Figure 2. Analysis of chromatin accessibility profiles in dcSSc fibroblasts. A, Left, Volcano plot of differentially accessible genes in healthy 
control (normal) fibroblasts versus dcSSc fibroblasts. Values with logFC greater than 1 or logFC less than −1 and adjusted P < 0.05 are 
highlighted in green and blue, respectively. Right, Representative ATAC- seq tracks at ENTPD1 and ERBB4 gene loci in normal fibroblasts 
and dcSSc fibroblasts. B, Genomic distributions of differentially accessible chromatin regions identified by ATAC- seq in fibroblasts. Opening 
and closing refer to higher and lower chromatin accessibility, respectively, in dcSSc fibroblasts relative to normal fibroblasts. C, Left, Gene 
ontology (GO) analysis of loci associated with differentially accessible regions in dcSSc fibroblasts. Right, Gene regulatory network analysis 
for transcription factor targets using iRegulon, showing the top 18 most significant enrichments. D, An example of a gene regulatory network 
showing differentially accessible genes identified by ATAC- seq in dcSSc fibroblasts that are targets of the transcription factor EGR1. E, Major 
gene ontology category annotations of genes associated with differentially accessible chromatin in both dcSSc ECs and dcSSc fibroblasts. F, 
Network analysis of differentially accessible chromatin regions identified in both dcSSc ECs and dcSSc fibroblasts. The node size corresponds 
to the significance of the term it represents within the network. Colored portions of the pie charts represent the proportion of the genes 
associated with the term that were identified by ATAC- seq. Arrows indicate clusters related to the nervous system. See Figure 1 for other 
definitions.
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compared to normal fibroblasts (Figure 2A). This corresponds to 
9 and 24 genes in these regions. These data are consistent with 
overall reduced chromatin accessibility in dcSSc patients. The 
genome tracks of 2 genes, ENTPD1 and ERBB4, were selected 
to show the reduction in chromatin accessibility in dcSSc fibro-
blasts when compared to normal fibroblasts (Figure 2A). Similar 
to the distribution of chromatin regions in SSc ECs, the majority 
of peaks were detected in the introns in fibroblasts (Figure 2B). 
Among the more accessible regions, 10% were located in distal 
promoters, 10% in exons, 80% in introns, and none in proximal 
promoters, 5′- UTRs, or 3′- UTRs. In the less accessible regions, 
16% were located in proximal promoters, 8% in distal promoters, 
13% in exons, 55% in introns, 8% in 5′- UTRs, and none in 3′- 
UTRs. The 33 genes that were located in differential chromatin 
accessibility regions were subjected to gene ontology analysis and 
they were enriched in “neuron projection,” “post- synapse,” and 
“postsynaptic membrane” (Figure 2C and Supplementary Table 4, 
available on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41694/ abstract). They were also 
potential targets of transcription factors PBX1, IRF1, NFKB1, and 
EGR1, among others (Figure 2C). Fourteen differentially accessi-
ble genes in dcSSc fibroblasts are regulated by the transcription 
factor EGR1 (Figure 2D), which was also independently identified 
from our HINT- ATAC analysis, as described below. CTTNBP2 was 
the only overlapping gene that was differentially accessible in both 
cell types and showed reduced accessibility in dcSSc ECs and 
fibroblasts compared to normal cells.

As shown in our analysis described above, the genes located 
in differentially accessible regions in both ECs and fibroblasts 
appeared to be enriched in pathways that are involved in the ner-
vous system. Indeed, gene ontology analysis of loci associated 
with differentially accessible regions from both cell types revealed 
a significant enrichment in neuron differentiation, neurogenesis, 
synapse, neuron development, neuron projection, post- synapse, 
axon development, and locomotion; 8 of the top 14 most sig-
nificant gene ontologies (Figure 2E). Gene network analysis also 
showed significant clustering of gene ontologies and pathways 
related to the nervous system, as indicated by the arrows, and 
highlights cilia- related genes (Figure 2F). To ensure that the 
enrichment in neuronal pathways and ontologies among differen-
tially accessible genes in dcSSc ECs and fibroblasts were not a 
result of contaminating neuronal cells, we co- stained dcSSc ECs 
and fibroblasts with the neuronal marker NEFM and endothelial 
or fibroblast markers VE- cadherin or α- smooth muscle actin, 
respectively. As shown in Supplementary Figure 3, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41694/ abstract, there was no contamina-
tion of neuronal cells.

To gain more insights into the relationship between chro-
matin accessibility and gene transcription, we extracted publicly 
available RNA- seq data generated in dermal fibroblasts from 
healthy controls and dcSSc patients (n = 3 each) from the GEO 

database (accession no. GSE13 0313). Seventeen of 33 genes 
located in differentially accessible regions in dcSSc fibroblasts had 
detectable expression levels. Among them, only 2 genes showed 
significant changes in transcription; NAB1 was significantly down- 
regulated, and RELL1 was significantly up- regulated. Both genes 
were located in differentially less accessible regions in dcSSc 
fibroblasts. NAB1 codes for NGF1A- binding protein, which is a 
corepressor for early growth response (Egr) transcription factors. 
RELL1 codes for receptor expressed in lymphoid tissues like pro-
tein 1, and it activates the MAPK pathway when overexpressed. 
Since there are no available RNA- seq data for SSc ECs, we were 
unable to compare the overlapping genes at a genome- wide tran-
scriptional level with differential chromatin accessibility results.

Transcription factor binding analysis at open chro-
matin regions in SSc cells. Within the accessible chromatin 
regions, putative transcription factors can be detected since the 
narrow genomic regions occupied by transcription factors are 
protected from Tn5. We used HINT- ATAC to identify enriched 
putative transcription factor motifs, which are sequences that 
bind to specific transcription factors, in the open chromatin 
regions of both ECs and fibroblasts comparing healthy cells to 
dcSSc cells. In ECs, TFDP1, ZBTB33, E2F4, NFYA, and HINF, 
among others, bound more in normal ECs compared to dcSSc 
ECs, as indicated by their positive activity score (Figure 3A and 
Supplementary Table 5, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41694/ 
abstract). In dcSSc ECs, we observed significantly more binding 
of ETV2, SNAI2, and ELF1 compared to healthy ECs (Figure 3A 
and Supplementary Table 5). The footprints of these transcription 
factors are shown in Figure 3B. The putative transcription factors 
differentially recruited in ECs between dcSSc patients and healthy 
controls, identified in the HINT- ATAC analysis, were enriched in 
pathways critical to telomere maintenance, transforming growth 
factor β (TGFβ)– regulated pathways, nerve growth factor (NGF) 
pathways, and p53 pathways (Figure 3C and Supplementary 
Table 6, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41694/ abstract).

To help us understand the regulatory role of the transcrip-
tion factors enriched in dcSSc ECs, we extracted gene sets 
from the TRANSFAC Predicted Transcription Factor Targets and 
CHEA Transcription Factor Targets databases (7,8) for SNAI2 
and ELF1, respectively. For ETV2, the gene list generated via 
ChIP- seq in in vitro differentiated embryonic stem cells was 
used (9). Pathway analysis revealed that SNAI2 target genes are 
enriched in nuclear receptor transcription and sumoylation, and 
that ETV2 target genes are enriched in ner vous system develop-
ment and axon guidance (Supplementary Table 7, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41694/ abstract). We also examined the 
degree of overlap between differentially accessible genes in ECs 
between patients and controls and the identified target genes for 

http://onlinelibrary.wiley.com/doi/10.1002/art.41694/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41694/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41694/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41694/abstract
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE130313
http://onlinelibrary.wiley.com/doi/10.1002/art.41694/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41694/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41694/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41694/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41694/abstract


TSOU ET AL 1506       |

SNAI2, ETV2, or ELF1. Between the SNAI2 target genes and the 
differentially accessible ATAC- seq- annotated genes identified, 
there were 4 genes that overlapped (CACYBP, RXRA, SP4, and 
THRB). Between the ELF1 target gene set and the differentially 
accessible genes there were 17 overlapping genes (ARRDC2, 
AZI2, CCNG1, CD320, EAF2, EDRF1, ESPL1, FAM171A2, 

GHITM, KCNN1, MYO9B, PDE4A, RAPGEF6, SLC12A4, 
SPTY2D1, TTC14, and XPC). For ETV2, there were 89 genes 
overlapping between genes identified by ATAC- seq and the pub-
lished ChIP- seq data (Supplementary Figure 4, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41694/ abstract). These include genes involved 

Figure 3. The most enriched transcription factor (TF) motifs and their target genes in dcSSc ECs. A, Hmm- based Identification of Transcription 
Factor Footprints– ATAC motif analysis of regions in normal ECs and dcSSc ECs. The top 3 transcription factors with significant differential 
activity values in ECs are shown. The activity score indicates the difference in activity in normal ECs compared to dcSSc ECs (normal value –  
dcSSc value). A positive score indicates increased transcription factor binding in normal ECs, and a negative score indicates increased binding 
in dcSSc ECs. The consensus sequences of transcription factor motifs are illustrated, and the height of the letter represents how frequently that 
nucleotide is observed in that particular position in each motif. B, Footprint profiles of ETV2, SNAI2, and ELF1 generated from normal ECs and 
dcSSc ECs. C, Pathway analysis of the putative transcription factors identified in ECs. The top 14 are shown. hTERC = human telomerase RNA 
component; NGF = nerve growth factor; AP- 1 = activator protein 1; NTRKs = neurotrophin receptors; TGFβ = transforming growth factor β; 
ATF- 4 = activating transcription factor 4; PPARα = peroxisome proliferator– activated receptor α. D, Pathway analysis of differentially accessible 
genes in dcSSc ECs that overlap with ETV2 target genes reported by Liu et al (9). ** = P < 0.01.  E, Significant increase in CDKN1A expression 
in dcSSc ECs compared to normal ECs. Symbols represent individual subjects; bars show the mean ± SD. See Figure 1 for other definitions.
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in neuronal- related pathways such as CDH2, NLGN1, ROBO1, 
and SLIT2, as well as genes involved in longevity- regulating 
pathway and vascular endothelial growth factor (VEGF) pathway 
(Figure 3D). Based on these results, the significant enrichment of 
genes involved in the nervous system identified in the differential 

chromatin accessibility analysis between dcSSc and normal ECs 
(Figures 1C and F) might be driven by enriched ETV2 binding in 
dcSSc ECs.

Because our analysis in ECs described above suggests 
involvement of aging/senescence- related pathways, including 

Figure 4. The most enriched transcription factor (TF) motifs and their target genes in dcSSc fibroblasts. A, Hmm- based Identification of 
Transcription Factor Footprints– ATAC motif analysis of regions in normal fibroblasts and dcSSc fibroblasts. The top 3 transcription factors with 
significant differential activity values in fibroblasts are shown. The activity score indicates the difference in activity in normal fibroblasts compared 
to dcSSc fibroblasts (normal value –  dcSSc value). A positive score indicates increased transcription factor binding in normal fibroblasts, and a 
negative score indicates increased binding in dcSSc fibroblasts. The consensus sequences of transcription factor motifs are illustrated, and the 
height of the letter represents how frequently that nucleotide is observed in that particular position in each motif. B, Footprint profiles of RUNX1 
and RUNX2 generated from normal fibroblasts and dcSSc fibroblasts. C, Pathway analysis of the putative transcription factors identified in 
fibroblasts. The top 14 are shown. NGF = nerve growth factor; NTRKs = neurotrophin receptors; hTERC = human telomerase RNA component; 
hTERT = human telomerase reverse transcriptase; TGFβ = transforming growth factor β. D, Pathway analysis of target genes regulated by 
both RUNX1 and RUNX2 identified using the CHEA Transcription Factor Targets database. ** = P < 0.01. E, Significant increase in CDKN1A 
expression in dcSSc fibroblasts compared to normal fibroblasts. Symbols represent individual subjects; bars show the mean ± SD. See Figure 
1 for other definitions.



TSOU ET AL 1508       |

telomere maintenance, p53, and longevity- regulating pathways 
(Figures 3C and D), we examined the expression of CDKN1A 
(gene encoding for p21) in normal and dcSSc ECs. As shown 
in Figure 3E, CDKN1A was significantly elevated in dcSSc ECs, 
suggesting a senescent phenotype.

In normal fibroblasts, HINT- ATAC analysis identified more 
binding of NRF1, TCFL5, ZBTB33, E2F4, and TFDP1, among 
other transcription factors, compared to fibroblasts from dcSSc 
patients (Figure 4A and Supplementary Table 8, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41694/ abstract). In dcSSc fibroblasts, significant 
enrichment of RUNX1 and RUNX2 was observed compared to 
normal fibroblasts (Figure 4A and Supplementary Table 8). The tran-
scription factor footprints are shown in Figure 4B. When we per-
formed pathway enrichment analysis, the transcription factors with 
differential recruitment across the genome between dcSSc and 
normal fibroblasts were significantly enriched in TGFβ- regulated 
pathways, NGF pathways, signaling by neurotrophin receptors, 
and telomere maintenance (Figure 4C and Supplementary Table 9, 
available on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41694/ abstract). We extracted 
the gene sets regulated by RUNX1 and RUNX2 from the CHEA 
Transcription Factor Targets database (7), and identified 1,263 tar-
get genes that are regulated by both RUNX1 and RUNX2. Pathway 

analysis examining RUNX1 and RUNX2 target genes revealed 
enriched pathways including G protein– coupled receptor signal-
ing and chromatin modification for RUNX1, and infection- related 
pathways and Gα signaling for RUNX2 (Supplementary Table 10, 
available on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41694/ abstract).

We also examined the pathways enriched in the 1,263 
overlapping genes regulated by both RUNX1 and RUNX2 and 
found that pathways involved in signal transduction, immune 
system, and axon guidance were enriched (Figure 4D). Exam-
ining the differentially accessible genes in dcSSc fibroblasts 
compared to controls identified in our ATAC- seq experiments 
and the gene set from CHEA Transcription Factor Targets 
databases for RUNX1 revealed 16 genes that overlapped 
(ABTB2, APBA2, ARHGEF7, ARPP21, ATG7, CNKSR3, CPA5, 
CTTNBP2, DISC1, FARS2, GABRA4, IPCEF1, NAB1, RELL1, 
SMARCA2, and TMEM39B). Between the RUNX2 target gene 
set from the CHEA Transcription Factor Targets databases and 
genes located in differentially accessible regions from ATAC- seq 
in fibroblasts, there were 9 that overlapped (ABTB2, CNKSR3, 
GABRA4, IPCEF1, NAB1, RANBP17, RELL1, SPATA16, and 
TRIM62). To examine whether the senescent phenotype shown 
in dcSSc ECs is also present in dcSSc fibroblasts, we mea-
sured CDKN1A expression and found significantly higher levels 

Figure 5. Functional relevance of genes and transcription factors identified by ATAC- seq and Hmm- based Identification of Transcription 
Factor Footprints– ATAC analysis in ECs. A, Fold change in expression levels of mRNA for selected genes in dcSSc dermal ECs versus normal 
dermal ECs, showing significant down- regulation of NRXN1 and up- regulation of ETV2, SNAI1, and SNAI2. B, Left, Significant decrease in tube 
formation in a Matrigel tube formation assay after knockdown of NRXN1 in human microvascular endothelial cell (HMVECs) by transfection with 
NRXN1 small interfering RNA (siRNA). Results are representative of 3 independent experiments. Right, Significant decrease in angiogenesis 
after knockdown of NRXN1. C, Left, Significant increase in tube formation in a Matrigel tube formation assay after knockdown of ETV2 in 
HMVECs by transfection with ETV2 siRNA. Results are representative of 3 independent experiments. Right, Significant increase in angiogenesis 
after knockdown of ETV2. Symbols represent individual subjects; bars show the mean ± SD. See Figure 1 for other definitions.
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in dcSSc fibroblasts compared to normal fibroblasts (P < 0.05) 
(Figure 4E).

Functional validation studies. To explore whether 
the differentially accessible genes or putative transcription 
factors enriched in dcSSc ECs or fibroblasts were differentially 
expressed between normal and dcSSc cells, we performed 
quantitative polymerase chain reaction to examine the levels 
of mRNA for selected genes and transcription factors. We 
chose neuronal- related genes, including CDH2, NLGN1, and 
NRXN1, which were differentially less accessible in dcSSc ECs, 
for follow- up studies since we observed many enriched path-
ways in the nervous system in our analyses (Figures 1 and 3). 
We also examined the expression of ETV2, ELF1, and SNAI2, 
which were identified as transcription factors with more bind-
ing in dcSSc ECs compared to healthy ECs in our HINT- ATAC 
analysis. Among the selected genes and transcription factors 
in ECs, NRXN1 was significantly down- regulated, while ETV2 
and SNAI2 were significantly up- regulated in dcSSc ECs when 
compared to normal ECs (Figure 5A). We also examined the 
expression of SNAI1, which works alongside SNAI2 in many 
physiologic pathways in ECs. The expression of SNAI1 was 
also significantly increased in dcSSc ECs. To examine whether 
these differentially expressed genes or transcription factors 

have any effect on endothelial function, we knocked down 
either ETV2 or NRXN1 in HMVECs and performed Matrigel 
tube formation assays. As shown in Figure 5B, NRXN1 knock-
down in HMVECs led to a significant reduction in tube forma-
tion. In contrast, ETV2 knockdown in HMVECs significantly 
increased tube formation (Figure 5C). These results suggest 
that up- regulation of ETV2 and down- regulation of NRXN1 in 
dcSSc ECs renders these cells to a more antiangiogenic state.

In fibroblasts, we measured the expression of 2 neuronal- 
related genes with reduced chromatin accessibility in dcSSc, 
ERBB4 and ENTPD1. We also measured the expression of the 
transcription factors RUNX1 and RUNX2, which showed more 
binding in dcSSc fibroblasts in our HINT- ATAC analysis. ENTPD1 
was significantly down- regulated in dcSSc fibroblasts, while 
RUNX2 was significantly up- regulated in dcSSc fibroblasts 
(Figure 6A). To examine whether ENTPD1 plays a role in mod-
ulating myofibroblast phenotype, we overexpressed ENTPD1 in 
dcSSc fibroblasts and measured the profibrotic genes ACTA2 
and COL1A1. We found that overexpression of ENTPD1 
resulted in significant up- regulation of ACTA2 and COL1A1 
(Figure 6B), suggesting that ENTPD1 is profibrotic in dcSSc. To 
further validate our observation, we also performed functional 
studies using dcSSc fibroblasts. Overexpression of ENTPD1 
significantly enhanced gel contraction (Figure 6C) and increased 

Figure 6. Functional relevance of genes and transcription factors identified by ATAC- seq and Hmm- based Identification of Transcription 
Factor Footprints– ATAC analysis in fibroblasts. A and B, Fold change in expression levels of mRNA for selected genes in dcSSc fibroblasts 
versus normal fibroblasts, showing A, significant down- regulation of ENTPD1 and up- regulation of RUNX2 and B, up- regulation of ACTA2 
and COL1A1 upon overexpression of ENTPD1. C, Enhanced gel contraction in dcSSc fibroblasts upon overexpression of ENTPD1 compared 
to cells transfected with control vectors. D, Increased cell proliferation in ENTPD1- transfected dcSSc fibroblasts compared to controls. Cell 
confluence was measured by IncuCyte. E, Faster migration of ENTPD1- overexpressing dcSSc fibroblasts to close the wound gap compared to 
control- transfected cells. Wound confluence was measured by IncuCyte. Representative images are shown for each group at 0 and 44 hours. 
White denotes cells. In A– C, symbols represent individual samples; bars show the mean ± SD. In D and E, values are the mean ± SEM (n = 4 
samples from dcSSc patients per group). See Figure 1 for other definitions.
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cell proliferation and wound closure in dcSSc fibroblasts   
(Figures 6D and E).

DISCUSSION

We report a global reduction in chromatin accessibility in ECs 
and fibroblasts isolated from dcSSc patients. In addition, we iden-
tified an unexpected neuronal signature in loci associated with 
differentially accessible regions from both cell types in dcSSc. By 
applying HINT- ATAC approaches, we defined the transcription fac-
tor footprints in dcSSc ECs and fibroblasts at a genome- wide level. 
Taken together, the findings of this study identify genes and proteins 
that can serve as potential biomarkers or treatment targets for SSc.

Global changes in chromatin accessibility have been reported 
in many other diseases. In metastatic cancer cells, a genome- 
wide increase in chromatin accessibility has been reported to 
drive disease progression (10). In contrast, neurodegenerative 
diseases such as age- related macular degeneration are associ-
ated with reduced chromatin accessibility (11). Interestingly, aging 
has also been reported to be associated with a global decrease 
in chromatin accessibility (12). Our results raise the possibility that 
the genome- wide reduction in chromatin accessibility could be a 
reflection of accelerated aging and senescence in dcSSc. Indeed, 
senescence is evident in SSc, as telomere shortening, which is a 
hallmark for senescence and aging, has been reported (13). Inter-
estingly, the transcription factors involved in both cell types showed 
significant enrichment in pathways related to human telomerase 
RNA component and human telomerase reverse transcriptase, 
which are critical for telomerase regulation (Figures 3C and 4C). In 
addition, the longevity- regulating pathway was enriched in over-
lapping genes between ones annotated from differentially acces-
sible chromatin regions in dcSSc ECs and reported ETV2 target 
genes (Figure 3D). We confirmed the presence of senescence and 
aging phenotypes in both dcSSc ECs and fibroblasts, as demon-
strated by increased expression of CDKN1A (Figures 3E and 4E).

The global reduction in chromatin accessibility in dcSSc 
ECs might be due to up- regulation of HDACs. Histone lysine 
acetylation alters the charge on histone side chains, resulting in 
an open chromatin configuration that allows transcription factors 
to bind and enhances gene transcription. We reported previously 
that in dcSSc ECs, several members of class II HDACs, including 
HDAC- 5, were significantly up- regulated (6). When we knocked 
down HDAC- 5 in dcSSc ECs, an increase in chromatin acces-
sibility, as measured by ATAC- seq, was observed. This mech-
anism might also be relevant in dcSSc fibroblasts, as various 
HDACs, including HDAC- 1 and HDAC- 6, have been reported to 
be overexpressed in dcSSc fibroblasts when compared to their 
normal counterparts (14).

Through pathway enrichment and gene ontology analysis of 
the genes annotated in differentially accessible chromatin regions 
in ECs, we observed an enrichment in genes involved in NO- , 

cilia- , and ECM- related pathways. The NO-  and ECM- related 
pathways observed in our analysis are not surprising, since they 
have been implicated in the pathogenic phenotype of SSc ECs. 
It has been shown that production of NO is impaired in SSc ECs 
due to down- regulation of endothelial NO synthase (15). These 
cells also exhibit a mesenchymal phenotype with enhanced 
endothelial- to- mesenchymal transition that leads to higher ECM 
expression (16,17). Although the role of cilia in fibrosis has been 
implicated in SSc (18), their involvement in EC function has not 
been examined. Interestingly, primary cilia, which are microtubule- 
based organ elles, play critical roles in maintaining the vascular 
barrier (19). They also act as mechanosensors in the blood ves-
sels that are critical for vascular functions and development (20). 
These events are pertinent to SSc vasculopathy, and therefore, 
further investigation of the involvement of ciliary dysfunction in SSc 
is warranted.

We observed an enrichment in genes that are involved in 
the nervous system. This was also one of the top enriched path-
ways in the transcription factors identified from HINT- ATAC in both 
ECs and fibroblasts (Figure 3C and 4C). Although this neuronal 
signature might be surprising at first, the dysregulation of neuro- 
endothelial mechanisms has been suggested to be critical in initiat-
ing microvascular abnormalities such as Raynaud’s phenomenon 
in SSc (21). Indeed, disruption in the peripheral nervous system, 
including morphologic and functional changes, has been reported 
in SSc (22). As the nervous and the vascular systems share ana-
tomical patterns and many cellular mechanisms, it is not surprising 
that ECs express receptors for axon guidance molecules, which 
are grouped in 4 major families: Slit/Robo, semaphorin/plexin/
neuropilin, netrin/Unc- 5/DCC, and ephrin/Eph (23). It has been 
shown that in dcSSc ECs, dysregulation of these pathways leads 
to defective angiogenesis (24– 26). Specifically, SLIT2, which was 
located in the less accessible regions in SSc ECs that are reported 
to be up- regulated in these cells, shows potent antiangiogenic 
effects (24). The reason for the discrepancy between chromatin 
accessibility and transcription might be multifactorial, including 
increased expression of specific activating transcription factors, 
reduced mRNA decay, or reduced microRNA regulation in SSc. 
Nonetheless, the studies mentioned above echo our pathway 
analysis where we detected significant enrichment in pathways 
involving axon guidance.

In addition to axon guidance pathways, we observed enrich-
ment in synaptic- related genes, including CDH2, NLGN1, and 
NRXN1. Besides their role in the nervous system, these genes are 
also critical in promoting EC angiogenesis. Loss-  or gain- of- function 
experiments showed that CDH2 significantly promoted angiogen-
esis both in vitro and in vivo (27). In a chicken chorioallantoic mem-
brane system, a monoclonal recombinant antibody against NRXN1 
blocked angiogenesis, whereas exogenous NLGN1 promoted 
angiogenesis (28). We showed that the promoters of these genes 
are less accessible in dcSSc than normal ECs (Figure 1A), and 
among them, NRXN1 was significantly down- regulated in dcSSc 
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ECs (Figure 5A). We further demonstrated that NRXN1 down- 
regulation inhibits the angiogenic potential of HMVECs (Figure 5B), 
suggesting that lower levels of NRXN1 might contribute to dysreg-
ulated angiogenesis in dcSSc ECs.

Similar to what was observed in ECs, the enrichment of 
the genes associated with the nervous system in dcSSc fibro-
blasts might also play a relevant role in fibrosis. ERBB4, which 
codes for receptor tyrosine protein kinase ErbB- 4, is a key cellular 
receptor for neuregulin growth factors. In mice, ErbB- 4 deletion 
accelerated renal fibrosis and renal injury (29). In addition, the 
antifibrotic effect of the neuregulin growth factor- 1/ErbB- 4 path-
way in the heart, skin, and lungs is linked to its antiinflammatory 
activity in macrophages (30). Another example is ENTPD1, which 
codes for ectonucleoside triphosphate diphosphohydrolase 1 or 
CD39. In the nervous system, it hydrolyzes ATP to regulate neu-
rotransmission. The deletion of ENTPD1/CD39 in mice promoted 
biliary injury and fibrosis by acting on gut- imprinted CD8+ T cells 
and macrophages (31,32). Since these 2 genes were annotated in 
differentially less accessible chromatin regions in dcSSc fibroblasts 
(Figure 2A), it is possible that they are down- regulated in SSc and 
contribute to the exacerbated fibrosis phenotype in this disease. 
Indeed, when we examined their expression in dcSSc fibroblasts, 
ENTPD1 was significantly down- regulated compared to normal 
fibroblasts (Figure 6A). Follow- up functional studies showed that 
ENTPD1/CD39 is profibrotic, as it enhanced myofibroblast func-
tions (Figures 6B– E). The down- regulation of this gene in dcSSc 
fibroblast appears to be a protective mechanism in these cells.

When comparing the transcription factor footprints in dcSSc 
ECs, we found significant enrichment of SNAI2 and ETV2 in 
dcSSc ECs when compared to normal ECs. SNAI2, or Slug, is 
a neurogenic transcription factor that belongs to the Snail family 
of zinc- finger transcription factors. It works with SNAI1, or Snail, 
in processes involving epithelial-  or endothelial- to- mesenchymal 
transition (33,34). In addition, it was found to be critical in angio-
genic sprouting in ECs (35). Here we report that both SNAI1 
and SNAI2 were up- regulated in dcSSc ECs. Since increased 
endothelial- to- mesenchymal transition has been observed in 
dcSSc ECs (16), the enrichment of SNAI2 might play a critical role 
in this process. ETV2, coding for transcription factor Ets variant 
2, appears to be one of the key drivers of the enriched neuronal 
signal we observed in genes annotated in differentially accessi-
ble regions in dcSSc ECs. It is critical in promoting blood vessel 
formation as well as reprograming non- ECs into cells displaying 
endothelial phenotypes (36). Since the regulatory network of ETV2 
includes VEGF signaling, Notch pathways, MAPK signaling, and 
Ephrin signaling (Supplementary Table 7) (9), its up- regulation 
in dcSSc ECs would be expected to promote healthy EC func-
tion. Interestingly, when we knocked down ETV2 in HMVECs, 
we observed a significant increase in tube formation (Figure 5C), 
pointing to its role in regulating angiogenesis in SSc.

In the HINT- ATAC analysis, we identified several transcription 
factors that are less accessible in dcSSc ECs and fibroblasts, 

including ZBTB33 and EGR. ZBTB33, which codes for Kaiso, is a 
transcription factor but it also has the ability to bind to methylated 
DNA. Therefore, ZBTB33 can function as a transcription activator 
or repressor. In ECs, Kaiso protects against apoptosis via regu-
lating BCL2, BAX, and BIK, through its binding partner p120ctn 
(37). The role of Kaiso in fibroblasts is not clear. However, silencing 
Kaiso in breast cancer cells attenuated TGFβ signaling and TGFβ 
receptor type I expression (38), suggesting that this transcription 
factor might play a role in TGFβ- related pathways in fibroblasts. 
The profibrotic nature of the EGR family of transcription factors in 
SSc has been well documented (39– 41). In ECs, EGR- 3 appears 
to be an essential downstream mediator of VEGF- mediated 
endothelial functions (42) while EGR- 1 supports fibroblast growth 
factor– dependent angiogenesis (43).

The transcription factor RUNX2, which is enriched and up- 
regulated in dcSSc dermal fibroblasts, belongs to the runt- related 
transcription factors. These RUNX proteins play critical roles in 
diverse cellular processes including proliferation, differentiation, 
epithelial- to- mesenchymal transition, and inflammation. Studies 
have shown cross- talk between RUNX2 and profibrotic signaling 
pathways, including TGFβ and Wnt pathways (44,45). Function-
ally, the effect of RUNX2 on fibrosis appears to be organ- specific. 
RUNX2- deficient mice showed exacerbated ureteral obstruction- 
induced kidney fibrosis, accompanied by enhanced TGFβ signal-
ing (46). In contrast, RUNX2, which is significantly expressed in 
human type 2 diabetic aorta, induced aortic fibrosis and stiffening 
in mice (47). In the lung, the involvement of RUNX2 in fibrogene-
sis is cell type dependent (48). Knockdown of RUNX2 in alveolar 
epithelial type II cells decreased profibrotic signals, whereas fibro-
blasts deficient in RUNX2 showed increased ECM production. 
The role of RUNX proteins in SSc has not been fully explored. Our 
previous studies revealed that RUNX1, RUNX2, and RUNX3 were 
all hypomethylated in fibroblasts from both dcSSc and limited 
cutaneous SSc patients compared to healthy individuals (3). How-
ever, their functional relevance in these cells was not explored. 
Recently, lower expression of RUNX3 in dendritic cells was shown 
to be associated with enhanced fibrosis in mice (49).

While the reduction in chromatin accessibility observed in 
ECs and fibroblasts in dcSSc might be a hallmark of the disease, it 
is not clear whether this observation contributes to the pathogen-
esis of the disease itself, or is a mere representation of adaptive 
responses in these cells to function in the disease environment. In 
addition, our study did not account for the cellular heterogeneity 
and cell subsets of ECs and fibroblasts within the skin. Further 
functional studies and experiments to identify the molecular mech-
anisms and specific cell subtypes that mediate the global change 
in chromatin landscape in SSc are warranted.

In summary, we provided novel information identifying open 
and closed chromatin regions in both ECs and fibroblasts in dcSSc. 
In addition, we characterized the transcription factor footprints 
in these cells and revealed the complex networks of transcrip-
tion factors and their target genes, thereby allowing us to explore 
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the potential mechanisms of dysregulated angiogenesis and 
enhanced fibrosis in this disease. Indeed, we showed involvement 
of neuronal genes in SSc, specifically NRXN1 and ENTPD1, that 
are critical in both EC and fibroblast functions. Through HINT- 
ATAC analysis followed by functional validation we also showed 
the impact of ETV2 overexpression in dcSSc ECs. The data pre-
sented enhance our understanding of the involvement of epige-
netic dysregulation at the chromatin architectural level in SSc.
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Effect of Serum Urate Lowering With Allopurinol on Blood 
Pressure in Young Adults: A Randomized, Controlled, 
Crossover Trial
Angelo L. Gaffo,1  David A. Calhoun,2 Elizabeth J. Rahn,2 Suzanne Oparil,2 Peng Li,2 Tanja Dudenbostel,2 
Daniel I. Feig,2 David T. Redden,2 Paul Muntner,2 Phillip J. Foster,2 Stephanie R. Biggers- Clark,2 Amy Mudano,2 
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Objective. To determine whether serum urate reduction with allopurinol lowers blood pressure (BP) in young 
adults and the mechanisms mediating this hypothesized effect.

Methods. We conducted a single- center, randomized, double- blind, crossover clinical trial. Adults ages 18– 40 years 
with baseline systolic BP ≥120 and <160 mm Hg or diastolic BP ≥80 and <100 mm Hg, and serum urate ≥5.0 mg/dl  
for men or ≥4.0 mg/dl for women were enrolled. Main exclusion criteria included chronic kidney disease, gout, or 
past use of urate- lowering therapies. Participants received oral allopurinol (300 mg daily) or placebo for 1 month 
followed by a 2– 4 week washout and then were crossed over. Study outcome measures were change in systolic BP 
from baseline, endothelial function estimated as flow- mediated dilation (FMD), and high- sensitivity C- reactive protein 
(hsCRP) levels. Adverse events were assessed.

Results. Ninety- nine participants were randomized, and 82 completed all visits. The mean ± SD age was 28.0 ± 
7.0 years, 62.6% were men, and 40.4% were African American. In the primary intent- to- treat analysis, systolic BP did 
not change during the allopurinol treatment phase (mean ± SEM −1.39 ± 1.16 mm Hg) or placebo treatment phase 
(−1.06 ± 1.08 mm Hg). FMD increased during allopurinol treatment periods compared to placebo treatment periods 
(mean ± SEM 2.5 ± 0.55% versus −0.1 ± 0.42%; P < 0.001). There were no changes in hsCRP level and no serious 
adverse events.

Conclusion. Our findings indicate that urate- lowering therapy with allopurinol does not lower systolic BP or 
hsCRP level in young adults when compared with placebo, despite improvements in FMD. These findings do not 
support urate lowering as a treatment for hypertension in young adults.

INTRODUCTION

Serum urate, in addition to its well- established causative role 
in gout, has been implicated in the pathogenesis of hypertension, 
cardiovascular disease, and the progression of chronic kidney 
disease (1). Animal data, epidemiologic studies, and clinical trials 

have generally shown positive associations between high serum 
urate concentrations, endothelial dysfunction, and hypertension 
(2). The mechanisms by which serum urate influences blood pres-
sure (BP) are not completely understood, with effects on endothe-
lial function (3) and systemic inflammation (4) both postulated to 
play a pathophysiologic role.
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Hypertension observed in murine models following uricase 
inhibitor– induced elevation in serum urate levels has been effec-
tively reduced following administration of the urate- lowering 
drug febuxostat (5). Moreover, there are multiple clinical studies 
linking hyperuricemia with hypertension. Two meta- analyses of 
observational studies supporting an association between hy -
peruricemia and hypertension were recently published (6,7). Our  
previous observational study in young adults suggested a linear 
association between serum urate level and incident hyperten-
sion; this association was noted at serum urate levels below 
the ex vivo crystallization threshold of 6.8 mg/dl that leads to 
the formation of monosodium urate (the etiologic agent for 
gout) (8). Randomized clinical trials in children and adolescents 
with obesity, hyperuricemia, and hypertension demonstrated 
reductions in BP after serum urate lowering with either allopu-
rinol (a xanthine oxidase inhibitor) or probenecid (a uricosuric) 
(9,10). Clinical trials of urate- lowering drugs, including allo-
purinol, febuxostat, and probenecid, in adults did not arrive at 
similar conclusions (11,12). Those studies were limited by the 
older mean age of the study populations and restrictive partic-
ipant exclusion criteria, including obesity or the need for treat-
ment with antihypertensive medications. Finally, a retrospective 
analysis of clinical trial data on the recombinant uricase enzyme 
pegloticase reported BP reductions in participants with gout 
who maintained profound suppression of serum urate levels 
(<2 mg/dl) (13).

Based on published evidence, we hypothesized that serum 
urate lowering would be an effective approach for BP reduction in 
young adults, before arterial stiffness and plaque are fully devel-
oped. We also hypothesized that the effect of serum urate reduc-
tion on BP lowering would be evident at urate concentrations 
traditionally considered normal (<6.0 mg/dl) and not dependent 
on hyperuricemia thresholds relevant for gout (>6.8 mg/dl).

We designed the Serum Urate Reduction to Prevent Hyper-
tension (SURPHER) clinical trial to investigate whether serum urate 
reduction with allopurinol was efficacious in reducing elevated BP 
in young adults. In order to understand the postulated mecha-
nisms mediating a possible effect, we conducted flow- mediated 
dilation (FMD) studies to assess endothelial function and mea-
sured high- sensitivity C- reactive protein levels (hsCRP) as an indi-
cator of systemic inflammation.

PATIENTS AND METHODS

Study design and eligibility criteria. The study design 
has been published previously (14) and was approved by the Insti-
tutional Review Board at the University of Alabama at Birmingham 
(UAB) along with the study protocol (Supplementary Methods, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41749/ abstract). Oversight 
was provided by a Data Safety Monitoring Board. The trial was 
conducted in accordance with the provisions of the Declaration of 

Helsinki and the International Conference on Harmonization Good 
Clinical Practice Guidelines and was registered at ClinicalTrials.
gov (identifier: NCT02038179). Written informed consent was 
obtained from all participants.

SURPHER was a single- center, double- blind, 2- by- 2 cross-
over trial in which participants were randomly assigned to receive 
oral allopurinol 300 mg daily or placebo. In this study design each 
patient serves as his or her own control, which creates statisti-
cal efficiency and reduces the sources of bias and confounding. 
This study design has been used previously to successfully test 
our hypothesis in children (9). Young adults (ages 18– 40 years) 
were eligible for enrollment if they had systolic BP ≥120 and 
<160 mm Hg or diastolic BP ≥80 and <100 mm Hg as measured 
in the clinic. Entry criteria included a serum urate concentration 
≥5.0 mg/dl for men or ≥4.0 mg/dl for women. The main exclusion 
criteria included pharmacologic treatment for hypertension, cur-
rent smoking, prior history of gout or past use of urate- lowering 
therapies, diabetes, and current or recent pregnancy (<3 months 
since delivery). Participants who self- identified as Asian were 
required to test negative for the HLA– B*58:01 allele before con-
firmation of eligibility. A full list of eligibility criteria can be found in 
Supplementary Table 1, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41749/ 
abstract.

Study population, stratification, and randomization.  
Potential study participants were screened for enrollment at 
UAB. Details about the study visits and procedures can be found 
in Supplementary Figure 1, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41749/ abstract, and the study protocol (Supplementary 
Methods). After a 2- week single- blind run- in phase in which all 
participants received placebo, participants were randomized to 
initiate the study in either the allopurinol arm or the placebo arm. 
Randomization using a permuted block strategy and computer- 
based random number generator was stratified by sex and 
race/ethnicity to ensure that order of treatment administration 
remained balanced. The sequence of treatment assignment 
was held by the UAB investigational pharmacy, whose pharma-
cists were independent of the study investigators.

Intervention and follow- up. Oral allopurinol 300 mg or 
a matching placebo was administered daily in the first 4- week 
treatment phase. After a washout period of 2 weeks (or more in 
some women, since study visits were planned for the beginning 
of the menstrual cycle), the opposite treatment was administered 
in the second 4- week treatment period. Participants completed 
clinic visits, provided blood samples, underwent 24- hour ambu-
latory BP monitoring, and completed FMD testing at the begin-
ning and end of both treatment phases (Supplementary Methods, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41749/ abstract).
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Study outcome measures. The primary outcome mea sure 
was the difference in the change in 24- hour average systolic BP 
(measured by ambulatory BP monitoring) from baseline to week 4 
in the allopurinol treatment phase compared to the placebo treat-
ment phase. The 24- hour average systolic BP was weighted to 
the duration the devices were programmed for awake and asleep 
times. Twenty- four hour ambulatory BP monitoring measure-
ments were taken with an automated, noninvasive, oscillometric 
device (Spacelabs Healthcare). An appropriately sized cuff with a 
cuff bladder encircling ≥80% of the arm was used. The first mea-
surement was obtained in the clinic to ensure proper function of 
the device. Automated measurements were programmed to initi-
ate every 20 minutes during the day (6:00 am to 9:59 pm) and every 
30 minutes at night (10:00 pm to 05:59 am). Complete 24- hour 
ambulatory BP monitoring measurements were defined as those 
with at least 14 daytime readings and 5 nighttime readings. Par-
ticipants with incomplete ambulatory BP monitoring recordings 
had their treatment periods prolonged and were asked to repeat 
the procedure. Multiple imputation analysis was used to estimate 
the mean 24- hour systolic BP and diastolic BP when ambulatory 
BP monitoring was incomplete and the procedure could not be 
repeated. Sphygmomanometer- measured BP obtained in office 
was used for screening but not considered for study outcomes. 
The primary outcome was analyzed under an intent- to- treat plan.

Prespecified secondary outcome measures included differ-
ences between the allopurinol and placebo treatment phases in the 
changes in 24- hour average diastolic BP (measured by ambulatory 
BP monitoring), mean arterial pressure (MAP), vascular endothe-
lial function as measured by FMD, and serum levels of urate and 
hsCRP. FMD testing of the brachial artery was done using a high- 
resolution ultrasound device with an 11– 3 MHz linear array probe 
(Philips HP Agilent Technologies) by a study investigator (TD) who 
was blinded with regard to treatment assignment. Participants 
were asked to fast and not take any non- study medications for 
an 8- hour period prior to testing. Ultrasound of the brachial artery 
was taken at ~5 cm proximal from the elbow in longitudinal section 
on the right arm. The probe was maintained in a fixed position at a 
fixed angle, and baseline artery diameter was recorded for 1 min-
ute. Blood flow was estimated by pulsed Doppler velocity, and 
baseline artery diameter was assessed with simultaneous electro-
cardiogram recording for baseline assessment at every study visit.

Reactive hyperemia was induced by inflating a BP cuff 
around the forearm to 50 mm Hg above resting systolic BP. The 
cuff remained inflated for a 5- minute period, and then was rap-
idly deflated. The longitudinal image of the brachial artery was 
recorded continuously from 30 seconds before to 3 minutes after 
cuff deflation. A mid- artery pulsed Doppler signal was obtained at 
a <60° angle immediately upon cuff release and no later than 15 
seconds after cuff deflation to assess hyperemic velocity param-
eters. Ultrasound images were recorded 30 seconds before cuff 
deflation, and 3 minutes after cuff deflation. The 5 largest diame-
ters after deflation were averaged, and FMD was expressed as the 

percentage increase in diameter from the baseline average mea-
surement to the peak average dilation. The calculation of FMD as 
a percentage change utilizes the peak diameter in response to 
reactive hyperemia in relation to the baseline diameter, and was 
calculated utilizing the following equation:

and when multiplied by 100, FMD is expressed as a percent 
change in vessel caliber.

Blood and urine samples were collected at each study visit 
to measure serum urate levels and hsCRP and to assess for pro-
tocol violations and potential adverse events. (Studies included 
complete blood cell counts, liver function tests, serum creatinine, 
urine cotinine [to assess recent tobacco use], and urine human 
chorionic gonadotropin [to assess for pregnancy].) Serum urate 
level was measured by the uricase reaction laboratory technique 
(15). High- sensitivity CRP was measured by turbidimetric analysis 
(16). Serum allopurinol and oxypurinol levels were used to assess 
treatment compliance for per- protocol analyses of treatment- 
compliant participants. Adverse events were documented and 
adjudicated for all participants. A number of post hoc secondary 
outcome analyses were conducted and included subgroup analy-
ses according to the subcategories of age, race/ethnicity, sex, BP, 
baseline urate level, and treatment compliance.

Sample size determination. The initial sample size (14) 
was aimed at detecting a mean ± SD of paired differences in sys-
tolic BP and diastolic BP of 3.7 ± 8.5 mm Hg (17) and 2.0 ± 6.3 mm 
Hg (18), respectively. In an initial planned estimate, a total of 112 
randomized participants would be needed to attain 93% power to 
detect the expected effect sizes with a significance level of 0.05 
using a 2- sided paired t- test, assuming a within- person correla-
tion of systolic BP between measurements of 10%. A sample size 
of 99 randomized participants achieved 89% power under these 
initial assumptions.

Statistical analysis. The demographic and baseline mea-
sures were summarized as the mean ± SD for continuous varia-
bles, and as the frequency and proportion for categorical variables. 
Two- sample t- tests, Wilcoxon’s rank sum test, and chi- square 
tests were used to compare the distributions between random-
ization assignments, where appropriate. Analyses for primary and 
secondary outcomes compared the changes in 24- hour aver-
age systolic BP, diastolic BP, and MAP (all measured by ambu-
latory BP monitoring), as well as FMD and hsCRP, in participants 
between the active treatment (allopurinol) and placebo phases. 
Considering the crossover design, the lack of carry- over effects 
on all of the outcomes were confirmed with a 2- sample t- test (19). 
Given that no carry- over effects existed, the difference in each 
patient’s changes in BP between 1) pretreatment and placebo 

FMD (%) = (peak diameter − baseline diameter)∕

baseline diameter,
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and 2) pretreatment and allopurinol were analyzed by paired  
t- tests. The primary and secondary outcomes were analyzed 
using an intent- to- treat strategy, and missing data were handled 
with a multiple imputation approach (50 imputations). A complete- 
cases analysis was then conducted as a sensitivity analysis. Other 
secondary and exploratory analyses were conducted using the 
complete cases only. The alpha level of significance for hypothesis 
testing was 0.05, and all tests were 2- sided. All analyses were 
conducted using SAS software version 9.4 by statisticians who 
were blinded with regard to randomization assignment.

RESULTS

Demographic and clinical characteristics of the 
patients. A total of 1,220 individuals were screened during 
the trial enrollment period from July 2014 to February 2018. Of 
these, 99 were randomized and included in the primary analysis 

population (Figure 1). Of the 99 randomized participants, 82 com-
pleted all study visits and 17 dropped out or withdrew from the 
study after randomization. Study visits were conducted between 
August 2014 and May 2018. Baseline demographic and clinical 
characteristics are summarized in Table 1. The mean age of the 
study participants was 28 years. We achieved representative par-
ticipation of women (37.4%) and African Americans (40.4%). Most 
participants were overweight or obese, with a mean body mass 
index of 30.8 kg/m2. According to the most recent guidelines (the 
2017 American College of Cardiology/American Heart Associa-
tion hypertension guideline) (20), the mean ± SD systolic BP of 
the study participants (127.0 ± 11.3 mm Hg) was in the elevated 
range (systolic BP 120– 129 mm Hg), and their mean ± SD dia-
stolic BP (81.3 ± 9.7 mm Hg) was in the stage 1 hypertension range 
(diastolic BP 80– 89 mm Hg). The mean ± SD serum urate level 
at baseline was 4.9 ± 0.7 mg/dl for women and 6.4 ± 1.0 mg/dl 
for men.

Figure 1. Flow chart showing participant recruitment, randomization, and flow during the study. BP = blood pressure. Color figure can be 
viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41749/abstract.

Assessed for Eligibility
(N=1220) Excluded:
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Failed to reach / Did not show (n=461)

Refused to consent (n=15)
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(N=99)

Allocated to Allopurinol -˃ Placebo sequence
(n=52)

52 Received Allopurinol

Allocated to Placebo -> Allopurinol sequence
(n=47)

47 Received Placebo

1 Lost to Follow-up
3 Discon�nued Interven�on

4 Lost to Follow-up
2 Discon�nued Interven�on

2 – 4 Week Washout

46 Received Placebo
2 Did Not Receive Placebo (Discon�nued)

40 Received Allopurinol
1 Did Not Receive Allopurinol (Lost to Follow Up)

0 Lost to Follow-up
1 Discon�nued Interven�on

1 Lost to Follow-up
2 Discon�nued Interven�on

45 Analyzed 37 Analyzed

Excluded:
Withdrew par�cipa�on (n=27)

Lost to follow-up (n=15)
Adverse events during run-in (n=3)

Protocol non-compliance (n=3)
Unknown (n=11)

Entered Placebo Run-In
(N=158)

Consented to Study
(N=375)

Excluded for labs or BP (n=217)

http://onlinelibrary.wiley.com/doi/10.1002/art.41749/abstract
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Primary outcome. Twenty- four– hour average systolic BP 
decreased by a mean ± SEM of 1.39 ± 1.16 mm Hg during the 
allopurinol treatment phase (P = 0.23) and 1.06 ± 1.08 mm Hg 
during the placebo treatment phase (P = 0.33) (Table 2). There 
was no evidence of a difference between the allopurinol and pla-
cebo treatment phases with regard to change in systolic BP from 
baseline to the end of the phase (P = 0.83). Individual systolic 
BP changes for each study participant during the allopurinol and 
placebo phases are shown in Figures 2A and B. Findings were 

replicated in a per- protocol analysis (Supplementary Table 2, avail-
able on the Arthritis & Rheumatology website at http://onlin e libr ary.
wiley.com/doi/10.1002/art.41749/ abstract). No significant order or 
period effects were detected by a linear random- effects regression.

Secondary outcomes and subgroup analyses. There 
were no changes in diastolic BP or MAP in either treatment phase 
(allopurinol or placebo) (Table 2). The mean ± SD serum urate 
level decreased by 1.33 ± 1.21 mg/dl during the allopurinol phase 

Table 1. Baseline demographic and clinical characteristics of the participants in the primary outcome 
analysis population*

Characteristic
Allopurinol 300 mg daily  

to placebo (n = 52)

Placebo to allopurinol  
300 mg daily  

(n = 47)
Age at enrollment, mean ± SD years 27.7 ± 6.4 28.3 ± 7.6
Sex, no. (%) men/women 32 (61.5)/20 (38.5) 30 (63.8)/17 (36.2)
Race/ethnicity, no. (%)

White 27 (51.9) 25 (53.2)
African American 21 (40.4) 19 (40.4)
Other 4 (7.7) 3 (6.4)

BMI, mean ± SD kg/m2 31.8 ± 8.2 29.7 ± 7.1
Systolic BP, mean ± SD mm Hg† 127.3 ± 12.5 126.8 ± 10.0
Diastolic BP, mean ± SD mm Hg† 82.6 ± 10.2 79.9 ± 8.9
FMD, mean ± SD %‡

All 10.4 ± 5.8 10.7 ± 5.0
Men 9.2 ± 4.8 10.2 ± 3.7
Women 12.4 ± 6.8 11.7 ± 7.0

Serum urate, mean ± SD mg/dl
All 5.8 ± 1.0 5.9 ± 1.3
Men 6.2 ± 0.9 6.5 ± 1.1
Women 5.0 ± 0.8 4.7 ± 0.6

eGFR, mean ± SD ml/minute/1.73 m2§
All 90.5 ± 23.8 90.5 ± 23.8
Men 92.3 ± 24.2 92.3 ± 24.2
Women 87.6 ± 23.3 87.6 ± 23.3

hsCRP, mean ± SD mg/liter¶
All 4.0 ± 4.9 3.0 ± 3.9
Men 3.0 ± 2.8 1.9 ± 1.9
Women 5.5 ± 6.9 5.0 ± 5.5

* BMI = body mass index, BP = blood pressure, FMD = flow-mediated dilation, hsCRP = high- sensitivity 
C- reactive protein. 
† Obtained at the baseline visit with in- office sphygmomanometer. 
‡ Data were available for 96 participants (62 men and 34 women). 
§ The estimated glomerular filtration rate (eGFR) was determined using the Cockcroft- Gault equation: 
(140 − age) × (weight in kg)/(72 × serum creatinine), multiplied by 0.85 for women. 
¶ Data were available for 96 participants (60 men and 36 women). 

Table 2. Intent- to- treat analysis of primary and secondary outcome measures using multiple imputation (n = 99 randomized participants)*

Outcome

Allopurinol phase Placebo phase
Difference between pretreatment 

and end of phase

Pretreatment End of phase P Pretreatment End of phase P Placebo Allopurinol P
Systolic BP, 

mm Hg†
123.6 ± 1.05 122.2 ± 0.93 0.23 122.6 ± 0.94 121.5 ± 1.05 0.33 −1.06 ± 1.08 −1.39 ± 1.16 0.83

Diastolic BP, 
mm Hg†

72.1 ± 0.88 71.3 ± 0.85 0.35 71.8 ± 0.84 71.3 ± 0.90 0.56 −0.56 ± 0.98 −0.87 ± 0.94 0.82

MAP, mm Hg† 89.3 ± 0.82 88.2 ± 0.77 0.23 88.7 ± 0.75 87.7 ± 0.85 0.30 −0.95 (0.91) −1.10 ± 0.92 0.91
FMD, % 10.4 ± 0.62 12.9 ± 0.64 <0.001 10.2 ± 0.47 10.1 ± 0.50 0.94 −0.1 (0.42) 2.5 ± 0.55 <0.001
hsCRP, mg/liter 3.6 ± 0.46 4.1 ± 0.57 0.13 3.6 ± 0.50 4.4 ± 0.92 0.36 0.8 (0.82) 0.6 ± 0.39 0.84

* Values are the imputed mean ± SEM. MAP = mean arterial pressure; FMD = flow-mediated dilation; hsCRP = high- sensitivity C- reactive protein. 
† Measured by 24- hour ambulatory blood pressure (BP) recording. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41749/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41749/abstract
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(P < 0.001 versus baseline serum urate level) and did not change 
during the placebo phase (−0.04 ± 0.75 mg/dl). Post hoc sub-
group analyses of BP changes failed to show differences between 
the allopurinol and placebo phases (Supplementary Table 3, avail-
able on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41749/ abstract). However, it is of note 
that there were reductions in BP during the allopurinol treatment 
phase compared with the placebo treatment phase in the sub-
group of participants who had high serum urate levels at baseline, 
as well as in those who were older (28– 40 years of age), which 
nevertheless did not achieve statistical significance (Figure 3). 
In an exploratory evaluation of the allopurinol treatment phase 
alone, there were reductions in systolic BP from baseline, which 
also did not achieve statistical significance, in some subgroups: 
older participants (28 years or older), participants with serum urate 
level >6.5 mg/dl at enrollment, those who had high systolic BP 
(≥120 mm Hg) or diastolic BP (≥80 mm Hg) according to ambula-
tory BP monitoring at the beginning of the study treatment period, 

and participants who were deemed compliant as assessed by 
detectable oxypurinol levels (Figure 3 and Supplementary Table 3, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41749/ abstract).

Adherence as assessed by any detectable level of plasma 
oxypurinol was achieved by 73% of the population during the 
allopurinol phase. Multiple imputation analyses for participants 
with missing data or using data only from participants with detect-
able oxypurinol levels did not affect the study results.

Study participants had significant improvements in pre-
specified FMD study outcomes during the allopurinol treatment 
phase compared with no change during the placebo treatment 
phase (mean ± SEM 2.5 ± 0.55% in the allopurinol phase ver-
sus −0.1 ± 0.42% in the placebo phase; P < 0.001) (Table 2 and 
Figure 2C). There was a small, nonsignificant increase in serum 
hsCRP levels during the allopurinol treatment phase and no dif-
ference in the change in hsCRP during the allopurinol treatment 
phase compared with the placebo treatment phase (Table 2).

Figure 2. A and B, Change in systolic blood pressure (SBP) for each participant (n = 99) during the placebo treatment phase (A) and the 
allopurinol treatment phase (B). C, Change in flow- mediated dilation (FMD) for each participant (n = 77) at the end of the placebo treatment 
phase (blue) and at the end of the allopurinol treatment phase (red) (n = 77). Circles and error bars show the mean ± SEM.

A B

C

http://onlinelibrary.wiley.com/doi/10.1002/art.41749/abstract
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Adverse events. A total of 25 adverse events were reported 
(Table 3). Of these, 3 were of moderate severity: SBP ≥160 mm Hg, 
leukopenia, and elevated liver enzymes. The remainder, including 
diarrhea, nausea, and fatigue, were of mild severity. There were no 
serious adverse events, episodes of serious cutaneous reaction to 
allopurinol, or deaths during the study. Only 2 adverse events led 
to study discontinuation, the above- mentioned increase in systolic 
BP in 1 participant and diarrhea in another participant. The inves-
tigators considered only 5 discrete adverse events to be possibly 
related to the treatment administered, 1 episode each of diarrhea, 
elevated liver enzymes, nausea, fatigue, and drowsiness.

DISCUSSION

In one of the largest randomized crossover trials of urate- 
lowering therapy for hypertension, we did not find a significant 
decrease in BP in young adults receiving the xanthine oxidase 
inhibitor allopurinol. In our study, post hoc associations between 
urate- lowering therapy and BP reductions in the subgroup of par-
ticipants with serum urate >6.5 mg/dl at enrollment (reduction in 
systolic BP of 5.3 mm Hg between the allopurinol and placebo 
phases) and in those who were slightly older (ages 28– 40 years) 
(reduction in systolic BP of 3.4 mm Hg between the allopurinol 
and placebo phases) were found but were of unclear clinical signif-
icance. This finding is evidence against our study hypothesis that 
serum urate reductions from baseline values across a wide range 
(including those below the threshold of hyperuricemia) might be 
beneficial for cardiovascular outcomes.

It is notable that randomized controlled trials in adults have 
failed to replicate the significant BP reductions that were seen 
in well- designed studies of urate- lowering treatment among 
adolescents (9,10). A potential difference from our study is that 
the mean serum urate concentrations at enrollment in the pediat-
ric studies were 6.8 mm Hg and 6.9 mm Hg, respectively (9,10), 
compared with 6.1 mg/dl in the study by McMullan et al (12) 
and 5.8 mg/dl in our investigation. Our entry criteria for serum 
urate level (>5 mg/dl for men and >4 mg/dl for women) were 
based on our prior epidemiologic work in young adults showing 
that incident hypertension began at relatively low serum urate 
concentrations in men and women (8). It is possible that adults, 
even at a young age, quickly lose responsiveness to urate- 
mediated mechanisms proposed to affect BP, namely, effects on 
the renin– angiotensin system and generation of reactive oxygen 
species that adversely affect endothelial function (21). In con-
trast, our study participants at slightly older ages had a trend 

Figure 3. Difference in the change in systolic blood pressure (BP) between the allopurinol and placebo treatment phases in selected participant 
subgroups. Serum urate level at baseline (BL) refers to the average of the serum urate level at the initiation of the placebo phase and the serum 
urate level at the initiation of the allopurinol phase. Participants with high BP were defined as those with a 24- hour average systolic BP of ≥120 
mm Hg or a 24- hour average diastolic BP of ≥80 mm Hg at the initiation of either treatment phase. Compliant participants were defined as those 
with any detectable level of plasma oxypurinol. All treatment by subgroup interactions were nonsignificant. Results are shown as the mean ± SEM. 
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41749/abstract.

Table 3. Adverse events during the allopurinol and placebo 
phases*

Allopurinol 
(n = 12)

Placebo  
(n = 13)

Cardiovascular system
Increased BP† 1‡ 0
Tachycardia 0 1

Gastrointestinal system
Nausea 1 3
Diarrhea 1 2
Hyperdefecation 0 1

Nervous system
Headaches 1 1
Dizziness 0 1

Other
Fatigue 3 1
Drowsiness 1 0
Itching 1 1
Abnormal menses 1 0
Weight gain 1 0
Leukopenia 0 2‡
Elevated liver enzymes 1‡ 0

* Values are the number of adverse events. 
† Diastolic blood pressure (BP) ≥160 mm Hg or systolic BP ≥90 mm Hg. 
‡ Moderate severity; all other events were of mild severity. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41749/abstract
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toward better BP reduction response to allopurinol, which is evi-
dence against our hypothesis that BP response to urate lowering 
is greater at younger ages.

We found a significant effect of allopurinol treatment on FMD, 
supporting the hypothesis that serum urate affects endothelial 
function. It is important to note that measurements of endothelial 
function such as FMD, while commonly used to study vascular 
biology, do not have clear application to clinical care. The mech-
anism underlying this effect of allopurinol is still unknown, but our 
results do not support an effect mediated by reduced inflamma-
tion, as we did not observe changes in serum levels of hsCRP. Pro-
posed mechanisms by which serum urate could impact endothelial 
function include enhancement of the effects of nitric oxide and 
increased production of endothelin 1 (22,23). Our results are con-
sistent with most (24,25), but not all (26), previous studies of the 
effects of urate lowering with allo purinol and other pharmacologic 
agents on endothelial function. Our reported changes in FMD and 
serum urate level were tightly correlated during administration of 
allopurinol, but did not translate into a meaningful change in BP, 
as has been described previously (27). It is possible that a floor 
effect (by which further BP reductions could not be expected) did 
not allow for observation of further BP reductions or that, despite 
a beneficial effect after only 4 weeks of treatment in prior pediatric 
studies (9), an intervention of longer duration is needed in adults. 
It is also possible that ambulatory BP monitoring in adults, due to 
partial nonadherence to the protocol, may have a higher noise- to- 
signal ratio than more highly controlled measurements obtained 
in clinics. Participants in our study did not experience any serious 
adverse events, suggesting that the medication may have an ade-
quate safety profile in this population.

The strengths of our study include its large size and enroll-
ment of a substantial proportion of African Americans, who are 
at enhanced risk of excessive morbidity from hypertension (28). 
Our study had a <20% combined discontinuation and loss to 
follow- up rate after randomization, which was within our expec-
tations for retention of healthy young adults in a clinical trial 
with multiple visits and somewhat laborious BP measurement 
procedures. The rate of adherence to the study medication, 
assessed by measurement of oxypurinol levels, was excellent, 
and study outcomes in the participants who had detectable 
oxypurinol were not different from the outcomes in the entire 
random  ized population. Multiple imputation analyses for partici-
pants with missing data did not alter the study results or conclu-
sion. We consider our study findings generalizable to populations 
of young adults with mild hypertension and mild elevations of 
serum urate. A limitation of the study was that many study par-
ticipants had mean baseline ambulatory- monitored systolic BP 
lower than the in- office BP that qualified them for enrollment 
during their pretreatment run- in (≥120 mm Hg) (Figures 2A and 
B). This could have led to a floor effect between serum urate 
level and BP, preventing detectable changes in BP in this group. 
However, our subgroup analysis of participants with high BP at 

baseline did not show a trend toward greater BP reduction with 
allopurinol treatment.

Previous studies have suggested positive effects of allopurinol 
on cardiovascular outcomes when administered at higher doses 
than those used in our study (29). However, we did not use doses 
greater than 300 mg daily since our hypothesis was based on the 
effect of allopurinol on serum urate reduction (normally achieved at 
the dosage used) and because of the potential for adverse effects 
with greater allopurinol dosages. Although it is possible that an 
effect on BP would have been seen only after a longer dura-
tion of treatment (>4 weeks), we did not consider this approach 
since allopurinol- induced reductions in serum urate level typically 
occur within 1– 2 weeks. We were also concerned that requiring 
a longer treatment period would adversely affect compliance, and 
prior experience in adolescents showed a significant effect after 
4 weeks of allopurinol (9). Finally, although the crossover design 
of this study conferred significant advantages from the points of 
view of statistical efficiency (requiring a smaller sample size) and 
reduction in bias and confounding, it required a longer period of 
follow- up for each participant, which could have contributed to a 
greater loss to follow- up than a parallel study design.

In conclusion, our findings do not support the use of urate- 
lowering therapy with allopurinol to reduce BP in young adults, 
despite a positive effect on endothelial function as measured 
by FMD. Whether there is an effect of urate- lowering therapy in 
those with higher serum urate concentrations or at slightly older 
ages merits further investigation.
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Objective. Pegloticase is used for the treatment of severe gout, but its use is limited by immunogenicity. This 
study was undertaken to evaluate whether mycophenolate mofetil (MMF) prolongs the efficacy of pegloticase.

Methods. Participants were randomized 3:1 to receive 1,000 mg MMF twice daily or placebo for 14 weeks, 
starting 2 weeks before receiving pegloticase and continuing while receiving intravenous pegloticase 8 mg biweekly 
for 12 weeks. Participants then received pegloticase alone from week 12 to week 24. The primary end points were 
the proportion of patients who sustained a serum urate level of ≤6 mg/dl at 12 weeks and the rate of adverse events 
(AEs). Secondary end points included 24- week durability of serum urate level ≤6 mg/dl. Fisher’s exact test and 
Wilcoxon’s 2- sample test were used for analyses, along with Kaplan- Meier estimates and log rank tests.

Results. A total of 32 participants received ≥1 dose of pegloticase. Participants were predominantly men (88%), 
with a mean age of 55.2 years, mean gout duration of 13.4 years, and mean baseline serum urate level of 9.2 mg/dl. 
At 12 weeks, a serum urate level of ≤6 mg/dl was achieved in 19 (86%) of 22 participants in the MMF arm compared 
to 4 (40%) of 10 in the placebo arm (P = 0.01). At week 24, the serum urate level was ≤6 mg/dl in 68% of MMF- treated 
patients versus 30% of placebo- treated patients (P = 0.06), and rates of AEs were similar between groups, with more 
infusion reactions occurring in the placebo arm (30% versus 0%).

Conclusion. Our findings indicate that MMF therapy with pegloticase is well tolerated and shows a clinically 
meaningful improvement in targeted serum urate level of ≤6 mg/dl at 12 and 24 weeks. This study suggests an 
innovative approach to pegloticase therapy in gout.
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INTRODUCTION

Gout is a common chronic inflammatory arthritis associated 
with acute flares that when left untreated results in chronic and 
potentially destructive arthritis and tophi formation. Pegloticase is 
a recombinant, PEGylated uricase, approved in the US for the 
treatment of patients with gout who fail to respond to conven-
tional oral urate- lowering therapy (1). Despite its remarkable effi-
cacy as “debulking therapy” in people with severe gout (2), its 
potent immunogenic response leads to clearing antidrug antibod-
ies and higher rates of infusion reaction and limits clinical response 
(3,4). A relationship between the loss of urate- lowering efficacy 
of pegloticase, indicated by an increase in serum urate levels, 
and high- titer antibody formation was noted in post hoc analyses 
in 2 pivotal studies (1,5). Participants with high anti- pegloticase 
antibody titers experienced a significant loss of pegloticase activ-
ity, which is attributed to faster drug clearance in the presence 
of these antibodies. Sixty- nine (41%) of 169 patients receiving 
pegloticase developed high- titer anti- pegloticase antibodies and 
subsequently lost response to the drug (6). In addition, 60% of 
participants with high titers developed an infusion reaction (1,7).

Based in part on the ability of immunomodulatory drugs such 
as methotrexate (MTX) to attenuate antidrug antibodies when 
using certain biologics, the co- administration of such agents 
could disrupt the ability of pegloticase to induce production of 
anti- pegloticase antibodies, thus mitigating the loss of efficacy 
(6– 9). Indeed, recently published case series suggest that MTX, 
azathioprine, and leflunomide may attenuate pegloticase- induced 
antidrug antibody formation (10– 13). Through inhibition of T and B 
cell proliferation (14,15), mycophenolate mofetil (MMF) is another 
immunomodulating drug commonly and successfully used in 
other rheumatic diseases, with an established safety profile in 
patients with chronic kidney disease, which is a frequent comor-
bidity among patients with uncontrolled gout (16– 19). We tested 
the feasibility of using a short- term course of MMF, started prior 
to the initiation of pegloticase and continued though the first 12 
weeks of combined therapy, to increase the proportion of patients 
who were able to achieve a sustained reduction in serum urate 
level during the course of pegloticase therapy, thus improving the 
efficacy and safety of pegloticase infusions.

PATIENTS AND METHODS

Study design. We designed a phase II, proof- of- concept, 
randomized, placebo- controlled trial of short- term MMF versus 
placebo. Participants from 5 large practices were randomized 
in a 3:1 ratio by site to receive either MMF or placebo initiated 
2 weeks before the administration of pegloticase. Pegloti-
case was administered at the US Food and Drug Administra-
tion (FDA)– approved dose of 8 mg intravenously (IV) every 2 
weeks for a total of 12 infusions. Based on an informal survey 
of 15 rheumatologists who preferred MMF or MTX over other 

drugs, we chose MMF to serve as a potential immunomodula-
tor to pegloticase in a phase II, proof- of- concept trial. MMF or 
placebo was continued for the first 12 weeks of the 24- week 
duration of pegloticase therapy. All participants then received 
pegloticase alone for the remaining 12 weeks. The rationale for 
choosing 12 weeks as the primary end point was: 1) historical 
cohort data demonstrating the development of antibodies in 
the first 6 weeks of pegloticase use (11), 2) concerns about the 
possible safety of concomitant use of MMF with pegloticase for 
a longer duration, and 3) interest in determining if the durability 
of response changed when MMF treatment was stopped after 
12 weeks.

The trial was approved by the Institutional Review Board (IRB) 
at each participating research center, and each patient signed the 
IRB- approved consent form. We received the Investigational New 
Drug approval from the FDA on November 29, 2017, and the study 
was registered at ClinicalTrials.gov (identifier: NCT03303989) on 
September 29, 2017. The study inclusion criteria were: 1) age >18 
years, 2) fulfillment of the 2015 American College of Rheumatol-
ogy (ACR)/European Alliance of Associations for Rheumatology 
(EULAR) criteria for gout (20), 3) presence of chronic refractory 
gout, defined as signs and symptoms inadequately controlled 
with urate- lowering therapy (e.g., xanthine oxidase inhibitors or 
uricosuric agents) at a medically appropriate dose or contrain-
dication to these drugs, 4) hyperuricemia (i.e., serum urate level 
>6 mg/dl) at the screening visit, and 5) no previous treatment with 
pegloticase or other uricase therapies. Exclusion criteria were 
weight >160 kg (352.74 lb), infection in the prior 2 weeks, and an 
immunocompromised status.

Study visits and drug administration. Study visits 
included a screening visit to confirm study eligibility, explain 
procedures, and allow participants to engage in the informed 
consent process. Following the screening visit, participants 
were randomized and began a run- in period during which they 
received placebo or MMF at 500 mg twice per day for 7 days. 
If tolerated, the dose was titrated up to 1,000 mg twice per day 
for an additional 7 days prior to the initial pegloticase infusion. 
Participants who were not able to tolerate the placebo or MMF 
dose due to gastrointestinal or other adverse events (AEs) dur-
ing the run- in period were withdrawn from the study and not 
followed up further. All participants received gout flare prophy-
laxis (colchicine 0.6 mg/day or low- dose nonsteroidal antiinflam-
matory medication) starting 7 days prior to the first pegloticase 
infusion. For each of the pegloticase infusions, consistent with 
standard of care for pegloticase administration, all participants 
received pre- infusion prophylaxis (i.e., oral fexofenadine [60 mg] 
the night before, oral fexofenadine [60 mg] and acetaminophen 
[1,000 mg] the morning of the infusion, and IV hydrocortisone 
[200 mg] immediately prior to the infusion). If an infusion reac-
tion occurred or there were 2 consecutive measurements of 
serum urate level >6 mg/dl prior to the pegloticase infusion, 
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pegloticase infusions were discontinued. The participant was 
considered a nonresponder and was followed up for all study 
visits as scheduled.

It was expected that many participants would continue 
to have gout flares during the study, since gout flares typically 
occur early in the course of pegloticase treatment (21). Colchi-
cine 0.6 mg up to a maximum of 3 times per day (22,23) for 1 

week was the preferred therapy to manage acute flares, at the 
discretion of the managing physician/investigator. An alternative 
or additional treatment was a 7- day course of glucocorticoids 
or the use of nonsteroidal antiinflammatory drugs. Adequate 
pain control was maintained by the study physicians, who also 
served as the managing physicians for all gout care for study 
participants.

Figure 1. Flow diagram showing the distribution of the study subjects. Details are given according to the Consolidated Standards of Reporting 
Trials (CONSORT) statement for reporting randomized controlled trials. Asterisk indicates the primary end point (12 weeks). Inc/Exc = inclusion/
exclusion; MMF = mycophenolate mofetil.
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Outcome measures. The primary clinical end points 
were 1) the proportion of participants in whom a serum urate 
level of ≤6 mg/dl was achieved and maintained over 12 weeks 
in the MMF + pegloticase group versus the placebo + peglot-
icase group, and 2) the incidence and types of AEs/infusion 
reactions during the study. The secondary clinical end points 
were 1) 6- month durability of immunomodulation after discon-
tinuation of the short course of MMF according to a) the abso-
lute change in serum urate level from baseline to week 24, and 
from week 12 to week 24, and b) the proportion of participants 
with serum urate levels ≤6 mg/dl through 24 weeks, and from 
week 12 to week 24; and 2) patient- reported outcomes using 
the National Institutes of Health– supported Patient- Reported 
Outcomes Measurement Information System (PROMIS) 
(24,25) and Gout Impact Scale (GIS) (26,27) instruments. AEs 
were collected and summarized based on severity and organ 
systems.

Randomization. Participants were randomized in a 3:1 ratio 
to receive either MMF + pegloticase or placebo + pegloticase. Ran-
domization allocation was balanced over time and by site using a 
double- blind design. Treatment assignment was determined by 
a random number generator and stratified by site using a central 
randomization system to ensure proper allocation. Subjects who 
dropped out during the run- in period (before they received pegloti-
case) would not provide scientifically meaningful data and were not 
counted in the required sample size, and thus they were replaced.

Data analyses. Descriptive analyses (the mean ± SD, median 
[interquartile range (IQR)], and frequency distributions [%]) were 
conducted to describe the study subjects. Fisher’s exact tests 
and Wilcoxon’s 2- sample tests were performed to compare 
baseline and clinical characteristics between treatment groups as 
appropriate. The efficacy of MMF was assessed as the propor-
tion of responders in the MMF + pegloticase group compared to 
the placebo + pegloticase group. Rates of the primary outcome 
were compared using proportions and 95% confidence intervals 
and tested for differences using Fisher’s exact test. To quantify 
the efficacy of MMF, Kaplan- Meier estimates and a log rank test 
were performed to compare survival curves between groups. AEs 
across groups were summarized as frequencies and percentages. 
Continuous secondary outcome variables were summarized as 
the mean ± SD, and/or median (IQR) with 95% confidence inter-
vals and compared by groups using t- tests or Wilcoxon’s tests as 
appropriate. All hypothesis tests were 2- tailed, and P values less 
than 0.05 were considered significant. Analyses were conducted 
using SAS, version 9.4.

Sample size. The study was designed assuming a historical 
responder status (i.e., success rate) for pegloticase of 40% (6). The 
goal of this proof- of- concept study was to reduce the expected 
60% failure rate by at least half. Therefore, we hypothesized that 

MMF + pegloticase would yield a success rate of at least 70% (at 
week 12). A decision matrix based on the differences in failures 
between MMF + pegloticase and placebo + pegloticase was con-
structed using Fisher’s exact test. This decision matrix to pursue a 
subsequent study represented the area that achieves a significant 
(2 tailed P < 0.10) Fisher’s exact test that MMF + pegloticase is 
better than placebo + pegloticase. In this proof- of- principle study, 
we calculated that we needed to have a minimum of 20 informa-
tive participants receiving MMF + pegloticase therapy (i.e., partici-
pants who achieve either pegloticase responder or nonresponder 
status [our primary end point]).

RESULTS

Baseline characteristics of the participants. Five sites 
in the US screened 42 participants with uncontrolled gout based 
on the inclusion and exclusion criteria between May 2018 and 
October 2019. Figure 1 (Consolidated Standards of Reporting Tri-
als [CONSORT] diagram) provides details on the 35 participants 
who were randomized. Three participants withdrew after rand-
omization but prior to the first pegloticase infusion and were not 
counted in the required sample size; 32 participants received ≥1 
dose of pegloticase and were included in modified intent- to- treat 
analyses. The baseline characteristics of the 32 participants (22 
in the MMF + pegloticase group and 10 in the placebo + peglot-
icase group), including gout flares, severity of disease, and oral 
urate- lowering therapy, were similar across the 2 treatment arms 
(Table 1). At screening, the majority of participants were receiv-
ing optimized urate- lowering therapy (59% were receiving allopu-
rinol and 16% were receiving febuxostat); 63% of the participants 
reported >1 flare in the past year.

Participants at baseline were predominantly men (88%) 
and White (78%) and had a mean ± SD age of 55.2 ± 9.7 years. 
The mean ± SD duration of gout was 13.4 ± 9.0 years, and 
the mean ± SD serum urate level was 9.2 ± 1.6 mg/dl. Tophi were 
present in 88% of the participants, and the mean ± SD ACR/
EULAR gout criteria score was 13.7 ± 2.8, indicating a high bur-
den of gout. At baseline the MMF arm and placebo arms had 
similar comorbidities, including hypertension (82% versus 70%), 
diabetes mellitus/metabolic syndrome (14% versus 20%), cor-
onary artery disease/peripheral vascular disease (36% versus 
60%), body mass index >30 (86% versus 90%), and renal insuffi-
ciency (defined as an estimated glomerular filtration rate [eGFR] of 
<90 ml/minute; 73% versus 70%).

Primary outcomes. At week 12, the primary outcome (serum 
urate level ≤6 mg/dl) was achieved in 19 (86%) of 22 participants in 
the MMF + pegloticase arm compared to 4 (40%) of 10 participants 
in the placebo + pegloticase arm (P = 0.01). Figure 2 demonstrates 
that the proportion of subjects maintaining a serum urate level of 
<6 mg/dl at 12 weeks was significantly greater in the MMF + pegloti-
case arm (P = 0.02). In our post hoc analysis, we examined a different 
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cut point for serum urate level of <5 mg/dl. Using this cutoff, there 
was a significant difference between treatment arms in the primary 
end point at week 12 (86% in the MMF + pegloticase group versus 
30% in the placebo + pegloticase group; P < 0.05).

A total of 54 AEs were reported by 22 participants during 
the study period, with estimated rates of AEs generally similar 
between groups, not accounting for exposure time (Table 2). 
The most commonly reported AEs were musculoskeletal (41% in 

Table 1. Baseline demographic and clinical characteristics of the patients with gout treated 
with MMF and pegloticase or with placebo and pegloticase*

Characteristic

MMF + 
pegloticase  

(n = 22)

Placebo + 
pegloticase  

(n = 10)
Sex, no. (%) male 19 (86) 9 (90)
Age, years 55.0 ± 9.4 55.5 ± 10.7
2015 ACR/EULAR criteria points 13.5 ± 2.8 13.8 ± 2.7
Gout flare history

Flare within last year, no. (%) 15 (68) 5 (50)
Number of flares in the last year, median (IQR) 1 (0– 2) 1 (0– 1)

Age at diagnosis, years 40.9 ± 14.7 42.1 ± 12.6
Duration of gout, years 13.3 ± 9.8 13.4 ± 7.4
PROMIS items

Pain intensity T score† 50.8 ± 11.3 45.0 ± 12.4
Physical function T score‡ 37.5 ± 7.8 33.8 ± 6.4

Pain score§ 4.5 ± 4.0 2.8 ± 3.3
Gout impact score¶ 45.7 ± 7.5 46.4 ± 7.1
Oral urate-lowering medications, no. (%)

Allopurinol 13 (59) 6 (60)
Febuxostat 4 (18) 1 (10)

Acute gout therapy, no. (%)
Colchicine 9 (41) 5 (50)
NSAIDs 16 (73) 5 (50)
Corticosteroids 4 (18) 2 (20)

No. of alcoholic drinks/day, no. (%)
0 11 (50) 3 (30)
1– 2 7 (32) 4 (40)
>2 4 (18) 3 (30)

Serum urate level, mg/dl 8.9 ± 1.8 9.8 ± 1.3
Serum urate level, no. (%)

≤6 mg/dl 2 (9) 0 (0)
>6 mg/dl 20 (91) 10 (100)

CKD eGFR, mean ± SD# 81.3 ± 29.3 78.2 ± 18.4
45–59 ml/minute/1.73 m2, no. (%) 4 (18) 2 (20)
ml/minute/1.73 m2, no. (%) 12 (55) 5 (50)
>90 ml/minute/1.73 m2, no. (%) 6 (27) 3 (30)

Presence of tophi, no. (%) 19 (86) 9 (90)
BMI, no. (%)

25 to <30 3 (14) 1 (10)
30 to <45 18 (82) 7 (70)
≥45 1 (4) 2 (20)

Comorbidity, no. (%)
Diabetes mellitus/metabolic syndrome 3 (14) 2 (20)
CVA/PVD/heart disease  8 (36) 6 (60)
Systemic hypertension 18 (82) 7 (70)
Dyslipidemia 8 (36) 4 (40)
Kidney stones 4 (18) 5 (50)

* Except where indicated otherwise, values are the mean ± SD. MMF = mycophenolate 
mofetil; ACR = American College of Rheumatology; EULAR = European Alliance of Associations 
for Rheumatology; IQR = interquartile range; PROMIS = Patient- Reported Outcomes 
Measurement Information System; NSAIDs = nonsteroidal antiinflammatory drugs;  
eGFR = estimated glomerular filtration rate; BMI = body mass index; CVA = cerebrovascular 
accident; PVD = peripheral vascular disease. 
† Higher scores indicate more pain intensity. 
‡ Lower scores indicate more physical limitations. 
§ Range 0– 10, with 10 indicating worst imaginable pain. 
¶ Range 0– 96, with higher scores indicating greater severity. 
# Determined by the Chronic Kidney Disease Epidemiology Collaboration formula. 
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the MMF group versus 10% in the placebo group) which included 
arthralgia, myalgia, low back pain, orthopedic trauma, bursitis 
tendonitis, and muscle cramps (not accounting for exposure 
time). Following musculoskeletal disorders, the most common 
AEs in the MMF + pegloticase group were gastrointestinal disor-
ders (18% versus 10% in the placebo group), respiratory issues 
(18% versus 0%), infections (9% versus 0%), and other (e.g., 
abnormal blood tests, anxiety, and fatigue; 41% versus 50%). 
Four patients (3 in the MMF + pegloticase group) were found to 
have a transient elevation in transaminase levels, and 1 patient 
in the placebo + pegloticase group had a reversible decline in 
hemoglobin and hematocrit levels. Rates of AEs per month were 
similar between groups: 0.3 in the MMF + pegloticase group 
and 0.4 in the placebo + pegloticase group. Infusion reactions 
occurred in 3 participants in the placebo arm (30%) compared 
to none in the MMF + pegloticase arm. Two participants experi-
enced infusion reactions during their first infusion, and the third 
participant had an infusion reaction during the second infusion. 
One infusion reaction was classified as serious and involved 
hospitalization. All infusion reactions resolved, and no deaths 
occurred.

A total of 4 serious AEs (SAEs) occurred in 3 participants dur-
ing the study period. These included the 1 serious infusion reac-
tion in the placebo + pegloticase arm, and 3 SAEs in the MMF + 
pegloticase arm that were unrelated to the study drug (e.g., motor 

vehicle crash) or possibly related to the study drug (e.g., chest 
pain and abdominal pain). All SAEs resolved, and no deaths or 
other unanticipated problems were reported in either arm.

Figure 2. Kaplan- Meier estimates of the proportion of patients with gout treated with mycophenolate mofetil (MMF) and pegloticase or 
placebo (PBO) and pegloticase who maintained a serum urate (SU) level of ≤6 mg/dl over the 24- week study period. One participant in the 
placebo + pegloticase group was censored at week 18; therefore, the number of participants in this group was 2 from week 20 to week 
24. However, the probability of “surviving” an interval did not change at a censored time; rather, it changed at a failure time. The dashed line 
indicates the beginning of treatment with pegloticase only.

Table 2. Treatment- related AEs in patients with gout treated with 
MMF and pegloticase or with placebo and pegloticase*

Adverse event

MMF + 
pegloticase  

(n = 22)

Placebo + 
pegloticase  

(n = 10)
Any AE, no. (%) 15 (68) 7 (70)
Any SAE, no. (%)† 2 (9) 1 (10)
Discontinuation from treatment 

due to AE, no. (%)
1 (5) 3 (30)

Most commonly reported AEs, 
no. (%) of patients [total 
number of events]

Cardiac 2 (9) [2] 1 (10) [1]
Gastrointestinal 4 (18) [4] 1 (10) [1]
Infections 2 (9) [2] 0 (0) [0]
Musculoskeletal‡ 9 (41) [19] 1 (10) [2]
Respiratory 4 (18) [4] 0 (0) [0]
Skin 2 (9) [2] 1 (10) [1]
Other 9 (41) [11] 5 (50) [5]

* Adverse events (AEs) are reported by category only. AEs that 
occurred in >5% of patients (across both study arms) are included. 
MMF = mycophenolate mofetil. 
† Serious AEs (SAEs) included infusion reaction, motor vehicle crash, 
chest pain, and abdominal pain. 
‡ Includes arthralgia, myalgia, low back pain, orthopedic trauma, 
bursitis tendonitis, and muscle cramps. 
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Secondary outcomes. At week 24, serum urate response 
(a serum urate level of ≤6 mg/dl) was sustained in 68% of the 
participants in the MMF + pegloticase arm versus 30% of the par-
ticipants in the placebo + pegloticase arm (P = 0.06) (Table 3). 
We found no significant differences between groups in absolute 
change in serum urate level from baseline to week 24, or from 
week 12 to week 24. Gout flares occurred in both treatment 
groups throughout the study period. Figure 3 details the incidence 
of gout flares (proportion of patients experiencing ≥1 flare) in the 
MMF + pegloticase arm compared to the placebo + pegloticase 
arm. The proportion of patients in the MMF + pegloticase arm 
(and for whom data were available at that particular time point) 
who reported flares was significantly reduced from baseline (45%) 
to 24 weeks (21%) (P = 0.02) and from 12 weeks (63%) to 24 
weeks (21%) (P = 0.01). We found no significant temporal changes 
among the small group of patients who continued to receive 
pegloticase in the placebo + pegloticase arm. We observed no 
significant differences between groups with regard to the propor-
tion of gout flares at baseline, week 12, and week 24. Finally, we 
found no differences between treatment arms in patient- reported 
pain intensity or physical function using the PROMIS instruments, 
and no group difference was seen in the gout- specific patient- 
reported GIS scales (Table 3).

DISCUSSION

Use of pegloticase is limited by the incidence of infusion 
reactions and loss of efficacy, which is attributed to the produc-
tion of antibodies to pegloticase. Thus, modulating this antibody 
response with MMF as an immunomodulatory drug was appealing 
based on prior evidence suggesting that MMF could reduce antid-
rug antibodies (11,28,29). We found that short- term concomitant 
use of MMF with pegloticase was associated with a statistically 
significant and clinically meaningful improvement in the propor-
tion of participants achieving and maintaining a serum urate level 
below our target and was generally well tolerated and without 
infusion reactions. Our primary end point of a serum urate level of 
≤6 mg/dl was sustained in nearly 70% of the participants in the 
MMF + pegloticase arm through 24 weeks, indicating the poten-
tial for longer- term efficacy of this approach. This result suggests 
that longer duration of immunosuppression would be valuable to 
evaluate in future trials.

We found no differences in the patient- reported outcome mea-
sures, most likely related to our study design, which required sub-
jects who met serum urate– related stopping criteria to discontinue 
the trial. Significantly more patients in the placebo + pegloticase arm 
discontinued, potentially due to anti- PEG antibody production. In 

Table 3. Primary efficacy outcome and secondary clinical outcomes*

MMF + 
pegloticase, % 
(95% CI) (no.) 

(n = 22)

Placebo + 
pegloticase, % 
(95% CI) (no.) 

(n = 10)

Difference 
between 

groups, % 
(95% CI)

MMF + 
pegloticase, 

median (IQR)/
mean ± SD (no.)

Placebo + 
pegloticase,  

median (IQR)/ 
mean ± SD (no.)

Mean 
difference 
(95% CI)

Primary outcome†
Serum urate ≤6 mg/dl up to 

week 12
86 (65, 97) (19) 40 (12, 74) (4) 46 (13, 80) – – – 

Secondary outcomes – – – 
Serum urate ≤6 mg/dl up to 

week 24
68 (49, 88) (15) 30 (2, 58) (3) 38 (4, 73) – – – 

Serum urate ≤6 mg/dl from 
week 12 to week 24

79 (54, 94) (15)‡ 75 (19, 99) (3)§ 4 (– 42, 50) – – – 

Absolute serum urate change 
up to week 24

– – – 7.5 (1.8– 8.9)/ 
5.7 ± 4.0 (22)

3.1 (1.4, 5.7)/ 
4.2 ± 4.1 (9)

1.5 (−1.8, 4.7)

Absolute serum urate change 
from week 12 to week 24

– – – 0.1 (0, 5.2)/ 
1.9 ± 3.0 (19)

0.05 (0, 0.2)/ 
0.1 ± 0.1 (4)

1.8 (−1.3, 5.0)

PROMIS pain intensity T 
score at 12 weeks¶

– – – 49.4 (43.5, 57.5)/ 
48.8 ± 9.2 (19)

49.4 (20.2, 52.1)/ 
47.2 ± 6.2 (3)

1.5 (−10.1, 13.1)

PROMIS physical function T 
score¶

– – – 34.4 (29.1, 45.3)/ 
37.2 ± 11.0 (19)

32.1 (29.1, 1.8)/ 
34.3 ± 6.6 (3)

2.8 (– 11.0, 16.7)

Pain score# – – – 5.5 (3.0, 8.0)/ 
5.4 ± 3.0 (10)

4.5 (3.5, 7.5)/ 
5.5 ± 3.1 (4)

−0.1 (−4.0, 3.8)

Revised gout impact score at 
12 weeks**

– – – 44.0 (39.0, 49.0)/  
43.7 ± 6.9 (19)

38.0 (37.0, 47.0)/ 
40.7 ± 5.5 (3)

3.0 (−5.8, 11.8)

* MMF = mycophenolate mofetil; 95% CI = 95% confidence interval; IQR = interquartile range; PROMIS = Patient- Reported Outcomes Measurement
Information System. 
† P = 0.01 for MMF + pegloticase versus placebo + pegloticase. 
‡ 19 patients were assessed. 
§ 4 patients were assessed. 
¶ Higher scores on pain intensity indicate greater severity and lower scores on physical function indicate greater severity. 
# Range 0– 10, with 10 indicating worst imaginable pain. 
** Range 0– 96, with higher scores indicating greater severity. 
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addition, a greater proportion of individuals in the MMF + pegloti-
case arm continued to experience gout flares. An increase in the 
incidence of gout flares over 24 weeks was not surprising, since it is 
well known that gout flares increase during the initiation of pegloti-
case, in part due to the profound lowering of urate level with pegloti-
case leading to mobilization of latent urate deposits (30).

Recent case series or uncontrolled observational studies 
with different immunomodulatory agents have suggested the 
potential to improve the durability of the response to pegloti-
case infusions, but to our knowledge, our study is the first ran-
domized controlled trial to demonstrate this effect. In one small 
study, 10 patients received pegloticase biweekly along with oral 
MTX 15 mg weekly, and >80% of pre- infusion serum urate lev-
els were ≤6.0 mg/dl, with no associated infusion reactions (31). 
A second study from a single community rheumatology practice 
also included a series of 10 patients who received subcutaneous 
MTX with a similar 80% response rate, no safety concerns, and 
1 mild infusion reaction (32). Finally, the open- label Methotrexate 
to Increase Response Rates in Patients with Uncontrolled Gout 
Receiving Pegloticase (MIRROR) trial found similar results, with 
11 of 14 patients who received pegloticase biweekly along with 
oral MTX responding (33). A case series of 10 patients showed 
that 70% achieved a complete response when co- treated with 
pegloticase and leflunomide. Finally, azathioprine was studied 
in combination with pegloticase, and preliminary results from an 
open- label trial of 12 patients demonstrated that 60% achieved 
a complete response without AEs; 2 patients were still receiv-
ing treatment with persistent urate- lowering therapy (34). These 
encouraging but inconclusive case series and some encourag-
ing data from open- label trials led us to design a randomized, 

double- blind, placebo- controlled trial, which provides the advan-
tage of minimizing bias and confounding factors seen in observa-
tional studies and allowing possible causal inference through the 
use of a contemporaneous control group.

While there is likely not one optimal immunomodulatory agent 
for use with pegloticase, MMF has strengths and limitations com-
pared with other possible agents. Azathioprine metabolism is 
dependent on the thiopurine methyl transferase pathway, whereas 
MMF does not potentiate toxicity with concomitant use of allop-
urinol (which can be inadvertently administered even in patients 
receiving pegloticase) (35– 38). Importantly, azathioprine is often 
less well tolerated than MMF, and requires greater dose titration 
(28,29,39,40). Also, in contrast to MMF, MTX requires a longer 
run- in time and gradual dose titration to induce clinically meaning-
ful suppression of T and B cells (41). MTX may be problematic in 
patients with severe gout and multiple comorbidities (e.g., chronic 
kidney disease), who may commonly drink alcoholic beverages, 
or who demonstrate more frequent steatohepatitis, thus placing 
them at higher risk of side effects (e.g., folate deficiency anemia 
and liver dysfunction) (42,43). With MTX, and with leflunomide, 
there is a potential impact on liver/kidney toxicity and the possi-
ble confounding benefit of lowering serum urate and suppressing 
gouty attacks, effects previously reported with both agents (43– 45).  
MMF is commonly used by rheumatologists to treat systemic 
lupus erythematosus, systemic sclerosis, and other connective 
tissue diseases. MMF has potential gastrointestinal intolerance, 
and in rare cases hepatorenal and/or hematologic toxicity (46– 48). 
Of note, we did not observe such findings in the present study, 
although our study was significantly underpowered to detect such 
safety signals.

Figure 3. Proportion of patients with gout treated with mycophenolate mofetil (MMF) and pegloticase or placebo (PBO) and pegloticase who 
experienced gout flares over the 24- week study period. The dashed line indicates the beginning of treatment with pegloticase only. Color figure 
can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41731/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41731/abstract
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While our study has strengths in its design (i.e., a randomized, 
double- blind, placebo- controlled design) and our success rate in 
the control arm was similar to the past phase III results, which sug-
gests some generalizability, there are limitations of our study as 
well (1,5,6,9). A limitation was the small sample size, as the study 
was designed primarily to evaluate the feasibility of concomitant 
MMF with pegloticase therapy. Our intent was to randomize par-
ticipants in a 3:1 ratio to receive active drug versus placebo. Given 
the small size of the trial and the varied recruitment by site, we 
did not fully achieve that goal; however, the objective of unbiased 
assignment was maintained (Supplementary Table 1, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41731/ abstract). Larger studies are needed 
to better assess the long- term safety profile of MMF immunomod-
ulation with pegloticase.

In summary, our proof- of- concept study tested the principle 
that a short- term course of MMF can mitigate immunogenicity to 
pegloticase. To our knowledge, this is the first randomized con-
trolled trial to demonstrate differential prolonged efficacy of peglot-
icase in the setting of co- administration of an immunomodulatory 
agent, as well as providing safety information on the combina-
tion with MMF, which was well tolerated. Furthermore, durability 
of response to pegloticase and a significant difference between 
groups at 24 weeks indicates the durability of MMF- induced 
immunosuppression after MMF discontinuation at 12 weeks. Our 
study serves as an innovative approach to customize pegloti-
case therapy in patients with severe gout and potentially ame-
liorate infusion reactions. The high personal and societal burden 
of chronic refractory gout mandates intensive gout management. 
Our clinical trial presents successful preliminary evidence for future 
testing of concomitant immunomodulating therapy with pegloti-
case in rigorously conducted investigations.
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A Randomized, Phase II Study Evaluating the Efficacy and 
Safety of Anakinra in the Treatment of Gout Flares
Kenneth G. Saag,1  Puja P. Khanna,2 Robert T. Keenan,3 Sven Ohlman,4 Lisa Osterling Koskinen,4  
Erik Sparve,4 Ann- Charlotte Åkerblad,4 Margareta Wikén,4 Alexander So,5 Michael H. Pillinger,6  and 
Robert Terkeltaub7

Objective. To evaluate the efficacy and safety of anakinra compared to triamcinolone in the treatment of gout 
flares.

Methods. Patients for whom nonsteroidal antiinflammatory drugs and colchicine were not suitable treatments 
were enrolled in this multicenter, randomized, double- blind study with follow- up for up to 2 years. The study was 
designed to assess superiority of anakinra (100 or 200 mg/day for 5 days) over triamcinolone (40 mg in a single 
injection) for the primary end point of changed patient- assessed pain intensity in the most affected joint (scored 
on a visual analog scale of 0– 100) from baseline to 24– 72 hours. Secondary outcome measures included: safety, 
immunogenicity, and patient-  and physician- assessed global response.

Results. One hundred sixty- five patients were randomized to receive anakinra (n = 110) or triamcinolone (n = 55). 
The median age was 55 years (range 25– 83), 87% were men, the mean disease duration was 8.7 years, and the mean 
number of self- reported flares during the prior year was 4.5. A total of 301 flares were treated (214 with anakinra; 87 
with triamcinolone). Anakinra in both doses and triamcinolone provided clinically meaningful reduction in patient- 
assessed pain intensity in the first and subsequent flares. For the first flare, the mean decline in pain intensity from 
baseline to 24– 72 hours for total anakinra and triamcinolone was −41.2 and −39.4, respectively (P = 0.688). Anakinra 
performed better than triamcinolone for most secondary end points. There were no unexpected safety findings. The 
presence of antidrug antibodies was not associated with adverse events or altered pain reduction.

Conclusion. Anakinra was not superior to triamcinolone for the primary end point, but had comparable efficacy in 
pain reduction and was favored for most secondary end points. Anakinra is an effective option for gout flares when 
conventional therapy is unsuitable.

INTRODUCTION

Antiinflammatory agents used for treatment of gout flares 
include nonsteroidal antiinflammatory drugs (NSAIDs), colchicine, 
and glucocorticoids (1,2). However, many patients with gout have 
underlying comorbidities, including hypertension, chronic kidney 
disease, heart disease, gastroesophageal disease, and diabetes, 

that render them unsuitable for one or more of these treatments 
(3– 7). Thus, there is an unmet need for effective gout flare treat-
ment for patients who have contraindications to, do not tolerate, 
or whose disease is refractory to existing therapies.

Based on biologic activities in gouty inflammation and clin-
ical data on the interleukin- 1β (IL- 1β)– specific monoclonal anti-
body canakinumab (8– 13), IL– 1β is an established target in the 
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treatment of gout flares (1,6,7,14– 17). However, according to 
European Medicines Agency and American College of Rheuma-
tology (ACR) guidelines, IL- 1 inhibition is clinically appropriate for 
only a small proportion of gout flares (18,19). Anakinra is a recom-
binant form of the constitutively expressed soluble IL- 1 receptor 
antagonist (IL- 1Ra) that limits the activity of IL- 1α and IL- 1β by 
competitively inhibiting their binding to IL- 1R type I, thereby sup-
pressing inflammation. The notion that IL- 1 inhibition with anakinra 
is efficacious for gout flares is supported by results of a recent 
randomized, double- blind noninferiority trial comparing anakinra 
to free choice of prednisone, naproxen, or colchicine (20) and mul-
tiple case series and retrospective studies, most commonly using 
anakinra 100 mg/day administered subcutaneously for 3– 5 days. 
Most studies included patients with intolerance or inadequate 
response to conventional antiinflammatory therapies. In addition, 
the IL- 1β and IL- 1α inhibitory IgG1 Fc- linked fusion protein rilona-
cept, a soluble IL- 1R inhibitor shown to be effective in gout flare 
prophylaxis (21– 24), was not associated with different pain relief, 
relative to indomethacin, over the first 72 hours of gout flares (25).

In the current study we investigated the efficacy and safety 
of anakinra at 2 different doses compared to intramuscular tri-
amcinolone acetonide in the treatment of gout flares. This is the 
first reported adequately powered randomized controlled clinical 
trial evaluating anakinra and additionally testing 2 anakinra dosing 
regimens. We tested the specific hypothesis that anakinra would 
be superior to intramuscular triamcinolone for patient- assessed 
pain intensity in gout flare.

PATIENTS AND METHODS

Patients. To be eligible for the trial, patients had to be ≥18 
years of age, have gout according to the ACR/European League 
Against Rheumatism (EULAR) 2015 classification criteria (26), 
have had ≥1 self- reported gout flare within 12 months prior to ran-
domization, and have had onset of an ongoing flare (characterized 

by baseline pain intensity in the index joint of ≥50 on a 0– 100 
visual analog scale [VAS] and defined by tenderness and swell-
ing in the index joint of ≥1 on a 0– 4- point Likert scale) within 4 
days prior to randomization. In addition, patients had to have had 
≥1 episode of intolerance or nonresponsiveness to NSAIDs and 
colchicine or have had these treatments judged to be contraindi-
cated or not appropriate. Signs of nonresponsiveness to NSAIDs 
and colchicine were prespecified and included lost efficacy over 
time, failure to treat acute gout pain, inadequate/unsatisfactory 
pain relief, or incapacity to achieve/maintain adequate dose reg-
imen of these agents. Patients taking specified pain relief medi-
cations or biologic agents prior to randomization were excluded. 
Other exclusions were the presence of a contraindication to triam-
cinolone treatment or the presence of rheumatoid arthritis (RA), 
polyarticular gouty arthritis (involving >4 joints), infectious/septic 
arthritis, or any other acute inflammatory arthritis. Further details 
are provided in Supplementary Methods, Study Protocol (on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41699/ abstract).

Study design. The Anakinra in Gout (anaGO) study 
(NCT03002974) was a randomized, double- blind, double- dummy, 
active- control, multicenter trial designed to assess superiority of 
anakinra over triamcinolone in the treatment of patient- assessed 
pain intensity. The study had 3 periods: a prescreening period, a 
double- blind treatment period for the first flare in the study, and an 
extension period for subsequent flares. Before treatment of the first 
flare, patients were randomized 1:1:1 to receive anakinra 100 mg, 
anakinra 200 mg, or triamcinolone 40 mg (approved for treatment 
of gout flares) (Figure 1). An interactive web response system was 
used for the randomization. The randomization was stratified by 
urate- lowering therapy (ULT) use (yes/no) and body mass index 
(BMI) (<30.0 or ≥30.0 kg/m2). Randomization was in blocks, and 
equal numbers of patients were allocated to each group. Anak-
inra/placebo was administered subcutaneously once daily for 

Figure 1. The anaGO clinical study design. * Visit takes place only if no subsequent flare has occurred. ** Telephone call every 12 
weeks after the latest flare has occurred and been treated with study drug. BL = baseline; D = day; W = week; FU = follow- up by phone; 
EOS = end of study.
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5 days, and triamcinolone as a single intramuscular injection on 
day 1. In accordance with the double- dummy design, the patients 
received 1 intramuscular injection and 2 subcutaneous injections 
on day 1 and 2 subcutaneous injections on days 2– 5.

Treatments were initiated on the day of randomization (visit 
1) and were supervised or given by the investigator (or delegated 
study staff) at the outpatient clinic, emergency department, or 
hospital. If a patient was treated at an outpatient clinic or was 
discharged from the hospital before the end of the 5- day drug 
administration period, the daily subcutaneous injections were 
administered at home by the patients themselves or a caregiver. 
The treatment and follow- up of the patients’ flare was double- 
blinded, i.e., blinded for the patients, the investigators, and any 
other study personnel involved with the study conduct or evalu-
ation at the investigational sites, contract research organization, 
and sponsor.

The extension period continued until 52 weeks after 
random ization of the last patient, but no longer than 2 years for 
each patient. Protocolized treatment for subsequent flares was 
the same as for the first flare, and the blinding was maintained 
for the patients and for personnel at the investigational sites 
and the contract research organization until the final database 
lock.

Ethics approval was provided by the following institutional 
review boards: Western Institutional, University of Michigan Med-
ical School, Duke Medicine Institutional Review Board for Clini-
cal Investigations, and Advarra (previously Quorum Review). The 
study was conducted in compliance with International Council 
for Harmonisation Guidelines for Good Clinical Practice and in 
accordance with the latest revision of the Declaration of Helsinki. 
All patients provided written informed consent prior to study 
admission.

Outcome measures. Study objectives and end points are 
listed in Supplementary Tables 1 and 2 (on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41699/ abstract). The primary end point was the change in 
patient- assessed pain intensity from baseline to 24– 72 hours 
(average of assessments at 24, 48 and 72 hours). Patients scored 
pain intensity in the joint most affected at baseline (the index joint) 
on a VAS ranging from 0 (no pain) to 100 (unbearable pain), using 
an e- diary. Allowed rescue medication was paracetamol/aceta-
minophen and/or codeine, short- acting tramadol, and topical ice/
cold packs. If relief was insufficient, prednisone or prednisolone 
was permitted. In addition, physician and patient assessment of 
global response to treatment, physician assessment of clinical 
signs (index joint tenderness, swelling, and erythema), change in 
serum concentrations of inflammation markers (C- reactive pro-
tein [CRP] and serum amyloid A [SAA]), safety variables, serum 
concentration of IL- 1Ra, and occurrence of antidrug antibodies 
and neutralizing antibodies were assessed at baseline and after 
a flare.

Statistical analysis. The population used for the primary 
analysis comprised all randomized patients grouped according 
to randomized treatment and stratum, regardless of whether any 
dose of study drug was administered. Sample size calculation was 
based on the change in VAS- scored pain intensity from baseline 
to 24– 72 hours. A sample size of 106 patients receiving anakinra 
and 53 receiving triamcinolone ensured a power of 80% to reject 
the null hypothesis of no difference between anakinra and triam-
cinolone, assuming a true difference of 12 on mean change in 
pain intensity and a standard deviation of 25 when using a 2- sided 
test with a significance level of 5%.

The main efficacy analyses were performed 15 days from the 
onset of the first flare in all patients. The primary end point was 
estimated using a mixed- model repeated- measures analysis with 
the measurements at the individual time points as responses and 
with treatment, ULT use, BMI, visit, and treatment × visit interac-
tion as fixed effects, and center as a random effect.

Secondary time- to- event end points were analyzed using a 
stratified log rank test, with ULT use and BMI as stratification fac-
tors. Secondary continuous end points were evaluated by analy-
sis of covariance including factors for treatment, ULT use and BMI, 
and the baseline value as covariate. Secondary binary end points 
were evaluated using a logistic regression model with treatment, 
ULT use, and BMI as explanatory variables.

Adverse events. Adverse events (AEs) were reported from 
the time of the first treatment to day 28. In case of a subsequent 
flare, AE reporting started again. All AEs were followed up until 
resolution or until the patient’s study participation ended. Serious 
AEs (SAEs) were reported from the time of signing the informed 
consent to week 12, and thereafter only if a causal relationship to 
the treatment was suspected.

RESULTS

Patient characteristics. Two hundred twenty- seven 
patients were screened, and 165 were randomized to a treat-
ment group: 110 to receive anakinra (at 100 mg in 56 patients 
and 200 mg in 54 patients) and 55 to receive triamcinolone. For 4 
patients, no data on the primary efficacy analysis were recorded; 
for 3 patients (1 in the anakinra 200 mg group, 2 in the triamci-
nolone group) data on VAS- scored pain up to 72 hours were miss-
ing due to technical issues with the diary device, and 1 patient was 
randomized in error and did not receive anakinra 200 mg (Figure 2).

The median age of the patients was 55 years (range 25– 83), 
87% were men, 72% were White, the mean ± SD disease duration 
was 8.7 ± 8.0 years, and the mean ± SD number of self- reported 
flares during the past year was 4.5 ± 2.5. Approximately 45% of 
the patients in both anakinra groups and the triamcinolone group 
were receiving ULT at baseline. Almost half of the patients had >3 
of the predefined comorbidities at baseline (50.0% and 43.6% in 
the anakinra [total] and triamcinolone groups, respectively). Type 2 
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diabetes mellitus was more common in the anakinra (total) group 
than in the triamcinolone group (32 patients [29.1%] versus 9 
patients [16.4%]), whereas the frequency of obesity was compa-
rable (BMI ≥30 kg/m2 in 76.4% of the patients in the triamcinolone 
group and 73.6% in the anakinra group).

NSAID or colchicine treatment was considered unsuitable 
for the patients in the study as judged by the study investigators. 
The most common reason was lack of efficacy (Supplementary 
Table 3, on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41699/ abstract).

The study started in December 2016 and recruitment con-
tinued until May 2018. The patients were followed up until August 
2019, when the study ended. Patient demographic and baseline 
clinical characteristics were similar between groups (Table 1).

Patient- assessed pain intensity. The mean change 
from baseline to 24– 72 hours in patient- assessed pain intensity 
for the first flare was −41.2 in the total anakinra group (95% 
confidence interval [95% CI] −46.3, −36.2) and −39.4 in the 
triamcinolone group (95% CI −46.8, −32.0). The mean change 
in pain intensity was similar in the anakinra 100 mg group 
(−41.8 [95% CI −48.9, −34.8]) and the anakinra 200 mg group 
(−40.7 [95% CI −47.9, −33.4]). The difference in mean change 
between the total anakinra and triamcinolone groups was not 
statistically significant (−1.8 [95% CI −10.8, 7.1]; P = 0.688) 
(Table 2). The mean ± SD time from pain onset to treatment 
start for the first flare in the study was 2.0 ± 1.0 days in the 
triamcinolone group and 2.2 ± 0.9 days in the anakinra (total) 
group.

Figure 2. Flow diagram showing the distribution of the patients through the first gout flare. Details are given according to the Consolidated 
Standards of Reporting Trials (CONSORT) statement for reporting randomized controlled trials. a Withdrawal by subject. b Randomized in error.  
c Withdrawal by subject (n = 1) and randomized in error (n = 1). d Missing visual analog scale (VAS) score for pain up to 72 hours due to technical 
issues with the diary device. e Randomized in error and did not receive investigational medicinal product (n = 1) and missing VAS score for pain 
up to 72 hours due to technical issues with the diary device (n = 1). incl/excl = inclusion/exclusion.

http://onlinelibrary.wiley.com/doi/10.1002/art.41699/abstract
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Patient- assessed mean pain intensity was measured on a Lik-
ert scale, in addition to a VAS. By both parameters, pain intensity 
for the first flare at 6, 12, 18, 24, 36, 48, and 72 hours and on days 
5, 6, 7, and 8 was similar in the anakinra and triamcinolone groups 
(Supplementary Figure 1, on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41699/ abstract).

Time to effect of treatment. The median time to pain 
resolution for the first flare was 120.5 hours in the total anakinra 
group and 167.5 hours in the triamcinolone group (hazard ratio 
[HR] 1.29 [95% CI 0.9, 1.9]). The median time to response was 
46.7 hours in the total anakinra group and 47.6 hours in the 
triamcinolone group (HR 1.19 [95% CI 0.8, 1.7]). The median 
time to onset of effect for the first flare was 17.8 hours in the 
total anakinra group and 22.3 hours in the triamcinolone group 
(HR 1.11 [95% CI −0.8, 1.6]) (Supplementary Table 4, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41699/ abstract). Dif-
ferences between the treatment groups were not statistically sig-
nificant. Resolution of pain was achieved in 36 patients (65.5%) 
in the triamcinolone group and 70 (63.6%) in the anakinra (total) 
group by day 15. During the time interval between the first study 

drug administration and day 15, 49 patients in the total anak-
inra group (44.5%) and 26 in the triamcinolone group (47.3%) 
received rescue medication. Since <50% of the patients took 
rescue medication, the overall median time to first intake of res-
cue medication could not be calculated.

Patient and physician assessments. The differences 
between treatment groups showed improvement in favor of anak-
inra for most of the secondary end points (Table 3). The mean 
patient assessment of global response to treatment was signifi-
cantly better in the total anakinra group compared to the triamci-
nolone group on day 8 (−0.63 [95% CI −1.03, −0.22]) and day 15 
(−0.44 [95% CI−0.86, −0.02]). The mean physician assessment 
of global response to treatment was also significantly better in 
anakinra- treated patients on day 8 (−0.40 [95% CI −0.78, −0.02]). 
In addition, the mean physician assessment of tenderness and 
swelling was significantly better in the total anakinra group com-
pared to the triamcinolone group at 72 hours (−0.47 [95% CI 
−0.73, −0.20] and −0.31 [95% CI −0.56, −0.05], respectively), 
and was also better for swelling on day 8 (−0.33 [95% CI −0.55, 
−0.11]). Furthermore, significantly less presence of erythema was 

Table 1. Demographic and baseline clinical characteristics of the gout patients studied*

Triamcinolone  
(n = 55)

Anakinra  
total  

(n = 110)

Anakinra  
100 mg/day  

(n = 56)

Anakinra  
200 mg/day  

(n = 54)
Age, median (range) years 56.0 (30– 83) 54.0 (25– 79) 53.5 (25– 79) 54.0 (27– 78)
Male sex 48 (87.3) 95 (86.4) 48 (85.7) 47 (87.0)
Race

White 39 (70.9) 80 (72.7) 38 (67.9) 42 (77.8)
Black 15 (27.3) 27 (24.5) 15 (26.8) 12 (22.2)
Asian 1 (1.8) 3 (2.7) 3 (5.4) 0

eGFR, ml/minute/1.73 m2

≥90 9 (16.4) 34 (30.9) 22 (39.3) 12 (22.2)
≥60–<90 31 (56.4) 54 (49.1) 23 (41.1) 31 (57.4)
≥30–<60 11 (20.0) 15 (13.6) 7 (12.5) 8 (14.8)
≥15–<30 1 (1.8) 0 0 0
Missing 3 (5.5) 7 (6.4) 4 ± 7.1 3 (5.6)

Disease duration, mean ± SD 
years

7.7 ± 7.6 9.2 ± 8.3 9.7 (8.8) 8.6 ± 7.7

No. of self- reported flares 
during the last year,  
mean ± SD

4.4 ± 2.0 4.5 ± 2.7 4.6 ± 3.4 4.4 ± 1.7

No. of affected joints at 
randomization

1 46 (83.6) 82 (74.5) 43 (76.8) 39 (72.2)
2– 4 9 (16.4) 24 (21.8) 11 (19.6) 13 (24.1)
Not reported 0 4 (3.6) 2 (3.6) 2 (3.7)

Tophi present 21 (38.2) 38 (34.5) 17 (30.4) 21 (38.9)
ULT use at randomization 23 (41.8) 50 (45.5) 28 (50.0) 22 (40.7)
No. of comorbidities

0 0 2 (1.8) 1 (1.8) 1 (1.9)
1 2 (3.6) 9 (8.2) 7 (12.5) 2 (3.7)
2 10 (18.2) 19 (17.3) 8 (14.3) 11 (20.4)
3 16 (29.1) 19 (17.3) 13 (23.2) 6 (11.1)
>3 24 (43.6) 55 (50.0) 25 (44.6) 30 (55.6)
Not reported 3 (5.5) 6 (5.5) 2 (3.6) 4 (7.4)

* Except where indicated otherwise, values are the number (%). eGFR = estimated glomerular filtration rate; ULT = urate- 
lowering therapy. 
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reported in the total anakinra group compared to the triamci-
nolone group at 72 hours (odds ratio 0.47 [95% CI 0.23, 0.95]).

Inflammation markers. Anakinra- treated patients had 
significantly reduced CRP levels at 72 hours and on day 8, 
compared to those in the triamcinolone group (mean difference 
−0.93 [95% CI −1.58, −0.29] and −0.55 [95% CI −1.05, −0.04], 
respectively). On day 15, however, CRP levels were significantly 
reduced in the triamcinolone group compared to the total anakinra 
group (mean difference 0.78 [95% CI 0.16, 1.40]) (Supplementary 
Figure 2A, http://onlin elibr ary.wiley.com/doi/10.1002/art.41699/ 
abstract). SAA levels were also significantly reduced in anakinra- 
treated patients compared to those treated with triamcinolone at 
72 hours (mean difference −60.65 [ 95% CI −106.24, −15.06]) 
and on day 8 (−26.66 [95% CI −49.72, −3.61]), whereas no differ-
ence between the treatment groups was found on day 15 (Sup-
plementary Figure 2B).

Extension phase. The median time of study participa-
tion for all patients was 62.4 weeks (range 0.1– 119.6) and was 
similar in all treatment groups (Supplementary Table 5, on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41699/ abstract). One hundred sixty- one 
patients were treated for 1 flare (n = 55, 52, and 54 in the anakinra 
100 mg group, anakinra 200 mg group, and triamcinolone group, 
respectively) and 61 for 2 flares (n = 23, 21, and 17, respectively). 
More than twice as many patients were treated for 3 flares in the 

anakinra groups compared to the triamcinolone group (n = 13 
in the anakinra 100 mg and 200 mg groups, n = 5 in the triam-
cinolone group). One patient (anakinra group) was treated for 9 
flares. Overall, 301 flares were treated in the study (214 with anak-
inra and 87 with triamcinolone).

Reduction in pain intensity for the second and third flares 
was similar to that observed for the first flare. For the second flare, 
the mean change in pain was −33.9 with anakinra and −31.1 with 
triamcinolone. For the third flare the mean change in pain was 
−31.8 with anakinra and −51.2 with triamcinolone. The difference 
between anakinra and triamcinolone treatment in the mean change 
in pain intensity for the second flare did not reach statistical signifi-
cance (P = 0.724), while the mean change for the third flare signif-
icantly favored triamcinolone (P = 0.049), although the number of 
subjects contributing to this finding was small (26 anakinra- treated 
patients and 5 triamcinolone- treated patients) (Table 2). This differ-
ence was not due to neutralizing antibodies to anakinra, since no 
patients in the anakinra groups had neutralizing antibodies when 
experiencing the third flare (Supplementary Figure 3, http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41699/ abstract). Changes in pain  
were not analyzed for the fourth to ninth flares due to the small 
number of patients. Overall, anakinra showed numerically better 
improvement for most of the secondary end points (Table 3).

Safety. The incidence of treatment- emergent AEs during all 
flares was similar in the anakinra and triamcinolone groups (Table 4). 
There were no unexpected safety findings. Hypertrigly ceridemia 

Table 2. Estimated change in patient- assessed pain intensity (VAS) in the index joint from baseline to 24– 72 hours in flares 1– 3*

Triamcinolone  
(n = 55)

Anakinra  
total  

(n = 110)

Anakinra  
100 mg  
(n = 56)

Anakinra  
200 mg  
(n = 54)

Flare 1
No. of patients 53 108 56 52
VAS score at baseline, mean (95% CI) 77.9 (73.0, 82.8) 75.5 (71.4, 79.5) 75.6 (70.9, 80.3) 75.4 (70.7, 80.0)
VAS score at 24– 72 hours, mean (95% CI) 38.5 (30.6, 46.4) 34.2 (28.4, 40.1) 33.8 (26.2, 41.3) 34.7 (27.1, 42.3)
Change from baseline, mean (95% CI) – 39.4 (– 46.8, – 32.0) – 41.2 (– 46.3, – 36.2) – 41.8 (– 48.9, – 34.8) – 40.7 (– 47.9, – 33.4)
Differenceinmeanchangevs.

triamcinolone (95% CI)
Referent – 1.8 (– 10.8, – 7.1) – 2.4 (– 12.6, 7.8) – 1.2 (– 11.6, 9.1)

P – 0.688 0.643 0.812
Flare 2

No. of patients 17 42 22 20
VAS score at baseline, mean (95% CI) 78.7 (69.2, 88.3) 74.8 (67.4, 82.2) 80.6 (71.8, 89.4) 69.0 (60.2, 77.8)
VAS score at 24– 72 hours, mean (95% CI) 47.6 (35.1, 60.1) 40.9 (31.7, 50.1) 45.3 (34.3, 56.3) 36.5 (24.3, 48.7)
Change from baseline, mean (95% CI) – 31.1 (– 44.6, – 17.6) – 33.9 (– 42.5, – 25.4) – 35.3 (– 46.7, – 23.9) – 32.5 (– 45.3, – 19.7)
Differenceinmeanchangevs.

triamcinolone (95% CI)
Referent – 2.8 (– 18.8, 13.2) – 4.2 (– 21.9, 13.5) – 1.4 (– 20.0, 17.2)

P – 0.724 0.631 0.879
Flare 3

No. of patients 5 26 13 13
VAS score at baseline, mean (95% CI) 80.4 (67.5, 93.2) 76.6 (70.7, 82.4) 79.2 (71.7, 86.8) 73.9 (65.9, 81.9)
VAS score at 24– 72 hours, mean (95% CI) 29.2 (11.2, 47.3) 44.8 (36.7, 53.0) 38.9 (28.1, 49.6) 50.8 (39.1, 62.4)
Change from baseline, mean (95% CI) – 51.2 (– 68.8, – 33.5) – 31.8 (– 39.7, – 23.9) – 40.4 (– 51.3, – 29.5) – 23.1 (– 34.6, – 11.7)
Differenceinmeanchangevs.

triamcinolone (95% CI)
Referent 19.4 (0.1, 38.7) 10.8 (– 10.0, 31.5) 28.0 (7.0, 49.1)

P – 0.049 0.297 0.011
* VAS = visual analog scale (0– 100); 95% CI = 95% confidence interval. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41699/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41699/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41699/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41699/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41699/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41699/abstract
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(5 patients), neutropenia (4 patients), and various types of injec-
tion site reactions (erythema, pruritus, or swelling) were the most 
frequently reported AEs in the anakinra groups. Hypertriglyceri-
demia, a common finding in patients with gout, occurred at a 
similar frequency in all treatment groups. Headache (2 patients) 
was most common in the triamcinolone group. The majority of 
AEs were mild. In the anakinra group, severe AEs were observed 
in 8 patients (7.5%), and SAEs occurred in 5 patients (4.7%). SAEs 

in the anakinra group were gastric ulcer, anemia, seizure, respira-
tory failure, cardiogenic shock, acute re  spiratory failure, coronary 
artery disease, and sickle cell anemia. All SAEs were judged to 
be not causally related to anakinra. No severe AEs or SAEs were 
observed in the triamcinolone group. The pattern and frequency of 
AEs did not appear to change during treatment of repeated flares.

Immunogenicity. One hundred seven anakinra- treated 
patients were tested for antidrug antibodies; 19 (17.8%) had anti-
drug antibodies in low titers at some time point, and 4 (3.7%) had 
neutralizing antibodies (Supplementary Figure 3, http://onlin elibr ary.
wiley.com/doi/10.1002/art.41699/ abstract). Seven patients (6.5%)  
already tested positive for antidrug antibodies at baseline, which 
was similar to the percentage among healthy individuals dur-
ing method validation. Of the 12 anakinra treatment– induced antid-
rug antibody– positive patients (11.2%), 6 had repeated positive 
findings on antidrug antibody tests at subsequent flares 2– 8. Two 
triamcinolone- treated patients were positive for anakinra antidrug 
antibodies at baseline. Of the 12 patients with treatment- induced 
antidrug antibodies, 7 (58.3%) tested positive for cross- reactivity 
with “endogenous- like” recombinant IL- 1Ra (IL- Ra antidrug anti-
bodies) and 3 (25.0%) were positive for neutralizing antibodies. The 
incidence of neutralizing antibodies was similar to that previously 
observed with anakinra given for other indications and in other 
treatment regimens. The frequency of antidrug antibody occurrence 
did not appear to change across the repeated flares, with overall 
low antidrug antibody and neutralizing antibody titers. No antidrug 
antibody– associated AEs were observed, and there was no appar-
ent impact of antidrug antibodies on serum anakinra levels, serum 
levels of CRP or SAA, or pain in the index joint through day 8.

DISCUSSION

In this study we evaluated the efficacy, safety, and dosing of 
anakinra for gout flares in patients for whom conventional antiin-
flammatory therapy is not suitable. Anakinra was not superior to 
triamcinolone with regard to the primary outcome measure, but 
outperformed triamcinolone on most of the individual secondary 
outcome measures. Results obtained with anakinra at 100 mg/
day for 5 days were comparable to those obtained with a dosage 

Table 3. Secondary end points, global assessments, and signs of 
inflammation: anakinra versus triamcinolone*

Secondary 
end point Day 4 Day 8 Day 15

Patient assessment 
of global 
response to 
treatment

Flare 1 + +† +†
Flare 2 + + +
Flare 3 + + +

Physician 
assessment of 
global response 
to treatment

Flare 1 + +† +
Flare 2 + + +
Flare 3 + + +

Physician 
assessment of 
tenderness

Flare 1 +† + – 
Flare 2 + – +
Flare 3 + – – 

Physician 
assessment of 
swelling

Flare 1 +† +† +
Flare 2 + – – 
Flare 3 + + +

Physician 
assessment of 
erythema

Flare 1 +† – – 
Flare 2 + – +
Flare 3 + + – 

* + indicates outcome in favor of anakinra; –  indicates outcome in 
favor of triamcinolone. 
† P < 0.05 (statistical testing was only performed at flare 1). 

Table 4. Treatment- emergent adverse events (TEAEs) during the study*

Triamcinolone  
(n = 54)

Anakinra 
total 

(n = 107)

Anakinra 
100 mg/day 

(n = 55)

Anakinra 
200 mg/day 

(n = 52)
TEAEs 22 (40.7) 50 (46.7) 21 (38.2) 29 (55.8)
SevereTEAEs 0 8 (7.5) 5 (9.1) 3 (5.8)
Nonserious TEAEs 22 (40.7) 48 (44.9) 19 (34.5) 29 (55.8)
Serious TEAEs 0 5 (4.7) 4 (7.3) 1 (1.9)
Related TEAEs 2 (3.7) 22 (20.6) 8 (14.5) 14 (26.9)
Fatal TEAEs 0 0 0 0
TEAEs leading to study withdrawal 2 (3.7) 1 (0.9) 0 1 (1.9)
TEAE leading to drug discontinuation 3 (5.6) 3 (2.8) 1 (1.8) 2 (3.8)

* Values are the number (%) of patients. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41699/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41699/abstract
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of 200 mg/day; therefore, the lower dose appears to be the clin-
ically appropriate choice for treatment of a gout flare. Gout is a 
recurrent disease that frequently requires episodic re- treatment. 
The study extension period in the present work added to back-
ground evidence that anakinra is safe for recurrent episodic use 
(1,6,7,14– 17).

The most common reason NSAID treatment was deemed 
inappropriate among the study participants was lack of efficacy. 
Since NSAIDs typically are effective in the treatment of gout 
flares, it is conceivable that gout was relatively refractory in many 
of the patients. This notion was supported by resolution of pain 
in only 65.5% (with triamcinolone) and 63.6% (with anakinra) on 
day 15.

Strengths of this study included a design that mimicked 
real- world treatment scenarios, which included patients who had 
comorbidities and were receiving ULT before or during the study. 
A superiority study design was selected to comply with US reg-
ulatory agency guidance at the time, which specified that trials 
intended to provide evidence of efficacy of an analgesic should be 
designed as superiority trials and that the comparator could be a 
lower dose of the investigational drug, placebo, or an active com-
parator. However, for the purpose of fully informing clinicians, a 
noninferiority design would have been more appropriate. A prime 
example is a recent randomized trial with a noninferiority design, in 
which anakinra was observed to be noninferior to the free choice 
of usual prednisone, naproxen, or colchicine treatment for gout 
flares (20).

The use of biologics raises the issue of immunogenicity and 
the potential development of antidrug antibodies, the occurrence 
of which can be linked to altered pharmacokinetics, increased risk 
of AEs, and reduced efficacy. Previous immunogenicity data on 
anakinra- treated patients with severe cryopyrin- associated peri-
odic syndrome (CAPS) or RA have not indicated an association 
between antidrug antibodies and significant safety concerns (27– 
29). However, in CAPS and RA anakinra was administered regu-
larly, rather than intermittently as in the present study. Overall, in 
this study the frequency of antidrug antibody positivity in the anak-
inra treatment groups was low and did not increase after repeated 
treatments. Furthermore, anakinra appeared to be generally well 
tolerated, with a safety profile similar to those previously recorded 
in studies of anakinra treatment for other indications and during 
postmarketing use.

The terminal half- life of anakinra ranges from 4 to 6 hours, 
which is considerably shorter than that of triamcinolone. More-
over, the effect of triamcinolone can be much longer than its 
half- life in plasma would suggest (delayed effect), such that the 
extended effect is not directly linked to plasma half- life. As seen 
from the serially tested levels of the inflammation markers CRP 
and SAA, anakinra had a more immediate short- term onset of 
effect but shorter duration of effect compared to triamcinolone.

Although anakinra was not superior to triamcinolone, it may 
be an alternative therapy for patients who cannot tolerate the 

approved therapies, or whose symptoms fail to respond to such 
therapies, as recommended in the current ACR/EULAR guideline. 
In contrast to glucocorticoids and/or NSAIDs, anakinra has not 
been reported to exacerbate diabetes or promote hypertension, 
renal failure, sodium retention, gastric ulcerogenesis, or myocar-
dial infarction (30). Moreover, colchicine must be dosed with cau-
tion in patients with chronic kidney disease, those taking potent 
CYP3A4 or P- glycoprotein inhibitors, or those who are on a 
sustained colchicine regimen for gout flare prophylaxis or have 
recently received colchicine to treat a gout flare.

There were some limitations to this study. Since anakinra 
and triamcinolone reduced pain to similar extents in this trial, we 
speculate that a possible ceiling effect was reached for allevia-
tion of gout flare– related pain by the antiinflammatory agents. 
As such, pain response as the primary end point might be seen 
as a limitation, particularly since secondary end points favored 
anakinra. Clearly, pain is an important and relevant end point in 
gout and, unlike multiple other clinical response parameters, is 
endorsed by the Outcome Measures in Rheumatology group as 
a validated outcome measure for acute gout flare (31). However, 
there has been recent attention to the need to better evaluate 
other clinical aspects of gout flares that are of importance to the 
patient such as tenderness, swelling, and immobility, including by 
a composite end point. One composite end point instrument in 
development, the Gout Attack Intensity Score, lacked a floor or 
ceiling effect with the use of patient- reported symptoms for dis-
criminating responders from nonresponders (32) when data from 
the trial of anakinra compared to free choice usual care (20) were 
analyzed. Finally, investigation of the comparative effectiveness 
of anakinra and other IL- 1 inhibitors for gout flare was beyond 
the scope of the present study. Unlike 5- day dosing of anakinra 
in this study, a single 150 mg dose of canakinumab was superior 
to the same 40 mg intramuscular triamcinolone acetonide com-
parator used here, by ~11 mm on a 0– 100 mm VAS, for pain 
relief for acute gout flare at 72 hours (9). While it is inappropriate 
to directly compare studies post hoc, the study designs, study 
populations, and adherence to therapy appeared not to differ 
extensively, and there is therefore no obvious explanation for the 
disparate results. It is not possible to perform a robust quantita-
tive comparison of the primary outcome measure of VAS pain 
responses in our anaGO study versus trials of the IL- 1β blocking 
agent canakinumab for acute gout flares. Future head- to- head 
studies will be needed to directly test differences in the thera-
peutic effects of distinct biologic IL- 1 antagonists for acute gout 
flare, and to discern the clinical immunopharmacologic bases for 
such differences.

In conclusion, anakinra was not superior to triamcinolone 
in this study but showed a substantial and similar reduction in 
patient- assessed pain, and most secondary outcomes favored 
anakinra. Consistent with current treatment guidelines, anakinra 
can be considered as an effective option in the treatment of gout 
flares when conventional therapy is unsuitable.
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Clinical Images: Acute digital necrosis due to interferon- α– induced antineutrophil 
cytoplasmic antibody– associated vasculitis

The patient, a 69- year- old woman with a history of human T lymphotropic virus type I– associated myelopathy that had been treated with 
interferon- α (IFNα), presented with a three- week history of high fever and rapidly progressing discoloration and pain in the digits. Physical 
examination revealed black discoloration of the right second and fifth distal fingers (A and B) and left second through fifth distal fingers as 
well as purpuric lesions on several fingers. There were no sclerodactyly or telangiectasias to suggest scleroderma. The bilateral radial artery 
pulses were palpable. There had been no response to antiplatelet, anticoagulant, or vasodilator therapy. The biochemical profile showed 
elevated C- reactive protein (CRP) (21.72 mg/dl [normal <0.3]) and creatinine (2.50 mg/dl [normal <0.6]) and presence of myeloperoxi-
dase (MPO)– antineutrophil cytoplasmic antibodies (ANCA) (98.8 IU/ml [normal <0.5]); prior to IFN therapy MPO- ANCA had been absent. 
Test results for antinuclear antibodies, antiphospholipid antibodies, cryoglobulins, and cold agglutinins were negative. Transesophageal 
echocardiography showed no vegetations in the cardiac valves. Biopsy of the digital lesions and kidney after initiation of steroid therapy 
demonstrated leukocytoclastic vasculitis in a small artery (C) and crescentic glomerulonephritis (D), respectively. The patient was clinically 
diagnosed as having IFN- induced ANCA- associated vasculitis (AAV). Treatment with oral prednisolone at 60 mg/day was initiated, and 
oral azathioprine at 100 mg/day was later added. After treatment, her symptoms improved, and CRP, creatinine, and ANCA levels normal-
ized. Parts of the patient’s necrotic fingers were amputated, but the other digits recovered completely. IFN- induced vasculitis is extremely 
rare; however, acute digital necrosis could be an initial manifestation of IFN- induced AAV (1,2). In patients with acute digital necrosis after 
 treatment with IFN, AAV should be considered as a cause.
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Effects of the TNFRSF11B Mutation Associated 
With Calcium Pyrophosphate Deposition Disease in 
Osteoclastogenesis in a Murine Model
Elizabeth Mitton-Fitzgerald,1ClaudiaM. Gohr,1CharleneJ. Williams,2Amaryllis Ortiz,2Gabriel Mbalaviele,3

andAnnK. Rosenthal1

Objective. The gene TNFRSF11B encodes for osteoprotegerin (OPG) and was recently identified as the CCAL1 
locus associated with familial calcium pyrophosphate deposition disease (CPDD). While the CCAL1 OPG mutation 
(OPG- XL) was originally believed to be a gain- of- function mutation, loss of OPG activity causes arthritis- associated 
osteolysis in mice, which is likely related to excess subchondral osteoclast formation and/or activity. The purpose of 
the present study was to further explore the effect of OPG- XL in osteoclastogenesis.

Methods. The effects of recombinant OPG- XL and wild- type (WT) OPG were determined in monoculture and 
coculture models of RANKL- induced osteoclastogenesis. The effects of OPG- XL on osteoclast survival as well as 
on TRAIL- induced apoptosis were determined using standard in vitro assays and compared to WT OPG. The ability 
of OPG- XL and WT OPG to bind to osteoblasts was measured with enzyme- linked immunosorbent assay and flow 
cytometry using the osteoblastic MC3T3- E1 cell line.

Results. OPG- XL was less effective than WT OPG at blocking RANKL- induced osteoclastogenesis in monoculture 
and coculture models. Osteoclast survival and inhibition of TRAIL- induced apoptosis were similar in the presence of 
OPG- XL and WT OPG. Compared to WT OPG, considerably less OPG- XL bound to cells.

Conclusion. These findings indicate that OPG- XL is a loss- of- function mutation as it relates to RANKL- mediated 
osteoclastogenesis, and thus may permit increased osteoclast numbers and heightened bone turnover. Further 
studies are necessary to demonstrate how this mutation contributes to arthritis in individuals carrying this mutation.

INTRODUCTION

Calcium pyrophosphate deposition disease (CPDD) is a com-
mon form of arthritis caused by the deposition of calcium pyroph-
osphate crystals in articular cartilage. Genetic mutations lead to a 
CPDD cluster at 1 of 2 loci, known as CCAL1 and CCAL2. The 
CCAL2 locus on chromosome 5p is in the gene producing the 
ANKH protein, which regulates pyrophosphate, a key compo-
nent of calcium pyrophosphate crystals (1). The CCAL1 locus, on 
chromosome 8q, was recently identified as the gene TNFRSF11B 
(2,3), which encodes for osteoprotegerin (OPG). It remains unclear 

how OPG, a protein critical to bone remodeling, causes the dis-
tinctive arthritis characteristic of CPDD.

OPG comprise 4 cysteine- rich tumor necrosis factor receptor 
(TNFR) domains, 2 death domain homologous regions, and a hep-
arin binding site. The OPG mutation associated with CCAL1 results 
in an additional 19 amino acids added to the C- terminus of the 
protein near the heparin binding site. In its most well- characterized 
role, OPG functions as a soluble decoy receptor, thereby prevent-
ing the functional association between RANKL and its receptor 
RANK, ultimately blocking RANKL- induced osteoclastogenesis. 
OPG neutralizes soluble RANKL, preventing its association with 
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preosteoclasts. OPG can also block the membrane- bound form 
of RANKL on osteoblasts by first localizing to the cell surface, most 
likely through an interaction with heparan sulfate (HS), and forming 
a stable RANKL– HS– OPG complex (4). At higher concentrations, 
OPG also interferes with TRAIL- triggered apoptosis.

CPDD has historically been considered a disease of articular 
cartilage. Although OPG is expressed by articular chondrocytes, 
we recently demonstrated that there were no direct effects of 
OPG, RANKL, or TRAIL on cartilage processes known to contrib-
ute to CPDD or on in vitro models of calcium pyrophosphate crys-
tal formation (2). While transgenic mice expressing high levels of 
OPG develop osteopetrosis and diminished bone remodeling (5), 
OPG deficiency results in osteoporosis and accelerated degener-
ative arthritis in mice (6).

The CCAL1 mutation was originally described as a gain- of- 
function mutation. This was based on an observed decrease of 
osteoclasts in the presence of the CCAL1 OPG mutation (OPG- XL) 
compared to wild- type (WT) OPG in a monoculture osteoclas-
togenesis assay. In their study, Ramos and colleagues used col-
lagen fragment production as a surrogate for osteoclast number 
(3). Because the CCAL1 phenotype seems to better suit an OPG 
loss- of- function mutation, we further investigated the actions of 
OPG- XL on bone metabolism. We show here that OPG- XL ineffec-
tively suppresses RANKL- induced osteoclastogenesis, and less 
readily binds to cells in the presence or absence of membrane- 
bound RANKL. The effects of OPG- XL and WT OPG were similar 
with regard to osteoclast survival as well as TRAIL- induced apop-
tosis. These data clearly demonstrate that OPG- XL is a loss- of- 
function mutation for RANKL- mediated osteoclastogenesis, which 
results in increased osteolytic activity in subchondral bone in vivo 
and ultimately contributes to arthritis in CPDD.

MATERIALS AND METHODS

Differentiation of osteoclasts. Two models of osteoclas-
togenesis were used in the present study. The coculture model, 
which investigates the ability of OPG to block membrane- 
bound RANKL, uses preosteoblasts (MC3T3- E1 cell line) and 
bone marrow– derived macrophages (BMMs) as preosteoclasts. 
The second model measures the ability of OPG to block soluble 
RANKL added to monocultures of BMMs. Recombinant human 
WT OPG and OPG- XL were generated in FreeStyle HEK 293T 
cells as detailed previously (2) and were used at standard concen-
trations for assays of osteoclastogenesis (4,5) and apoptosis (7). 
OPG concentrations were validated with an OPG enzyme- linked 
immunosorbent assay (ELISA) (MyBiosource) which recognized 
both proteins. Controls included conditioned medium from HEK 
cells treated with an empty vector, at volumes matching maxi-
mal volumes of OPG- containing medium. Macrophage colony- 
stimulating factor (M- CSF) from L929 conditioned medium was 
used at a concentration of 10% volume/volume (8).

For coculture experiments, MC3T3- E1 cells were plated at a 
density of 2 × 104 cells/well. BMMs were harvested from femurs 
of C57BL/6 male and female mice between 8 and 10 weeks of 
age. Femurs were flushed with phosphate buffered saline (PBS) 
and plated in α- modified Eagle’s minimum essential medium with 
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin/
Fungizone (10-1-α) overnight. Nonadherent cells were collected 
and replated in 10-1-α with M- CSF. These cells were added to 
MC3T3- E1 cells at a density of 2 × 105 cells/well with various 
concentrations of WT OPG or OPG- XL. Medium were replaced 
after 48 hours with osteogenic medium (100 nM dexamethasone, 
50 μg/ml ascorbic acid, 10 nM vitamin D3, and 10 mM β- glycer-
ophosphate in 10-1-α) in the absence or presence of WT OPG 
or OPG- XL. Replacement of half of the medium occurred every 
2– 3 days. After 10 days, tartrate- resistant alkaline phosphatase 
(TRAP) staining was performed. Osteoclasts were defined as 
large TRAP- positive cells with ≥3 nuclei. Total osteoclast num-
bers were recorded in 10 fields/well, 8 wells/group by 3 separate 
observers who were blinded with regard to the culture conditions 
(EMF, CG, AR).

For monoculture experiments, BMMs, isolated as described 
above, were incubated in 10-1-α with 100 ng/ml of human 
RANKL (Abcam) or 35 ng/ml of murine RANKL (R&D Systems) 
and M- CSF for 8 days in the presence or absence of WT OPG 
or OPG- XL. To detect any species differences in the ability of our 
recombinant human OPG to block RANKL, experiments were 
carried out with both murine and human RANKL. Quantitative 
TRAP was measured using a standard protocol (4).

Osteoclast survival. To measure osteoclast survival, 
BMMs were incubated with RANKL and M- CSF until visible 
osteoclasts were present and confirmed with quantitative TRAP. 
RANKL- containing medium were removed from parallel cultures, 
and cells were incubated with WT OPG or OPG- XL. TRAP levels 
were measured after 48 hours to assess changes in osteoclast 
numbers after removal of RANKL.

TRAIL- induced apoptosis. To determine if the ability 
of OPG- XL to block TRAIL- induced apoptosis was impaired, 
we investigated the effect of WT OPG and OPG- XL on TRAIL- 
induced apoptosis in fibroblasts. L929 fibroblasts (a generous gift 
from Dr. Antje Kroner- Milsch) were incubated overnight in Dulbec-
co’s modified Eagle’s medium with 10% FBS and 1% PSF. There-
after, the medium was removed, and adhered cells were treated 
with or without 100 ng/ml of TRAIL in the absence or presence 
of 10– 200 ng/ml of WT OPG or OPG- XL. After 24 hours, early 
apoptosis was assessed by measurement of annexin V levels with 
a RealTime- Glo apoptosis assay (Promega). Later stage apop-
tosis was measured 48 hours posttreatment with a TiterTACS 
in situ apoptosis detection kit (Trevigen) which quantifies DNA 
fragmentation.
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Cell surface OPG binding. Differentiated and undifferenti-
ated MC3T3- E1 cell layers were exposed to 1M NaCl for 5 min-
utes to remove endogenous OPG, washed once in PBS, and fixed 
with 70% ethanol for 5 minutes at 4°C. Fixed cells were exposed 
to various concentrations of WT OPG or OPG- XL and incubated 
for an additional 30 minutes at 4°C. Cell layers were washed twice 
with PBS and lysed with 1% Triton in PBS. OPG concentrations 
in cell lysates were measured with an OPG ELISA (MyBiosource). 
Similar experiments were performed using HEK 293T cells that 
lack RANKL.

To confirm that OPG was binding to cells and not to the 
extracellular matrix, we repeated these experiments with the 
use of flow cytometry. Human Alexa Fluor 647– conjugated OPG 
antibody (BD Biosciences) was incubated for 5 minutes at room 
temperature with WT OPG or OPG- XL. CellStripper solution (Invit-
rogen) was used to gently lift MC3T3- E1 cells from culture plates, 
and the cells were then stained for 30 minutes at 4°C with the 
OPG antibody complex. Cells were washed and analyzed using 

a FACSAria Fusion SORP flow cytometer. Positive and negative 
cell populations were gated with a commercially available human 
recombinant OPG (Abcam). Results were analyzed using BD 
FACSDiva software.

Statistical analysis. All statistical analyses were per-
formed with GraphPad Prism version 7.04. Experiments were 
repeated at least twice. Mann- Whitney U test was used for 
experiments with 2 groups, and Kruskal- Wallis analysis of var-
iance with Dunnett’s multiple comparison test was used for 
experiments with more than 2 groups. Statistical significance 
was set at P < 0.05.

RESULTS

Effects of OPG-XL and WT OPG on RANKL-mediated  
osteoclastogenesis. As shown in the coculture experiments 
(Figure 1A), while low concentrations of WT OPG and OPG- XL 

Figure 1. OPG-XL is less effective at inhibiting RANKL- induced osteoclastogenesis compared to wild- type (WT) OPG. A, Cocultures were 
established with preosteoblasts and bone marrow– derived macrophages (BMMs) in the absence or presence of osteoblast differentiation 
factors. After 10 days of incubation with these factors, osteoclasts (OCs) were identified as large tartrate- resistant alkaline phosphatase 
(TRAP)– positive cells with ≥3 nuclei (n = 8). Incubation with WT OPG at 100 ng/ml suppressed osteoclastogenesis (P = 0.0107), whereas no 
effects were seen with OPG- XL at ≤100 ng/ml of OPG. B, Representative photomicrograph of TRAP- stained osteoclasts (arrows) is shown. 
C, Monocultures were established with BMMs and incubated with 100 ng/ml of human RANKL and macrophage colony- stimulating factor 
(M- CSF) for 8 days in the absence or presence of WT OPG or OPG- XL. Osteoclasts were quantified by quantitative TRAP (qTRAP) (n = 19 
wells). Incubation with 50 ng/ml and 100 ng/ml of WT OPG suppressed osteoclastogenesis (P = 0.0014 and P < 0.0001, respectively), as did 
incubation with 100 ng/ml of OPG- XL (P = 0.0012). Significant differences were also observed between incubation with OPG- XL and WT OPG 
groups at 50 ng/ml and 100 ng/ml. D, BMMs were incubated with 35 ng/ml of murine RANKL and M- CSF in the absence or presence of WT 
OPG or OPG- XL for 8 days. Quantitative TRAP was used to assess osteoclast numbers (n = 15 samples per treatment group). Incubation with 
50 ng/ml and 100 ng/ml of WT OPG suppressed osteoclastogenesis (P < 0.0001), as did incubation with OPG- XL at similar concentrations 
(P = 0.0102 and P = 0.0004 for 50 ng/ml and 100 ng/ml, respectively). Significant differences between incubation with WT OPG and OPG- XL  
at 100 ng/ml were also observed. Symbols represent individual sample wells; bars show the mean ± SEM. * = P < 0.05; ** = P < 0.01; 
*** = P < 0.001; **** = P < 0.0001.
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failed to suppress osteoclastogenesis, 100 ng/ml of WT OPG 
effectively suppressed osteoclastogenesis by 45% (P = 0.0107). 
In contrast, 100 ng/ml of OPG- XL did not significantly suppress 
osteoclastogenesis. A representative micrograph of mature 
TRAP- stained osteoclasts is depicted in Figure 1B. In BMM mon-
ocultures, OPG- XL was also less effective at blocking osteoclas-
togenesis driven by human or murine soluble RANKL as measured 
by quantitative TRAP (Figures 1C and D). Inhibition was not con-
sistently different at low concentrations of OPG- XL and WT OPG. 
At physiologic concentrations up to 100 ng/ml, WT OPG was 
reliably more effective than OPG- XL at suppressing osteoclast 
numbers. Differences between WT OPG and OPG- XL persisted 
at supraphysiologic doses (200 ng/ml). Quantitative TRAP showed 
that the mean ± SEM was 37.5 ± 4.0 nmoles/well with RANKL 
alone, 4.4 ± 0.56 nmoles/well with WT OPG, and 7.14 ± 1.8 nmo-
les/well with OPG- XL (each P = 0.0002 versus RANKL alone; n = 8 
wells). These results clearly demonstrate that OPG- XL is a loss- of- 
function mutation in regard to osteoclastogenesis as the mutated 
protein appears to be less effective at blocking both soluble 
and membrane- bound RANKL.

Effects of OPG-XL and WT OPG on osteoclast sur-
vival. Because of some evidence supporting a role for OPG in 
accelerating osteoclast death after withdrawal of RANKL (9), we 
investigated the effects of WT OPG and OPG- XL on osteoclast 
survival. Although a very small difference in the numbers of sur-
viving osteoclasts was noted following incubation of osteoclasts 
with 100 ng/ml of WT OPG compared to OPG- XL, none of the 
concentrations of WT OPG or OPG- XL substantially altered oste-
oclast survival 48 hours after removal of RANKL (Figure 2A).

Effects of OPG-XL and WT OPG on TRAIL-induced 
apoptosis. Although the primary function of OPG is suppressing 
RANKL- mediated osteoclastogenesis, OPG also inhibits TRAIL- 
induced apoptosis. We investigated the ability of OPG- XL to pre-
vent TRAIL- induced apoptosis in murine fibroblasts. Cells were 
treated with 100 ng/ml TRAIL with either no additional additives or 
10– 200 ng/ml of WT OPG or OPG- XL. TRAIL significantly induced 
early- stage apoptosis (P < 0.0001; n = 8– 26 samples), and at 
200 ng/ml, both WT OPG and OPG- XL effectively suppressed 
this effect (Figure 2B). Late- stage apoptosis assessed using a 

Figure 2. OPG- XL and WT OPG have similar effects on osteoclast death after removal of RANKL and inhibit TRAIL- induced apoptosis to a 
similar extent. A, BMMs were incubated with M- CSF and RANKL for 6 days. RANKL was withdrawn from all wells except those from the control 
group, and medium was replaced with medium containing no additives (0) or 1 or 100 ng/ml of OPG- XL or WT OPG followed by incubation of 
the cells for an additional 48 hours. Numbers of osteoclasts were quantified by quantitative TRAP assay (n = 12– 18 samples). There were no 
differences in osteoclast numbers with any dose of either WT OPG or OPG- XL compared to control without RANKL. B and C, L929 cells were 
incubated with no additives (control) or with 100 ng/ml of TRAIL in the absence of additives (vector) or presence of 10– 200 ng/ml WT OPG or 
OPG- XL for 24 hours (B) and 48 hours (C). Levels of annexin V in cell layers were measured in wells (n = 8– 26) (B) and a TUNEL- based assay 
was performed on cell layers (n = 8–16) (C). Incubation with TRAIL vector alone increased annexin V levels (P < 0.0001), and addition of WT 
OPG or OPG- XL effectively suppressed annexin V levels only at 200 ng/ml (B). Stimulation with TRAIL vector alone increased late apoptosis, 
and WT OPG and OPG- XL effectively suppressed this affect only at a concentration of 200 ng/ml (C). Symbols represent individual samples; 
bars show the mean ± SEM. *** = P < 0.001; **** = P < 0.0001. See Figure 1 for definitions.
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DNA fragmentation assay showed similar findings (P < 0.0001; 
n = 8– 16 samples) (Figure 2C). Small differences between WT 
OPG and OPG- XL were observed at 50 ng/ml in the early apop-
tosis data and at a concentration of 200 ng/ml in the late- stage 
apoptosis experiment, but the biologic significance of these is 
uncertain. In summary, these data suggest that OPG- XL largely 
retains its ability to block TRAIL- induced apoptosis.

Binding efficiencies of OPG-XL and WT OPG. Previous 
reports have demonstrated that HS binding is important for the 
association of OPG to the osteoblast cell surface (4). Because 
the CCAL1 mutation is located at the stop codon near the HS 
binding site, we hypothesized that the loss- of- function of OPG- XL 
in coculture experiments could be attributed to ineffective cellular 
localization or rapid dissociation of OPG at the cell surface. Signif-
icant differences were observed between WT OPG and OPG- XL 
cell binding at all concentrations in MC3T3- E1 cells in the pres-
ence or absence of RANKL (Figures 3A and B). To ensure that the 
binding was occurring at the cell surface and not the surround-
ing matrix, we repeated this experiment using flow cytometry, and 
similar results were observed (Figure 3C). To investigate the influ-
ence of RANKL in OPG cell binding, HEK 293T cells were tested 

using the same binding protocol. Similar results were observed 
in non– RANKL- containing cells, reinforcing the differential bind-
ing of mutant and WT protein to HS or other glycosaminoglycans 
(Figure 3D).

DISCUSSION

We show here that the read- through mutation that produces 
a 19 amino acid extension at the C- terminus of OPG found in 
families with premature CPDD results in a loss- of- function of 
the protein in regard to RANKL- mediated osteoclastogenesis. 
This effect is observed in cocultures in which membrane- bound 
RANKL is critical for osteoclast formation as well as in mon-
ocultures, in which soluble RANKL is necessary for osteo-
clastogenesis. There are no obvious differences in survival of 
osteoclasts exposed to OPG- XL compared to those exposed 
to WT OPG. OPG- XL also maintains its ability to block TRAIL- 
induced apoptosis.

Previously, Ramos et al described that the CCAL1 OPG muta-
tion enhanced the ability of OPG to inhibit osteoclastogenesis 
compared to WT OPG (3). This was based on a modest decrease 
in collagen fragment production in the presence of OPG- XL 

Figure 3. Comparison of cell binding to OPG-XL versus WT OPG in the absence or presence of RANKL. A and B, Differentiated MC3T3- E1 
cells (A) and undifferentiated MC3T3- E1 cells (B) were treated to remove endogenous OPG. The cells were then fixed and incubated with 5– 
100 ng of WT OPG or OPG- XL for 30 minutes. After washing, OPG bound to the cell layer was measured by enzyme- linked immunosorbent 
assay (ELISA). At all concentrations between 5 and 100 ng, significantly less OPG- XL bound to the differentiated cells compared to WT OPG 
(n = 5 wells per dose; P < 0.05). Similar findings were observed in undifferentiated cells (n = 9 wells per dose; P < 0.01). C, Human Alexa Fluor 
647–conjugated OPG antibody was incubated for 5 minutes at room temperature with WT OPG or OPG-XL. Undifferentiated MC3T3-E1 cells 
were gently lifted from culture plates, and the cells were then stained for 30 minutes at 4°C with the OPG antibody complex. OPG binding 
was measured using flow cytometry (n = 16 samples). Representative contour plots depict gating of OPG- positive and OPG- negative events. 
Significantly less OPG- XL bound compared to WT OPG (P < 0.0001). D, HEK 293 cells were fixed and incubated with 5– 50 ng of WT OPG 
or OPG- XL for 30 minutes. After washing, OPG was quantified in the cell layer by ELISA (n = 6 samples). Significantly less OPG- XL bound to 
the cell layer compared to WT OPG at all concentrations (P = 0.0022). Symbols represent individual sample wells bars show the mean ± SEM.  
* = P < 0.05; ** = P < 0.01; **** = P < 0.0001. See Figure 1 for other definitions.
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compared to WT OPG. Our data clearly show a loss- of- function, 
and we found that when preosteoclasts are differentiated on a 
collagen substrate, collagen fragment production is poorly repro-
ducible from culture to culture (data not shown). Furthermore, the 
clinical presentation of CPDD associated with CCAL1 is inconsist-
ent with a typical gain of OPG function. While a gain- of- function 
would likely cause osteopetrosis and inadequate bone resorption, 
we observed osteopenia in a patient who had mutated OPG (2). 
Taken together with the observation that accelerated arthritis and 
osteopenia occur in mice with absent or defective OPG, the loss- 
of- function correlates well with the clinical phenotype.

The mechanism through which the 19 amino acid tail results 
in a loss- of- function remains uncertain. This mutation is near the  
HS binding site on OPG. Li et al showed an essential role for HS  
binding in homing OPG to the cell surface where it could block  
membrane- bound RANKL, but their triple HS mutation retained 
its ability to block soluble RANKL at high concentrations (4). 
Interestingly, OPG- XL ineffectively suppresses osteoclastogen-
esis in both coculture and monoculture systems and does not 
bind as well to cells in the absence or presence of RANKL. We 
used considerably lower concentrations than Li et al in mon-
oculture experiments, but our data suggest that OPG- XL may 
show defective binding to RANKL as well as to HS and other 
glycosaminoglycans. Whether this behavior represents a defect 
in dimerization, internalization or half- life of the mutant protein 
warrants further investigation.

Severe loss of OPG function, such as that seen in juvenile 
Paget’s disease (PD), leads to an autosomal recessive childhood- 
onset phenotype characterized by impaired growth accompanied 
by major bone and joint abnormalities (10). The status of heterozy-
gous individuals with juvenile PD mutations is not clear. However, 
the relatively mild, adult- onset phenotype seen in heterozygotes 
carrying CCAL1 suggests different disease mechanisms in these 
2 syndromes. Further work to define these molecular mecha-
nisms will be needed.

Our study has some limitations. Native RANKL and OPG are 
generated by osteoblasts and osteoclasts in our in vitro models, 
but we carefully controlled these experiments to mitigate endoge-
nous production. While our OPG preparations were not fully puri-
fied, we carefully used maximal volumes of conditioned medium 
from vector controls, and the coculture and monoculture experi-
ments demonstrate a robust functional defect in OPG- XL.

It is still unclear how bone abnormalities contribute to CPDD, 
which has been traditionally considered to be a cartilage dis-
ease. Certainly, there is increasing recognition that subchondral 
bone plays a key role in osteoarthritis, which shares many fea-
tures with CPDD (11). Increased bone turnover in the subchon-
dral region may expose cartilage to substrates, enzymes, or 
cytokines that can directly contribute to calcium pyrophosphate 
crystal formation. In aging adults, there is greater osteoclas-
togenesis (12), so this mechanism may also contribute to age- 
related sporadic CPDD. Interestingly, ANKH, which is CCAL2, 

has recently been shown to be important in the behavior of both 
osteoclasts and osteoblasts and possesses key roles in bone 
formation and remodeling (13). Taken together with the obser-
vation that osteoporosis is more prevalent in individuals with 
CPDD compared to an age-  and sex- matched control group 
(14), these findings support the concept that increased bone 
turnover in subchondral bone may produce changes in the artic-
ular microenvironment that contribute to CPDD. Further studies 
will be needed to identify specific mechanisms of this process.

In summary, we show here that the OPG mutation associ-
ated with familial CPDD is a loss- of- function mutation regarding 
osteoclastogenesis. These findings are consistent with the pres-
ence of arthritis in OPG- deficient mice and the observed clini-
cal phenotype in individuals with the CCAL1 mutation and have 
important ramifications for understanding the pathogenesis of 
CPDD.
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Clinical Images: Bilateral calf hypertrophy with increased muscle enzyme levels

The patient, a 57- year- old woman, presented with progressive swelling of both calves (A), and a 6- month history of dull, aching pain on 
exertion. She underwent L5/S1 discectomy in 2006 for right lower limb radicular pain and L4/L5 laminectomy with discectomy in 2008 
for recurrence of symptoms. Laboratory study revealed normal complete blood cell count with differential cell count, liver and kidney 
function, thyroid profile, and inflammation marker levels. The creatine phosphokinase level was 542 IU/liter (normal <145) and the lactate 
dehydrogenase was 948 units/liter (normal <480). Hoffmann’s reflex was absent bilaterally. Electromyography, including testing of the 
lumbosacral paraspinal muscles, showed increased insertional and spontaneous activity, with reduced recruitment and an incomplete 
interference pattern. Axial T2- weighted and fat- suppressed magnetic resonance imaging (MRI) of the calf muscle showed increased bulk 
of gastrocnemius and soleus muscles, with focal ill- defined areas of subtle hyperintensity suggestive of muscle edema (B and C). MRI of 
the lumbosacral spine showed L5/S1 broad- based, predominantly central, severe disc protrusion compromising more than two- thirds of 
the spinal canal (D). Biopsy of right gastrocnemius muscle revealed predominantly hypertrophic fibers (stars in E) with focal rounding and 
frequent fiber splitting (thin arrow in E), and occasional atrophy (thick arrow in E); no inflammation, endomysial fibrosis, or deposits were 
observed (hematoxylin and eosin stained, original magnification × 100). Interspersed fibers with myophagocytosis and necrosis were pres-
ent. Fiber typing revealed small groups (stars in F) and hypertrophy (arrows in F) of both type I (slow myosin) and type II (fast myosin) fibers 
(fast myosin/diaminobenzidine stained, original magnification × 100). Thus, neurogenic calf hypertrophy was diagnosed. The etiologies of 
calf hypertrophy include neurogenic disorders, muscle infiltration, muscular dystrophy, acid maltase deficiency, hypothyroidism, and inflam-
matory myopathy (1). Calf hypertrophy of neurogenic origin, especially in a bilateral presentation, is rare and may be caused by L5 and S1 
radiculopathy (2). Proposed pathogenic mechanisms include denervation hyperstimulation or imbalanced load correction of involved mus-
cles (1). Neurogenic muscle hypertrophy is differentiated from hypertrophy of myogenic origin by normal or only mildly elevated muscle 
enzyme levels, and by findings on electrophysiologic studies and imaging (2). The histopathologic features include hypertrophic fibers with 
type grouping, with or without group atrophy. Secondary myopathic features may be present (3). The treatment of denervation hypertrophy 
includes surgical and nonsurgical interventions, with significant reduction in calf size reported 2 years after surgery (1).
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A Proinflammatory Cytokine Network Profile in Th1/Type 1 
Effector B Cells Delineates a Common Group of Patients in 
Four Systemic Autoimmune Diseases
Quentin Simon,1 Alexis Grasseau,1 Marina Boudigou,1 Laëtitia Le Pottier,1 Eléonore Bettachioli,2 Divi Cornec,1

Bénédicte Rouvière,1 Christophe Jamin,1 Lucas Le Lann,1 PRECISESADS Clinical Consortium, PRECISESADS Flow 
Cytometry Study Group, Maria Orietta Borghi,3 Rocio Aguilar- Quesada,4 Yves Renaudineau,1 
Marta E. Alarcón- Riquelme,5  Jacques- Olivier Pers,1 and Sophie Hillion1

Objective. The effector T cell and B cell cytokine networks have been implicated in the pathogenesis of systemic 
autoimmune diseases, but the association of these cytokine networks with the heterogeneity of clinical manifestations 
and immune profiles has not been carefully examined. This study was undertaken to examine whether cytokine 
profiles can delineate distinct groups of patients in 4 systemic autoimmune diseases (systemic lupus erythematosus, 
Sjögren’s syndrome, rheumatoid arthritis, and systemic sclerosis).

Methods. A total of 179 patients and 48 healthy volunteers were enrolled in the multicenter cross- sectional 
PRECISE Systemic Autoimmune Diseases (PRECISESADS) study. Multi- low- dimensional omics data (cytokines, 
autoantibodies, circulating immune cells) were examined. Coculture experiments were performed to test the impact 
of the cytokine microenvironment on T cell/B cell cross- talk.

Results. A proinflammatory cytokine profile defined by high levels of CXCL10, interleukin- 6 (IL- 6), IL- 2, and tumor 
necrosis factor characterized a distinct group of patients in the 4 systemic autoimmune diseases. In each disease, this 
proinflammatory cluster was associated with a specific circulating immune cell signature, more severe disease, and 
higher levels of autoantibodies, suggesting an uncontrolled proinflammatory Th1 immune response. We observed in vitro 
that B cells reinforce Th1 differentiation and naive T cell proliferation, leading to the induction of type 1 effector B cells 
and IgG production. This process was associated with an increase in CXCL10, IL- 6, IL- 2, and interferon- γ production.

Conclusion. This composite analysis brings new insights into human B cell functional heterogeneity based on T 
cell/B cell cross- talk, and proposes a better stratification of patients with systemic autoimmune diseases, suggesting 
that combined biomarkers would be of great value for the design of personalized treatments.

INTRODUCTION

The adaptive immune system has developed a wide range 
of mechanisms to resist infection and prevent the development of 
autoimmunity. This balanced homeostasis relies on the functional 
specialization of immune cells and their capacity to control cytokine 
production. Immune soluble effectors, antibodies, cytokines, and 
chemokines play a central role in the pathogenesis of autoimmune 

diseases (1). Based on the report of aberrant cytokine profiles in 
patients with autoimmune diseases (2), cytokine- targeting ther-
apies have been developed and approved for inflammatory and 
systemic autoimmune diseases, such as rheumatoid arthritis 
(RA), systemic lupus erythematosus (SLE), psoriasis, inflamma-
tory bowel disease, and psoriatic arthritis (3). However, the clin-
ical response to cytokine- targeted therapies is broad, revealing 
significant interindividual variations, including nonresponse, as 
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previously described in SLE, systemic sclerosis (SSc), and RA (4– 
6). There are common aspects and mechanisms among different 
types of systemic autoimmune diseases, such as RA, SLE, SSc, 
and Sjögren’s syndrome (SS). A number of patients with different 
systemic autoimmune diseases have overlapping clinical features 
involving autoantibodies, multi- organ involvement, autoimmune 
tissue destruction, and underlying genetic etiologies. Self- reactive 
and proinflammatory adaptive response is one of the main patho-
physiologic mechanisms shared among these diseases. An imbal-
ance in T helper cell differentiation, but also an increase in cytolytic 
CD57+CD8+ T cells with a tissue resident- memory phenotype, 
are associated with poor prognosis in RA and SLE (7).

Similarly, accumulating evidence shows that B cells exhibit 
distinct effector and regulatory functions. Effector B cells were first 
identified using transgenic mouse models (8), demonstrating that in 
vitro polarized type 1 effector B (Be1) cells produce mainly interfer-
on- γ (IFNγ) and interleukin- 12 (IL- 12), whereas Be2 cells produce 
IL- 4, IL- 5, IL- 10, and IL- 13. The equivalent polarization of human B 
cells occurs in vitro (9). As described for regulatory B cells, the B cell 
proinflammatory functional profile is heterogeneous, leading to mul-
tiple modulation of T cell and myeloid response. Proinflammatory 
effector B cells (Be1) have been described in systemic autoimmune 
diseases, expressing IFNγ or CXCL10 in SLE (10), granulocyte– 
macrophage colony- stimulating factor in multiple sclerosis (MS) 
(11), IL- 6 in SSc (12), or RANKL in RA (13). In MS patients, IL- 15– 
producing B cells enhance the migration of cytotoxic CD8+ T cells 

across the blood– brain barrier (14). IL- 6– producing B cells exhibited 
a marginal zone– like or immature identity in SSc (15), Be1 cells in 
SLE have atypical memory features (16), and recently proinflamma-
tory B cells producing IL- 1β and TNF have been described in syn-
ovia expressing PD1 and CXCR3 (17). Thus, we hypothesized that, 
despite the dynamic nature of cytokine production, the T helper/Be 
cell profile could be helpful in defining distinct immunologic profiles 
in patients with systemic autoimmune diseases.

To test this hypothesis, we conducted a multiparameter 
analysis of the expression of 12 cytokines involved in the polar-
ization of T and B effector cells in the serum, combined with a 
study of immune cell distribution in blood, in 48 healthy volunteers 
and 179 patients with systemic autoimmune diseases (45 with 
SLE, 44 with SS, 46 with SSc, and 44 with RA) using Luminex- 
based multiplex immunoassays and fluorescence- activated cell 
sorting (FACS). This study revealed that high levels of the proin-
flammatory cytokines CXCL10, IL- 6, IL- 2, and TNF defined a 
group of patients in the 4 diseases that was associated with an 
increase in systemic autoreactivity. In each of the 4 systemic auto-
immune diseases, we further characterized the common cytokine 
pattern, which was associated with an abnormal disease- specific 
immune cell signature assuming a Th1- biased phenotype. We 
showed in vitro that B cells increased the polarization of activated 
naive CD4+ T cells (TRA) toward Th1 cells through an interferon 
regulatory factor 7/T- bet pathway and enhanced their proliferation. 
This polarization leads to the induction of effector Be1 cells prone 

Table 1. Demographic, clinical, and serologic characteristics of the patients with systemic autoimmune diseases and 
healthy volunteers*

SLE 
(n = 45)

SS 
(n = 44)

RA 
(n = 44)

SSc 
(n = 46)

Healthy 
volunteers  

(n = 48)
Age at inclusion, mean ± SD years 46.7 ± 11.9 46.9 ± 11.6 59.6 ± 12.4 60.5 ± 11.3 44.59 ± 12.6
Sex, no. female 43 41 34 39 38
Disease duration, mean ± SD years 13.6 ± 9.01 9.4 ± 5.5 11.9 ± 8.2 11.7 ± 10.1 NA
Serologic characteristics, no. (%)

Anti- SSA 21 (46) 38 (86.3) 4 (9) 8 (17.3) 0 (0)
Anti- SSB 1 (2.2) 16 (36.3) 1 (2.2) 1 (2.1) 0 (0)
Anti- Sm 1 (2.2) 0 (0) 0 (0) 0 (0) 0 (0)
Anti– U1 RNP 13 (28.8) 1 (2.2) 2 (4.5) 0 (0) 0 (0)
Anti– Scl- 70 1 (2.2) 0 (0) 0 (0) 11 (23.9) 0 (0)
Anti– Jo- 1 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Anticentromere 0 (0) 1 (2.2) 0 (0) 27 (58.7) 0 (0)
Anti- dsDNA 14 (31.1) 1 (2.2) 2 (4.5) 0 (0) 0 (0)
RF 1 (2.2) 12 (27.2) 20 (45.4) 5 (10.8) 0 (0)
Anti- CCP 1 (2.2) 0 (0) 28 (63.6) 0 (0) 0 (0)
Anti- DNA NcX 16 (35.5) 3 (6.8) 3 (6.8) 3 (6.5) 0 (0)

Treatment, no. (%)
Glucocorticoids 25 (55.5) 10 (22.7) 21 (47.7) 11 (23.9) NA
Antimalarials 36 (80) 19 (43.1) 4 (9.0) 0 (0) NA
Immunosuppressants 14 (31.1) 8 (18.1) 32 (72.7) 13 (28.2) NA
Anti- TNF 0 (0) 0 (0) 15 (34.0) 0 (0) NA
Abatacept 0 (0) 0 (0) 5 (11.3) 0 (0) NA
Tocilizumab 0 (0) 0 (0) 8 (18.1) 0 (0) NA

* SLE = systemic lupus erythematosus; SS = Sjögren’s syndrome; RA = rheumatoid arthritis; SSc = systemic sclerosis; NA = 
not applicable; anti- dsDNA = anti– double- stranded DNA; RF = rheumatoid factor; anti- CCP = anti– cyclic citrullinated peptide; 
anti- DNA NcX = anti– double- stranded DNA nucleosome- complexed; anti- TNF = anti– tumor necrosis factor. 
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to differentiate into IgG- producing plasmablasts and is associated 
with a CXCL10, IL- 6, and IFNγ microenvironment.

PATIENTS AND METHODS

Study design. A total of 179 patients with systemic auto-
immune diseases and 48 healthy volunteers were included in the 
large multicenter, prospective, cross- sectional PRECISE Systemic 
Autoimmune Diseases (PRECISESADS) study (18). Patients were 
recruited from 10 European centers if they fulfilled international 
validated classification criteria for SLE (n = 45) (19), SS (n = 44) 
(20), SSc (n = 46) (21), and RA (n = 44) (22) (Table 1). The clinical 
characteristics of the patients are summarized in Table 1. Details 
on patient recruitment, experimental protocols and reagents 
used, and statistical analyses are included in the Supplementary  
Methods, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41697/ abstract.

Ethics approval. The study was performed in accordance with 
the Declaration of Helsinki and was approved by ethics committees 
at each site for the respective subcohorts. All patients gave informed 
consent for participation in the study, which was registered on Clinical-
Trials.gov (identifiers: NCT 02890121 and NCT 02890147).

Data availability statement. The data supporting the 
findings of this study are available upon request from the corre-
sponding author.

RESULTS

A shared proinflammatory cytokine module discrimi-
nates distinct groups of patients in 4 systemic  autoimmune 
diseases. To address whether T helper/Be cell cytokine expres-
sion could delineate specific groups among patients with 1 of 4 
systemic autoimmune diseases, we conducted a 12- cytokine 

Figure 1. Characterization of a distinct group of patients with 1 of 4 systemic autoimmune diseases (SADs; systemic lupus erythematosus 
[SLE], Sjögren’s syndrome [SS], systemic sclerosis [SSc], or rheumatoid arthritis [RA]) defined by a proinflammatory cytokine profile in serum. 
A, Three- dimensional principal components analysis (PCA) plot of the normalized serum cytokine data set in 179 patients with systemic 
autoimmune diseases (n = 46 with SSc, n = 45 with SLE, n = 44 with SS, and n = 44 with RA) compared to 48 healthy volunteers (HV). B, Three- 
dimensional PCA plot showing the correlation of each cytokine factor with principal component 1 (PC1), PC2, and PC3. C, Two- dimensional 
PCA plots of data on cytokine associations for patients with each systemic autoimmune disease compared to the 48 healthy volunteers (black 
circles). D, Correlations between qualitative variables representing cytokine expression in each disease and the barycenter of each systemic 
autoimmune disease group. Significant correlations (P < 0.05) are shown in bold. IL- 6 = interleukin- 6; TNF = tumor necrosis factor; IFNγ = 
interferon- γ; GROα = growth- related oncogene α; MIP- 1α = macrophage inflammatory protein 1α.

http://onlinelibrary.wiley.com/doi/10.1002/art.41697/abstract
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profile assessment in sera from the 179 patients with systemic 
autoimmune diseases and 48 healthy volunteers (Table 1). We first 
visualized the global data set using principal components analysis 
as an unsupervised approach. The main variance of the data set 
(represented by principal component 1 [PC1]) was mostly deter-
mined by an elevation in the levels of proinflammatory cytokines, 
illustrated by significant correlations with the expression of 
CXCL10 (r = 0.59), IL- 2 (r = 0.58), IL- 6 (r = 0.56), and, to a lesser 
extent, TNF (r = 0.441) (Figures 1A and B). This proinflammatory 
cytokine profile characterized a distinct group of individuals that 
included mostly patients with 1 of the 4 systemic autoimmune 
diseases examined.

To gain insight into disease heterogeneity, we then used the 
same approach to independently compare patients with each dis-
ease to healthy volunteers (Figure 1C). Consistent with the global 
data set analysis, levels of the proinflammatory cytokines CXCL10, 
IL- 6, and IL- 2 in the 4 diseases were highly correlated with PC1, indi-
cating the presence of a separate group of patients. CXCL10, IL- 6, 
IL- 2, and TNF expression in patients within each disease subgroup 
illustrated the heterogeneity of the cytokine profile in each disease 
(Supplementary Figure 1 and Supplementary Table 1, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41697/ abstract). In addition to the shared 
proinflammatory cytokine module, we identified disease- unique 
specificity. Patients with SLE in the proinflammatory group had 
significantly increased levels of IFNγ (r = 0.460) and significantly 
decreased levels of IL- 13 (Figure 1D and Supplementary Figure 2, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41697/ abstract). Patients with 
RA in the proinflammatory group had significantly increased levels 
of IL- 8. Patients with SSc and those with SS in the proinflammatory 
group both had increased levels of IL- 13 (r = 0.426 and r = 0.294, 
respectively). Unexpectedly, we observed an inverse correlation 
between serum IL- 17A levels and the 4 diseases, suggesting its 
complex role in systemic autoimmune diseases (23).

Clinical and biologic features of the patients in each 
disease- specific proinflammatory group. The last quartiles 
of the PC1 values were used to distinguish the patients in the 
proinflammatory group from other individuals with each systemic 
autoimmune disease versus healthy volunteers (Supplementary 
Figure 2). Within each disease- specific proinflammatory group, 
the majority of the individuals were patients who had that systemic 
autoimmune disease: 92% in SLE (n = 22), 72% in SS (n = 16), 
92% in SSc (n = 22), and 87% in RA (n = 20). These values effi-
ciently separated patients from healthy volunteers, with a specific-
ity ranging from 91% (for SS) to 95% (for SLE, SSc, and RA) as 
estimated by conducting a receiver operating characteristic curve 
on the PC1 values (Supplementary Figure 2).

Regarding clinical features, patients with systemic auto-
immune diseases in the proinflammatory groups presented 
with more severe disease than other patients. Compared to other 

patients, the patients with SLE in the proinflammatory group and 
the patients with SS in the proinflammatory group displayed more 
frequent kidney involvement (47.3% versus 9%; P = 0.0046) and 
extraglandular manifestations (50% versus 3.8%; P = 0.0003), 
respectively (Figure 2A). We observed a significant increase in 
lung, renal, and vascular involvement in the patients with SSc in 
the proinflammatory group compared to other patients with SSc 
(65.5% versus 13.3%; P = 0.0011) (Figure 2A). In contrast, we 
did not notice any differences with regard to disease duration, 
age, or medications between the patients in the proinflammatory 
groups and those not in the proinflammatory groups (data not 
shown), except that patients with RA in the proinflammatory group 
had a shorter disease duration (mean ± SEM 8.6 ± 1.3 years 
versus 14.6 ± 1.8 years; P = 0.017) (Supplementary Figure 3A, 
available on the Arthritis & Rheumatology website at http://onlin e  
 libr ary.wiley.com/doi/10.1002/art.41697/ abstract).

We also observed that the patients in the proinflammatory 
groups displayed higher levels of autoantibodies: higher anti– 
double- stranded DNA nucleosome- complexed and anti– double- 
stranded DNA autoantibody levels in the SLE patients in the 
proinflammatory group and higher anti- SSB autoantibody levels 
in the SS patients in the proinflammatory group (Supplementary 
Figure 3B). In addition, the levels of circulating polyclonal free 
light chains were significantly increased in patients with SLE and 
patients with SS in the proinflammatory group (and to a lesser 
extent in patients with SSc, but not patients with RA, in the proin-
flammatory group) compared to other patients with the same dis-
ease who were not in the proinflammatory group (Figure 2B). This 
observation suggests abnormal control of B cell immunoglobulin 
production in these groups that may be ascribed to the abnor-
mal cytokine network. Indeed, CXCL10 levels were strongly cor-
related with the percentage of circulating plasmablasts (r = 0.66, 
P = 0.001 in SLE patients in the proinflammatory group and 
r = 0.71, P = 0.003 in SS patients in the proinflammatory group), 
which was expected since CXCL10 was described as a potent 
activator of B cell terminal differentiation and was positively cor-
related with the Th1 proinflammatory response (24). However, 
we did not note differences between the patients with RA in the 
proinflammatory group and other RA patients with regard to these 
parameters, suggesting other pathophysiologic drivers in this 
disease.

Exploration of circulating immune cell distribution 
in disease- specific proinflammatory groups. To study 
the link between the disease- specific proinflammatory cytokine 
groups and circulating immune cell distribution, we conducted 
a phenotype analysis of the peripheral blood mononuclear cell 
subsets in the 2 groups of patients with systemic autoimmune 
diseases (those in the proinflammatory group and those not in 
the proinflammatory group) compared with healthy volunteers, 
by flow cytometry (Supplementary Tables 2– 5, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/

http://onlinelibrary.wiley.com/doi/10.1002/art.41697/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41697/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41697/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41697/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41697/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41697/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41697/abstract
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doi/10.1002/art.41697/ abstract). We first examined the absolute 
numbers of monocytes, lymphocytes, CD4+ cells, CD8+ T cells, 
and B cells. As previously described (25), lymphopenia character-
ized SLE patients and affected mainly CD4+ T cells and B cells, 
with no difference between the 2 groups of patients. Isolated lym-
phopenia was noted in the patients with SSc in the proinflamma-
tory group.

Next, we analyzed the distribution of the different T cell and 
B cell subpopulations. As previously described by us and others 
(10), a profound modification of the B cell compartment has been 
observed in SLE patients. This difference was more pronounced 
in the patients with SLE in the proinflammatory group, with an 
increase in the percentage of switched memory B cells, double- 
negative (DN) B cells (IgD−CD27−) (P < 0.0001 versus healthy 
volunteers), and plasmablasts (P < 0.0001 versus healthy volun-
teers) (Figure 3A and Supplementary Table 2). We also observed 
a significant reduction in unswitched memory (IgD+CD27+) B 

cells in the SLE patients in the proinflammatory group. We did not 
observe any significant deregulation of circulating T cell subsets in 
the patients with SLE in the proinflammatory group despite a trend 
toward an increase in the proportion of cytotoxic CD8+CD57+ cells 
(P = 0.058) (Supplementary Table 2). SS patients also had a dras-
tic reduction in IgD+CD27+ B cells, which was very pronounced 
in the SS patients in the proinflammatory group (P = 0.0003 ver-
sus healthy volunteers) (Figure 3B and Supplementary Table 3). 
In addition, a significant increase in the proportion of cytotoxic 
CD8+CD45RA+CD62L+CD57+ effector memory (TEMRA) T cells 
characterized both groups of SS patients. We also observed, in 
the SSc patients in the proinflammatory group only, the same 
increase in cytotoxic CD8+ cells (adjusted P = 0.0038 versus 
healthy volunteers), while no difference was observed in the CD4+ 
or B cell compartment (Figure 3C and Supplementary Table 4). 
Finally, RA patients in the proinflammatory group were identified 
by a reduction in IgD+CD27+ B cells (adjusted P = 0.03) and an 

Figure 2. Biologic and clinical features of the patients in each systemic autoimmune disease group. A, Percentages of SLE patients in the 
proinflammatory (Proinf) group and other SLE patients with nephritis disorders, percentages of patients with SS in the proinflammatory group 
and other SS patients with extraglandular manifestations, and percentages of patients with SSc in the proinflammatory group and other SSc 
patients with pulmonary, renal, or vascular manifestations. B, Left, Distribution of polyclonal free light chains (pFLc; mg/liter) in healthy volunteers, 
patients with systemic autoimmune diseases not in the proinflammatory groups (other), and patients with systemic autoimmune diseases in 
the proinflammatory groups. Symbols represent individual subjects; horizontal lines show the mean. Right, Correlation between the distribution 
of plasmablasts and CXCL10 levels in patients with SLE in the proinflammatory group (top) and patients with SS in the proinflammatory group 
(bottom). Symbols represent individual patients; dotted lines are the 95% confidence bands on the best-fit line. * =  P < 0.05; ** = P < 0.01;  
*** = P < 0.001; **** = P < 0.0001, by analysis of variance with Dunn’s multiple comparisons test. See Figure 1 for other definitions. Color figure 
can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41697/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41697/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41697/abstract
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up- regulation of cytotoxic CD8+ cells (P = 0.0063 versus healthy 
volunteers) (Figure 3D and Supplementary Table 5). An illustra-
tion of the composite analysis showing disease- specific immune 
anomalies, as determined by the different cytokine profiles (radar 
plots of cytokine correlation values), is shown in Supplementary 
Figure 3C.

In vitro study of effector T cells and B cells. Our pheno-
type analysis revealed that in the proinflammatory groups, patients 
had an exacerbated CD8/Th1 profile associated with abnormal B 
cell homeostasis and an increase in autoantibody production, but 
no apparent abnormalities in CD4+ T helper cell distribution. We 
hypothesized that the overproduction of CXCL10, IL- 6, and IL- 2 
in systemic autoimmune diseases might reflect a functional proin-
flammatory amplification loop between CD4+ Th1 cells and Be1 
cells. To test our hypothesis, we adapted a previously described 
B cell and T cell coculture using either stimulated naive T cells 
(CD4+CD45RA+; TRA) or memory T cells (CD4+CD45RO+; TRO) 
(8). Indeed, naive and memory CD4+ T cells are known to be very 
different with regard to their cell fate process, cytokine effector 
profiles, and capacities to induce antibody production by B cells 
and cytotoxic CD8 T cell expansion (26).

To assess the T cell effector profile in the different culture con-
ditions, we first examined, by quantitative reverse transcriptase– 
polymerase chain reaction (RT- PCR), the relative expression 
of mRNA for 7 key transcription factors required in the T cell 
polarization program (Figure 4A). In the TRA cell + B cell condition, 
sorted TRA cells were distinguished by the up- regulation of IRF7, 
the prototypical type I IFN transcription factor, and its Th1 regula-
tor, TBX21/T- bet. In contrast, sorted TRO cells from the coculture 
with B cells exhibited a significant up- regulation of the Th2 and Tr1 
cell transcription factors PRDM1, ID2, and GATA3 (Figure 4A) (27). 
In both culture conditions, the follicular T cell helper master regula-
tor BCL6 was down- regulated in the presence of B cells, exclud-
ing the involvement of this pathway in the model. Whereas B cells 
significantly increased RORC mRNA expression in TRA cells, there 
was no modification of its expression in TRO cells.

We next analyzed in supernatants the expression of the 
12 cytokines previously evaluated in the systemic autoimmune 
diseases cohort (plus 5 additional cytokines included in the 
commercial multiplex bead- based assay). The unsupervised 
analysis revealed a strong clustering of the culture condition– 
specific cytokine response. Principal component 1 (PC1), captur-
ing 60.6% of the total variance, represented the overall cytokine 

Figure 3. Functional cytokine modules and adaptive immune cell distribution define abnormalities in the proinflammatory group in each 
systemic autoimmune disease. Distribution of immune cell subsets in the different groups of systemic autoimmune disease patients is shown. 
A, Proportions of double negative (IgD−CD27−) cells, IgD+CD27+ memory cells, and plasmablasts in healthy volunteers, SLE patients not in 
the proinflammatory group (other), and SLE patients in the proinflammatory group (proinf) (n = 45). B, Proportions of IgD+CD27+ memory cells, 
CD8 effector memory T cells that re- express CD45RA (CD8 TEMRA) cells, and CD57+ CD8 TEMRA cells in healthy volunteers, patients with 
SS not in the proinflammatory group, and patients with SS in the proinflammatory group (n = 37). C, Number of lymphocytes and proportions 
of CD8 TEMRA and CD57+ CD8 TEMRA cells in healthy volunteers, patients with SSc not in the proinflammatory group, and patients with 
SSc in the proinflammatory group (n = 39). D, Proportions of IgD+ memory cells, CD8 TEMRA cells, and CD57+ CD8 TEMRA cells in healthy 
volunteers, patients with RA not in the proinflammatory group, and patients with RA in the proinflammatory group (n = 40). Symbols represent 
individual patients; horizontal lines show the mean. * = P < 0.05, ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001, by analysis of variance with 
Dunn’s multiple comparisons 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.41697/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41697/abstract
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Figure 4. Culture model of effector T cell and B cell polarization. A, Relative abundance of mRNA for IRF7, TBX21, PRDM1, ID2, GATA3, 
BCL6, and RORC in sorted activated naive CD4 T (TRA) cells or memory T (TRO) cells stimulated alone (open bars) or in the presence of B 
cells (solid bars). B, Screening for 17 cytokines in the coculture (TRA + B cell and TRO + B cell) supernatants. A correlation plot of the cytokine 
expression data set is shown. C, Left, Intracellular interferon- γ (IFNγ) and interleukin- 17A (IL- 17A) staining after phorbol myristate acetate/
ionomycin restimulation of TRA and TRO cells alone or in the presence of B cells. Right, Quantification of the proportions of IFNγ and IL- 17A in 
the indicated cell types. D, IFNγ and IL- 10 levels and ratio of IFNγ to IL- 10 in supernatants of TRA cells and TRO cells cultured alone or in the 
presence of B cells. E, Relative abundance of mRNA for IFNγ, IL- 2, IL- 13, IL- 10, and CXCL10 in sorted B cells from TRA cell (left) and TRO cell 
(right) cocultures. F, Left, Proliferation of CellTrace Violet (CTV)–labeled TRA cells and CTV- labeled TRO cells alone or in the presence of B cells. 
Right, T cell proliferation index for the indicated cell types (n = 10 samples per group). G, Left, Representative analysis of CTLA- 4 expression on 
TRA and TRO cells alone (shaded curves) or in the presence of B cells (solid lines). Right, Mean fluorescence intensity (MFI) of CTLA- 4 expression 
in TRA and TRO cells alone (open bars) or in the presence of B cells (solid bars). In A, C, D, E, and G, bars show the mean ± SEM (n = 5 in A and 
E; n = 9 in B and D; n = 4 in C; n = 10 in G). * = P < 0.05; ** = P < 0.01; **** = P < 0.0001. IP- 10 = interferon- γ– inducible 10- kd protein; GROα 
= growth- related oncogene α; MIP- 1α = macrophage inflammatory protein 1α; TNF = tumor necrosis factor; NS = not significant. Color figure 
can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41697/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41697/abstract
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secretory ability and was positively correlated with the TRO cell +  
B cell coculture (Supplementary Figure 4A, available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41697/ abstract). PC2 was correlated with the 

TRA cell + B cell coculture. Using the visualization and hierarchical 
clustering of the correlation matrix (Figure 4B), we underlined the 
emergence of distinct cytokine response modules. The first mod-
ule correlated with the TRA cell + B/Th1 cell coculture condition 

Figure 5. Phenotypic profiles of type 1 effector B (Be1) and Be2 cells. A, Two- dimensional representation of the Be1 and Be2 cell phenotypes.  
B cell populations were concatenated from the coculture of B cells with activated naive CD4 T cells or memory T cells and were analyzed using the 
t- Distributed Stochastic Neighbor Embedding (t- SNE) algorithm. Manual gating was performed on the t- SNE clusters. Gated clusters were then 
overlaid onto the total t- SNE map and colored according to the annotated population. B, Left, Flow cytometry plots of CD27 and IgM expression 
in CD138− non- polarized B cells, CD138− Be1 cells, and CD138− Be2 cells. Right, Percentages of the different B cell populations according to 
CD27 and IgM expression in CD138− cells. Bars show the mean ± SEM (n = 5). C, Flow cytometry plots of CD27 and IgM expression in CD138+ 
non- polarized B cells, CD138+ Be1 cells, and CD138+ Be2 cells. D, Left, Representative images of the dual FluoroSpot of interleukin- 10 (IL- 10) IgM 
producing and IL- 10 IgG– producing cells realized on sorted Be1 and Be2 cells. Middle, Numbers of double- positive spots in each cell condition. 
Right, Ratio of the number of IgM- secreting cells to IgG- secreting cells in each coculture condition. Bars show the mean ± SEM (n = 3). * = P < 0.05;  
** = P < 0.01, by Wilcoxon’s 2- tailed paired signed rank t- test. DN = double-negative; swPB = switched plasmablasts; NS = not significant. 
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41697/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41697/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41697/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41697/abstract


SIMON ET AL 1558       |

and involved CXCL10 (r = 0.82, P < 10−3), CXCL1, IL- 8, and 
IL- 6. The second module was correlated with the TRO cell + B 
cell coculture condition and displayed a Th2 cytokine profile (IL- 
10, IL- 9, IL- 13, IL- 4, and IL- 5) together with the expression of 
the mucosal cytokines IL- 17A, IL- 17F, and IL- 22. Finally, a last 
group of cytokines was involved in both cocultures, suggesting 
a modulator role balancing each cytokine network. Interestingly, 
this module included 2 cytokines previously described as proin-
flammatory factors: TNF and IFNγ. The 2 others, IL- 2 and IL- 21, 
were mentioned as critical regulators of the T and B cell responses.

On day 3, T cells were restimulated with ionomycin and phor-
bol myristate acetate in the presence of brefeldin A to measure 
the level of intracellular IFNγ and IL- 17A protein. At this time point, 
B cells had no significant effect on the level of IFNγ and IL- 17A 
intracellular protein in either coculture (Figure 4C). However, B 
cells significantly increased the production of IFNγ and IL- 10 in the 
supernatants, suggesting that most cytokines were continuously 
released during the culture (Figure 4D). Although TRO cells have 
an overall cytokine secretion rate superior to TRA cells, the ratio 
of IFNγ to IL- 10 cytokine released during the culture suggested a 
Th1- biased profile of the TRA cell + B cell coculture compared to the 
TRO cell + B cell coculture. To gain insight into the contribution of 
B cells to the overall cytokine secretion, we analyzed, by quantita-
tive RT- PCR, cytokine expression in sorted B cells cocultured with 
Th1 (TRA) or Th2 (TRO) cells (Figure 4E). Cocultured B cells modestly 
expressed IFNG, IL2, and IL13 mRNA, and when restimulated, 
very low amounts of IFNγ protein (Supplementary Figure 4B). How-
ever, B cells from the Th1 coculture condition had a significant up- 
regulation of CXCL10 mRNA compared to B cells cocultured with 
TRO, which displayed an increase in IL10 mRNA expression.

Finally, we evaluated the effects of these opposite functional 
profiles on the T cell proliferative response by measuring TRA 
and TRO proliferation in the presence or absence of B cells after 
5 days of stimulation (Figure 4F). Whereas B cells significantly 
increased the proliferation of TRA cells, the same pool of B cells 
down- regulated TRO division. The suppression of TRO prolifera-
tion was associated with the up- regulation of CTLA- 4 on T cells 
and the induction of FoxP3+ regulatory T cells in the TRO cul-
ture (Figure 4G and Supplementary Figure 4C). Based on these 
observations, we referred to B cells cultured with TRA as type 1 
effector B (Be1) cells and B cells cocultured with TRO as type 2 
effector B (Be2/Breg) cells.

Overall, this in vitro study suggests that Th1 cell/Be1 cell cross- 
talk may be recapitulated in culture and is associated with a specific 
proinflammatory cytokine microenvironment characterized by the 
imbalance of CXCL10, IL- 2, IFNγ, and IL- 10 production.

Be1 cells have a memory- like phenotype in vitro 
and are prone to differentiate into IgG- producing cells. 
Next, we examined the difference between the Be1 and Be2 cell 
phenotypes by conducting a 2- dimensional representation using 
t- Distributed Stochastic Neighbor Embedding with the following 

selected cell surface markers: CD19, IgM, CD27, CD38, and 
CD138 (28). Be1 cells existed among memory- switched B cells 
(IgM−CD27+), DN B cells (IgM−CD27−), and switched plasma-
blasts (CD19lowIgM−CD27+CD38intermediateCD20low) (Figure 5A). 
In contrast, Be2 cells comprised the activated naive B cell sub-
set (IgM+CD38+CD27−) and unswitched plasmablasts with an 
immature phenotype (CD19+IgM+CD27lowCD38+CD20+) (Fig-
ures 5B and C). The functional status of plasmablasts from both 
cocultures was confirmed by conducting dual IgG and IgM IL- 10 
enzyme- linked immunospot assays on sorted B cells. This assay 
demonstrated that Be1 plasmablasts differentiated during the 
Th1/Be1 cell coculture conditions were bona fide IgG- producing 
cells, while the Th2/Be2 cell coculture condition promoted IgM 
antibody production and IL- 10 co- secretion (Figure 5D). Taken 
together, these data support the notion that the cross- talk 
between naive CD4+ T cells and B cells, leading to a proinflam-
matory Th1 profile and the differentiation of Be1 cell precursors of 
IgG- secreting plasmablasts, occurs under a CXCL10- driven pres-
sure environment, mirroring observations in the proinflammatory 
group of systemic autoimmune diseases.

DISCUSSION

Systemic autoimmune diseases are characterized by the 
production of a large panel of cytokines, but their specific interac-
tions and how a particular cell type coordinates response to var-
ious cytokines remain unclear. In this study, we analyzed a large 
cohort of patients with 4 different systemic autoimmune diseases 
who were included prospectively by a consortium of 10 expert 
centers in Europe (PRECISESADS project). This is the first large- 
scale study that allows a direct comparison of patients with these 
different rare diseases using the same pipeline of biologic meth-
ods (multiplexed cytokine measurement, serologic tests, and 
FACS immunophenotyping). We identified a common Th1/Be1 
proinflammatory group in the 4 systemic autoimmune diseases, 
defined by overexpression of CXCL10, IL- 2, IL- 6, and, to a lesser 
extent, TNF. This group was also characterized by an abnormal 
B cell distribution, a CD8 cytotoxic T cell signature, and more 
severe clinical features. The in vitro study further suggested that 
this proinflammatory cytokine signature could be associated with 
an exacerbated Th1/Be1 cell response and may underline a com-
mon pathophysiologic mechanism in these diseases.

Strong evidence in the literature has indicated that this 
pathogenic signature is the key driver of abnormal B and T cell 
functions in systemic autoimmune diseases. An increase in IL- 6 
and CXCL10 signaling, which was first observed in association 
with the detection of autoantibodies in preclinical SLE, correlated 
with disease activity in SLE (29), SSc (12), and RA (30) and was 
recently shown to be a critical component of the B cell tolerance 
breach (31). Furthermore, recent work has demonstrated that 
human tonsillar macrophages contributed to CD138+CD38high 
plasmablast generation and amplified high- affinity IgG responses 
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in vivo through the production of CXCL10 (24). Consistent with 
these observations, the overproduction of CXCL10 and IL- 6 was 
associated with the Be1 effector cell profile in age- associated B 
cells from autoimmunity- prone mice (32), supporting the involve-
ment of a Th1/Be1 pathway in a group of patients.

We provided complementary information about the disease- 
specific proinflammatory groups. We described a CD8 cytotoxic 
signature in SS, SSc, and RA patients. This observation is sup-
ported by recent studies in SS patients showing an association 
between the increase in IFN- responsive genes and disease activ-
ity (33). Expression profiling of skin biopsy samples from patients 
in distinct scleroderma subsets previously identified expression of 
genes associated with CD8+ T cells in an “inflammatory” subset 
of scleroderma (34). Moreover, an integrative approach combining 
single- cell analysis and mass cytometry revealed the existence 
of 3 cytotoxic CD8+ cell clusters in synovial tissue from 51 RA 
patients (35). An overexpression of IL- 13 was found in the SS 
patients and SSc patients in the proinflammatory groups in the 
present study, consistent with recent observations indicating its 
role in initiating tertiary lymphoid structure in SS (36) and in pro-
moting fibrosis in scleroderma (37).

Although the precise origin of the cytokine production evalu-
ated in patient serum is unknown, our results showed that B cells 
could enhance Th1 differentiation and the proliferation of activated 
naive T cells. This pathway is associated with the up- regulation 
of CXCL10, IL- 2, IL- 6, and IFNγ in the supernatants. As previ-
ously shown in mice (8), we provided evidence that the B cell– 
dependent induction of Th1 cells leads in turn to the induction of 
proinflammatory Be1 cells. In our model, Be1 cells mainly produce 
the IFNγ- induced protein CXCL10. In addition, we have presented 
findings about the phenotypic nature of human proinflammatory 
Be1 cells. Be1 cells have a mostly memory- like DN phenotype, 
leading to the emergence of switched plasmablasts. These find-
ings were consistent with the strong positive correlation observed 
between CXCL10 and the increase in circulating switched plas-
mablasts in the SLE and SS proinflammatory groups.

A recent similar study demonstrated that naive B cells could 
be polarized in proinflammatory DN Be1 cells, precursors of auto-
reactive plasmablasts, in the presence of IFNγ (9). The findings of 
that study were very similar to ours, and that study also demon-
strated the existence of a proinflammatory group in SLE charac-
terized by exacerbated CXCL10, IL- 6, TNF, and IFNγ production 
in correlation with a major increase in CXCR5− DN Be1 cells and 
autoantibody levels. Our analysis in a different cohort confirmed 
the relevance of this pathogenic network, which would reason-
ably constitute a valuable therapeutic track in systemic autoim-
mune diseases (38). A recent study of the B cell effector profile in 
patients with severe COVID- 19 also highlighted the involvement of 
the imbalance of the CXCL10/IL- 10/IL- 6/IFNγ cytokine network in 
promoting extrafollicular proinflammatory B cell response (39). As 
in the present study, that profile has important overlap with some 
systemic autoimmune disease patients. However, the exact role of 

each cytokine, and perhaps the combination of all of them, remains 
to be examined in the induction of distinct effector B cell subsets.

We observed that a group of cytokines (IFNγ, TNF, IL- 2, and 
IL- 21) are up- regulated in Be1 but also in the Be2/Breg cell cocul-
ture. This common association may suggest that these extracel-
lular factors could act as global supervisors that exacerbate or 
control different immune responses. In this regard, IFNγ and IL- 21 
appeared as such complex actors. IFNγ function is highly context- 
dependent, and may be involved in immune tolerance or regulat-
ing the type I IFN pathway (40). On the other hand, IFNγ signaling 
leads to the accumulation of follicular T helper cells, culminating in 
increased germinal center B cells and autoantibodies in the pres-
ence of CXCL10 (41). Similar observations were reported on the 
role of IL- 21 signaling with regard to its ability to induce IL- 10– 
producing regulatory B cells (42) and also be involved in the dereg-
ulation of B cell activity in autoimmunity (16). The increase in IFNγ 
levels in both cocultures in the presence of B cells may suggest 
that IFNγ, according to the specific associated microenvironment, 
could act as a rheostat controlling effective immune response or 
contributing to the emergence of altered regulatory mechanisms 
in systemic autoimmune diseases.

Finally, the role of B cells in the T helper cell polarization 
of memory T cells provided results showing the generation of Be2 
cells prone to differentiate into IL- 10–  and IgM- producing plas-
mablasts. Some previous studies have already demonstrated 
that IgD+CD27+ memory B cells could be progenitors of IL- 10– 
producing B cells (43,44). Although our data do not elucidate the 
exact kinetics of the T cell/B cell reciprocal modulation, we hypoth-
esize that the up- regulation of the Th1/Be1 pathogenic module, 
together with the reduction in IgD+ memory B cells, in systemic 
autoimmune diseases might reflect an unbalanced milieu, skew-
ing the protective “innate” differentiation pathway toward an auto-
reactive IgG effector phenotype (45,46).

Our study has several limitations. Although our study 
included a significant number of patients and healthy volunteers, 
the work reported here is descriptive, with the limitation of not 
including mechanistic experiments, mostly due to the unavail-
ability of patient specimens. The definition of the two groups of 
patients is based on a correlation approach data analysis with no 
direct assessment of causality or consequential effects of such 
observations. Furthermore, multiple testing refers to the potential 
increase in Type 1 error, reinforcing the need for further validation 
of such observations in different cohorts. As discussed before, 
recent data on SLE are very encouraging. Based on these analy-
ses, we tested in vitro the hypothesis of a Th1/Be1 proinflamma-
tory axis leading to the production of memory- like B cells prone to 
differentiate into IgG- producing cells. To extend these first results, 
we need to address whether this B cell/T cell functional polariza-
tion occurs in patients. However, we believe that our observations 
provide the foundation for different testable hypotheses regarding 
direct pathophysiologic mechanisms involved in systemic autoim-
mune diseases (47,48).
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COVID- 19 disease in patients with recurrent pericarditis 
during treatment with anakinra: comment on the 
article by Navarro- Millán et al

To the Editor:
We read with interest the article by Dr. Navarro- Millán and 

colleagues about the use of anakinra to prevent mechanical ven-
tilation in patients with COVID- 19 (1). However, it is also important 
to consider patients who develop COVID- 19 while being treated 
with anakinra for their underlying condition (2).

We describe 5 patients, median age 43 years, with recurrent 
pericarditis (post- pericardiotomy in 1 case; idiopathic pericardi-
tis in 4 cases) who developed COVID- 19 disease during treat-
ment with anakinra. Median duration of recurrent pericarditis was 
48 months. All patients were being treated with anakinra when 
COVID- 19 disease occurred, after having initially received treat-
ment with glucocorticoids and/or nonsteroidal antiinflammatory 
drugs (including colchicine) (Table 1).

The patients developed COVID- 19 disease between March 
2020 and October 2020. Symptoms, usually mild, included 
fever, cough, ageusia, anosmia, headache, diarrhea, dyspnea, 
and chest pain (Table 1). SARS– CoV- 2 was diagnosed by naso-
pharyngeal swab in 4 patients, and by serologic test in 1 patient, 
after symptoms began. Two patients went to the emergency 
room; in one case, chest radiograph showed a small lung infiltrate, 

but neither of the patients required hospitalization. Treatment with 
anakinra was continued unchanged, and 3 patients received 
additional therapies after the development of COVID- 19 disease 
(Table 1). All patients recovered completely within 15 days and 
had no recurrence of pericarditis.

Polytherapy is often necessary in patients with recurrent peri-
carditis and treatment with an interleukin- 1 receptor antagonist may 
lead to resolution of symptoms (3); however, a concern may be 
raised that biologic therapy could aggravate the clinical course of 
COVID- 19. Our small case series shows that anakinra therapy in 
patients with recurrent pericarditis may be associated with a benign 
clinical course. We propose that there is no reason to discontinue 
anakinra therapy if a patient with recurrent pericarditis develops 
COVID- 19 disease (4– 7). Our recommendation is consistent with 
the findings obtained in the study by Dr. Navarro- Millán et al (1).

Dr. Brucato has received research support from Sobi and Acarpia. 

Dr. Imazio has received consulting fees or honoraria from Kiniksa and 

Sobi (less than $10,000 each).

Enrica Negro, MD
Lucia Trotta, MD
Massimo Pancrazi, MD
Emanuele Bizzi, MD
Martino Brenna, MD
Fatebenefratelli Hospital 
Milan, Italy

Table 1. Summary of main features of patients*

Patient/
age/sex

Pericardial 
disease 

duration, 
months

Therapy when  
COVID- 19 occurred

COVID- 19  
clinical features

Adjusted/additional 
therapies during 

COVID- 19
Hospitalization 

or ER visit

Duration of 
COVID- 19 
symptoms, 

days
1/54/M 12 Anakinra (100 mg every 

48 hours)
Fever; cough; infiltrate in 

right middle lobe on 
chest radiograph; CRP 
and d- dimer elevation

Azithromycin ER visit 5

2/15/M 21 Anakinra (100 mg every 
3 days); colchicine (1 mg/day)

Low- grade fever; asthenia None None 2

3/43/F 48 Anakinra (100 mg every 
4 days); colchicine (1 mg/day)

Fever; cough for 4 days; 
ageusia; anosmia; 
diarrhea; headache

None None 15

4/35/F 54 Anakinra (100 mg/day); 
colchicine (1.5 mg/day); 
nadolol

Dry cough; fever for 3 days; 
asthenia; diarrhea; chest 
pain; normal CRP

Prednisone (25 mg/day 
for 5 days) then 
12.5 mg/day); 
indomethacin

ER visit 10

5/78/F 60 Anakinra (100 mg/day); 
colchicine (1 mg/day); 
prednisone (2.5 mg 
every 2 days)

Low- grade fever for 2 days; 
dyspnea

Prednisone (2.5 mg/day); 
acetaminophen; 
amoxicillin– clavulanic 
acid

None 15

* ER = emergency room; CRP = C- reactive protein. 

mailto:￼
https://orcid.org/0000-0002-6673-5101
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.41702&domain=pdf&date_stamp=2021-07-02


LETTERS |      1563

Vartan Mardigyan, MD
McGill University  

and Jewish General Hospital 
Montreal, Quebec, Canada
Massimo Imazio, MD
Azienda Ospedaliero Universitaria Città della Salute e della 

Scienza di Torino
Turin, Italy
Antonio Brucato, MD
Università di Milano  

and Fatebenefratelli Hospital 
Milan, Italy

 1. Navarro- Millán I, Sattui SE, Lakhanpal A, Zisa D, Siegel CH, Crow MK. 
Use of anakinra to prevent mechanical ventilation in severe COVID- 19: 
a case series. Arthritis Rheumatol 2020;72:1990– 7.

 2. Imazio M, Brucato A, Lazaros G, Andreis A, Scarsi M, Klein A, et al.
Anti- inflammatory therapies for pericardial diseases in the COVID- 19
pandemic: safety and potentiality [review]. J Cardiovasc Med
(Hagerstown) 2020;21:625– 9.

 3. Klein AL, Imazio M, Brucato A, Abbate A, Fang F, Insalaco A, et al.
Phase 3 trial of interleukin- 1 trap rilonacept in recurrent pericarditis.
N Engl J Med 2020;2021;384:31– 41.

 4. Putman M, Chock YP, Tam H, Kim AH, Sattui SE, Berenbaum F, et al.
Antirheumatic disease therapies for the treatment of COVID- 19: a system-
atic review and meta- analysis. Arthritis Rheumatol 2021;73:36– 47.

 5. Chau AS, Weber AG, Maria NI, Narain S, Liu A, Hajizadeh N, et al.
The longitudinal immune response to coronavirus disease 2019:
chasing the cytokine storm [review]. Arthritis Rheumatol 2021;
73:23– 35.

 6. Scarsi M, Piantoni S, Colombo E, Airó P, Richini D, Miclini M, et al.
Association between treatment with colchicine and improved survival
in a single- centre cohort of adult hospitalised patients with COVID- 19
pneumonia and acute respiratory distress syndrome. Ann Rheum Dis
2020;79:1286– 9.

 7. Aomar- Millán A, Salvatierra J, Torres- Parejo Ú, Faro- Miguez N,
Callejas- Rubio JL, Ceballos- Torres Á, et al. Anakinra after treatment
with corticosteroids alone or with tocilizumab in patients with severe
COVID-19 pneumonia and moderate hyperinflammation: a retro-
spective cohort study. Intern Emerg Med 2021;16:843–52.

DOI 10.1002/art.41713

Significance of antistriational antibodies for immune 
checkpoint inhibitor– related myositis: comment on the 
article by Aldrich et al

To the Editor:
In their recent study, Dr. Aldrich and colleagues clearly described 

the clinical features of immune checkpoint inhibitor– related myositis 
(ICI- myositis) differentiated according to the presence or absence 
of myasthenia gravis (MG) (1). From the viewpoint of a neurologist, 
I emphasize that making a diagnosis of MG that has occurred as 
an immune- related adverse event is difficult when anti– acetylcholine 
receptor (anti- AChR) antibodies are undetectable.

First, MG is characterized by the fluctuation of muscle weakness 
and easy fatigability. Since disease progression is relatively rapid, fluc-
tuation is observed less frequently in patients with ICI- related MG 
than in those with idiopathic MG. In addition, since cancer patients 
frequently experience fatigue, it is difficult to evaluate whether easy 

Figure 1. Schema showing the distribution of patients with immune 
checkpoint inhibitor– related myositis (ICI- myositis) with or without 
myasthenia, stratified according to the presence of or com  bi  na -
tions of anti– acetylcholine receptor (AChR), anti- titin, and anti- Kv1.4  
anti bodies.

fatigability is present. Second, interpretation of the results of edro-
phonium tests can be controversial. It is unlikely that there would be 
a notable response to cholinesterase inhibitors in patients with ICI- 
related MG. Likewise, the results of an ice pack test showing improve-
ment of ptosis are not conclusive. Third, a decreased response 
on the repetitive nerve stimulation test indicating increased muscle 
fatigue and weakness is demonstrated in limited cases of ICI- related 
MG. Assessing the jitter phenomenon using single- fiber electromy-
ography is the most sensitive method for showing impairment of 
neuromuscular transmission. However, the number of facilities in 
which this method can be performed is limited. Fourth, titers of anti- 
AChR antibodies tend to be borderline, and therefore are equivocal 
for determining antibody status in patients with ICI- related MG com-
pared to those with idiopathic MG (2). Neurologists may hesitate to 
conclude that a patient is positive for anti- AChR antibodies.

Aldrich and colleagues found that testing antistriational 
antibodies was useful for diagnosing ICI- myositis (1). My group 
also examined 33 Japanese patients with ICI- myositis who were 
referred for autoantibody detection between 2016 and 2020 (3). 
Consulting neurologists diagnosed concomitant MG in 18 (55%) 
of these patients. The autoantibody test results showed that 6 
patients (18%) were positive for anti- AChR antibodies (Figure 1). 
Using cytometric cell- based assays, anti- titin and anti- Kv1.4 anti-
bodies were detected in 16 patients (48%) and 15 patients (45%), 
respectively (4). Among 33 patients with ICI- myositis, 20 (61%) 
had at least 1 antistriational antibody.

The standard method for detecting antistriational antibod-
ies is indirect immunofluorescence of skeletal muscle tissue. 
Aldrich and colleagues observed seropositivity in 11 (46%) of 24 
patients (1). Although the cytometric cell- based assays are only 
available in Japan, they have better sensitivity and specificity than 
conventional detection methods. A limitation of these assays is 
that autoantibodies to other muscle proteins, such as ryanodine 
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receptors, are not detectable. Patients in whom antistriational 
antibodies are associated with idiopathic MG with myositis are 
all positive for anti- AChR antibodies. Antistriational antibodies are 
thus believed to be biomarkers of ICI- myositis.

Supported by the Japan Society for the Promotion of Science  

(Kakenhi Grant- in- Aid JP20H03592).

Shigeaki Suzuki, MD, PhD
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Tokyo, Japan
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Reply

To the Editor:
We thank Dr. Suzuki for his comments on our article. His 

personal and firsthand experience expands on our increasing 
knowledge of ICI- myositis and ICI- related MG from a clinical and 
laboratory perspective. We agree with observations made in 
Japanese patients that accompanying MG in these ICI- myositis 
patients is difficult to identify clinically by electrodiagnostic eval-
uation (except via single- fiber electromyography) and laboratory 
investigations.

Certain clinical findings may help in determining the immedi-
ate care of these patients when urgent decisions are needed. Fixed 
non- fatigable ptosis and non- fatigable extraocular eye movement 
disturbances at presentation are indicative of myositis. Fixed pto-
sis and fixed extraocular eye movement abnormalities that per-
sist months after presentation have been observed in some cases. 
The ice pack test, although not as robust as in the setting of idio-
pathic MG, could be helpful in evaluating potential MG. The diag-
nosis of accompanying MG in patients with ICI- myositis may have 
treatment implications, such as earlier initiation of total plasma 
exchange and/or B cell– depleting agents, and limiting the use of 
higher steroid doses, especially if MG is the predominant clinical 
presentation of this toxicity. Immunomodulation should always 
be balanced with respect to clinical severity. Restricted myositis 
affecting oculomotor, bulbar, and diaphragm muscles makes clin-
ical diagnosis difficult as well (1). Abnormal results on repetitive 
nerve function studies and single- fiber electromyography studies 

in some patients with isolated myositis who do not have clas-
sic myasthenic symptoms of overt fatigability are likely explained 
by myositis (2). Anti- AChR antibodies have high sensitivity for 
MG, but equivocal or low titers may be false- positive results (3). 
Rapid- onset myositis that preferentially affects certain muscles, 
for instance in the face, limits the adequate assessment of MG in 
some patients, given the possibility of false- positive electrodiag-
nostic test results and false- positive low antibody titers.

In our study, antistriational antibodies were measured by 
immunoassay (Mayo Clinic, Rochester, MN). Of interest, some 
of our patients had very high titers of antistriational antibod-
ies, reaching 1:122,800 in 1 case, titers not usually seen in 
idiopathic MG. Dr. Suzuki’s research is instrumental in further 
characterization of these antibodies; whether they play a role 
in pathogenesis or are an epiphenomenon is unclear. Research 
in this area by Dr.  Suzuki and others will continue to expand 
our understanding of ICI- induced myositis with and without MG, 
and their remarkably varied presentations between patients, as 
well as how these conditions, when induced by ICI, differ from 
their idiopathic forms.

Sudhakar Tummala, MD
University of Texas MD Anderson Cancer Center 
Houston, TX
Xerxes Pundole, MD, PhD
Amgen, Inc. 
Houston, TX
Jeffrey Aldrich, MD
Maria E. Suarez- Almazor, MD, PhD
University of Texas MD Anderson Cancer Center 
Houston, TX

 1. Sekiguchi K, Hashimoto R, Noda Y, Tachibana H, Otsuka Y, Chihara
N, et al. Diaphragm involvement in immune checkpoint inhibitor- 
related myositis. Muscle Nerve 2019;60:E23– 5.

 2. Jian F, Cui LY, Li BH, Du H. Changes of single fiber electromyography in
patients with inflammatory myopathies. Chin Med Sci J 2005;20:1– 4.

 3. Maddison P, Sadalage G, Ambrose PA, Jacob S, Vincent A. False- 
positive acetylcholine receptor antibody results in patients without
myasthenia gravis. J Neuroimmunol 2019;332:69– 72.

DOI 10.1002/art.41705

Myositis- specific autoantibodies as relevant adjusting 
variables in myositis research: comment on the article 
by Hou et al

To the Editor:
We read with great interest the article by Dr. Hou et al (1) in 

which muscle ISG15 expression was shown to be strongly asso-
ciated with the diagnosis of juvenile dermatomyositis. Moreover, 
they found that juvenile dermatomyositis patients who were pos-
itive for anti– melanoma differentiation– associated gene 5 (anti– 
MDA- 5) had a higher expression of ISG15 than other subgroups. 
This finding confirms the results of previous studies, both in adults 
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Figure 1. Correlation of the expression of RNA (log2[fragments per kilobase million FPKM+1]) for the interferon- stimulated genes ISG15, 
USP18, DDX58, and IFIH1 in normal adult muscle biopsy specimens (NT) and biopsy specimens from adult myositis patients. IMNM = immune-
mediated necrotizing myositis; AS = antisynthetase syndrome; DM = dermatomyositis; IBM = inclusion body myositis.

and in children, emphasizing the relevance of the interferon (IFN) 
pathway in patients with dermatomyositis (2– 6).

Notwithstanding this finding, we were surprised that Hou et al 
found higher levels of ISG15 to be associated with milder muscle 
involvement, which is contrary to previous studies both in adult 
(3,4) and in juvenile (5,6) forms of myositis. The authors attribute 
this paradoxical finding to the negative regulatory role of ISG15 
in the IFN pathway. However, the expression levels of type I IFN– 
stimulated genes (regardless of their positive or negative regula-
tor effect) are correlated with each other and are considered to 
represent a general activation of the type I IFN pathway. In our 
own cohort of adult myositis patients, there is an almost perfect 
correlation between the positive (DDX58 and IFIH1) and negative 
(ISG15 and USP18) type I IFN– stimulated genes (Figure 1).

As Hou and colleagues emphasize, myositis- specific autoan-
tibodies (MSAs) define unique populations of myositis patients 
and are reliable tools for patient substratification (2). As such, we 
suggest that statistical analyses in myositis studies should con-
sider MSAs as relevant adjusting variables when studying the rela-
tionship between biomarkers and clinical variables.

We suspect that the inverse correlation between ISG15 
expression and the severity of muscle involvement reported by 
Hou et al could be driven by MDA- 5– positive patients, who have 
the highest levels of type I IFN– stimulated genes and are also 
known to be hypomyopathic or amyopathic. We suggest that this 

possibility could be clarified by adjusting or stratifying the analysis 
by MSA type (anti– MDA- 5, anti– nuclear matrix protein 2, anti– 
transcription intermediary factor 1, or no MSA).
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Figure 1. Clinical severity at disease onset (A–C) and muscle histologic parameters (D–F) were evaluated in nuclear matrix protein 2 (NXP-
2)–positive patients with juvenile DM and melanoma differentiation–associated protein 5 (MDA-5)–positive patients with juvenile DM. ISG15 
mRNA levels correlated positively with muscle performance scores (manual muscle testing [MMT] [A] and Childhood Myositis Assessment Scale 
[CMAS] [B] scores), and negatively with muscle damage scores (muscle histologic scores on the vascular domain [C], inflammatory domain [D], 
visual analog scale [VAS] overall [E], and total combined [vascular and inflammatory domains] [F]). Pearson’s correlation method was used to 
calculate linear relationships. Figure 5 of our original article has been reproduced, but with antibody groups added and distinguished by different 
colors.
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Reply

To the Editor:
We thank Drs. Pinal- Fernandez and Mammen for their con-

structive comments on our article. We also thank them for their 

remark related to the correlations between muscle levels of ISG15 
and muscle involvement. We fully agree that an accurate clas-
sification of juvenile idiopathic inflammatory/immune myopathies 
(IIM), including MSA screening, is of utmost importance (1). In 
juvenile dermatomyositis (DM), it has also been demonstrated that 
the global type 1 IFN signature in blood is associated with disease 
severity, including the degree of muscle weakness (2). However, 
studies investigating the type I IFN signature in juvenile DM muscle 
remain scarce.

In our article, we go in depth into juvenile DM pathophysiol-
ogy, using a differential analysis of positive and negative regula-
tors of the type I IFN pathway in muscle. Our data showed that 
the levels of type I IFN– positive up- regulation (IFIH1 and DDX58) 
were remarkably similar among juvenile DM patients regardless of 
their MSAs, a finding consistent with the results of previous stud-
ies in juvenile IIM (3). In adult patients with inflammatory myosi-
tis, Pinal- Fernandez et al reported an almost perfect correlation 
between the positive (DDX58 and IFIH1) and negative (ISG15 
and USP18) type I IFN regulators (4). However, we showed an 
inverse correlation between ISG15 expression and the severity 
of muscle involvement in a group of juvenile DM patients (exclud-
ing those with juvenile overlap myositis [OM]). We agree with Drs. 
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Pinal- Fernandez and Mammen that these results could be driven 
by MDA- 5– positive juvenile DM patients, who have the highest 
ISG15 levels and are also known to be hypomyopathic or amy-
opathic. These results are similarly driven by nuclear matrix pro-
tein 2– positive juvenile DM patients, who have the lowest levels of 
ISG15 and present with more severe muscle injury (Figure 1). Fur-
ther analysis is not possible in this juvenile DM cohort due to the 
relatively small numbers of patients within groups. These results 
should be confirmed by muscle RNA- Seq in a larger, multicenter 
juvenile DM cohort.

Our results also provide some data explaining the heteroge-
neity of juvenile IIM. In our cohort, MDA- 5 autoantibodies were 
detected in both juvenile DM and juvenile OM patients (5) but 
ISG15 gene expression was higher in MDA- 5– positive patients 
with juvenile DM than in MDA- 5– positive patients with juvenile 
OM. These results indicate that a group of patients defined by 
the same type of autoantibody may present with potential patho-
physiologic differences. So, it seems advisable to combine all the 
clinical, biologic, and histopathologic parameters for optimal clas-
sification of juvenile IIM patients.
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Use of precision medicine to guide treatment of 
patients with rheumatoid arthritis: comment on the 
article by Tao et al

To the Editor:
We read with great interest the article by Tao et al in which 

they describe molecular signature– based machine learn-
ing models that can be used to predict response in patients 
with rheumatoid arthritis (RA) prior to initiation of treatment 
with tumor necrosis factor inhibitors (TNFi) (1). Specifically, 
researchers in this study performed transcriptional and/or 
DNA methylomic profiling on peripheral blood mononuclear 
cells and immune cells from 80 RA patients before the initiation 
of TNFi treatment to find the differential molecular signatures of 
responders versus nonresponders. Next, they used machine 
learning models based on these molecular signatures to pre-
dict response to 2 TNFi agents, adalimumab and etanercept, 
in 9 patients.

While Tao and colleagues state, “To the best of our 
knowledge, this is the first study in which paired multicellular 
and multiomics data have been used to investigate molecular 
determinants of response to TNFi,” we wish to call attention to 
an article by our group, which describes in detail the develop-
ment of an advanced molecular signature test that can be used 
to stratify responses to all TNFi agents in RA patients (2). The 
test was developed by incorporating microarray gene expres-
sion data, RNA- Seq, and biologic network analyses from large 
RA patient cohorts treated with any of the 5 first- line TNFi 
drugs in a multisite study. When validated in an independent 
sample population, the performance characteristics of the test 
included a highly significant odds ratio of 6.6 (95% confidence 
interval 2.75– 15.70) for predicting nonresponse (i.e., using the 
American College of Rheumatology 50% improvement criteria 
[ACR50] [3] as the response criterion) to TNFi therapy. These 
results show that this test is a well- validated and accurate pre-
diction tool using a multifaceted computational approach to 
guide treatment for RA patients (2). Indeed, the use of this new 
test, which is now commercially available to rheumatologists, 
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resulted in a modeled 38% increase in ACR50 response to 
first- line biologic therapies (4).

To elaborate, this test was developed (n = 201) and 
validated (n = 175) using data from 376 RA patients (2) 
(Figure 1). These data were analyzed with a comprehen-
sive map that was created using publicly available data on 
pairwise protein– protein interactions (the human interac-
tome) on which RA genomic information was overlaid to 
identify a blood- based molecular signature that integrates 
clinical variables and molecular features to predict which RA 
patients will not respond to TNFi therapies (2,5,6). Briefly, we 
first selected molecular features that discriminate between 
responders and nonresponders to TNFi therapies from 
a microarray data set of 58 RA patients (2). Next, in 143 
patients, we performed a cross- platform analysis that com-
bined these features with RA disease module– associated 
single- nucleotide polymorphisms, RNA- Seq data, and clinical 
features. In this way, 70 biomarker features were identified 
and used to train a multifactorial drug response algorithm that 
is predictive of nonresponse to all TNFi agents (2). Finally, the 
top 23 ranked biomarker features were used to validate the 
performance of the predictive drug response algorithm in an 
independent validation trial in 175 RA patients (as opposed to 
the 9 patients in the study by Tao and colleagues) (1,2). With 
our drug response biomarker panel, nonresponders (~40% 
of patients) were identified with a positive predictive value of 
89.7% and specificity of 86.8% (2). These patients were des-
ignated as candidates for alternative therapy.

We appreciate the contributions of Tao et al and the 
continued progress toward achieving precision medicine 

in rheumatology. Historically, the ability to predict therapy 
selection based on sophisticated genomic profiling has been 
applied almost exclusively in the field of oncology; however, 
now these same advanced approaches are being used in 
tools that are commercially avail able to guide the treatment  
of RA.
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predict clinical response to adalimumab and etanercept therapy
in patients with rheumatoid arthritis. Arthritis Rheumatol 2021;73:
212– 22.

 2. Mellors T, Withers JB, Ameli A, Jones A, Wang M, Zhang L, et al.
Clinical validation of a blood- based predictive test for stratification of
response to tumor necrosis factor inhibitor therapies in rheumatoid
arthritis patients. Netw Syst Med 2020;3:91– 104.

 3. Felson DT, Anderson JJ, Lange ML, Wells G, LaValley MP. Should
improvements in rheumatoid arthritis clinical trials be defined

Figure 1. Flow chart describing the development of the tumor necrosis factor inhibitor (TNFi) drug response algorithm in rheumatoid 
arthritis. Genes whose expression levels discriminate between responders and nonresponders to TNFi were identified from a publicly available 
microarray data set. In a cross- platform analysis, these features were combined with network disease module– associated single- nucleotide 
polymorphisms (SNPs) and clinical factors and were then used to train a machine learning algorithm using RNA- Seq data. Finally, the 
performance of the predictive drug response algorithm was validated in an independent validation trial. CV = cross- validation; PPV = positive 
predictive value.
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on which therapies to use, rather than which therapy not to 
use, to treat RA because there are few options, especially 
when considering all 5 different TNFi agents as one type of 
therapy.

In our study, we investigated the responsiveness of RA 
patients to 2 TNFi agents— adalimumab (ADA) and etaner-
cept (ETN)— by using multicellular multiomics. Our results 
showed that transcriptomic signatures in ADA and ETN 
responders are divergent in all 3 cell populations, i.e., periph-
eral blood mononuclear cells, monocytes, and CD4+ T cells. 
The DNA methylomic signatures of responders to ETN but 
not to ADA were strongly hypermethylated. In addition, cli-
nicians have noticed that not all nonresponders to one TNFi 
agent are also nonresponders to other TNFi, and that it is 
beneficial for patients to switch from one TNFi to another if 
treatment with the first one is unsuccessful (3). These findings 
suggest that we identified a potential molecular mechanism 
that underlies the rationale of the current clinical guidelines 
for treating RA using TNFi (4). We have made our data avail-
able at GEO accession no. GSE13 8747. Both our model and 
the one described by Mellors et al show that responsiveness 
to TNFi can be predicted; however, neither allows achieve-
ment of the ultimate goal of providing personalized anti- TNF 
therapy in clinical practice. Thus, we encourage future inves-
tigations making use of the data from both studies in order to 
advance the field of personalized medicine in the treatment 
of RA.
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Reply

To the Editor:
We have studied with great interest the findings reported 

by Mellors et al (1), as mentioned by Dr. Cohen and col-
leagues. The authors filtered gene features using pub-
lic microarray gene expression data on blood samples from 
58 patients with RA (2) and obtained single- nucleotide poly-
morphism (SNP) signatures inferred from RNA- Seq data on 
143 RA samples. After a second round of feature selection, 
by integrating the selected gene features, SNP signatures, 
and clinical parameters from 143 RA patients, they trained a 
Random Forest model to predict RA patients’ ACR50- based 
responsiveness to 5 TNFi as a whole. They further validated 
the model in an independent cohort of 175 RA patients. 
We appreciate that the authors assembled a large multisite 
cohort, inferred the SNP signatures using RNA- Seq data, 
preselected features to avoid overfitting, and examined 
the batch effect of samples to improve the performance of 
their model.

Dr. Cohen et al state, “With our drug response biomarker 
panel, nonresponders (~40% of patients) were identified with 
a positive predictive value of 89.7% and specificity of 86.8%.” 
According to the confusion matrix provided in their article (1), 
the full picture is that the model showed an overall accuracy 
of 61.1%, sensitivity (true- positive rate) of 86.8% (46 of 53), 
specificity (true- negative rate) of 50.0% (61 of 122), precision 
(positive predictive value) of 43.0% (46 of 107), and nega-
tive predictive value of 89.7% (61 of 68). This suggests that 
the model is good at identifying nonresponders to TNFi, which 
is also highlighted by Cohen et al. Hence, they seem to be able 
to identify therapies that are not suitable and thereby avoid 
unnecessary delays to providing the correct treatment for RA 
patients. It would be better if this model could guide clinicians 
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Corrigendum

DOI: 10.1002/art.41903

In the article by Chatham et al in the May 2021 issue of Arthritis & Rheumatology (Long- Term Safety and Efficacy 
of Anifrolumab in Adults With Systemic Lupus Erythematosus: Results of a Phase II Open- Label Extension Study 
[pages 816– 825]), the term “serious adverse events of special interest” or “serious AEs of special interest” was 
inadvertently used in place of the term “adverse events of special interest” or “AEs of special interest” in several 
instances. The first three sentences under the heading Safety and Efficacy Assessments on page 818 should have 
read as follows: “Safety and tolerability of anifrolumab were assessed by monitoring AEs, serious AEs, AEs of spe-
cial interest, clinical laboratory tests, and immunogenicity throughout the study. Nonserious AEs were recorded at 
each monthly visit only during the first year of the study. SAEs and AEs of special interest were recorded at each visit 
throughout the 3- year period.” The first sentence of the second paragraph under the heading Safety on page 821 
should have read as follows: “All SAEs and AEs of special interest throughout the 3- year open- label extension and 
1- year RCT are shown in Table 3.” The first sentence of the third paragraph of the Discussion on page 823 should 
have read as follows: “Safety profiles of AEs, serious AEs, and AEs of special interest in the open- label extension 
were consistent with previous observations (13).” The title of Table 3 should have read as follows: “All serious events 
and adverse events of special interest during the 3- year open- label extension and during the 1- year RCT” and the 
third main heading in the left column of the table body (11th row from the bottom) should have read “Patients with 
≥1 adverse event of special interest, no. (%).”

The authors regret the errors.
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American College of Rheumatology Guidance for 
COVID- 19 Vaccination in Patients With Rheumatic and 
Musculoskeletal Diseases: Version 2
Jeffrey R. Curtis,1  Sindhu R. Johnson,2  Donald D. Anthony,3 Reuben J. Arasaratnam,4 Lindsey R. Baden,5 
Anne R. Bass,6  Cassandra Calabrese,7 Ellen M. Gravallese,5 Rafael Harpaz,8 Andrew Kroger,9  
Rebecca E. Sadun,10 Amy S. Turner,11  Eleanor Anderson Williams,12 and Ted R. Mikuls13

Objective. To provide guidance to rheumatology providers on the use of coronavirus disease 2019 (COVID- 19) 
vaccines for patients with rheumatic and musculoskeletal diseases (RMDs).

Methods. A task force was assembled that included 9 rheumatologists/immunologists, 2 infectious disease 
specialists, and 2 public health physicians. After agreeing on scoping questions, an evidence report was created that 
summarized the published literature and publicly available data regarding COVID- 19 vaccine efficacy and safety, as 
well as literature for other vaccines in RMD patients. Task force members rated their agreement with draft consensus 
statements on a 9- point numerical scoring system, using a modified Delphi process and the RAND/University of 
California Los Angeles Appropriateness Method, with refinement and iteration over 2 sessions. Consensus was 
determined based on the distribution of ratings.

Results. Despite a paucity of direct evidence, 74 draft guidance statements were developed by the task force 
and agreed upon with consensus to provide guidance for use of the COVID- 19 vaccines in RMD patients and to offer 
recommendations regarding the use and timing of immunomodulatory therapies around the time of vaccination.

Conclusion. These guidance statements, made in the context of limited clinical data, are intended to provide 
direction to rheumatology health care providers on how to best use COVID- 19 vaccines and to facilitate implementation 
of vaccination strategies for RMD patients.

Due to the rapidly expanding information and evolving evidence related to COVID- 19, which may lead to 
modification of some guidance statements over time, it is anticipated that updated versions of this article 
will be published, with the version number included in the title. Readers should ensure that they are con-
sulting the most current version. A summary of revisions over time and their location is included in the 
Supplementary Tables.

Guidance developed and/or endorsed by the American College of Rheumatology (ACR) is intended to inform 
particular patterns of practice and not to dictate the care of a particular patient. The ACR considers adher-
ence to this guidance to be voluntary, with the ultimate determination regarding its application to be made 
by the physician in light of each patient’s individual circumstances. Guidance statements are intended to 
promote beneficial or desirable outcomes but cannot guarantee any specific outcome. Guidance developed 
or endorsed by the ACR is subject to periodic revision as warranted by the evolution of medical knowledge, 
technology, and practice.

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

mailto:
https://orcid.org/0000-0002-8907-8976
https://orcid.org/0000-0003-0591-2976
https://orcid.org/0000-0002-3225-8351
https://orcid.org/0000-0001-7695-2022
https://orcid.org/0000-0002-0897-2272
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.41877&domain=pdf&date_stamp=2021-06-15


ACR GUIDANCE FOR COVID- 19 VACCINATION IN RMD PATIENTS |      e31

INTRODUCTION

The global pandemic caused by the severe acute respira-
tory syndrome coronavirus 2 (SARS– CoV- 2) has caused untold 
disruption to nearly all aspects of human health globally. The 
substantial morbidity and excess mortality attributed to coronavi-
rus disease 2019 (COVID- 19) has had a major impact on health 
and the delivery of health care. Given the role that rheumatology 
providers have in serving patients with rheumatic and musculo-
skeletal diseases (RMDs) (1), particularly those with autoimmune 
and inflammatory rheumatic diseases (AIIRDs), there is an urgent 
need to optimize strategies to curb the incidence of COVID- 19. 
In addition to preventive measures such as physical distanc-
ing, mask- wearing, handwashing, and shelter- in- place orders, 
the newly available COVID- 19 vaccines provide a powerful tool 
to mitigate the burgeoning growth of adverse outcomes resulting 
from COVID- 19.

Given the leadership role of the American College of Rheu-
matology (ACR) in facilitating dissemination of high- quality 
evidence and promoting best practices for the care of RMD 
patients, the ACR periodically convenes task forces charged 
with developing methodologically rigorous clinical practice 
guidelines and guidance documents. Previous ACR guidelines 
developed for the management of rheumatoid arthritis (RA) and 
psoriatic arthritis (PsA) have included some information regard-
ing optimal use of vaccines for patients with those conditions. 
However, because the immunologic principles related to use 
of vaccines and the impact of vaccine- preventable illnesses 
on patients cross a broad range of RMDs, the ACR altered its 
approach in 2020 and convened a new guideline development 
group to focus exclusively on vaccination. This cross- cutting 
team was charged with developing encompassing vaccina-
tion considerations for all disease and treatment- related areas 
within rheumatology, rather than embedding them into narrower, 
disease- specific clinical practice guidelines.

The development process of ACR guidelines follows a rig-
orous and formal methodology, is based on a reproducible and 
transparent systematic literature review, incorporates panelist 
expertise from rheumatology health care professionals and input 
from related medical experts in other disciplines (e.g., infectious 
disease, epidemiology), includes direct participation by patients 
that reflects their values and preferences, and is typically con-
ducted over an extended time frame (e.g., 1 year or longer). In 
contrast, the ACR develops “guidance” documents when the 
components needed to develop a formal guideline are not pres-
ent, e.g., if the need to provide guidance is more urgent than a 
longer guideline timeline would allow, there is not enough peer- 
reviewed evidence available to conduct a formal literature review, 
or when there is very limited expertise and experience, particu-
larly on the part of patients, to help inform the development of 
recommendations.  In these situations, an expert task force is 
formed to provide the best guidance possible based on the lim-
ited information available. The ACR expects that guidance docu-
ments will need to be updated with some frequency as new data 
become available and greater experience is acquired.

Responding to the need to provide timely guidance to prac-
ticing clinicians, the ACR COVID- 19 Vaccine Guidance Task Force 
was created as a branch of the ACR Vaccine Guideline effort, to 
summarize the available evidence for newly available COVID- 19 
vaccines and to make timely clinical recommendations to rheuma-
tology providers for their optimal use. It relied on a limited evidence 
base derived from clinical trials evaluating the COVID- 19 vaccines 
in non- RMD populations and also included indirect evidence 
regarding the immunogenicity, clinical effectiveness, and safety 
of other vaccines administered to RMD patients receiving various 
immunomodulatory therapies. Armed with this information, task 
force members were asked to extrapolate across diseases and 
integrate relevant basic science and immunologic principles to 
inform the use, timing, and prioritization of the COVID- 19 vaccines 
available in the US and apply them to the care of RMD patients.

The findings and conclusions in this report are those of the authors and 
do not necessarily represent the views of the Centers for Disease Control 
and Prevention/the Agency for Toxic Substances and Disease Registry.
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METHODS

Convening the ACR COVID- 19 Vaccine Guidance 
Task Force and defining the scope of the clinical 
guidance. In October 2020, the ACR began assembling the 
ACR COVID- 19 Vaccination Guidance Task Force. Invitations 
were made following a general solicitation sent to the broad 
ACR membership seeking interested volunteers. The task force 
consisted of 13 members from North America and included 9 
rheumatologists, 2 infectious disease specialists, and 2 public 
health experts. Rheumatology task force members were cho-
sen to represent various areas of specialty expertise within the 
field and to achieve diversity in geographic region, career stage, 
practice setting, sex, and race/ethnicity, while also ensuring that 
the majority of task force members had no conflicts of inter-
est. The task force defined the intended scope of the guidance 
based on input from individual members, and external input was 
obtained informally from various stakeholders. The process was 
informed by the previously published ACR Guidance for the 
Management of Rheumatic Disease in Adult Patients During the 
COVID- 19 Pandemic (2). The scope of this guidance includes 
clinically relevant questions that were intended to inform rheu-
matology patient care related to COVID- 19 vaccination and 
treatment considerations around the time of vaccination. The 
scoping questions were agreed upon by all panel members at 
an initial teleconference conducted on December 14, 2020.

Developing the evidence summary. The task force 
was divided into teams that worked in parallel, each charged with 
summarizing the published literature and other available evidence 
spanning 4 topics: 1) the efficacy, immunogenicity, and safety data 
derived from clinical trials of late- stage (i.e., phase III) COVID- 19 
vaccines ongoing within the US or COVID- 19 vaccines already 
available under the US Food and Drug Administration (FDA) 
Emergency Use Authorization (EUA) act; 2) the epidemiology of 
COVID- 19 risk and outcomes in RMD patients; 3) the attenuation 
of immunogenicity to other vaccines (e.g., influenza, pneumococ-
cal) associated with certain immunomodulatory therapies; and 
4) the safety profile (e.g., disease flare, new- onset autoimmune 
conditions) of non– COVID- 19 vaccines in RMD populations. The 
scoping questions were grouped into these domains and distrib-
uted to the teams, which were tasked with gathering and summa-
rizing evidence that addressed the questions within their assigned 
domains.

The task force agreed that the intended audience for the 
guidance was rheumatology health care providers managing 
their individual patients, but they felt that some attention should 
be directed to a societal perspective, when relevant, around the 
availability of COVID- 19 vaccines and prioritization for individuals 
with RMDs. The task force took the perspective of developing 
guidance for a US audience, particularly in view of the fact that 
the review of COVID- 19 vaccine clinical trials was US- focused. 

Recognizing that RMD patients exhibit high variability with respect 
to their underlying health conditions, disease severity, treatments, 
and degree of multimorbidity, these considerations were noted 
as important facets of individualizing care. Therefore, this guid-
ance was not intended to supersede the judgment of rheuma-
tology care providers nor override the values and perspectives 
of their patients. Foundational principles, guiding assumptions, 
and acknowledged limitations were discussed and agreed upon 
throughout the process (Table 1) and are discussed in this docu-
ment where most relevant.

Development of the evidence review summary doc-
ument. Given the accelerated time frame for guidance devel-
opment, a nonsystematic evidence review was completed and 
included serial PubMed searches supplemented by postings from 
the Centers for Disease Control and Prevention (CDC); briefings and 
other documents available from the FDA, such as dossiers sub-
mitted by vaccine manufacturers and transcripts of data presented 

Table 1. Foundational principles, assumptions, and considerations 
for the guidance statements*

ACR guidance statements are not intended to supersede the 
judgment of rheumatology care providers nor override the 
values and perspectives of their patients. Guidance was based 
on weak and/or indirect evidence and required substantial 
extrapolation by an expert task force. All statements, therefore, 
should be considered conditional or provisional. The ACR is 
committed to updating this guidance document as new 
evidence emerges.

The rheumatology community lacks important knowledge on how 
to best maximize vaccine- related benefits. RMD patients exhibit 
high variability with respect to their underlying health condition, 
disease severity, treatments, degree of multimorbidity, and 
relationship with their specialist provider. These considerations 
must be considered when individualizing care.

There is no direct evidence about mRNA COVID- 19 vaccine safety 
and efficacy in RMD patients. Regardless, there is no reason to 
expect vaccine harms will trump expected COVID- 19 vaccine 
benefits in RMD patients.

The future COVID- 19 landscape is uncertain with respect to 
vaccine effectiveness and safety, uptake, durability, mitigating 
societal behavior, and emerging viral strain variants. Clinicians 
nevertheless must act with their best judgment despite this 
highly uncertain and rapidly changing landscape.

The risk of deferring vaccination and thus failing to mitigate 
COVID- 19 risk should be weighed against a possible blunted 
response to the vaccine if given under suboptimal 
circumstances. As a practical matter, this tension must be 
resolved in the context of imperfect prediction as to whether 
those circumstances may be transient as well as a paucity of 
scientific evidence.

Both individual and societal considerations related to a limited 
vaccine supply should be considered in issuing vaccine 
guidance and making policy decisions. Given that context, 
simplicity should be the touchstone: to avoid confusion, 
improve implementation, and maintain scientific credibility.

In the future, the ability to give an additional vaccine booster (if 
proven necessary or beneficial) will no longer be constrained by 
limited supplies. Any vaccination strategy is a reasonable 
starting point, and decisions about implementation details 
reflect tradeoffs in the allocation of scarce vaccine resources.

* ACR = American College of Rheumatology; RMD = rheumatic and 
musculoskeletal disease; COVID- 19 = coronavirus disease 2019. 
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at the FDA’s Vaccines and Related Biological Products Advisory 
Committee meetings (3,4); and other electronic media sources. 
References and original articles related to vaccination were culled 
from the systematic literature reviews developed for ACR guidelines 
for the management of RA in 2012, 2015, and 2021 (5–7), PsA in 
2018 (8), and vaccination guidelines for RMD patients published by 
EULAR in 2019 (9–11). Articles were dated 1994 through January 
2021 (English language, domestic and inter  national).

The scoping questions and the relevant evidence reviews 
contributed by team members were collated into a single evi-
dence summary document, which was disseminated by email to 
the entire task force for review 2 days prior to initial ratings. Follow-
ing the development of the evidence summary, regular PubMed 
searches were undertaken over the next 6 weeks, and new evi-
dence was shared with the task force prior to follow- up webinars. 
As no direct evidence was anticipated to be immediately avail-
able for use of the COVID- 19 vaccine in RMD patients, no formal 
assessment of evidence quality (e.g., using Grading of Recom-
mendations Assessment, Development and Evaluation meth-
odology [12]) was attempted, and all evidence was assumed to 
be indirect. For this reason, all guidance statements should be 
considered as provisional, or “conditional,” until further evidence 
becomes available.

Initial ratings. The standard guideline development pro-
cesses currently used by the ACR (13) were deemed to be too 
time- intensive to be feasible, given the immediate need for the 
guidance document. Therefore, following distribution of the evi-
dence review document, the scoping questions were transformed 
into proposed positive statements for which task force mem-
bers were asked to rate their initial agreement or disagreement. 
These statements were grouped into 4 broad categories: 1) gen-
eral medical considerations that provided foundational informa-
tion for the guidance document; 2) specific recommendations 
related to COVID- 19 vaccination in RMD patients; 3) treatment- 
specific considerations regarding the timing of COVID- 19 vacci-
nation; and 4) the timing of RMD treatments in relation to vaccine 
administration.

A modified Delphi approach conducted as part of the RAND/
University of California at Los Angeles Appropriateness Method 
(14) was used for guidance development. This method has been 
used for some past ACR guidelines and the more recent ACR 
COVID- 19 guidance (15); it has been shown to be reproduc-
ible and to have content, construct, and predictive validity. Using 
this method, an initial round of rating was conducted anonymously 
by email. Task force members were asked to rate their level of 
agreement, and all votes were weighted equally. Voting was com-
pleted using a numerical rating scale of 1– 9 for all items. Ratings 
of 9 corresponded to “complete agreement,” 5 to “uncertain,” and 
1 to “complete disagreement.” Median ratings for each statement 
falling into intervals of 1– 3, 4– 6, and 7– 9 were interpreted as dis-
agreement, uncertainty, and agreement, respectively. Agreement 

with each of the proposed guidance statements submitted by 
individual panel members was tabulated for the entire panel and 
used to classify consensus. Consensus was deemed “strong” 
when all 13 panel members’ ratings fell within a single tertile (e.g., 
7– 9, indicative of agreement); all other combinations were consid-
ered to reflect “moderate” consensus. A lack of consensus was 
identified when the median rating fell into the uncertain range (4– 6 
interval), or more than one- quarter of the ratings fell into the oppo-
site extreme tertile from the median (e.g., ≥4 panelists rated 1– 3 
[disagree] when the overall median rating was in the 7– 9 [agree] 
range) (14).

Review and iteration for the ratings of the proposed 
guidance statements by the task force. Results from the 
first round of rating were reviewed and discussed in a task force 
webinar on January 15, 2021. Discussion was focused on state-
ments for which there was no consensus. Individuals were given 
the opportunity to comment on all items presented in the initial 
rating process. Informed by voting results and the group discus-
sion, the task force members refined the wording of several of the 
rated statements.

Revised statements were sent back to task force members 
and agreement was again assessed by email, using the same 
scoring approach described above. Results from the second 
round of voting were presented to the task force via webinar on 
January 22, 2021, and minor text revisions were made iteratively 
in real time until consensus was achieved. A draft manuscript 
was developed describing the results of the rating process, and 
all coauthors were given an opportunity to provide direct edits 
to the document. The ACR Guidance Subcommittee and ACR 
Quality of Care Committee were given the document in order to 
provide feedback. It was subsequently sent to the ACR Board of 
Directors, which approved these recommendations on February 
8, 2021. Public vetting of the guidance document was held via an 
electronic and widely publicized “town hall” held on February 16, 
2021 that was open to ACR members and the public, with ques-
tions solicited in advance and during the town hall webinar. Finally, 
given the multitude of uncertainties and evidence gaps consid-
ered by the task force, the panel proposed a research agenda of 
high- impact topics that would advance the science and inform 
the optimal use of COVID- 19 vaccines in RMD patients treated 
with immunomodulatory therapies. After publication, an ACR proj-
ect librarian will refresh the specified literature search on a regular 
basis and submit new articles to the task force for review, and 
this document will be updated through a similar process as new 
evidence emerges.

RESULTS

Of the 76 guidance statements considered across the 2 
rounds of ratings, 74 were rated with a median score of 7, 8, or 9 
(i.e., agreement), and 2 of them were not agreed upon. Among the 
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74 statements achieving agreement, consensus was strong for 16 
and moderate for the remainder. One guidance statement related 
to COVID- 19 vaccination in children age <16 years was rated with 
a median value of 5 (uncertain) by the task force, in part reflecting 
the desire to obtain more feedback from pediatric rheumatology 
providers. Additional input was therefore sought from the ACR 
Pediatric Rheumatology Clinical Guidance Task Force. This task 
force recognized the practical considerations related to the lack of 
any COVID- 19 vaccine being currently available in the US under an 
FDA EUA for children younger than age 16 years, although it rec-
ognized that ≥1 COVID vaccine clinical trial has enrolled patients as 
young as age 12 years (ClinicalTrials.gov identifiers: NCT04649151 
and NCT04368728) (16,17). It also acknowledged a dearth of evi-
dence in children with RMDs regarding both the epidemiology of 
COVID- 19 and the resulting complications. Therefore, the Pediatric 
Task Force recommended to await additional evidence from clini-
cal trials regarding the safety and effectiveness of COVID- 19 vac-
cination in children before providing formal guidance statements, 
with the expectation that once such evidence becomes available, 
this topic will be revisited. The second statement for which the 
task force was unable to reach consensus relates to vaccination in 
the context of ongoing treatment with high- dose glucocorticoids, 
discussed in detail below.

General considerations related to vaccination 
against COVID- 19 in patients with RMDs. Twelve guidance 
statements related to general considerations of COVID- 19 vacci-
nation in RMD patients achieved consensus (Table 2). Statements 
were descriptively categorized into ≥1 domain to facilitate ease of 
reference. The panel concurred that rheumatology health care pro-
viders were responsible for engaging RMD patients in discussions 
to assess whether they had been vaccinated against COVID- 19 
and to document related details (e.g., which vaccine had been 
administered, timing of vaccination, whether the series had been 
completed). For those not vaccinated, and similar to other vacci-
nation guidelines for immunocompromised patients such as those 
from the Infectious Diseases Society of America, it was thought 
that the rheumatology provider should share responsibility with the 
patients’ primary care provider (when available) to ensure appropri-
ate vaccinations are administered (18,19). Rheumatology providers 
should also engage patients in a shared decision- making process to 
discuss the following: their attitudes, intent, and concerns related to 
vaccination; local incidence of COVID- 19; individual circumstances 
(e.g., disease activity, medications, comorbidities) that may affect 
risk; ability to adhere to nonpharmacologic public health interven-
tions; and vaccine efficacy and potential safety concerns (e.g., local 
or systemic reactogenicity, potential for disease worsening or flare).

Table 2. General considerations related to COVID- 19 vaccination in patients with RMD*

Statement domain, 
guidance no. Guidance statement

Level of task force 
consensus

Clinical practice, 1 The rheumatology health care provider is responsible for engaging the 
RMD patient in a discussion to assess COVID- 19 vaccination status.

Strong

Clinical practice, 2 The rheumatology health care provider is responsible for engaging the 
RMD patient in a shared decision- making process to discuss receiving 
the COVID- 19 vaccine.

Moderate

Epidemiology, 3 AIIRD patients are at higher risk for incident viral infections compared to 
the general population.

Moderate

Epidemiology, 4 After considering the influence of age and sex, AIIRD patients are at higher 
risk for hospitalized COVID- 19 compared to the general population.

Moderate

Epidemiology, 5 Acknowledging heterogeneity due to disease-  and treatment- related 
factors, AIIRD patients have worse outcomes associated with COVID- 19 
compared to the general population of similar age and sex.

Moderate

Epidemiology, 6 Across AIIRD conditions,and within any specific disease, there is 
substantial variability in disease-  and treatment- related risk factors for 
COVID- 19 that may put some patients at higher risk than others.†

Moderate

Public health, 7 Based on increased risk for COVID- 19, AIIRD patients should be prioritized 
for vaccination before the nonprioritized general population of similar 
age and sex.

Moderate

Vaccine safety, 8 Beyond known allergies to vaccine components, there are no known 
additional contraindications to COVID- 19 vaccination for AIIRD patients.

Moderate

Vaccine effectiveness, 9 The expected response to COVID- 19 vaccination for many AIIRD patients 
receiving systemic immunomodulatory therapies is likely to be blunted 
in its magnitude and duration compared to the general population.

Moderate

Disease- related, 10 As a general principle, vaccination should optimally occur in the setting of 
well- controlled AIIRD.

Moderate

Disease- related, 11 A theoretical risk exists for AIIRD flare or disease worsening following 
COVID- 19 vaccination.

Moderate

Vaccine safety, 12 The benefit of COVID- 19 vaccination for RMD patients outweighs the 
potential risk for new-onset autoimmunity.

Moderate

* COVID- 19 = coronavirus disease 2019; RMD = rheumatic and musculoskeletal disease.
† For examples of these autoimmune and inflammatory rheumatic disease (AIIRD) conditions, see Supplementary Table 1, on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41877/ abstract. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41877/abstract
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The epidemiology of viral infection risk in RMD patients, and 
specifically, the risk for infection due to SARS– CoV- 2, was then dis-
cussed. For this topic, the task force elected to narrow the scope of 
the patient population under consideration and define a presumably 
higher- risk subgroup of patients with RMDs. Some RMD conditions 
would include those managed by rheumatology providers but not 
generally associated with high levels of systemic inflammation (e.g., 
osteoarthritis, fibromyalgia, osteoporosis) and for which conven-
tional, biologic, or targeted synthetic disease- modifying antirheu-
matic drugs (DMARDs) or other therapies with immunosuppressive 
effects are typically not indicated. The patient population was thus 
restricted to those with AIIRDs (see Supplementary Table 1 for defi-
nitions, available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41877/ abstract). Among 
these individuals, the risk for incident viral infections (e.g., herpes 
zoster) was rated as being higher than for the general population 
(20–22). There was also agreement that AIIRD patients are likely to 
be at increased risk for hospitalized SARS– CoV- 2 infection (23–27) 
and that age, race/ethnicity (especially for underrepresented minor-
ities), and sex were important risk factors that needed to be consid-
ered (28–31) in evaluating risk at the individual patient level.

Multimorbidity was felt to likewise play an important role in 
the risk for developing COVID- 19. While some population- based 
epidemiologic studies of COVID- 19 incidence and outcomes in 
AIIRD patients have controlled for general multimorbidity or spe-
cific comorbidities (23,24,32), the panel recognized that some 
comorbidities that increase infection risk were shared risk factors 
for development of AIIRDs (e.g., smoking and related pulmonary 
conditions associated with incident RA). These may represent 
direct manifestations such as interstitial lung disease associ-
ated with some AIIRDs, or they could be downstream seque-
lae causally related to the underlying inflammatory processes of 
AIIRDs or their treatment (e.g., premature and advanced ath-
erosclerotic vascular disease in systemic lupus erythematosus 
patients; obesity, diabetes, and features of the metabolic syn-
drome in psoriatic arthritis patients or those receiving long- term 
glucocorticoids). For that reason, adjustment for these comor-
bidities might be inappropriate and would underestimate the 
risk of COVID- 19 infection in patients with AIIRDs. Therefore, 
age-  and sex- adjusted risk estimates were preferred by some 
task force members when comparing risk and outcomes of 
 COVID- 19 in AIIRD patients to the general population.

The few large population- based studies of COVID- 19 inci-
dence and outcomes in AIIRD patients had minimal demographic 
diversity, and therefore race/ethnicity could not be easily evaluated 
as an independent risk factor. Finally, the panel acknowledged 
challenges in being able to disentangle the independent role of the 
disease activity and severity of various AIIRDs from the medica-
tions used to treat them (e.g., higher- dose glucocorticoids [33]), so- 
called confounding by severity, as risk factors for worse COVID- 19 
outcomes.

Despite these important methodologic caveats and acknowl-
edged limitations in the evidence base, AIIRD patients were rated 
as having worse outcomes (e.g., need for intensive care unit [ICU] 
treatment, mechanical ventilation, persistent infection, death) fol-
lowing COVID- 19 compared to patients of similar age and sex 
without such conditions (23– 27,34). In terms of the policy impli-
cations of this reasoning, the task force agreed that in general, 
AIIRD patients should be prioritized to be allocated to receive 
vaccination before the nonprioritized general population of similar 
age and sex (35). The panel recognized important heterogeneity 
across AIIRD conditions, such that (for example) an RA patient 
with quiescent disease treated only with hydroxychloroquine likely 
has a lower risk for COVID- 19 and adverse outcomes compared 
to a patient with very active vasculitis treated with intravenous (IV) 
cyclophosphamide or rituximab (RTX) and high- dose glucocorti-
coids (31), although the protection conferred by COVID- 19 vacci-
nation may also differ greatly.

Turning attention to vaccination of individual patients, the 
task force felt that there were no additional known contraindica-
tions to receipt of the COVID- 19 vaccine other than known aller-
gies to vaccine components as stipulated by guidance from the 
CDC (36). Extrapolating evidence derived from studies of other 
vaccines, the expected response to vaccination in many AIIRD 
patients receiving certain systemic immunomodulatory therapies 
was deemed likely to be blunted, albeit with uncertain diminution 
in either the magnitude or duration of response compared to the 
general population (36,37). The task force acknowledged a pau-
city of direct evidence supporting this assertion and placed great 
importance on prioritizing this topic as part of a future research 
agenda. The timing of vaccination was considered more ideal in 
the setting of well- controlled disease, yet the task force noted that 
patients and their providers should not be dissuaded from vac-
cination under less- than- ideal conditions, with additional timing 
considerations as discussed below.

Based on data derived from the published literature, a 
potential risk for a flare of the patient’s underlying AIIRD fol-
lowing vaccination was acknowledged. For example, based on 
randomized controlled trial data (38), the frequency of flare was 
higher in RA patients randomized to have methotrexate (MTX) 
withheld at the time of influenza vaccination compared to those 
randomized to continue (10.6% versus 5.1%, respectively), 
with flare defined as an increase in the Disease Activity Score 
in 28 joints (DAS28) of >1.2, or >0.6 if the baseline DAS28 was 
≥3.2 (39). A subsequent pooled analysis that included that trial 
and another showed that while the mean change in DAS28 
did not differ between groups, the adjusted flare rate in the 
2- week withhold group (MTX withhold) was 2.90- fold higher 
(95% confidence interval 0.96– 4.56; P = 0.063) compared to 
the group that continued MTX (MTX continue), with a differ-
ence in proportions experiencing flare of 10.8% (MTX withhold 
group) versus 5.8% (MTX continue group) (38,40–42). This risk 

http://onlinelibrary.wiley.com/doi/10.1002/art.41877/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41877/abstract
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of flare or disease worsening was catalogued as an important 
topic slated for the future research agenda. Finally, although 
some new- onset AIIRDs (e.g., RA, vasculitis) or flares of preex-
isting AIIRDs have been reported after COVID- 19 in published 
case reports (43,44), the expected benefit of vaccination for 
AIIRD patients was thought to outweigh any theoretical risk for 
the development of new- onset autoimmune conditions or other 
potentially immune- mediated manifestations or abnormalities 
(e.g., Bell’s palsy, Guillain- Barré syndrome, anti- RNA antibodies 
in systemic lupus erythematosus patients, immune thrombocy-
topenic purpura) following vaccination.

Indications for vaccination and timing consider-
ations. As summarized in Table 3, and consistent with guidance 
from the CDC for the general US population, the panel recom-
mended that RMD and AIIRD patients be offered and receive vac-
cination against SARS– CoV- 2. Discussion was held regarding the 
age cutoff for vaccination, and the panel agreed that guidance 
should be made consistent with the EUA of available vaccines 
(i.e., age ≥16 years as of January 2021), with the potential for that 
cutoff to change in the future based on future revisions to EUAs 
for existing vaccines, forthcoming EUAs for new vaccines, or age 
restrictions applicable to FDA licensure.

Table 3. Recommendations for use of the COVID- 19 vaccine in RMD patients*

Statement domain, 
guidance no. Guidance statement

Level of task force 
consensus

Clinical practice, 13 RMD patients should be offered COVID- 19 vaccination, consistent 
with the age restriction of the EUA and/or FDA approval.†

Strong

Clinical practice, 14 RMD patients should receive COVID- 19 vaccination, consistent with 
the age restriction of the EUA and/or FDA approval.†

Moderate

Clinical practice, 15 AIIRD patients should receive COVID- 19 vaccination, consistent with 
the age restriction of the EUA and/or FDA approval.†

Moderate

Clinical practice, 16 RMD patients without an AIIRD who are receiving 
immunomodulatory therapy should be vaccinated in a similar 
manner as described in this guidance as AIIRD patients receiving 
those same treatments.

Moderate

Vaccine effectiveness/safety, 17 Based on the data for the mRNA COVID- 19 vaccines available in the 
US, there is no preference for one COVID- 19 vaccine over another.‡ 
Therefore, AIIRD patients should receive either vaccine available to 
them.

Moderate

Vaccine effectiveness, 18 For a multidose vaccine, AIIRD patients should receive the second 
dose of the same vaccine, even if there are nonserious adverse 
events associated with receipt of the first dose, consistent with 
timing described in CDC guidelines (30).

Strong

Clinical practice, 19 Health care providers should not routinely order any laboratory 
testing (e.g., antibody tests for IgM and/or IgG to spike or 
nucleocapsid proteins) to assess immunity to COVID- 19 
postvaccination, nor to assess the need for vaccination in an 
as- yet- unvaccinated person.

Strong

Public health, 20 Following COVID- 19 vaccination, RMD patients should continue to 
follow all public health guidelines regarding physical distancing 
and other preventive measures.

Strong

Clinical practice/public health, 21 Household members and other frequent close contacts of AIIRD 
patients should undergo COVID- 19 vaccination when available to 
them to facilitate a “cocooning effect” that may help protect the 
AIIRD patient. No priority for early vaccination is recommended for 
household members.

Moderate

Vaccine effectiveness/disease- related, 22 Except for AIIRD patients with life- threatening disease (e.g., in the 
ICU for any reason), COVID vaccination should occur as soon as 
possible for those for whom it is being recommended, irrespective 
of disease activity and severity.

Strong

Vaccine effectiveness/disease- related, 23 In AIIRD patients with life- threatening disease (e.g., in the ICU for any 
reason), COVID- 19 vaccination should be deferred until their 
disease is better controlled.

Moderate

Vaccine effectiveness/disease- related, 24 AIIRD patients with active but non– life- threatening disease should 
receive COVID- 19 vaccination.

Strong

Vaccine effectiveness/disease- related, 25 AIIRD patients with stable or low disease activity AIIRDs should 
receive COVID- 19 vaccination.

Strong

Vaccine effectiveness/disease- related, 26 AIIRD patients not receiving immunomodulatory treatments should 
receive the first dose of the COVID- 19 vaccine prior to initiation of 
immunomodulatory therapy when feasible.

Moderate

* COVID- 19 = coronavirus disease 2019; RMD = rheumatic and musculoskeletal disease; EUA = Emergency Use Authorization; FDA = Food and 
Drug Administration; AIIRD = autoimmune and inflammatory rheumatic disease; CDC = Centers for Disease Control and Prevention; ICU = 
intensive care unit. 
† Age ≥16 years as of January 2021. 
‡ See text for further contextual information. 
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Recommendations on which patients should be vacci-
nated were extended to patients with RMDs who did not have 
conditions typically considered to be AIIRDs but for which 
immunomodulatory or DMARD therapies might be used off- 
label. For example, patients with erosive osteoarthritis might 
receive MTX, or gout patients treated with pegloticase might be 
concomitantly treated with MTX to reduce pegloticase immu-
nogenicity. These circumstances, in which MTX or another 
immunomodulatory therapy is being used for a non- AIIRD con-
dition, would be treated synonymously with the guidance for 
MTX offered in this document. However, within the category of 
patients with AIIRDs and/or those receiving immunomodulatory 
therapies, substantial heterogeneity of disease-  and treatment- 
related risk factors was noted. Some AIIRD patients were 
expected to be at higher risk for infection and morbidity than 
others, and thus the impetus for COVID- 19 vaccination might 
be stronger for some individual patients or patient groups (e.g., 
patients with systemic lupus erythematosus receiving cytotoxic 
therapy and higher- dose glucocorticoids, or patients receiving 
RTX therapy), although the vaccine might be less effective in 
these same individuals.

Extensive discussion was held regarding whether consider-
ation for a particular vaccine or vaccine platform (e.g., messen-
ger RNA [mRNA] versus adenoviral vector) might be preferred in 
general, or for select patients, based on potential differences in 
effectiveness or safety. Based on the task force members’ ratings 
and the vaccine options in the US, the expert panel reached con-
sensus on the guidance that RMD patients undergoing vaccina-
tion are recommended to receive whichever SARS– CoV- 2 mRNA 
vaccine is available to them. Whether to extend this same lack of 
preference to include the viral vector vaccines was debated, and 
a range of opinion within the expert panel was observed (ratings 
ranged from 4 to 9). The discussion included the potential risk 
of thrombosis in select patient groups receiving viral vector vac-
cines. Given the safety concerns raised by the FDA and CDC in 
the early weeks of April 2021, the decision to rate the preference 
for mRNA versus adenoviral vector vaccines was held in abey-
ance by the task force. Further deliberations will occur as new 
information becomes available. On April 23, 2021, the Advisory 
Committee on Immunization Practices lifted the pause on Jans-
sen’s adenoviral vector–based vaccine; there is no preference for 
one type of approved COVID-19 vaccine over another (35). The 
task force noted that none of the SARS– CoV- 2 vaccine candi-
dates in development would be classified as a canonical live virus 
vaccine, including the adenoviral vector– based vaccines which 
are replication deficient (45). Thus, the usual prohibitions against 
the use of live virus vaccines in immunosuppressed patients does 
not apply. High importance was placed on updating this guidance 
document as additional data emerge.

Following receipt of the first dose in a vaccine series, 
patients were recommended to receive the second dose of 
the same type of vaccine, assuming no contraindication to the 

second dose per CDC guidance (e.g., a severe allergic reaction, 
or an immediate allergic reaction of any severity to the vaccine 
or any of its components, including polyethylene glycol) (35,46). 
Persons who develop SARS– CoV- 2 infection between the first 
and second dose of a 2- dose vaccine series should delay the 
second dose until they have recovered from the acute illness (if 
symptomatic) and discontinued isolation, and then they should 
receive the second dose without delay (35,46). Consistent 
with CDC guidance (34), SARS– CoV- 2– infected patients who 
received monoclonal antibodies (e.g., bamlanivimab, casiriv-
imab, imdevimab) or convalescent plasma as part of treatment 
for COVID- 19 should defer vaccination for ≥90 days following 
receipt of antibody therapy.

Thus far, there is no proven laboratory- based immune corre-
late of protection against SARS– CoV- 2 following natural infection 
or vaccination. Moreover, some commercially available SARS– 
CoV- 2 serologic assays do not detect antibody responses to 
spike protein generated by the currently available mRNA vac-
cines, but rather measure antibodies to  nucleocapsid protein. 
Therefore, the task force recommended that health care pro-
viders not do any of the following: routinely order laboratory 
testing to assess the need for vaccination in an unvaccinated 
person, screen for asymptom atic SARS– CoV- 2 shedding, or 
assess SARS– CoV- 2 immunity following vaccination. The task 
force expressed strong interest in modifying this guidance once 
additional data evolve regarding the potential utility of laboratory- 
based testing that might be helpful in select patients. House-
hold members and other frequent close contacts of AIIRD 
patients were recommended to undergo COVID- 19 vaccination 
when available, in order to them to facilitate a “cocooning effect” 
that may help protect at- risk AIIRD patients. However, the priority 
for vaccination for these close contacts should not be elevated 
for this reason.

A series of statements was rated by the panel with respect 
to the general timing of COVID- 19 vaccination in relation to AIIRD 
disease activity, again acknowledging a dearth of direct evi-
dence. Except for those with severe and life- threatening illness 
(e.g., a hospitalized patient receiving treatment in the ICU for 
any condition), vaccination was recommended irrespective of 
disease activity and severity. Even for ICU- treated patients for 
whom vaccination was recommended to be deferred for a short 
time, the task force felt that when the patient was well enough 
to be discharged from the hospital, vaccination would likely be 
appropriate. Acknowledging a balance between vaccinating and 
obtaining a blunted but still modest response, and the duty to 
allocate vaccine resources toward the settings in which they are 
likely to have the greatest benefit, the panel identified this scenario 
as an important evidence gap. For AIIRD patients in other set-
tings, including those with either active but non– life- threatening 
disease, and certainly for patients with stable and/or low disease 
activity, vaccination was recommended. Finally, patients naive 
to or not currently receiving immunomodulatory therapies were 
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recommended to receive their first dose of vaccine without delay. 
Additional considerations for medication timing are subsequently 
discussed.

Treatment- specific timing of vaccination. Guidance 
regarding optimizing the timing of COVID- 19 vaccination in rela-
tion to the use of various immunomodulatory therapies is provided 
in Table 4. There was recognition that the ability to carefully time 
COVID- 19 vaccination is sometimes limited in a real- world setting, 
and the overarching view was that COVID- 19 vaccination should 
be given rather than not given if timing in relation to immunomod-
ulatory drugs is not under the provider’s or patient’s control.

Strong consensus was achieved regarding the statement to 
not delay COVID- 19 vaccination for patients receiving hydroxy-
chloroquine, sulfasalazine, leflunomide, apremilast, or IV immu-
noglobulin (10,47). A similar recommendation with moderate 
consensus was achieved for most of the remaining immunomod-
ulatory therapies considered (48–59).

One exception was RTX (10,11,60–64), for which the panel 
recommended to schedule vaccination such that the vaccine 
series would be initiated ~4 weeks prior to the next scheduled 
RTX dose. For example, a patient receiving RTX as a 2- dose cycle 
(spaced 2 weeks apart), with cycles repeating every 6 months, 
would be recommended to initiate vaccination ~5 months after the 
start of the prior RTX cycle. RTX dosing could then be resumed 
2– 4 weeks after the second COVID- 19 vaccination, as discussed 
in the next section. Those receiving RTX cycles at 4- month inter-
vals would initiate vaccination 3 months after the prior RTX cycle. 
In order to follow this recommendation, the task force invoked 
the assumption that a patient’s COVID- 19 risk was low or able to 
be mitigated by preventive health measures. The rationale for this 

recommendation comes from a single study demonstrating min-
imal response to influenza vaccination in 11 patients vaccinated 
4– 8 weeks after RTX treatment, with modestly restored responses 
in patients vaccinated 6– 10 months after their last RTX dose (65).

As the second statement for which consensus was not 
achieved, the panel was uncertain about whether to delay vac-
cination if an AIIRD patient was receiving glucocorticoids at a 
prednisone- equivalent dose of ≥20  mg per day. Controversy 
stemmed as to whether vaccine response might be blunted in this 
circumstance, which may relate to the glucocorticoids themselves 
or to the presumably high disease activity and severity (66,67). 
Other factors discussed included the disease being treated and 
the medical management considerations if the patient were 
to manifest systemic reactogenicity (e.g., persistent high fever). 
Concern regarding an attenuated response to the vaccine in this 
circumstance would be partially mitigated if there was a possibility 
to later order serologies or other laboratory tests, and clinicians 
were able to assess vaccine- induced immunity and administer 
a booster or revaccinate if needed. However, such laboratory- 
based correlates of protection are not currently available, and 
the task force did not expect that the opportunity to revaccinate 
would be readily at hand.

Use and timing of immunomodulatory therapies in 
relation to COVID- 19 vaccination administration. No evi-
dence was found to support concern regarding the use or tim-
ing of immunomodulatory therapies in relation to vaccine safety, 
and guidance regarding medication timing (Table 5) was therefore 
given in light of the intent to optimize vaccine response. For most 
therapies, the task force recommended that no changes be made 
with respect to interrupting or otherwise optimizing the timing 

Table 4. Guidance related to the timing of COVID- 19 vaccination in relation to use of immunomodulatory therapies in RMD 
patients*

Medication(s)
COVID- 19 vaccine administration  

timing considerations
Level of task force  

consensus
Hydroxychloroquine; sulfasalazine; leflunomide; 

apremilast; IVIG
Do not delay or adjust vaccine administration 

timing.
Strong

Methotrexate; mycophenolate mofetil; 
azathioprine; cyclophosphamide (IV or oral); 
TNFi; IL- 6R; IL- 1R; IL- 17; IL- 12/23; IL- 23; 
belimumab; JAK inhibitors; abatacept (IV or SC); 
oral calcineurin inhibitors; GCs (prednisone- 
equivalent dose <20 mg/day)†

Do not delay or adjust vaccine administration 
timing.

Moderate

Rituximab Assuming that a patient’s COVID- 19 risk is low 
or able to be mitigated by preventive health 
measures (e.g., self- isolation), schedule 
vaccination so that the vaccine series is 
initiated ~4 weeks prior to next scheduled 
rituximab cycle.

Moderate

* COVID- 19 = coronavirus disease 2019; RMD = rheumatic and musculoskeletal disease; IVIG = intravenous immunoglobulin; 
TNFi = tumor necrosis factor inhibitor; SC = subcutaneous. 
† Examples of cytokine and kinase inhibitors include the following: for interleukin-6 receptor (IL-6R), sarilumab and tocilizumab; 
for IL-1 receptor antagonist (IL-1Ra), anakinra and canakinumab; for IL-17, ixekizumab and secukinumab; for IL-12/IL-23, 
ustekinumab; for IL-23, guselkumab and rizankizumab; for JAK inhibitors, baricitinib, tofacitinib, and upadacitinib. Consensus 
was not reached for patients receiving glucocorticoids (GCs) at prednisone-equivalent doses of ≥20 mg/day. 
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of immunomodulatory therapy (10,68,69). Based on preexisting 
data on the impact of mycophenolate on non– COVID- 19 vaccine 
immunogenicity (70– 77), and based on emerging data suggesting 
that mycophenolate may impair SARS– CoV- 2 vaccine response 
in RMD and transplant patients (78,79), the task force recom-
mended that mycophenolate be withheld for 1 week following 
each vaccine dose, assuming that disease is stable. Nevertheless, 
panel members recognized that there are no data demonstrat-
ing that withholding mycophenolate for 1 week will ameliorate the 

negative impact that mycophenolate has on patient responses to 
COVID- 19 vaccines.

For MTX, the panel recommended that MTX be withheld 
1  week after each mRNA vaccine dose for those with well-
controlled disease, based on data from influenza vaccines 
(38,41,42,80,81) and pneumococcal vaccines (82,83). The rec-
ommendation to withhold MTX for only a single week, rather than 
the 2- week interruption tested in a RA influenza vaccine trial, 
was based upon practical considerations for the complexity of 

Table 5. Guidance related to the use and timing of immunomodulatory therapies in relation to COVID- 19 vaccination administration 
in RMD patients*

Medication(s)
Immunomodulatory therapy 

timing considerations
Level of task force 

consensus
Hydroxychloroquine; apremilast; IVIG; GCs (prednisone- 

equivalent dose <20 mg/day)
No modifications. Strong

Sulfasalazine; leflunomide; azathioprine; 
cyclophosphamide (oral); TNFi; IL- 6R; IL- 1R; IL- 17; 
IL- 12/23; IL- 23; belimumab; oral calcineurin inhibitors; 
GCs (prednisone- equivalent dose ≥20 mg/day)†

No modifications. Moderate

Mycophenolate Assuming that disease is stable, withhold for 
1 week following each vaccine dose.

Moderate

Methotrexate Hold methotrexate for 1 week after each of the 
2 mRNA vaccine doses, for those with 
well-controlled disease; no modifications to 
vaccination timing.

Moderate

Methotrexate Withhold methotrexate 2 weeks after single- 
dose COVID- 19 vaccination, for those with 
well- controlled disease.

Moderate

JAK inhibitors† Withhold JAK inhibitors for 1 week after each 
vaccine dose.

Moderate

Abatacept (SC) Withhold abatacept both 1 week prior to and 
1 week after the first COVID- 19 vaccine dose 
only; no interruption around the second 
vaccine dose.

Moderate

Abatacept (IV) Time administration so that the first vaccination 
will occur 4 weeks after abatacept infusion 
(i.e., the entire dosing interval), and postpone 
the subsequent abatacept infusion by 1 week 
(i.e., a 5- week gap in total); no medication 
adjustments for the second vaccine dose.

Moderate

Cyclophosphamide (IV) Time cyclophosphamide administration so that 
it will occur ~1 week after each vaccine dose, 
when feasible.

Moderate

Acetaminophen, NSAIDs Assuming that disease is stable, withhold for 
24 hours prior to vaccination (no restrictions 
on postvaccination use to treat symptoms).

Moderate

Rituximab Assuming that patient’s COVID-19 risk is low or is 
able to be mitigated by preventive health 
measures (e.g., self-isolation), schedule 
vaccination so that the vaccine series is 
initiated ~4 weeks prior to next scheduled 
rituximab cycle; after vaccination, delay 
rituximab 2– 4 weeks after final vaccine dose if 
disease activity allows.

Moderate

* Guidance to withhold a therapy was made based on the assumption that the patient had well- enough controlled disease to allow for
a temporary interruption; if not, decisions should be made on a case- by- case basis considering the circumstances involved. For details 
on the history of updates to these guidance statements, see Supplementary Table 5, on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41877/ abstract. COVID- 19 = coronavirus disease 2019; RMD = rheumatic and musculoskeletal 
disease; IVIG = intravenous immunoglobulin; GCs = glucocorticoids; TNFi = tumor necrosis factor inhibitor; SC = subcutaneous; NSAIDs =  
nonsteroidal antiinflammatory drugs. 
† Examples of cytokine and kinase inhibitors include the following: for interleukin- 6 receptor (IL- 6R), sarilumab and tocilizumab; for 
IL- 1 receptor antagonist (IL- 1Ra), anakinra and canakinumab; for IL- 17, ixekizumab and secukinumab; for IL- 12/IL- 23, ustekinumab; for 
IL- 23, guselkumab and rizankizumab; for JAK inhibitors, baricitinib, tofacitinib, and upadacitinib. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41877/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41877/abstract
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withholding MTX for 2 weeks around each of the 2 vaccine doses 
that are spaced 3– 4 weeks apart and the potential for flare associ-
ated with withholding MTX for this long. For that reason, interrupt-
ing MTX for only 1 week around the time of each of the vaccine 
doses was recommended. In contrast, for single- dose COVID 
vaccine, the task force recommended that MTX be withheld for 
2  weeks, which is consistent with the influenza vaccine MTX 
guidelines. Guidance was given for JAK inhibitors based on con-
cern related to the effects of this medication class on interferon 
signaling that may result in a diminished vaccine response (84,85). 
Given the immunologic considerations related to this concern (86), 
withholding JAK inhibitor therapy was recommended regardless 
of the patient’s underlying disease activity. Emerging evidence 
regarding the influence of MTX and JAKi on vaccine response 
against COVID- 19 was recognized by the task force as supporting 
the above guidance statements (87).

In contrast, the panel recommended that subcutaneous aba-
tacept (ABA) be withheld for both 1 week before and 1 week after 
the first dose of the vaccine (i.e., a total of 2 weeks) but not with-
held for the second dose (53). This recommendation was made 
in light of several studies suggesting a negative effect of ABA on 
vaccine immunogenicity (10,80,81,88– 90). The additional ratio-
nale for withholding ABA around the time of the first vaccine dose, 
but not the second, was that the first vaccine dose primes naive 
T cells, naive T cell priming is inhibited by CTLA- 4, and ABA is a 
CTLA- 4Ig construct. This consideration relates to the fact that the 
COVID- 19 vaccine provides protection against a novel infectious 
agent, in contrast to most other vaccines which generally func-
tion by reactivating memory T cells. CTLA- 4 should not, however, 
inhibit “boosts” of already primed T cells at the time of the second 
vaccine dose. This principle would theoretically also apply to sub-
sequent booster doses of vaccine, should future evidence sug-
gest that these are needed or beneficial in some patients.

Additionally, as with MTX, the practical considerations sur-
rounding guidance to withhold subcutaneous ABA for a total 
of 2 weeks around each of the 2 vaccine doses (4 weeks total) 
was raised as a concern. Following similar immunologic prin-
ciples, the panel recommended to time IV ABA administration 
(typically given every 4  weeks) so that the first vaccine dose 
would occur 4 weeks after ABA infusion (i.e., the entire dosing 
interval), and postpone the subsequent ABA infusion by 1 week 
(i.e., such that infusion would occur 5 weeks following the previ-
ous dose). For those not yet receiving subcutaneous or IV ABA, 
therapy could be initiated following the recommended 1- week 
delay after the first vaccine dose. No ABA adjustments were 
recommended for the second vaccine dose. For AIIRD patients 
receiving IV cyclophosphamide, generally at 2-  or 4- week inter-
vals, the recommendation was made to coordinate timing so that 
cyclophosphamide infusion occurs ~1 week after each vaccine 
dose, when feasible (48).

For RTX, the panel recommended to time RTX administration 
(of the next/first dose, if given as part of a multidose cycle) 2– 4 weeks 

Table 6. Research agenda for future COVID- 19 vaccine studies in 
RMD patients proposed by the task force*

Conduct clinical efficacy and laboratory- based immunogenicity 
studies in RMD patients following vaccination, especially for 
AIIRD patients receiving certain immunomodulatory therapies 
(e.g., methotrexate, abatacept, JAK inhibitors, rituximab, 
mycophenolate, GCs).

Optimize vaccine response by considering timing related to 
intentional short- term cessation of certain immunomodulatory 
therapies (e.g., methotrexate, subcutaneous abatacept, JAK 
inhibitors, mycophenolate) to optimize vaccine response.

Evaluate risk of disease flare, disease worsening, and systemic 
reactogenicity following COVID- 19 vaccination in RMD patients, 
by disease and in relation to background immunomodulatory 
therapies.

Directly compare vaccines and vaccine platforms for the above 
efficacy, immunogenicity, and safety outcomes: notable given 
the potential for some COVID- 19 vaccines to achieve the 
minimum threshold for the FDA’s EUA yet have seemingly lower 
vaccine efficacy based on large clinical trials in non- RMD 
patients.

Long- term follow- up for durability and magnitude of vaccine 
protection in relation to various immunomodulatory 
medications, and as new SARS– CoV- 2 strains emerge.

Assess benefits and timing of additional COVID- 19 vaccine 
administration (i.e., booster dose).

Generate real- world evidence (e.g., large pragmatic trial or 
observational studies) embedded in routine clinical practice to 
study the above topics, especially to promote large- scale safety 
surveillance.

Establish a biorepository with associated clinical data 
infrastructure to facilitate future COVID- 19 (and possibly other) 
vaccine- related research in RMD patients, considering the 
future potential to identify laboratory- based correlates of 
protection relevant for individual patients.

Identify laboratory- based serologic testing to identify patients 
with a suboptimal response to COVID- 19 vaccination who might 
be candidates for a booster dose or need to repeat the 
vaccination series.

Evaluate the impact of coadministration of the COVID- 19 vaccine 
given concurrently with other, non– live- virus vaccines (e.g., 
shingles, influenza, pneumococcal) on vaccine immunogenicity 
and tolerability.

Optimize approaches to address vaccine hesitancy for high- risk 
RMD patients who are reticent or unwilling to undergo 
vaccination, with particular attention to vulnerable populations 
(e.g., underrepresented racial/ethnic groups).

Identify COVID- 19 vaccine– induced immune parameters 
(immunogen-specific neutralizing antibody levels, total 
immunogen-specific antibody levels or isotypes, T cell 
immunity, innate immunity) or host determinants that are 
predictive of successful host response to vaccine, as reflected 
by protection from infection or mitigation of morbidity during 
subsequent infection.

Conduct large epidemiology studies of COVID- 19 outcomes (e.g., 
using large administrative databases of health plans, electronic 
health record data [e.g., the ACR RISE registry], or other data 
sources or methods) and examine the role of AIIRD disease 
features, treatments, and vaccination. While risk factors for 
incident disease may be shaped by confounding and 
unmeasured variability in exposure, examining outcomes 
conditioning on incident COVID- 19 diagnosis may be more 
fruitful.

* COVID- 19 = coronavirus disease 2019; RMD = rheumatic and 
musculoskeletal disease; AIIRD = autoimmune and inflammatory 
rheumatic disease; GCs = glucocorticoids; FDA = US Food and Drug 
Administration; EUA = Emergency Use Authorization; SARS– CoV- 2 = 
severe acute respiratory syndrome coronavirus 2; ACR = American 
College of Rheumatology; RISE = Rheumatology Informatics System 
for Effectiveness. 
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after the final vaccine dose, if possible, but added the condition 
that the patient’s disease should be under acceptable control to 
allow this delay, especially given the extended gap (e.g., 6 months) 
between RTX cycles (65,91–93). The task force acknowledged that 
the evidence base supporting the recommendations related to RTX 
timing was largely based on studies of humoral immunity following 
receipt of other vaccines (60– 63,65,80,91– 94), which has uncertain 
generalizability to vaccination against COVID- 19, especially since 
the degree to which efficacy is attributable to induction of host T 
cell versus B cell (antibody- based) immunity is uncertain at this time.

However, some early data do suggest that B cell depletion 
diminishes the immunogenicity of COVID- 19 vaccines (87). Finally, 
based on the literature suggesting that acetaminophen and/or 
nonsteroidal antiinflammatory drugs may somewhat impair vac-
cine response (95), the task force recommended holding these 
for 24 hours prior to vaccination, assuming that disease is stable. 
There was no prohibition against their use in patients who experi-
ence local or systematic symptoms postvaccination (46).

As an outgrowth of the evidence report, the task force assem-
bled a research agenda where evidence was lacking (Table 6). Given 
that there was little direct evidence in any RMD population, the top-
ics were broad and spanned domains related to clinical effective-
ness, safety, flare, reactogenicity, study design, immunogenicity, 
and laboratory- based correlates of protection. With the relatively 
small size of the task force, no attempt was made to prioritize these 
topics given the expectation that they would evolve over time and 
as new science in non- RMD populations was forthcoming.

DISCUSSION

This ACR guidance encompasses the optimal use of 
 COVID- 19 vaccines for patients with rheumatic and musculo-
skeletal diseases. It is intended to aid in the care of individual 
patients but not to supplant personalized care or constrain 
shared decision- making with patients. The mRNA vaccine plat-
form is novel, and considerations for vaccines developed on 
this platform may differ from those relevant to other vaccines. 
The guidance regarding the use and timing of immunomodu-
latory medications was based on extrapolation of the available 
evidence of their immunologic effects as they relate to other vac-
cines and vaccine platforms. As such, all of these recommenda-
tions are considered conditional. Finally, the task force advised 
health care providers to avoid being overly dogmatic in follow-
ing these recommendations. The attempt to optimize vaccine 
response in relation to the use and timing of immunosuppres-
sive medications should not compromise a willing patient’s ability 
to undergo vaccination in a timely manner and risk a missed 
vaccination opportunity.

As an overarching principle, the sparsity of information 
regarding COVID- 19 vaccination in RMD patients yielded a need 
for extrapolation based on the literature published for other 
vaccines. The evidence base was, therefore, of low or very low 

quality and suffered from indirectness (12) in almost all respects. 
The guidance provided herein represents a balance between 
evidence regarding efficacy, effectiveness, safety, feasibility (e.g., 
withholding a therapy with a long half- life or extended recircula-
tion like leflunomide may be unrealistic), expected vaccine avail-
ability, and tradeoffs in resource utilization. For example, vigorous 
debate was held about whether it was preferable to vaccinate a 
high- risk patient in a suboptimal circumstance (e.g., active dis-
ease, receiving high- dose glucocorticoids, receiving cytotoxic 
therapy), under the assumption that the vaccine would confer at 
least some protection to a patient at high risk for a poor outcome 
if they contract COVID- 19. Or rather, might it be preferable to 
wait until a more optimal circumstance presented itself? How-
ever, given the uncertainty in most medical settings to predict the 
future course of a patient’s AIIRD or the need for additional immu-
nomodulatory treatments, a more salutary setting to optimize 
vaccine response might never materialize. Thus, the task force 
typically favored proceeding more immediately with vaccination.

If a laboratory- based correlate of protection existed that could 
serve as a proxy for immunity, and if a booster dose could be 
administered or the vaccine series repeated at a later time, there 
would be greater certainty to recommend vaccinating all patients 
immediately, regardless of setting or underlying treatment. These 
societal considerations regarding vaccine allocation in light of con-
strained vaccine supply and regional resource limitations to revac-
cinate posed important tradeoffs for the panel. Given tradeoffs like 
these, the extant uncertainties posed by the scoping questions 
informed by imperfect evidence, and the highly dynamic environ-
ment of vaccination implementation, the task force recommended 
as it did.

The strengths of this effort are notable given the urgent need 
presented by the availability of new COVID- 19 vaccines and crit-
ical questions about how to best use those vaccines for RMD 
patients. The task force generated an evidence summary over 
a very compressed time frame and leveraged a well- established 
consensus methodology process used previously by the ACR. Of 
high importance, the task force’s composition included experts in 
rheumatology, infectious disease, and public health, representing 
a plurality of different stakeholder perspectives.

Regarding important limitations, our ability to generalize from 
the literature for other vaccines and vaccine platforms in RMD 
patients to the novel COVID- 19 vaccines now available in the US 
is limited. Vaccination against SARS– CoV- 2 raises different issues 
than those for other vaccine- preventable illnesses, given the 
potential for ongoing public health measures to partially mitigate 
exposure. This guidance therefore must be interpreted by clini-
cians and patients in light of underlying principles rather than con-
sidering them either prescriptive or proscriptive. For example, an 
AIIRD patient with minimal public contact who is able to strongly 
adhere to all preventive health measures might choose to withhold 
RMD treatments or briefly defer vaccination in accordance with 
this guidance, whereas this same decision may not be possible 
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for a patient employed in a high- risk setting (e.g., front- line health 
care, or long- term care facility). From a vaccine policy and rec-
ommendation context, the task force prioritized simplicity, noting 
that this guidance would be expected to apply to the care of most 
RMD patients in most settings.

Finally, the procedures used to develop this guidance did 
not follow the rigorous methodology routinely used by the ACR 
when formal clinical practice guidelines are created, although 
they were adherent to the ACR standardized operating proce-
dures for guidance documents (13). This was an expected lim-
itation given the accelerated time frame desired by the ACR to 
issue practical and timely recommendations both to its member-
ship and to the rheumatology community. Once the urgency of 
the pandemic has passed, the work of this task force will eventu-
ally be folded back under the aegis of the broader ACR vaccine 
guideline development group, charged with covering this and 
all other vaccines in the context of RMDs, and the more typi-
cal guideline development process favored by the ACR will be 
applied. Additional and important input from other stakeholders, 
including patients and patient advocates, will also be sought, as 
the ACR has done for past clinical practice guidelines (6).

As new safety and efficacy evidence becomes available for 
both mRNA vaccines and other vaccine platforms in patients with 
RMDs and AIIRDs, the ACR’s guidance document will continue to 
be updated and expanded, consistent with the notion of a “living 
document.” The ACR is committed to maintaining this process 
throughout the pandemic to facilitate evidence- based practice 
and promote optimal outcomes for all patients with RMDs and 
AIIRDs with respect to mitigating COVID- 19 risk.
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Objective. To provide clinical guidance to rheumatology providers who treat children with pediatric rheumatic 
disease (PRD) in the context of the coronavirus disease 2019 (COVID- 19) pandemic.

Methods. The task force, consisting of 7 pediatric rheumatologists, 2 pediatric infectious disease physicians, 
1 adult rheumatologist, and 1 pediatric nurse practitioner, was convened on May 21, 2020. Clinical questions and 
subsequent guidance statements were drafted based on a review of the queries posed by the patients as well as 
the families and healthcare providers of children with PRD. An evidence report was generated and disseminated to 
task force members to assist with 3 rounds of asynchronous, anonymous voting by email using a modified Delphi 
approach. Voting was completed using a 9- point numeric scoring system with predefined levels of agreement 
(categorized as disagreement, uncertainty, or agreement, with median scores of 1– 3, 4– 6, and 7– 9, respectively) and 
consensus (categorized as low, moderate, or high). To be approved as a guidance statement, median vote ratings 
were required to fall into the highest tertile for agreement, with either moderate or high levels of consensus.

Results. To date, 39 guidance statements have been approved by the task force. Those with similar 
recommendations were combined to form a total of 33 final guidance statements, all of which received median vote 
ratings within the highest tertile of agreement and were associated with either moderate consensus (n = 5) or high 
consensus (n = 28).

Conclusion. These guidance statements have been generated based on review of the available literature, 
indicating that children with PRD do not appear to be at increased risk for susceptibility to SARS– CoV- 2 infection. 
This guidance is presented as a “living document,” recognizing that the literature on COVID- 19 is rapidly evolving, 
with future updates anticipated.

Due to the rapidly expanding information and evolving evidence related to COVID- 19, which may lead to 
modification of some guidance statements over time, it is anticipated that updated versions of this article 
will be published, with the version number included in the title. Readers should ensure that they are con-
sulting the most current version.

Guidance developed and/or endorsed by the American College of Rheumatology (ACR) is intended to inform 
particular patterns of practice and not to dictate the care of a particular patient. The ACR considers adher-
ence to this guidance to be voluntary, with the ultimate determination regarding its application to be made 
by the physician in light of each patient’s individual circumstances. Guidance statements are intended to 
promote beneficial or desirable outcomes but cannot guarantee any specific outcome. Guidance developed 
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INTRODUCTION

The rapid global spread of coronavirus disease 2019 
 (COVID- 19) has resulted in an urgent need to evaluate and 
address the impact of severe acute respiratory syndrome corona-
virus 2 (SARS– CoV- 2) infection in children with pediatric rheumatic 
disease (PRD) and the implications of immunomodulatory medi-
cations on their risk for severe disease. The medical community 
and the Centers for Disease Control and Prevention (CDC) have 
urged caution related to SARS– CoV- 2 infection for individuals with 
a compromised immune system, including those with rheumatic 
disease who are being treated with immunosuppressive drugs (1). 
However, to date, there are very few data to suggest that chil-
dren with rheumatic disease are at increased risk of infection with 
SARS– CoV- 2 or at increased risk of experiencing more severe 
outcomes due to COVID- 19.

The American College of Rheumatology (ACR) COVID- 19 
Clinical Guidance for Pediatric Rheumatology Task Force con-
vened on May 21, 2020, charged by ACR leadership to provide 
clinical guidance to rheumatology providers who treat children 
with PRD in the context of the COVID- 19 pandemic. These 
recommendations have been generated to supplement clini-
cal judgment, guide disease management, and support shared 
decision- making among providers, patients, and families. They 
have been developed to provide guidance for children up to 
age 18 years. Guidance for adults with rheumatic diseases has 
been recently published and revised (2). Multiple factors must be 
taken into consideration when interpreting these guidance state-
ments, including individual patient characteristics such as under-
lying rheumatic disease, current disease activity and treatment, 
and the prevalence of SARS– CoV- 2 transmission in the patient’s 
community. The approach to patients who are exposed to SARS– 
CoV- 2 should consider the duration and proximity of exposure. 
The approach to infected patients should consider the severity 
of COVID- 19 symptoms and the presence of additional risk fac-
tors for poorer outcomes (3– 5). This guidance is presented as a 
“living document,” recognizing that the literature on COVID- 19 is 
rapidly evolving. The ACR anticipates that these statements will 
be updated as scientific evidence accumulates. Clinical guidance 

regarding the evaluation and management of multisystem inflam-
matory syndrome in children (MIS- C) is the focus of a separate 
ACR task force and thus will not be addressed herein.

METHODS

Clinical questions and first webinar. The North Ameri-
can COVID- 19 Clinical Guidance for Pediatric Rheumatology Task 
Force was selected by task force leadership (DMW and JJM) 
based on their clinical expertise in rheumatology and infectious 
diseases, and included 7 pediatric rheumatologists, 2 pediatric 
infectious disease physicians, 1 adult rheumatologist, and 1 pedi-
atric nurse practitioner. The task force was composed of aca-
demic clinicians from the US and Canada. All individuals who were 
approached to develop this guidance agreed to participate. Prior 
to the first meeting, task force members were subdivided into 3 
workgroups to address the following topics: 1) general guidelines, 
risk assessment, and consideration of SARS– CoV- 2 exposure in 
children with PRD; 2) ongoing treatment of children with PRD in 
the absence of SARS– CoV- 2 exposure or infection; and 3) ongo-
ing treatment of children with PRD in patients with probable or 
confirmed SARS– CoV- 2 infection. During the first webinar on May 
21, 2020, participants agreed with the task force leadership about 
the importance of addressing these 3 overarching topics as well 
as the structure of the workgroups. The first webinar was used 
to confirm that the target audience for the guidance would be 
pediatric rheumatology providers, and that the guidance would 
focus on the management of patients with PRD in the context 
of the COVID- 19 pandemic. All panelists agreed to develop con-
sensus through a modified Delphi process that included 3 rounds 
of asynchronous, anonymous voting and 3 webinars to discuss 
voting results (Table 1).

Evidence review. From May 22, 2020 to May 28, 2020, the 
workgroups developed preliminary recommendation statements 
within their assigned topic, based on expert opinion and a non-
systematic evidence review, including PubMed searches using 
key words from the clinical questions, as well as supplemental 
postings from the ACR, CDC, American Academy of Pediatrics 
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(AAP), and other online media sources. Evidence was not formally 
assessed, but was generally determined to be of low quality, and 
was limited to case series, retrospective cohort studies, and very 
few controlled trials. A detailed evidence report was generated 
by each subgroup, and then collated and distributed to the entire 
task force to inform the first round of voting.

Voting. Round 1. The task force voted virtually and 
anonymously using the RAND/University of California at Los 
Angeles Appropriateness Method (6). This method has been 
shown to be highly reproducible (7) and was successfully 
applied by the ACR COVID- 19 Clinical Guidance Task Force 
in the development of guidance statements for adult patients 
with rheumatic disease (2). A 9- point scale was used by task 
force members to rate the appropriateness of each of the 
statements. A score of 9 was considered to be the highest 
level of appropriateness, while a score of 1 indicated that the 
statement was entirely inappropriate. Prior to voting, median 
scores of 1– 3 were defined as inappropriate, 4– 6 as uncer-
tain, and 7– 9 as appropriate. Consensus was prespecified as 
high if all 11 votes coalesced within the same tertile, while low 
consensus was recognized when voting was dispersed widely 
along the 9- point scale (with ≥3 votes in the 1– 3 score range 
and ≥3 votes in the 7– 9 score range). Moderate consensus 
encompassed all other scenarios.

The votes of each task force member were counted equally 
and tallied. The results of the initial voting were distributed to the 
task force and reviewed during a 90- minute webinar on June 3, 
2020. Statements that were rated as uncertain (median score 
4– 6) and/or characterized by moderate or low consensus were 
addressed first. The panelists were then encouraged to discuss 
the remaining statements.

Rounds 2 and 3. Input from the initial voting and discus-
sion was incorporated into the draft guidance statements by 
task force leadership (DMW and JJM), and the document was 
redistributed to the entire task force for a second round of 
voting. Voting in this phase was conducted in the same man-
ner as described above, and results were reviewed at a third 
webinar on June 11, 2020. Guidance statements that earned 
a median score of 7– 9 with moderate or high levels of con-
sensus during the second round of voting were approved by 
the panel.

Guidance statements under the domain of patients with PRD 
and probable or confirmed SARS– CoV- 2 infection were initially 
dichotomized as either asymptomatic/mild disease or moderate/
severe disease. After further discussion, the task force agreed that 
dichotomizing patients according to categories of either asympto-
matic disease or symptomatic disease would be more represent-
ative of current clinical practice related to viral illnesses in children 
with PRD. Seven statements were subsequently redefined and 
sent back to task force members for a third round of voting using 
similar methods.

Guidance approval. Following the final webinar, approved 
statements were refined and, in some instances, combined into 
27 final guidance statements to reduce redundancy. A preliminary 
guidance document was generated, and the entire task force was 
given an opportunity to review and edit the document. Approval 
was obtained from each panelist on June 15, 2020 and by the 
ACR Board of Directors on June 17, 2020 (Table 1).

Revisions to original guidance. The task force recon-
vened on January 21, 2021 to review the evidence published 
since the initial guidance statements were released. When indi-
cated, original guidance statements were revised and new guid-
ance statements were drafted. An interim evidence report was 
generated and 13 guidance statements (6 new and 7 revised) 
were voted on using similar methods.

RESULTS

Of the 119 original clinical questions considered in the first 
round of voting, the median vote ratings in response to 44 ques-
tions indicated uncertainty (median scores 4– 6), with the voting 
on 5 of the questions indicating low consensus based on the pre-
defined thresholds. Clinical questions were reviewed and subse-
quently excluded if thought to be beyond the scope of this task 

Table 1. Timeline of ACR COVID- 19 pediatric rheumatology 
clinical guidance development*

Date(s) Milestone
May 18 Invitations to ACR COVID- 19 Pediatric 

Rheumatology Clinical Guidance Task Force
May 18–20 Draft of initial clinical questions
May 21 First webinar: expansion of clinical questions, 

subgroup assignment
May 22– 26 Medical literature review and development of 

evidence report
May 26– 28 Revision of clinical questions and collation of 

evidence report
May 29– June 1 Evidence report dissemination and first round 

of voting
June 3 Second webinar: review of first round of voting 

and generation of guidance statements
June 4– 5 Revision and thematic organization of guidance 

statements
June 6– 8 Second round of voting
June 11 Third webinar: review of second round of voting 

and further refinement of guidance statements
June 12 Revision of 7 statements and third round of 

voting
June 13– 15 Review and task force approval of summary 

guidance document
June 17 ACR Board of Directors approval of guidance 

statements
June 18 Draft guidance statements posted on ACR 

website
June 24 Submission of full manuscript to ACR Board of 

Directors
* ACR = American College of Rheumatology; COVID- 19 = coronavirus 
disease 2019. 
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force (e.g., questions related to MIS- C) or if determined to have 
too much uncertainty and/or lack of sufficient evidence to allow 
for the drafting of a clinical guidance statement at this time (e.g., 
questions related to SARS– CoV- 2 vaccine). The remaining ques-
tions were combined by common themes, and thereafter drafted 
into 33 guidance statements and voted upon during the second 
and third rounds of votisng (see Supplementary Tables 1– 3, availa-
ble on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41772/ abstract).

Of these 33 statements, all received median vote ratings of 
7, 8, or 9 and were associated with either moderate consensus 
(n = 6) or high consensus (n = 27). Statements with similar recom-
mendations were combined, resulting in 27 final guidance state-
ments, which were posted online by the ACR in a clinical guidance  
summary on June 18, 2020 (https://www.rheum atolo gy.org/Porta ls/  
0/Files/ COVID - 19- Clini cal- Guida nce- Summa ry- for- Pedia tric- 
Patie nts- with- Rheum atic- Disea se.pdf).

Based on additional evidence reviewed in January 2021, 5 
original guidance statements were revised and revoted on. Two 
statements remained unchanged, but were revoted on due to 
accumulating data. An additional 6 guidance statements were 
drafted to address topics including in- person schooling, COVID- 19 
vaccination, the use of monoclonal antibodies for the treat-
ment of COVID- 19, and reinitiating therapy after symptomatic 
 COVID- 19 infection (see Supplementary Table  4, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41772/ abstract).

General guidance regarding patients with PRD. 
Approaches to risk reduction. General guidance statements 
regarding patients with PRD are presented in Table 2. To date,  
there is little evidence to suggest a higher risk of severe COVID- 19 

in children with PRD (8–16) or in children receiving immuno-
modulatory therapies commonly used for PRD (17–21). Among 
the published series of hospitalized children with  COVID- 19, 
there have been no reports of severe illness in children with PRD 
(4,22,23). Similarly, among registry reports of children with PRD 
and COVID- 19, very few patients were hospitalized and there were 
no reports of severe outcomes (13–16,24). The literature on adult 
patients indicates that some patients with rheumatic diseases and 
comorbidities (e.g., lung disease), receiving moderate- to- high– 
dose steroids, may be at higher risk (25). Patients with certain 
diseases such as SLE that especially alter immune responses may 
be at higher risk for worse outcomes; however, these findings 
were not consistent across studies (26). The Childhood Arthritis 
and Rheumatology Research Alliance (CARRA) patient registry is 
currently collecting data on the prevalence of COVID- 19 among 
children with PRD, with results yet to be reported. Based on 
available evidence, the task force members agreed that children 
and families of children with PRD should be counseled on utiliz-
ing preventative measures similar to those recommended for the 
general population, including adequate hand washing, social dis-
tancing, masking/facial covering (in children >2 years of age), and 
disinfecting of frequently touched surfaces. In geographic areas 
with a high incidence of COVID- 19, particularly during periods 
of increased community transmission, children with PRD should 
adhere to local public health social distancing recommendations 
and limit close contact with others outside their household.

The task force additionally discussed issues concerning safe 
return to schools, camps, daycare, and college. In general, the 
task force agreed that there may not be unique preventative meas-
ures for children with PRD apart from those recommended for 
all children. To date, evidence has suggested generally low rates 
of transmission in primary and secondary schools, and guidance 

Table 2. General guidance for patients with PRD*

Guidance statement
Level of task force 

consensus
Children and families of children with PRD should be counseled on general preventative measures, including social 

distancing, hand washing, and masking/face covering, to limit potential exposure to SARS– CoV- 2 infection.
High

Rheumatology providers should be aware that caregivers of children with PRD may be at risk of occupational 
exposure to SARS– CoV- 2 infection and should be counseled on CDC health and safety practices in the workplace.

High

Telemedicine can serve as an important adjunct to the care of patients with rheumatic diseases. Its use may be 
especially important during periods of increased community transmission of SARS– CoV- 2.

High

Routine ophthalmologic surveillance of patients with PRD at high risk for chronic uveitis or with a history of uveitis 
should continue on schedule via in- person visits with slit lamp examination.

High

Children with PRD should continue routine childhood vaccinations (unless contraindicated due to DMARD therapy), 
including the annual influenza vaccine.

High

Rheumatology providers should be aware that children and caregivers of children with PRD may be at risk of mental 
health problems, including anxiety and depression, due to quarantine and other events surrounding COVID- 19.

High

At this time, in children with PRD, similar to the general population, SARS– CoV- 2 antibody testing may be useful in 
informing on the history of infection, but cannot be used to assess the risk of re- infection.

Moderate

Given the benefits of in- person schooling, attending in- person school may be considered for youth with PRD, if the 
school is adhering to local public health safety guidelines to prevent viral transmission. This decision should be 
made by individual families in consultation with their pediatric rheumatologist.

High

When available, COVID- 19 vaccination should be offered to children with PRD, in accordance with FDA, CDC, and local 
recommendations for distribution.

High

* PRD = pediatric rheumatic disease; SARS– CoV- 2 = severe acute respiratory syndrome coronavirus 2; CDC = Centers for Disease Control and 
Prevention; DMARD = disease- modifying antirheumatic drug; FDA = US Food and Drug Administration. 
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from the AAP has emphasized the importance of in- person school-
ing (27). Few studies have reported outbreaks in primary schools 
in France, Israel, Australia, and Italy (27,28), although transmission 
in colleges may be of greater concern with in- person classrooms 
(29). Thus, the task force discussed the benefits of in- person 
schooling, but determined that the decision for in- person versus 
virtual learning should continue to be made by families with con-
sultation from pediatric rheumatologists, taking into account the 
child’s age, underlying disease, medications, and other comor-
bidities. Families should refer to local school guidance, as well as 
the most current recommendations from the CDC (30) and AAP 
(31), to best address the needs of their individual child. The task 
force also recognized that caregivers of children with PRD may 
be at risk for occupational exposures that could increase the risk 
of acquiring COVID- 19. Rheumatology providers should counsel 
families to refer to the CDC guidelines for specific occupations 
(32) and the Occupational Safety and Health Administration (33) 
for guidance to protect themselves from occupational exposure 
to SARS– CoV- 2. Caregivers should discuss with employers the 
need for adequate social distancing, masking/facial covering, and 
daily health checks as well as the need to consider options for 
working from home (34).

Antibody testing for SARS– CoV- 2 may be informative in 
determining prior infection (35). Specifically, anti- spike protein IgG 
is indicative of children with past COVID- 19 infections (and MIS- C)   
(36,37). However, there remains a lack of sufficient evidence to 
support utility of the antibody tests for informing individuals about 
their personal risk of reinfection or the safety of returning to school 
or the workplace (38,39). Providers should also be aware that, 
as the prevalence of antibodies to SARS– CoV- 2 increases in the 
general population, routine serologic testing may result in false- 
positive antibody findings in patients with PRD receiving intrave-
nous immunoglobulin.

Ongoing clinical management. Shared decision- making 
should occur between patients, families, and rheumatology pro-
viders to discuss additional measures to reduce interruptions 
in clinical care, particularly during periods of increased com-
munity transmission. Such measures may include use of tele-
medicine for routine, regularly scheduled and nonurgent clinical 
assessments, and physical therapy. The American Telemedicine 
Association “Operating Procedures for Pediatric Telehealth” 
(endorsed by the AAP) serves as an operational reference and 
educational tool regarding appropriate telehealth care for pedi-
atric patients (40).

Telemedicine has been instrumental among pediatric rheu-
matologists during the COVID- 19 pandemic, improving access 
to care when patients could not or chose not to be seen in- 
person (41– 45). The importance of this cannot be overempha-
sized and is illustrated in a survey of pediatric rheumatologists 
from the Paediatric Rheumatology European Society, indicating 
that a third of patients experienced a flare or exacerbation of their 
illness because of delays to appointments during the pandemic 

(43). Similarly, a study of adult and pediatric patients from a sin-
gle center in New York City early in the pandemic found that 
40% of patients reported experiencing a flare in the prior month 
and that patients reported experiencing anxiety when coming in 
for routine or urgent visits regarding their rheumatic conditions 
(46). New guidance has been provided to improve telemedicine 
assessments, including standardizing the musculoskeletal phys-
ical exam using the video version of pGALS, V- pGALS (47). With 
rapidly improving technology, the use of telemedicine will likely 
persist beyond the pandemic to maintain full access to clinical 
care.

Despite the numerous benefits of telemedicine, some lim-
itations have been noted, specifically related to the quality and 
comprehensiveness of care, psychosocial assessments, and 
the availability of access to technology to maintain health equity 
(42,48). Given the recognized and potential limitations of telemed-
icine and the extended length of time that communities have been 
affected by the COVID pandemic, some patients may require in- 
person assessment during periods of high community transmis-
sion (45,49,50). Thus, the task force emphasized the combined 
use of telemedicine and in- person medicine to ensure access 
and quality of care. For opthalmologic surveillance in children at 
high risk for chronic uveitis or personal history of uveitis, the task 
force agreed that ongoing in- person ophthalmology evaluation is 
strongly recommended, due to the risk of asymptomatic uveitis 
and the long- term sequelae that can result from undetected uvei-
tis in children with PRD (51).

The task force also agreed that all patients with PRD should 
receive routine vaccinations (unless contraindicated), including the 
annual influenza vaccine, on or as close to schedule as possible 
(52). Given concerns about ongoing transmission of COVID- 19 
during the influenza season, administration of the seasonal influ-
enza vaccine is strongly recommended to limit simultaneous viral 
outbreaks, possible co- infections, increased hospitalizations, and 
risks of exceeding hospital capacities. In accordance with CDC 
recommendations for COVID- 19 vaccine distribution, children and 
young adults with PRD may be considered eligible for early vacci-
nation as patients with underlying medical conditions, which may 
increase the risk of serious, life- threatening complications from 
COVID- 19. The CDC lists “people with weakened immune sys-
tems due to other illnesses or medication” as higher risk and 
patients may be eligible for the vaccine in early phases of distribu-
tion. There have been no data to suggest that patients with auto-
immune conditions are at higher risk of adverse reactions from the 
COVID- 19 vaccine, and thus the task force has recommended 
that children with PRD receive a COVID- 19 vaccination, in accord-
ance with US Food and Drug Administration, CDC, and local rec-
ommendations. At the time of this report, the Pfizer- BioNTech 
COVID- 19 vaccine had been tested and approved for persons 
12 years of age and older in the US under the Emergency Use 
Authorization (EUA) act. The Moderna vaccine had been tested 
and approved for people ages 18 and older. Given the current lack 
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of data in children under 12 years old, specific vaccine guidance 
for children with PRD in this age group could not be provided at 
this time.

Other considerations. The task force also recognized the 
increased prevalence of anxiety and depression in patients 
with PRD as compared to the general population (53– 55) and 
addressed concerns about additional emotional distress related 
to the COVID- 19 pandemic (56). Additional evidence has accu-
mulated indicating the adverse impact of the pandemic era on 
the mental health of children with PRD and particularly patients 
within Black and Latinx populations (46,57– 59). Rheumatology 
providers should be aware of the heightened emotional burden 
posed by the pandemic, including fears of becoming infected, 
having a family member infected, potential risks from medica-
tions, concerns about social isolation, and potential financial 
hardships. Providers should educate caregivers and patients 
about strategies for reducing anxiety, including referrals for tele-
health or in- person mental health counseling when appropriate 
(60,61).

Ongoing treatment of patients with PRD in the 
absence of SARS– CoV- 2 exposure or infection. Gen-
eral treatment recommendations. The task force unanimously 
agreed that primary control of underlying rheumatic disease is of 
utmost importance, recognizing that flares of PRD may increase 
the need for immunosuppression and lead to increased contact 
with health care systems. In addition, active inflammatory dis-
ease may independently increase infection risk due to immune 
dysregulation in patients with PRD (9,12,62– 64); thus, guidance 
recommendations were targeted for the purpose of limiting med-
ication disruptions. Recognizing that the data are still limited, our 

task force did not identify current evidence to suggest that non-
steroidal antiinflammatory drugs (NSAIDs), hydroxychloroquine, 
angiotensin- converting enzyme inhibitors (ACEi)/angiotensin 
II receptor blockers (ARBs), colchicine, conventional disease- 
modifying antirheumatic drugs (DMARDs), biologic DMARDs, or 
targeted synthetic DMARDs contribute to increased susceptibil-
ity to SARS– CoV- 2 infection (17– 19). Despite the dissemination 
of initial warnings that NSAIDs and ACEi/ARBs might contribute 
to worse outcomes in COVID- 19, we found no clinical data to 
substantiate these concerns in adults (25,65– 67).

Similar to the ACR guidance for the management of adult 
patients with rheumatic disease, our task force supported the 
continued use of immunomodulatory medications in children with 
PRD who do not have known SARS– CoV- 2 exposure or infection 
(2). Guidance statements for this group are presented in Table 3. 
Likewise, for patients with newly diagnosed or worsening PRD, 
initiation of DMARD therapy was recommended in order to ade-
quately control PRD (68,69). The task force also recognized that 
alternative treatment plans for intravenous medications may need 
to be considered during periods of increased community transmis-
sion of SARS– CoV- 2 and when safe access to the hospital may 
be challenging. In these scenarios, home infusions of medications 
or transition to oral or subcutaneous maintenance therapies may 
be considered, when appropriate.

The task force also discussed plans for de- escalation of 
therapy for patients who remain in clinical remission while receiv-
ing medications. While the task force agreed that patients should 
not be kept on prolonged immunomodulatory therapy unneces-
sarily, shared decision- making among patients, families, and pro-
viders was recommended to discuss potential consequences of 
withdrawing medications, including risks of disease flare, followed 

Table 3. Guidance for ongoing treatment of patients with PRD in the absence of exposure to or infection with SARS– CoV- 2*

Guidance statement
Level of task force 

consensus
NSAIDs, HCQ, ACEi/ARBs, colchicine, cDMARDs, bDMARDs, and tsDMARDs may be continued or initiated to control 

underlying disease.
High

Glucocorticoids may be continued or initiated using the lowest dose possible to control underlying disease. High
For patients with PRD with life-  and/or organ- threatening manifestations, high- dose oral or intravenous “pulse” 

glucocorticoids may be initiated to control underlying disease.†
High

For patients with PRD with life-  and/or organ- threatening manifestations, cyclophosphamide may be initiated or 
continued to control underlying disease.

High

For patients with PRD with active arthritis, intraarticular glucocorticoid injections may be administered. High
For patients with stable PRD, previously stable laboratory markers, and currently receiving stable doses of cDMARDs, 

bDMARDs, and/or tsDMARDs, extending the laboratory testing interval for monitoring medication toxicity may be 
considered, to reduce potential exposure to SARS– CoV- 2 during periods of increased community transmission.

High

Laboratory monitoring for disease activity should be continued according to standard practice, to ensure adequate 
assessment and control of underlying disease.

High

De- escalation of therapy may be continued as planned in patients with PRD after considering the potential risks of 
disease flare and barriers to follow- up during the pandemic.

High

* PRD = pediatric rheumatic disease; SARS– CoV- 2 = severe acute respiratory syndrome coronavirus 2; NSAIDs = nonsteroidal antiinflammatory 
drugs; HCQ = hydroxychloroquine; ACEi = angiotensin- converting enzyme inhibitors; ARBs = angiotensin II receptor blockers; cDMARDs = 
conventional disease- modifying antirheumatic drugs; bDMARDs = biologic disease- modifying antirheumatic drugs; tsDMARDs = targeted 
synthetic disease- modifying antirheumatic drugs. 
† High- dose oral glucocorticoids was defined as ≥2 mg/kg/day prednisone equivalent, and high- dose intravenous “pulse” glucocorticoids as 
≥10 mg/kg/day methylprednisolone equivalent. 
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by a need for increased in- person visits, laboratory monitoring, 
and, potentially, the need for escalation of therapy (including the 
use of glucocorticoids) (70– 72).

Special considerations for cyclophosphamide and rituxi-
mab. For patients requiring treatment with cyclophosphamide 
or rituximab for control of their PRD, the task force recom-
mended continuing current management to adequately control 
underlying disease and prevent potentially life-  and/or organ- 
threatening manifestations. Children requiring cyclophospha-
mide therapy may be at significant risk for infection due to an 
underlying diagnosis, treatment- induced leukopenia/lymphope-
nia, and concomitant use of glucocorticoids (73– 75). Given that 
cyclophosphamide is reserved only for patients who have life-  
and/or organ- threatening disease, the task force agreed that the 
benefits of treatment likely outweigh the risks in this scenario.

Similarly, a few reports have suggested worse outcomes in 
adults with RD and COVID- 19 infection treated with rituximab 
(76,77). The COVID- 19 Global Rheumatology Alliance physician 
registry, however, did not report increased risk of severe outcomes 
in patients treated with rituximab (25). Given the absence of data 
in children with PRD and the typical use of rituximab in patients 
with severe clinical manifestations, the task force recommended 
continued usage of rituximab, if deemed necessary to control 
underlying disease.

Special considerations for glucocorticoids. The task force 
acknowledged the mixed data regarding the potential immu-
nosuppressive effects of glucocorticoids in adults with infec-
tion from SARS– CoV- 2. Glucocorticoids may increase the risk 
of secondary infection and delay viral clearance. Prior studies 
have shown little benefit from the use of glucocorticoids in the 
treatment of SARS– CoV- 1, Middle East Respiratory Syndrome, 
influenza, or respiratory syncytial virus (78– 80). However, glu-
cocorticoids have also been used to treat the inflammatory 
sequelae of COVID- 19, including acute respiratory distress syn-
drome, hyperinflammation, and cytokine storm, with reports of 
improved survival, shorter duration of oxygen supplementation, 
and shorter intensive care unit stays in adults (81– 84). Data 
regarding the risks and benefits of glucocorticoids in COVID- 19 
are rapidly evolving.

When considering patients with PRD who are receiving long- 
term treatment with glucocorticoids, there is little evidence to date 
to suggest that glucocorticoid use increases the risk of acquiring 
SARS– CoV- 2 infection. A report of the first 600 cases in the Global 
Rheumatology Alliance COVID- 19 Registry indicated that hospital-
ization risk increased among adult patients with rheumatic disease 
diagnosed as having COVID- 19 who were taking prednisone at a 
daily dose exceeding 10 mg, after accounting for disease activity 
(25,85). Thus, the task force recommended that glucocorticoids 
be continued or initiated when clinically indicated, using the lowest 
effective dose to control underlying PRD. Given that weight- based 
dosing strategies (calculated in mg/kg) are most appropriate for 
pediatric patients, the task force concluded that defining a specific 

dose (e.g., ≤10 mg prednisone daily) could not be directly applied 
to the pediatric population.

The task force further acknowledged that higher doses of 
oral glucocorticoids (≥2  mg/kg/day prednisone equivalent) or 
intravenous “pulse” glucocorticoids (≥10 mg/kg/day methylpred-
nisolone equivalent) may be indicated in the setting of severe life-  
and/or organ- threatening clinical manifestations from underlying 
PRD, and therefore should not be withheld. Additionally, the task 
force emphasized that patients receiving oral glucocorticoids 
(>5  mg/day prednisone equivalent) are at risk of developing 
adrenal suppression (86); therefore, the task force recommends 
avoidance of abrupt withdrawal of glucocorticoids, keeping 
in mind the potential need for higher doses of glucocorticoids in 
certain clinical scenarios. When considering the need for intraar-
ticular glucocorticoid injections, the task force deemed the risk of 
systemic immunosuppression minimal and supported proceed-
ing with injections when needed, understanding that access may 
be limited during times of increased community transmission of 
SARS– CoV- 2.

Ongoing evaluations and clinical care. Routine labora-
tory monitoring during the pandemic was discussed. While it 
is recognized that monitoring of medications typically occurs 
at regularly scheduled intervals (87), these intervals may 
be modestly extended in patients with PRD who have stable 
disease, stable medication protocols, and no prior history of 
laboratory abnormalities associated with medication toxicity. 
In contrast, the task force concluded that laboratory monitor-
ing for disease activity should continue at the usual intervals, 
particularly during times of limited access to in- person clinical 
evaluations.

Ongoing treatment of patients with PRD with expo-
sure to close/household contact with SARS– CoV- 2 infec-
tion. Recognizing that current data are insufficient to define 
precisely the duration of time that constitutes a prolonged expo-
sure, the CDC has created an operational definition, reported as an 
interaction with a person known to have COVID- 19 for more than 
15 minutes, at a distance of fewer than 6 feet and without both 
parties wearing masks (88). Shorter interactions may additionally 
be relevant depending on the symptoms and type of interaction. 
As previously discussed, recent data both in adults with rheumatic 
disease and in children with PRD do not suggest an increased risk 
of susceptibility to COVID- 19. Similar to the guidance statements 
provided in Table 3, our task force agreed that current immuno-
modulatory medications may be continued after COVID- 19 expo-
sure, during which time the patient should be monitored for fever 
or other symptoms of COVID- 19 (Table 4). The task force also 
agreed that low- to- moderate– dose glucocorticoids could be con-
tinued to control underlying PRD after COVID- 19 exposure, with 
an effort to reduce the dose when possible. Given the recom-
mended 10– 14-day monitoring period after exposure, the task 
force recommended that high- dose oral or intravenous “pulse” 
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glucocorticoids be delayed when feasible, except in the scenario 
of life-  and/or organ- threatening disease.

Ongoing treatment of patients with PRD and SARS– 
CoV- 2 infection. Cases of asymptomatic SARS– CoV- 2 infec-
tion. Although the exact prevalence is unknown, a proportion of 
children may be asymptomatic despite a polymerase chain reac-
tion (PCR) test result indicating the presence of SARS– CoV- 2 
(89– 92). With increased availability of testing and recommenda-
tions for PCR screening prior to elective surgeries and proce-
dures, cases of children with asymptomatic COVID- 19 may be 
encountered (93). To date, there are no data to suggest that 
continued use of immunomodulatory medications in infected, 
asymptomatic children with PRD would alter the clinical course 
of SARS– CoV- 2 infection. Thus, the benefits of continuing 
immunomodulatory medications in these scenarios appear to 
outweigh the risks (Table 5). As noted previously, these recom-
mendations have been generated to support shared decision- 
making between providers and patients and families, and cases 
need to be considered on an individual basis. Asymptomatic 
cases should be advised to quarantine, in accordance with 
the CDC guidelines, and to contact their provider immediately 
should symptoms of COVID- 19 develop (94).

Cases of symptomatic SARS– CoV- 2 infection. Most chil-
dren with COVID- 19 experience mild- to- moderate symptoms, 
with only a small percentage requiring hospitalization (23,92). 
Data from 2 major epicenters of disease in the US (New York 
and Washington, DC) reported that among children and young 
adults who were admitted to the hospital with SARS– CoV- 2 
infection, 28% and 20%, respectively, developed severe dis-
ease and required respiratory support (4,22); neither of those 
reports included patients with PRD nor did they include children 
receiving baseline DMARD therapy. To date, there have been 

few studies dedicated specifically to children with PRD and 
 COVID- 19; however, among these reports, very few patients 
required hospitalization and all resulted in good clinical out-
comes (13,14). Similarly, cases of children receiving immuno-
modulatory therapies that are commonly used in PRD have not 
shown increased severity of disease (17– 21). Despite reassur-
ing data suggesting that patients with rheumatic disease who 
receive immunomodulatory therapy do not appear to have more 
severe infection from SARS– CoV- 2 (9), the task force did not 
think there was sufficient literature at this time to support a rec-
ommendation to continue medications in the context of symp-
tomatic COVID- 19 infection (Table 5). These recommendations 
are congruent with conventional clinical practice as they pertain 
to withholding immunosuppressive therapy in children with PRD 
and a concurrent infection.

Early in the pandemic, concerns arose regarding the use of 
NSAIDs during acute COVID- 19 infection; however, emerging evi-
dence has contradicted those earlier reports and there has since 
been no data to suggest increased risk of COVID- 19 in patients 
with rheumatic conditions who are being treated with NSAIDs 
(25,67). Similarly, the use of HCQ in the treatment  COVID- 19 has 
been controversial since the beginning of the pandemic. Sub-
stantial data have since accumulated demonstrating the lack of 
efficacy of HCQ in the treatment of acute COVID- 19 infection. 
Due to reports of arrhythmias and QTc prolongation in adults with 
COVID- 19 treated with HCQ, chloroquine, and/or azithromycin, 
concern has been raised regarding the baseline use of HCQ in 
children with PRD (95). There have been little data to substan-
tiate the risk of arrhythmias or QTc prolongation in children with 
PRD at baseline or in the context of COVID- 19 (96,97). Thus the 
task force recommended that HCQ may be continued if deemed 
necessary to control underlying disease, with appropriate caution 
and monitoring.

Table 4. Ongoing treatment of patients with PRD with an exposure to close/household contact with SARS– CoV- 2 infection*

Guidance statement
Level of task force 

consensus
For patients with close/household exposure to COVID- 19, general preventative measures, such as social 

distancing, hand washing, and masking/face covering, are of utmost importance to reduce the risk of 
infection with SARS– CoV- 2.

High

NSAIDs, HCQ, colchicine, cDMARDs, bDMARDs, and tsDMARDs may be continued or initiated if necessary to 
control underlying disease.

High

Glucocorticoids may be continued using the lowest effective dose possible to control underlying disease. High
For patients with non– life-  and/or organ- threatening PRD, initiation of high- dose oral or intravenous 

glucocorticoids should be delayed for 1– 2 weeks, if deemed safe by the treating provider.†
High

For patients with PRD with life-  and/or organ- threatening manifestations of PRD, initiation of high- dose oral 
or intravenous glucocorticoids should not be delayed.†

High

* In patients with pediatric rheumatic disease (PRD), close/household contact with severe acute respiratory syndrome coronavirus 2 (SARS– 
CoV- 2) infection was defined as an interaction with a person known to have coronavirus disease 2019 (COVID- 19) for more than 15 minutes, 
at a distance of fewer than 6 feet without masking of both parties. NSAIDs = nonsteroidal antiinflammatory drugs; HCQ = hydroxychloroquine; 
cDMARDs = conventional disease- modifying antirheumatic drugs; bDMARDs = biologic disease- modifying antirheumatic drugs; tsDMARDs = 
targeted synthetic disease- modifying antirheumatic drugs. 
† High- dose oral glucocorticoids was defined as ≥2 mg/kg/day prednisone equivalent, and high- dose intravenous “pulse” glucocorticoids as 
≥10 mg/kg/day methylprednisolone equivalent. 
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Recognizing that much of the morbidity and mortality related 
to COVID- 19 may be attributed to an individual host immune 
response and hyperinflammation, several authors have also 
suggested that maintaining immune regulation in patients with 
rheumatic disease may provide additional benefit and reduce 
the risk of severe disease (9,12,63). Selective inhibitors of inter-
leukin- 1 (IL- 1) and IL- 6 have additionally been investigated in the 
treatment of COVID- 19 hyperinflammation with mixed results  
(98–105). This observation, coupled with the knowledge that chil-
dren with autoinflammatory PRDs, such as periodic fever syn-
dromes or systemic- onset juvenile idiopathic arthritis, may be 
particularly sensitive to medication disruptions, led the task force to 
recommend that colchicine and IL- 1 inhibitors may be continued, 
even in the context of symptomatic COVID- 19 infection. Selective 
IL- 1 inhibitors have been used safely in the setting of other infec-
tions and in clinical trials of patients with sepsis (106). In contrast, 
IL- 6 inhibitors may be associated with increased risk of second-
ary infections, and thus the task force has modified prior guidance 
to indicate that IL- 6 inhibitors, similar to other bDMARDs, should 
be temporarily delayed or withheld in the context of symptomatic 
COVID- 19 infection. JAK inhibitors have also been investigated as 
potential therapies in the management of COVID- 19 hyperinflam-
mation (64,107– 109). However, inhibition of interferon signaling 
through the use of JAK inhibitors has been suggested to dampen 
the innate antiviral response, thereby potentially worsening the 
host response to viral infection (110). In the absence of robust data 
regarding the safety of JAK inhibitors in the context of symptomatic 

SARS– CoV- 2 infection, the task force recommended temporarily 
withholding tsDMARDs as a potential therapy in children with PRD 
and COVID- 19 infection.

In November 2020, EUAs were issued for two mono-
clonal antibodies (mAb) to prevent hospitalization of patients 
with mild-to-moderate COVID-19 infection, with risk factors 
for more significant disease. A rationale for providing neutraliz-
ing mAb to patients early in the course of COVID-19 infection is 
to mitigate disease progression. A significant reduction in SARS–
CoV-2 viral load was demonstrated in a trial of a single dose of 
intravenous bamlanivumab given prior to hospitalization and within 
3 days of positive PCR testing (111). In contrast, testing of bam-
lanivumab in hospitalized patients showed lack of benefit and a 
possible unfavorable risk/benefit profile in this population (112). 
The Pediatric Infectious Diseases Society (PIDS) recommends 
against routine use of mAb for treatment of COVID-19 in children 
or adolescents, but acknowledges that providers may choose to 
administer mAb on a case-by-case basis, if available and proper 
precautions are in place (113). The EUA for bamlanivumab includes 
pediatric patients >12 years old and weighing at least 40 kg with 
positive results of direct SARS–CoV-2 viral testing within 10 days 
(ideally within fewer than 10 days). The criteria include patients 
receiving immunosuppressive treatment and children (ages 12–17 
years) with a body mass index in the >85th percentile, sickle cell 
disease, heart disease, neurodevelopmental disorders, chronic 
respiratory disease, or medical-related technology dependence. 
The task force thus recommended that mAb administration be 

Table 5. Ongoing treatment of patients with PRD and asymptomatic COVID- 19 infection or patients with PRD and probable or confirmed 
symptomatic COVID- 19 infection*

Guidance statement
Level of task 

force consensus
PRD and asymptomatic COVID- 19†

NSAIDs, HCQ, colchicine, cDMARDs, bDMARDs, and tsDMARDs may be continued if necessary to control underlying 
disease.

High

Cyclophosphamide or rituximab may be continued if necessary to control underlying disease. Moderate
Glucocorticoids should be continued, using the lowest effective dose possible to control underlying disease and avoid 

adrenal insufficiency.
Moderate

PRD and probable or confirmed symptomatic COVID- 19
NSAIDs and colchicine may be continued to control underlying disease. High
HCQ may be continued, if necessary, to control underlying disease. Avoid other medications that may contribute to QT 

prolongation and ensure appropriate cardiac monitoring in patients who require hospitalization.
High

cDMARDs, bDMARDs (except IL- 1 inhibitors), and tsDMARDs should be temporarily delayed or withheld. High
Cyclophosphamide and rituximab should be temporarily delayed or withheld. Moderate
IL- 1 inhibitors may be continued if necessary to control underlying disease. High
Glucocorticoids should be continued, with an effort to reduce the dose to the lowest effective dose possible to control 

underlying disease and avoid adrenal insufficiency.
High

In uncomplicated COVID- 19 infection, cDMARDs, bDMARDS, and tsDMARDs may be restarted 7– 14 days after resolution 
of fever and respiratory symptoms. Reinitiating medications in severe cases of COVID- 19 should be determined on a 
case- by- case basis

High

If available, administration of monoclonal antibody therapy for COVID- 19 may be considered in children (over 12 years 
old) with PRD and additional risk factors for severe COVID- 19 infection.

Moderate

* PRD = pediatric rheumatic disease; NSAIDs = nonsteroidal antiinflammatory drugs; HCQ = hydroxychloroquine; cDMARDs = conventional 
disease- modifying antirheumatic drugs; bDMARDs = biologic disease- modifying antirheumatic drugs; tsDMARDs = targeted synthetic disease- 
modifying antirheumatic drugs; IL- 1 = interleukin- 1. 
† Asymptomatic coronavirus disease 2019 (COVID- 19) was defined as detection of severe acute respiratory syndrome coronavirus 2 (SARS– 
CoV- 2) RNA by nasopharyngeal polymerase chain reaction, but no evidence of any clinical manifestations of infection. 
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considered in children with PRD and additional risk factors, deter-
mined on a case-by-case basis.

Reinitiating medications. As previously noted, accumulating 
literature suggests that the risk for severe outcomes in COVID- 19 
in children with PRD taking immunosuppressive medication is not 
as high as feared at the beginning of the pandemic. Furthermore, 
there is evidence that TNF inhibitors (TNFi), in particular, may 
have a protective effect in patients with rheumatic disease and 
COVID- 19. Interim analysis of 600 cases from the COVID- 19 
Global Rheumatology Alliance registry found that patients with 
rheumatic diseases taking TNFi were actually at lower risk of 
hospitalization (25). This finding was supported by results from 
an international inflammatory bowel disease (IBD) COVID- 19 
registry, which similarly found that TNFi use was associated with 
lower rates of hospitalization among pediatric IBD patients (114). 
These reassuring findings raise the question of whether TNFi or 
other DMARDs truly need to be discontinued in children with 
PRD and COVID- 19 infection. The task force found it difficult to 
recommend continuing therapies that are known to suppress 
the antiviral host response in patients with acute symptomatic 
infection and thus the recommendation remains to withhold 
bDMARDs, cDMARDs, and tsDMARDs.

Literature to support the timing and safety of reinitiation of 
therapy after symptomatic COVID- 19 is scant. The task force rec-
ommends restarting DMARDs in mild- to- moderate symptomatic 
COVID- 19 infection 7– 14 days after resolution of fever and res-
piratory symptoms, based on evidence of reduced infectivity and 
symptom resolution in uncomplicated cases after this time period. 
Recognizing that patients, particularly those receiving immuno-
suppressive therapy, may remain PCR-positive for SARS– CoV- 2 
for extended periods of time, the use of repeat PCR to assess 
for safety of re- initiating therapy is not recommended. Further-
more, some patients may experience prolonged fatigue and other 
symptoms that no longer reflect ongoing active infection, and thus 
these manifestations should not prolong the duration of time to 
reinitiate therapy. Restarting DMARDs in severe cases of symp-
tomatic COVID- 19 infection should be determined on a case- by- 
case basis (25,114).

DISCUSSION

Irrespective of the COVID- 19 pandemic, the overall goals of 
treatment in patients with PRD remain prompt control of active 
disease, relief of symptoms, prevention of long- term sequelae, 
and efforts to limit the toxic effects of therapy. These guidance 
statements have been generated based on review of the available 
literature, indicating that children with PRD do not appear to be at 
increased risk for susceptibility to SARS– CoV- 2 infection. The pur-
pose of this document is to help guide the management of patients 
with PRD during the COVID- 19 pandemic and to support shared 
decision- making between providers and individual patients and 
families. The statements should be used to supplement clinical 

judgment, recognizing that specific clinical scenarios may vary by 
individual patient.

There are several strengths to be noted about the effort to 
create this clinical guidance document. The panel of experts on 
this task force reflect a multidisciplinary collaboration, with spe-
cialists in pediatric rheumatology (both ACR and Association of 
Rheumatology Professionals members), pediatric infectious dis-
ease, and adult rheumatology, with a myriad of clinical expertise 
and interests. The task force was developed with the intent to 
include experts from geographic locations across the US (in which 
varying degrees of SARS– CoV- 2 community transmission have 
been observed) and to include clinicians who treat patients with 
diverse demographics and socioeconomic status, to account for 
the spectrum of clinical disease seen in COVID- 19. In addition, 
in response to the urgent need for clinical guidance during the 
COVID- 19 pandemic, the task force generated statements over a 
compressed timeline, while maintaining a well- established method 
of consensus building, to ensure rapid dissemination of clinical 
recommendations.

There are also limitations in this effort. Although an exten-
sive review of the medical literature was performed to generate 
a detailed evidence report, it should be reiterated that this was 
a nonsystematic review of the literature, with limited evidence. 
Although not formally assessed, evidence was generally of low 
quality, and not all sources were peer reviewed. The expert opin-
ions and experience of task force members helped inform guid-
ance. Thus, this guidance document does not follow the rigorous 
guideline methodology routinely used by the ACR when formal 
clinical practice guidelines are generated. Furthermore, current 
published evidence primarily reflects pediatric outcomes in the 
setting of school closures. Ongoing evaluation of outcomes for 
children with PRD in areas where schools reopen will be critically 
important in assessing risk.

Finally, there are a few distinctions to be noted between our 
recommendations and those put forth in the ACR guidance for 
the management of adult patients with rheumatic disease (2). 
Recognizing that children tend to have more mild manifestations 
of COVID- 19, our task force recommended that current ongo-
ing management of PRD be continued (with modifications to glu-
cocorticoid therapy as noted), even in the presence of exposure to 
SARS– CoV- 2 or asymptomatic COVID- 19. Our task force had the 
distinct advantage of having the opportunity to review more recent 
literature to support the notion that patients with PRD, while on 
or off immunomodulatory therapy, do not appear to be at risk for 
increased likelihood of contracting COVID- 19 or having worse 
outcomes, as compared to the general population. In addition, 
our task force agreed that selective inhibition of IL- 1 is likely to be 
safe in the setting of infection from SARS– CoV- 2 and may provide 
additional benefit in the management of COVID- 19, and therefore 
treatment with IL- 1 inhibitors may be continued, even in sympto-
matic cases. As our knowledge regarding COVID- 19 in children 
with PRD continues to expand, this document will be reviewed 
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and modified as necessary to provide the most accurate and up 
to date guidance for rheumatology providers who treat children 
with PRD.
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