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How Do Patients With Newly Diagnosed Systemic Lupus 
Erythematosus Present?
In this issue, Mosca et al (p. 91) used data 
from a multicenter multiethnic cohort to 
describe the clinical manifestations that 
can be used to distinguish early systemic 

lupus erythematosus (SLE) 
f rom SLE-mimick ing 
conditions. The authors 

reviewed clinical symptoms and 
serologic findings of 389 SLE patients, 
who received their initial diagnoses at 
lupus referral centers, and compared 
these data with the findings from 227 
patients referred to the same centers 
for possible SLE, but who were given 
a different diagnosis after clinical and 
serologic evaluation. 

Unexplained fever was more common 
in early SLE than in SLE-mimicking 
conditions (34.5% versus 13.7%), and less 
common features in early SLE included 
Raynaud’s phenomenon (22.1% versus 
48.5%), sicca symptoms (4.4% versus 
34.4%), dysphagia (0.3% versus 6.2%), and 
fatigue (28.3% versus 37.0%). With regard 
to serologic fi ndings, anti–double-stranded 
DNA, anti–β2-glycoprotein I antibodies, 
positive Coombs’ test results, autoimmune 
hemolytic anemia, hypocomplementemia, 
and leukopenia were more common in early 
SLE than in SLE-mimicking conditions. 

The investigators found that symptoms 
detailed in the 1997 American College 

of Rheumatology (ACR) and the 2012 
Systemic Lupus International Collab-
orating Clinics (SLICC) classification 
criteria occurred much more frequently 
among those with early SLE. There were 
differences in the classifi cation criteria:  
fewer patients with early SLE were not 
identifi ed as having early SLE with use 
of the SLICC criteria compared with the 
ACR criteria (16.5% versus 33.9%), and 
the ACR criteria demonstrated higher 
specifi city than the SLICC criteria (91.6% 
versus 82.4%). The authors suggest their 
fi ndings may aid in earlier diagnosis of SLE 
and provide information for ongoing initia-
tives to revise SLE classifi cation criteria.

Rheumatologists have questioned whether radiographic progression 
of ankylosing spondylitis (AS) can be prevented via effective 
treatment. In this issue, Park et al (p. )  report that treatment 
with tumor necrosis factor inhibitors (TNFi) can effectively 

suppress infl ammation and decrease radiographic 
progression in patients with early AS. In this study,
patients in the TNFi group had longer disease 

duration, a higher baseline C-reactive protein (CRP) level, and a 
higher Bath Ankylosing Spondylitis Disease Activity Index score 
than patients in the control group. 

When the investigators time-averaged CRP levels over 
radiographic intervals, they found lower CRP levels in patients 
treated with TNFi than in those treated with nonsteroidal 
antiinfl ammatory drugs (NSAIDs).  The mean ± SD modifi ed Stoke 
Ankylosing Spondylitis Spine Score (mSASSS) change over 2 years in 
the study population was 1.30 ± 2.97 units. Overall, an increase of 
1 mg/dl time-averaged CRP level led to an increase of 1.02 mSASSS 
units per 2-year interval.

The researchers used a multivariable model to adjust for 
age, smoking status, baseline CRP level, and the presence of syn-
desmophytes at baseline, which resulted in the TNFi group having 
less mSASSS change over 2 years compared with the control group. 

When time-averaged CRP was introduced into the model, it signifi -
cantly infl uenced the mSASSS change and decreased the estimated 
group difference.  The NSAID indices of both groups were not associ-
ated with either time-averaged CRP levels or mSASSS changes.

Impact of TNFi Versus NSAID Treatment on 
Radiographic Progression in Early AS 

Figure 1. Cumulative probability plot showing radiographic progression during 
2-year time intervals according to time-averaged CRP levels (<0.2 mg/dl versus ≥0.2 
mg/dl) over individual intervals.
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Distal interphalangeal (DIP) joints are generally considered to be 
unaffected by rheumatoid arthritis (RA). However, researchers 
have documented synovitis and bone marrow edema both 
in DIP joint osteoarthritis (OA) and RA.  Although synovitis 

and bone marrow edema are associated with 
radiographic progression in hand OA and hand RA, 
the radiographic courses are substantially different. 

In this issue, Lechtenboehmer et al (p. 43) report the results 
of a systematic investigation of the incidence and radiographic 
progression of DIP joint OA in patients with concomitant RA, in 
relation to RA activity and patient characteristics.

The mean ± SD age of the patients was 56.1 ± 11.1 years, 
and the median follow-up period was 4.5 years. The researchers 
found that DIP joint OA was present in 60% of the patients at 
baseline.  Higher mean age and higher mean body mass index were 
associated with the presence of DIP joint OA.  In contrast, neither 
the presence of anti–citrullinated protein antibodies (ACPAs) nor 
the presence of rheumatoid factor were associated with DIP 
joint OA. 

When the investigators looked at the Disease Activity Score 
using the erythrocyte sedimentation rate and metacarpophalangeal 
(MCP) joint erosions, they found that disease activity was not 
associated with DIP joint OA progression. Likewise, RA disease 
duration had no relevant effect size associated with DIP joint 
OA progression.  Although known risk factors for DIP joint OA 

were seen in patients with RA and, given the fi nding that RA 
activity, the presence of ACPAs, and MCP joint erosions were 
not associated with the prevalence or progression of DIP joint 
OA, the researchers concluded that there are distinct roles of 
infl ammation in the pathogenesis of RA and DIP joint OA.

Radiographic Progression of DIP Joint Osteoarthritis 
in Patients with Rheumatoid Arthritis

Figure 1. Patient selection process and DIP joint OA development and progression rates. 

Association of Extensive Effusion-Synovitis With Progression 
of Cartilage Damage in Patients With OA and Meniscal Tear
Patients with knee osteoarthritis (OA) and 
meniscal tear frequently have synovitis and 
articular cartilage damage. In this issue, 
MacFarlane et al (page 73) examined a 

cohort of patients with OA 
and meniscal tear to assess 
the associations of base-

line effusion-synovitis and the changes in 
effusion-synovitis with changes in carti-
lage damage. The authors report that the 
presence of extensive effusion-synovitis is 
associated with subsequent progression of 
cartilage damage over 18 months. The great-
est risk of concurrent cartilage damage pro-
gression occurred in patients with extensive 
effusion-synovitis that persisted over time. 
In addition, extensive effusion-synovitis at 
baseline conferred a 50–70% increased risk 
of worsening cartilage damage depth.

The 18-month study included 221 par-
ticipants from the Meniscal Tear in Osteo-
arthritis Research (MeTeOR) trial of surgery 
versus physical therapy for the treatment of 
meniscal tear. The investigators performed 
semiquantitative grading of effusion-syno-
vitis and cartilage damage on baseline and 
follow-up magnetic resonance images and 
then dichotomized effusion-synovitis as 
none/small (minimal) and medium/large 
(extensive). Then an assessment of the asso-
ciation between baseline effusion-synovi-
tis and changes in effusion-synovitis with 
changes in cartilage damage size and depth 
was conducted. The analyses were adjusted 
for patient demographic characteristics, 
treatment, and baseline cartilage damage.

The investigators found that effusion-
synovitis was persistently minimal in 45.3% 

and persistently extensive in 21.3% of the 
patients. The balance of patients (33.5%) 
had minimal synovitis on one occasion 
and extensive synovitis on the other. In 
general, effusion-synovitis was associated 
with a nonsignifi cant 20–30% increased 
risk of worsening cartilage damage size. In 
adjusted analyses, patients with extensive 
effusion-synovitis at baseline had a rela-
tive risk (RR) of cartilage damage depth of 
1.7. Those patients with persistently exten-
sive effusion-synovitis had a signifi cantly 
increased risk of progression of cartilage 
damage depth (RR 2.0) when compared to 
those with persistently minimal effusion-
synovitis. These results are consistent with 
those of previous studies that have investi-
gated the relationship between synovitis and 
cartilage damage.

p. 73

p. 43

1



Clinical Connections

SUMMARY 
Macrophage migration inhibitory factor (MIF), produced primarily from activated monocytes and macrophages, is 
an upstream activator of innate immune responses. High-expression genotypes of MIF are linked to systemic lupus 
erythematosus (SLE; lupus) disease severity.  U1 small nuclear RNP (snRNP) immune complex containing U1 snRNP 
and anti–U1 snRNP antibodies, which are found in SLE, induces MIF secretion and activates the NLRP3 inflammasome 
comprising NLRP3, ASC, and procaspase 1 in human monocytes, leading to the production of the proinflammatory 
cytokine interleukin-1β (IL-1β). Blocking MIF binding to its receptor CD74 with the small molecule MIF098 suppresses 
NLRP3 expression and subsequent IL-1β production, indicating the critical role of MIF in regulating NLRP3 inflammasome 
activation. These findings by Shin et al provide mechanistic insight and a therapeutic rationale for targeting MIF in 
subgroups of lupus patients, such as high-genotypic MIF expressers or those with anti-snRNP antibodies.

KEY POINTS 
•  The U1 snRNP immune

complex induces MIF 
secretion and activates 
the NLRP3 inflammasome 
in human monocytes, 
leading to IL-1β 
production.

•  Blocking MIF binding
to its receptor CD74
suppresses NLRP3
expression and
subsequent IL-1β
production.

•  Our findings demonstrate
the upstream role of
MIF in regulating U1
snRNP immune complex–
mediated NLRP3
inflammasome activation
in lupus.

Macrophage Migration Inhibitory Factor Regulates 
U1 Small Nuclear RNP Immune Complex–
Mediated Activation of the NLRP3 Inflammasome 
Shin et al, Arthritis Rheumatol 2019;71:109–120.

CORRESPONDENCE
Insoo Kang, MD:  insoo.kang@yale.edu
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Clinical Connections

Weaver et al, Arthritis Rheumatol 2019;71:161–168.

CORRESPONDENCE
Lehn K. Weaver, MD, PhD:  weaver11@email.chop.edu

Interferon-γ–Mediated Immunopathology 
Potentiated by Toll-Like Receptor 9 Activation in a 
Murine Model of Macrophage Activation Syndrome 

SUMMARY 
Macrophage activation syndrome (MAS) is a life-threatening complication of inflammatory rheumatologic 
conditions. Interferon-γ (IFNγ) is considered to be a therapeutic target for the treatment of MAS, yet the 
mechanisms leading to IFNγ-mediated immunopathology remain unknown. High-dose IFNγ is also insufficient to 
recapitulate all manifestations of MAS in murine models, suggesting additional signals potentiate IFNγ-mediated 
immunopathology to drive disease. As Toll-like receptor (TLR) activation has been implicated in the pathogenesis 
of both human and murine MAS, Weaver et al investigated whether  TLR signals contribute to murine MAS. Both 
IFNγ and TLR-9 signaling were observed to be required for induction of MAS, as IFNγ-deficient animals develop 
MAS when treated with both a TLR-9 agonist and IFNγ, but not when they are treated with these inflammatory 
signals individually. IFNγ and TLR augmented inflammatory myelopoiesis, which may contribute to disease by 
accelerating the production of new TLR-9–responsive monocytes. These data demonstrate the requirement for 
both IFNγ- and TLR-9–dependent signals in the pathogenesis of experimental MAS.

KEY POINTS 
•  IFNγ- and TLR-9–dependent

signals are insufficient to trigger
murine MAS individually. 

•  The pathogenesis of murine
MAS requires activation of
both IFNγ- and TLR-9–dependent
signals to induce disease.

•  Enhanced myelopoiesis by
IFNγ- and TLR-9–dependent
signals may be a common
inflammatory pathway that
synergistically amplifies immune
responses in MAS.
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E D I T O R I A L

A Fresh New Look, and a Fresh New Journal
Richard J. Bucala1  and Marian T. Hannan2

The founding of Arthritis & Rheumatism (A&R) in 1958 by the 
American Rheumatism Association (now the American College of 
Rheumatology [ACR]) occurred at the advent of knowledge of im-
munologic abnormalities in patients with rheumatoid arthritis, sys-
temic lupus erythematosus, and related disorders. Over its ensuing 
60- year history, A&R (renamed Arthritis & Rheumatology in 2014) 
developed into a preeminent publication for disseminating research 
findings and advancing the field scientifically. Landmark papers ad-
dressed the role of autoantibodies and lymphocytes in rheumatic 
diseases and, in recent years, the clinical translation of cell-  and 
cytokine- based paradigms of disease. Publication was expanded 
in 1988 with Arthritis Care & Research (AC&R), which increased 
the coverage of clinical research and included reports of studies 
analyzing economic, educational, and policy issues. Both journals 
have become international in scope yet remain first and foremost 
anchored to the academic and educational mission of the ACR.

This month introduces two initiatives by the ACR to better at-
tend to the information and educational needs of our community, 
which includes not only investigators but practicing physicians and 
health professionals. First, Arthritis & Rheumatology and Arthritis 
Care & Research introduce a new article presentation format to en-
hance readers’ experience with online and print publication. Sec-
ond, the inaugural issue of ACR Open Rheumatology, a fully open 
access and online publication, debuts as the ACR’s third venue for 
original research reports and scholarly articles.

The global expansion of research activities and scope of clini-
cal medicine, together with the accessibility and speed of the inter-
net, have led to an unprecedented expansion of new information 
and spawned alternative and innovative means of disseminating re-
search findings. “Living” digital documents offer instantaneous links 
to graphical, video, and complex data files that promote discussion 
and continued analysis of published findings. The new formatting 
of the ACR’s journals will facilitate these operations and improve 
readers’ ability to access and make use of published content. It will 

include a clearer presentation of figures and tables, and a new font 
to enhance online and print reading.

Both Arthritis & Rheumatology and Arthritis Care & Research 
have thrived, with annual submissions numbering in the thousands, 
and they have become distinguished for publishing research to ad-
vance scientific rheumatology and improve clinical practice. Both 
journals have enjoyed great success but also are now weighted 
with so many submissions that they are not able to publish as much 
content as desired and must turn away many interesting reports 
and leave topical areas underserved. ACR Open Rheumatology 
will expand the ACR’s portfolio of publications, which also includes 
The Rheumatologist, to better fulfill its mission to disseminate the 
highest- quality original research and information for rheumatolo-
gists. ACR Open Rheumatology will provide online access to full 
content to anyone, with no login or membership required. In addi-
tion, articles in ACR Open Rheumatology will be published under 
a Creative Commons Attribution- Noncommercial license, which 
means they can be used, reproduced, and distributed openly, with 
only a requisite for proper citation and noncommercial use. ACR 
Open Rheumatology will offer an added opportunity for authors to 
publish under the aegis of the ACR. Authors will be able to take 
advantage of internal resubmission from A&R and AC&R directly to 
ACR Open Rheumatology, and with expedited review (i.e., the re-
view from A&R or AC&R could be utilized by ACR Open Rheumatol-
ogy). Authors also may submit articles directly to ACR Open Rheu-
matology, without having submitted previously to A&R or AC&R.

In current circumstances, where the impact of biomedical 
research on clinical practice has never been greater, the need for 
thoughtful and expert peer review, professional editing, and high 
standards for data reporting is essential. The operating philosophy 
of our journals, now augmented with ACR Open Rheumatology, 
is unchanged: to offer the best publications in rheumatology for 
a diverse audience of researchers and health care professionals. 
We are excited by these new initiatives, which will better advance 
scientific discourse and improve clinical practice.
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E D I T O R I A L

The Evolving Art and Science of American College of 
Rheumatology Guidelines
Jinoos Yazdany,1 Liron Caplan,2  John Fitzgerald,3 and Gabriela Schmajuk4

Frequently, disease management guidelines generate con-
troversy. Earlier this year, in a research letter to JAMA Internal 
Medicine, authors critiqued American College of Rheumatology 
(ACR) guidelines for not being adequately evidence- based (1). 
When such criticisms arise, there is an important opportunity for 
reflection. Are ACR guidelines appropriately rigorous? Are there 
ways to improve upon current processes for guideline devel-
opment? How can we improve the value and integrity of ACR 
guidelines moving forward?

The ACR guideline development process has evolved sig-
nificantly over the last 2 decades. The early ACR guideline state-
ments in the 1990s on topics such as lupus or osteoarthritis 
were primarily consensus statements generated by a group of 
experts to address key clinical management issues. Formal sys-
tematic literature reviews were generally not performed, there 
was no validated rating system for evaluating evidence, patients 
were not involved, and there was an overall lack of transpar-
ency about group processes, including conflict of interest poli-
cies. Still, these statements had advantages, including that they 
were written by respected leaders in the field and were simple 
to  interpret.

In the 2000s, with calls for a more rigorous process and 
a growing body of evidence in rheumatology, this “eminence- 
based” process evolved into one that used Rand- UCLA ap-
propriateness methodology, combined with components of the 
American College of Cardiology/American Heart Association ev-
idence rating process (2). The Rand- UCLA method relied on the 
development of clinical scenarios and was applied to convert 
systematic literature review data into clinically relevant recom-
mendations using expert opinion. Although the ACR completed 
a number of guidelines using this method, there were shortcom-

ings. Perhaps most importantly, the manner by which expert 
panels used the evidence ratings to derive their recommen-
dations continued to be ambiguous. The method also strong-
ly weighed evidence derived from randomized controlled trials 
(RCTs) over observational data without substantial consideration 
of a study’s rigor. Systematic reviews were sometimes conduct-
ed but were not routinely published, limiting critical reappraisal 
of the methods. In addition, patients were minimally involved in 
the process, raising concerns that their interests were not ade-
quately prioritized.

In 2012, after an evaluation of the 2011 National Academies 
standards for guideline development (3), the ACR overhauled its 
guideline development processes and began to incorporate the 
use of GRADE methodology (www.gradeworkinggroup.org) and 
also significantly increased patient involvement. All recent ACR 
guidelines, including the psoriatic arthritis guideline published in 
this issue of Arthritis & Rheumatology (4), now are developed 
using this methodology.

GRADE methodology offered advantages over previous ap-
proaches. The method consists of 2 components: 1) a system-
atic literature review to assess the certainty of effect  estimates for 
each intervention considered, and 2) a recommendation strength 
that takes into account not only the quality of the  available 
 evidence, but also variability in patient values and preferences. 
GRADE standardizes the process of moving from evidence to 
recommendations and enables greater transparency about the 
judgments made during that process. A recommendation may 
be strong in the face of low- quality evidence in situations where 
convincing observational evidence exists and/or potential bene-
fits greatly outweigh risks (or vice versa). Similarly, GRADE allows 
for a conditional recommendation even in the face of high- quality 
evidence; for example, an expensive new therapy supported by 
clinical trials but producing only a minimal added benefit might 
warrant a conditional recommendation. Importantly, the scientific 
evidence and the judgments of the voting panels are published 
to allow readers to review the specific factors underlying each 
recommendation.

GRADE ratings are reproducible when people with 
 extensive experience use the method, although interrater 
 reliability  diminishes when evidence is more complex (5,6). The 
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overall benefits of GRADE, perhaps augmented by the extensive 
resources facilitating its implementation by the GRADE Working 
Group, led to rapid adoption of the method among guideline 
developers such as the ACR; it is now used by >80 groups (7).

But GRADE also has limitations. One limitation is that 
GRADE methods are not always easily adaptable to the clinical 
questions posed by guideline developers. GRADE is simplest to 
apply when high- quality evidence allows for generation of quan-
titative estimates of effect for each outcome. If data are qualita-
tive or if there is significant heterogeneity between studies pre-
cluding pooling of estimates, user judgment is needed to assign 
levels of certainty and to develop recommendations. Guideline 
development using GRADE is also significantly more expensive 
and results in a product that is more complex to read given the 
detailed analyses required. Finally, GRADE assigns observational 
studies a default rating of “low quality,” and users can then mod-
ify these evidence ratings per GRADE guidance. However, some 
have argued that the general approach to rating of observational 
data is inadequate, and that GRADE should further specify the 
manner by which confidence assessments should be modified 
(8).

This latter point is relevant in understanding why ACR 
guidelines include many recommendations that rely on low- 
quality evidence. Essentially, recommendations that do not 
harvest evidence from RCTs are less likely to be designated as 
having a high or moderate evidence rating. This poses chal-
lenges in rheumatology, where disease heterogeneity and low 
prevalence make RCTs challenging for many aspects of care. In 
addition, rheumatologists understandably seek the most guid-
ance in areas with the lowest- quality evidence. Increasing calls 
for evidence- based medicine through reports such as the Na-
tional Academies Clinical Practice Guidelines We Can Trust (3) 
have led some groups to restrict their recommendations to only 
those with high- level evidence. However, recent criticism (9,10) 
of American College of Physicians guidelines on topics such 
as gout and osteoporosis, which limited recommendations to 
 areas with high- quality evidence despite significant observational 
evidence and expert consensus in other areas, suggest that a 
more nuanced approach is needed. Ultimately, the clinical utility 
of a guideline may be more in the ability to synthesize the best 
avail able literature with expert consensus relevant to challenging, 
real- world clinical situations for which little evidence exists. Limit-
ing the scope of guidelines to only the few areas and populations 
where RCTs are available ignores the needs of clinicians who 
seek more comprehensive advice from experts in the field.

In their critique of ACR guidelines, Duarte- Garcia et al (1) 
noted that >50% of the ACR’s 403 recommendations were clas-
sified as level C, while only one- fourth were level A. In addition, 
they noted cases of discordance between the evidence level 
and strength of recommendation, with the rheumatoid arthritis 
guidelines having the greatest number of strong recommenda-
tions based on weak (level C) evidence (16%). This brings up 

a key question: do clinicians want recommendations, regard-
less of the quality of the evidence? This question was recently 
studied in a multicenter RCT involving almost 500 clinicians (11). 
Investigators randomized participants to receive summaries in 
areas with either low-  or high- quality evidence, with or without 
recommendations that followed GRADE. Not surprisingly, in all 
scenarios, the vast majority of clinicians (>80%) preferred having 
recommendations in addition to just evidence summaries. The 
fact that ACR guidelines provide recommendations, and some-
times strong recommendations, even in the face of weak evi-
dence is consistent with that study’s findings of what clinicians 
hope for in guidelines and with what the ACR’s membership has 
requested.

An additional question is whether ACR is an outlier with re-
gard to the evidence base of its guidelines, with more recom-
mendations based on low- quality evidence compared to other 
specialties. In a recent systematic query of UpToDate, the most 
widely used reference by clinicians worldwide, 49.7% of 9,451 
GRADE recommendations had low evidence/certainty, 39.8% 
had moderate certainty, and 10.5% had high certainty (12). Un-
certainty or low- quality evidence is therefore prevalent, and in 
fact, the means for rheumatology are similar to those across all 
fields of medicine.

The ACR has remained on the forefront of evolving guideline 
methodology in order to maintain credibility with guideline users 
and disseminators. However, no methodology is perfect, and 
GRADE has its limitations. The ACR should continue to work 
with GRADE developers to address shortcomings and to con-
tribute to the science around guideline development in gener-
al. Moreover, the ACR should continue to begin each guideline 
project by asking which questions are most clinically relevant 
and posting that list for public comment, encouraging input from 
patients and providers alike. Including all relevant questions, re-
gardless of the level of evidence for the eventual recommenda-
tions, makes the final guideline more useful to all stakeholders, 
including patients.

While it may be argued that the ACR’s current approach 
 results in many recommendations that are not supported by 
high- quality evidence using current GRADE definitions, the 
counterargument is that these same recommendations are 
precisely the ones that rheumatologists and patients find the 
most useful. This approach is justified as long as there is 1) 
transparency about the quality of the evidence in these areas, 
2) clarity regarding other factors that played into the guide-
line development group’s decision making (including clinical 
experience and expertise, observational studies, as well as 
patient values and preferences), and 3) an acknowledgment 
that clinicians should have leeway to deviate from recommen-
dations in areas of uncertainty. Finally, it is important to recog-
nize that there are gaps in evidence for much of what we do 
as rheumatologists, and for many areas with low- quality evi-
dence, RCTs may not be feasible. Accelerating the collection 
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of high- quality observational data that will facilitate closure of 
knowledge gaps and improve the evidence base for guide-
lines through efforts such as the ACR’s RISE (Rheumatology 
Informatics System for Effectiveness) registry is therefore an 
important priority.
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S P E C I A L  A R T I C L E

2018 American College of Rheumatology/National Psoriasis 
Foundation Guideline for the Treatment of Psoriatic Arthritis
Jasvinder A. Singh,1  Gordon Guyatt,2 Alexis Ogdie,3 Dafna D. Gladman,4  Chad Deal,5  Atul Deodhar,6  
Maureen Dubreuil,7 Jonathan Dunham,3 M. Elaine Husni,5 Sarah Kenny,8 Jennifer Kwan-Morley,9 Janice Lin,10 

Paula Marchetta,11 Philip J. Mease,12  Joseph F. Merola,13 Julie Miner,14 Christopher T. Ritchlin,15  
Bernadette Siaton,16 Benjamin J. Smith,17 Abby S. Van Voorhees,18 Anna Helena Jonsson,13 Amit Aakash Shah,19 

Nancy Sullivan,20 Marat Turgunbaev,19 Laura C. Coates,21 Alice Gottlieb,22 Marina Magrey,23  W. Benjamin 
Nowell,24 Ana-Maria Orbai,25 Soumya M. Reddy,26  Jose U. Scher,26 Evan Siegel,27 Michael Siegel,28  
Jessica A. Walsh,29  Amy S. Turner,19 and James Reston20

Objective. To develop an evidence- based guideline for the pharmacologic and nonpharmacologic treatment of 
psoriatic arthritis (PsA), as a collaboration between the American College of Rheumatology (ACR) and the National 
Psoriasis Foundation (NPF).

Methods. We identified critical outcomes in PsA and clinically relevant PICO (population/intervention/compara-
tor/outcomes) questions. A Literature Review Team performed a systematic literature review to summarize evidence 
supporting the benefits and harms of available pharmacologic and nonpharmacologic therapies for PsA. GRADE 
(Grading of Recommendations Assessment, Development and Evaluation) methodology was used to rate the quality 
of the evidence. A voting panel, including rheumatologists, dermatologists, other health professionals, and patients, 
achieved consensus on the direction and the strength of the recommendations.

Results. The guideline covers the management of active PsA in patients who are treatment- naive and those who con-
tinue to have active PsA despite treatment, and addresses the use of oral small molecules, tumor necrosis factor inhibitors, 
interleukin- 12/23 inhibitors (IL- 12/23i), IL- 17 inhibitors, CTLA4- Ig (abatacept), and a JAK inhibitor (tofaciti nib). We also de-
veloped recommendations for psoriatic spondylitis, predominant enthesitis, and treatment in the presence of concomitant 
inflammatory bowel disease, diabetes, or serious infections. We formulated recommendations for a treat- to- target strategy, 
vaccinations, and nonpharmacologic therapies. Six percent of the recommendations were strong and 94% conditional, indi-
cating the importance of active discussion between the health care provider and the patient to choose the optimal treatment.

Conclusion. The 2018 ACR/NPF PsA guideline serves as a tool for health care providers and patients in the selection 
of appropriate therapy in common clinical scenarios. Best treatment decisions consider each individual patient situation. 
The guideline is not meant to be proscriptive and should not be used to limit treatment options for patients with PsA.

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

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

Psoriatic arthritis (PsA) is a chronic inflammatory muscu-
loskeletal disease associated with psoriasis, manifesting most 
commonly with peripheral arthritis, dactylitis, enthesitis, and 
spondylitis. Nail lesions, including pitting and onycholysis, occur 
in ~80–90% of patients with PsA. The incidence of PsA is ~6 per 
100,000 per year, and the prevalence is ~1–2 per 1,000 in the 
general population (1). The annual incidence of PsA in patients 
with psoriasis is 2.7% (2), and the reported prevalence of PsA 
among patients with psoriasis has varied between 6% and 41% 
(1). In the majority of patients the skin symptoms develop first, fol-
lowed by the arthritis; however, in some patients the skin and joint 
symptoms present at the same time, and in 10–15% the arthritis 
presents first (2).

PsA affects men and women equally. The distribution of the 
peripheral arthritis varies from asymmetric oligoarthritis (involving 
≤4 joints) to symmetric polyarthritis (involving ≥5 joints). Distal 
interphalangeal joints are commonly affected and, in some pa-
tients, are the only affected joints. Axial disease, when present, 
usually occurs together with peripheral arthritis. Some patients 
present with rapidly progressive and destructive PsA–arthritis 
mutilans. PsA is associated with an adverse impact on health- 
related quality of life (3–5) and high health care costs and utiliza-
tion (6,7). Greater disease activity is associated with progressive 
joint damage and higher mortality (8–11). Early identification of 
PsA and early initiation of therapy are important for improving 
long- term outcomes (12).

Both nonpharmacologic and pharmacologic treatment 
can ameliorate PsA symptoms and can occasionally result 
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in disease remission (Figure  1). Clinicians and patients can 
now choose from a wide variety of pharmacologic therapies, 
including symptomatic treatments such as nonsteroidal anti-
inflammatory drugs (NSAIDs) and intraarticular injections, as 
well as immunomodulatory therapies.

The presentation of PsA is heterogeneous, and health care 
providers frequently face challenges when considering the various 
treatment options. Our objective was to develop evidence- based 
treatment recommendations for the management of active PsA 
in adults, using pharmacologic and nonpharmacologic therapies. 
These PsA treatment recommendations can help guide both cli-
nicians and patients to arrive at optimal management decisions.

METHODS

Methodology overview. This guideline followed the 
American College of Rheumatology (ACR) guideline develop-
ment process (http://www.rheumatology.org/Practice-Quality/
Clinical-Support/Clinical-Practice-Guidelines). This process inc-
lu des using the GRADE (Grading of Recommendations Assess-
ment, Development and Evaluation) methodology (13–15) (www.
gradeworkinggroup.org) to rate the quality of the available evi-
dence and to develop the recommendations. ACR policy guided 
disclosures and the management of conflicts of interest. The full 
methods are presented in detail in Supplementary Appendix 1, 
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40726/abstract.

This work involved 4 teams selected by the ACR Quality 
of Care Committee after reviewing individual and group volun-
teer applications in response to an open request for proposals 
announcement: 1) a Core Leadership Team, which supervised 
and coordinated the project and drafted the clinical questions 
and manuscript; 2) a Literature Review Team, which completed 
the literature search and abstraction; 3) an Expert Panel, com-
posed of patients, patient advocates, rheumatologists, derma-
tologists, 1 dermatologist- rheumatologist, and 1 rheumatology 
nurse practitioner, which developed the clinical questions (PICO 
[population/intervention/comparator/outcomes] questions) and 
decided on the scope of the guideline project; and 4) a Vot-
ing Panel, which included rheumatologists, 1 dermatologist, 1 
dermatologist- rheumatologist, 1 rheumatology physician assis-
tant, and 2 patients (1 of whom was also a physical therapist), 
who provided input from the patient perspective and voted on 
the recommendations. Additionally, a Patient Panel consisting of 
9 adults with PsA reviewed the evidence and provided input on 
their values and preferences, which was reviewed before discus-
sion of each section of PsA management (e.g., treatment- naive, 
treated, comorbidities), and was incorporated into discussions 
and formulation of recommendations. Supplementary Appendix 
2 (http://onlinelibrary.wiley.com/doi/10.1002/art.40726/abstract) 
presents rosters of the team and panel members. In accor dance 
with ACR policy, the principal investigator and the leader of the 
literature review team were free of conflicts, and within each 
team, >50% of the members were free of conflicts.

Figure 1. Pharmacologic, nonpharmacologic, and symptomatic therapies for psoriatic arthritis. Pharmacologic therapies are displayed in the 
blue boxes and include oral small molecules (OSMs), tumor necrosis factor inhibitor (TNFi) biologics, interleukin- 17 inhibitor (IL- 17i) biologics, 
an IL- 12/23i biologic, CTLA4- immunoglobulin, and a JAK inhibitor. While there are numerous nonpharmacologic therapies available, 6 of 
these are addressed in this guideline. Symptomatic therapies include nonsteroidal antiinflammatory drugs, systemic glucocorticoids, and local 
glucocorticoid injections. Systemic glucocorticoids or local injections are not addressed in this guideline.

http://www.rheumatology.org/Practice-Quality/Clinical-Support/Clinical-Practice-Guidelines
http://www.rheumatology.org/Practice-Quality/Clinical-Support/Clinical-Practice-Guidelines
http://www.gradeworkinggroup.org
http://www.gradeworkinggroup.org
http://onlinelibrary.wiley.com/doi/10.1002/art.40726/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40726/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40726/abstract


SINGH ET AL 8    |

Framework for the PsA guideline development 
and scope of the guideline. Because there are numerous 
topics within PsA that could be addressed, at the beginning 
of the process the guideline panels made several decisions 
regarding the focus of this guideline and how to define as-
pects of the disease (e.g., active disease). At an initial scoping 
meeting, the Voting Panel and Expert Panel agreed that the 
project would include the management of patients with active 
PsA, defined as symptoms at an unacceptably bothersome 
level as reported by the patient and judged by the examining 
health care provider to be due to PsA based on the presence 
of at least 1 of the following: actively inflamed joints, dactylitis, 
enthesitis, axial disease, active skin and/or nail involvement, 
and/or extraarticular manifestations such as uveitis or inflam-
matory bowel disease (IBD). The health care provider may, in 
deciding if symptoms are due to active PsA, consider informa-
tion beyond the core information from the history and physical 
examination, such as inflammation markers (C- reactive protein 
[CRP] or erythrocyte sedimentation rate [ESR]) and imaging 
results. At the scoping meeting, the panels decided that the 
guideline would address both pharmacologic and nonphar-
macologic therapies for the treatment of PsA. We examined 
evidence regarding vaccinations, treatment in the presence 
of common comorbidities, and implementing a treat- to- target 
strategy.

In addressing pharmacologic therapies, we focused on im-
munomodulatory agents for long- term management rather than 
addressing acute symptom management (i.e., through intraar-
ticular injections and the use of systemic glucocorticoids). To-
facitinib and ixekizumab were submitted for review and potential 
approval by the US Food and Drug Administration (FDA) at the 
time of formulation of this guideline (16,17) and for this reason, 
these drugs were addressed in the guideline. Both drugs have 
been approved for PsA since then (18,19). Tofacitinib is not in-
cluded within the oral small molecules (OSM) category since 
its benefit/risk profile differs from that of the rest of the OSMs, 
especially with regard to risks (20–22), and consistent with 
its being considered separately in other treatment  guidelines 
(23,24).  Additionally, the panel addressed alternatives in  patient 
subpopulations (e.g., patients with predominant enthesitis,  axial 
disease, dactylitis, comorbidities), and greater versus lesser 
 disease  severity.

There are currently no widely agreed- upon definitions of dis-
ease severity in PsA or psoriasis. Thus, health care providers and 
patients should judge PsA and psoriasis severity on a case- by- 
case basis. For the purpose of these recommendations, severity 
includes not only the level of disease activity at a given time point, 
but also the presence or absence of poor prognostic factors and 
long- term damage. Examples of severe PsA disease include the 
presence of 1 or more of the following: a poor prognostic factor 
(erosive disease, dactylitis, elevated levels of inflammation mark-

ers such as ESR and CRP attributable to PsA), long- term dam-
age that interferes with function (e.g., joint deformities), highly 
active disease that causes a major impairment in quality of life 
(i.e., active psoriatic inflammatory disease at many sites [includ-
ing dactylitis, enthesitis] or function- limiting inflammatory disease 
at few sites), and rapidly progressive disease (Figure 2). In clinical 
trials, severe psoriasis has been defined as a Psoriasis Area and 
Severity Index (PASI) (25) score of ≥12 and a body surface area 
score of ≥10. However, because it is cumbersome, physicians 
seldom use the PASI in clinical practice. Examples of definitions 
of severe PsA and severe psoriasis are shown in Figure 2. Finally, 
because the National Psoriasis Foundation (NPF) and American 
Academy of Dermatology are concurrently developing psoriasis 
treatment guidelines, the treatment of skin psoriasis separately 
from the inflammatory arthritis was not included in the current 
ACR/NPF PsA guideline.

Systematic synthesis of the literature. Systematic 
searches of the published English- language literature included Ovid 
Medline, PubMed, Embase, and the Cochrane Library  (including 
Cochrane Database of Systematic Reviews, Database of Abstracts 
of Reviews of Effects, Cochrane Central Register of Controlled  Trials, 
and Health Technology Assessments) from the beginning of each  
database through November 15, 2016 (Supplementary Appendix 
3, on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40726/ abstract); we conducted up-
dated searches on May 2, 2017 and again on March 8, 2018. 
DistillerSR software (https://distillercer.com/products/distillersr- 
systematic-reviewsoftware/) (Supplementary Appendix 4; http://on-
linelibrary.wiley.com/doi/10.1002/art.40726/abstract) was used to 
facilitate duplicate screening of literature search results. Reviewers 
entered extracted data into RevMan software (http://tech.cochrane.
org/revman), and evaluated the risk of bias in primary studies  using 
the Cochrane risk of bias tool (http://handbook.cochrane.org/). 
We exported RevMan files into GRADEpro software to formulate 
a GRADE summary of findings table (Supplementary Appendix 5;   
http://onlinelibrary.wiley.com/doi/10.1002/art.40726/abstract) for 
each PICO question (26). Additionally, a network meta- analysis 
was performed when sufficient studies were available. GRADE 
criteria provided the framework for judging the overall quality of 
 evidence (13).

The panels chose the critical outcomes for all comparisons 
at the initial scoping; these included the American College of 
Rheumatology 20% response criteria (ACR20) (the primary out-
come for most PsA clinical trials), the Health Assessment Ques-
tionnaire disability index (a measure of physical function), the 
PASI 75% response criteria (PASI75) (a measure of skin psoriasis 
improvement), and serious infections. Both the ACR20 and the 
PASI75 are accepted outcome mea sures specified by regulatory 
agencies, including the US FDA, for the approval of treatments 
for PsA (27). Serious infections are among the issues of greatest 

http://onlinelibrary.wiley.com/doi/10.1002/art.40726/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40726/abstract
https://distillercer.com/products/distillersr-systematic-reviewsoftware/
https://distillercer.com/products/distillersr-systematic-reviewsoftware/
http://onlinelibrary.wiley.com/doi/10.1002/art.40726/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40726/abstract
http://tech.cochrane.org/revman
http://tech.cochrane.org/revman
http://handbook.cochrane.org/
http://onlinelibrary.wiley.com/doi/10.1002/art.40726/abstract


ACR/NPF GUIDELINE FOR PSORIATIC ARTHRITIS TREATMENT |   9

concern for patients and physicians when selecting among ther-
apies. Other specific harms (e.g., liver toxicity with methotrexate 
[MTX]) were included as critical outcomes for individual compar-
isons. We included other outcomes, such as total infections (re-
gardless of severity), when appropriate.

Moving from evidence to recommendations. GRADE 
methodology specifies that panels make recommendations 
based on the balance of benefits and harms, the quality of the 
evidence (i.e., confidence in effect estimates), and patients’ val-
ues and preferences. Deciding on the balance between desir-
able and undesirable outcomes requires estimating the relative 
value patients place on those outcomes. When the literature 
provided very limited guidance, the experience of the Voting 
Panel members (including physicians, a rheumatology physician 
assistant, and the 2 patients present) in managing the relevant 
cases and issues became an important source of evidence. Val-
ues and preferences, crucial to all recommendations, derived 
from input from the members of the Patient Panel were par-
ticularly salient in such situations. GRADE methodology allows 
the panels the possibility of not coming to a decision, and a 
summary of the discussion is noted in such cases. However, 
during the development of this guideline, the Voting Panel came 
to a conclusion in each case scenario, and such a situation did 
not arise.

Consensus building. The Voting Panel voted on the di-
rection and strength of the recommendation related to each 
PICO question. Recommendations required a 70% level of 
agreement, as used previously in other similar processes (28) 
and in the previous ACR guidelines (23,29,30); if 70% agree-
ment was not achieved during an initial vote, the panel members 
held additional discussions before revoting. For all conditional 
recommendations, a written explanation is provided, describing 
the reasons for the decision and conditions under which the al-
ternative choice may be preferable.

Moving from recommendations to practice. These 
recommendations are designed to help health care providers 
work with patients in selecting therapies. The presence or 
absence of concomitantly occurring conditions, such as IBD, 
uveitis, diabetes, and serious infections, and the knowledge 
of previous therapies, influence decisions regarding optimal 
management. In the context of PsA, the physical examination, 
which is also required for selecting therapy, includes assess-
ment of the peripheral joints (including for dactylitis), the en-
theses, the spine, the skin, and the nails. Health care providers 
and patients must take into consideration all active disease 
domains, comorbidities, and the patient’s functional status in 
choosing the optimal therapy for an individual at a given point 
in time.

Figure 2. Examples of “severe” psoriatic arthritis (PsA) and psoriasis. The guideline development group defined severe PsA and psoriasis as 
the presence of 1 or more of the items listed. This is not a formal definition. There have been many definitions of severe psoriasis used over 
time—the items here are adapted from the 2007 National Psoriasis Foundation expert consensus statement for moderate- to- severe psoriasis 
(68). In clinical trials, severe psoriasis has been defined as a Psoriasis Area and Severity Index (PASI) score of ≥12 and a body surface area (BSA) 
score of ≥10 (25). ESR = erythrocyte sedimentation rate; CRP = C- reactive protein.
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RESULTS/RECOMMENDATIONS

How to interpret the recommendations

1. A strong recommendation means that the panel was confi-
dent that the desirable effects of following the recommen-
dation outweigh the undesirable effects (or vice versa), so
the course of action would apply to all or almost all pa-
tients, and only a small proportion of clinicians/patients not
wanting to follow the recommendation. We use the phrase
“should use” or “should be used” for strong recommenda-
tions.

2. A conditional recommendation means that the panel be-
lieved the desirable effects of following the recommendation
probably outweigh the undesirable effects, so the course of
action would apply to the majority of the patients, but a small
proportion of clinicians/patients may not want to follow the
recommendation. Because of this, conditional recommenda-
tions are preference sensitive and always warrant a shared
decision-making approach. We use the phrase “is recom-
mended over” or “is/would be recommended” for conditional
recommendations. We specify conditions under which the
less preferred drug may be used by using the phrase “may
be used” or “may consider” or “Y (less preferred drug) may
be used instead of X (preferred drug)” or “may consider Y
instead of X (preferred drug)” for conditional recommenda-
tions.

3. Conditional recommendations were usually based on low- to
very-low-quality evidence (in rare instances, moderate-quality
evidence). Strong recommendations were typically based on
moderate- or high-quality evidence.

4. For each recommendation, Supplementary Appendix 5 (on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40726/abstract) provides details
regarding the PICO questions and the GRADE evidence
 tables.

5. In each case, the Voting Panel’s recommendation was based
on a judgment of the most likely net benefit, i.e.,1) more ben-
efit with the medication conditionally recommended with no
difference in harms between the medications being com-
pared (e.g., choosing a TNFi over OSMs in treatment-naive
patients) or 2) less harm with the medication conditionally
recommended and no difference in benefit (e.g., choosing
abatacept over a TNFi in patients at risk of or with a history
of previous infections, or preferring a different OSM over MTX
in patients with PsA and diabetes due to an increased risk of
liver toxicity in this subpopulation).

6. This is an evidence-based guideline, in that we explicitly use
the best evidence available and present that in a transpar-
ent manner for the clinician reader/user (31,32). In some in-
stances, this includes a randomized trial directly comparing

the interventions under consideration. In other cases, in the 
absence of any published evidence, the best evidence comes 
from the collective experience of the Voting Panel and pa-
tient panel members, which in the GRADE system is rated as 
“very-low-quality” evidence.

Recommendations for pharmacologic 
 interventions

Active PsA in treatment- naive patients (Table 1 and 
Figure  3). All recommendations for treatment-naive  patients 
with active PsA are conditional based on low- to very-low- 
quality evidence.

In treatment- naive patients with active PsA, a TNFi bio-
logic agent is recommended over an OSM as a first- line op-
tion (Table 1). OSMs may be used instead of a TNFi biologic in 
patients without severe PsA and without severe psoriasis (as 
defined in Methods and Figure 2; final determination of sever-
ity to be made by the patient and the health care provider), 
those who prefer an oral drug instead of parenteral therapy, 
or those with contraindications to TNFi treatment, including 
congestive heart failure, previous serious infections, recurrent 
infections, or demyelinating disease.

For treatment- naive patients with active PsA, the use of a 
TNFi biologic or OSM is recommended over an interleukin- 17 
inhibitor (IL- 17i) or IL- 12/23i biologic. An IL- 17i or IL- 12/23i bio-
logic may be used instead of TNFi biologics in patients with se-
vere psoriasis or contraindications to TNFi biologics, and may 
be used instead of OSMs in patients with severe psoriasis or 
severe PsA. MTX is recommended over NSAIDs in treatment- 
naive patients with active PsA. NSAIDs may be used instead 
of MTX after consideration of possible contraindications and 
side effect profile in patients without evidence of severe PsA 
or severe psoriasis and in those at risk for liver toxicity (Table 1 
and Figure 3). An IL- 17i biologic is recommended over an IL- 
12/23i biologic. IL- 12/23i biologics may be used in patients 
who have concomitant IBD or who desire less frequent drug 
administration.

Active PsA despite treatment with an OSM (Table 2 
and Figure 4). All recommendations for patients with active PsA 
 despite treatment with an OSM are conditional based on mostly   
low- to very-low-quality evidence and, in a few instances, 
 moderate-quality evidence.

In patients with active PsA despite OSM therapy, switch-
ing to a TNFi, an IL- 17i, or an IL- 12/23i biologic is recommend-
ed over switching to a different OSM (Table 2 and Figure 4). 
A different OSM may be used rather than a TNFi, IL- 17i, or 
IL- 12/23i in patients who prefer an oral medication or those 
without  evidence of severe PsA or severe psoriasis; a differ-

http://onlinelibrary.wiley.com/doi/10.1002/art.40726/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40726/abstract
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Table 1. Recommendations for the initial treatment of patients with active psoriatic arthritis who are OSM-  and other treatment–naive (PICOs 9–15)* 

Level of evidence  
(evidence [refs.] 

reviewed)†
In OSM- and other treatment–naive patients with active PsA,

1. Treat with a TNFi biologic over an OSM (MTX, SSZ, LEF, CSA, or APR) (PICO 10a–e) Low (53–66)
Conditional recommendation based on low- quality evidence; may consider an OSM if the patient 
does not have severe PsA,‡ does not have severe psoriasis,§ prefers oral therapy, has concern over 
starting a biologic as the first therapy, or has contraindications to TNFi biologics, including congestive 
heart failure, previous serious infections, recurrent infections, or demyelinating disease.

2. Treat with a TNFi biologic over an IL-17i biologic (PICO 14) Very low
Conditional recommendation based on very- low- quality evidence; may consider an IL- 17i biologic if 
the patient has severe psoriasis or has contraindications to TNFi biologics, including congestive heart 
failure, previous serious infections, recurrent infections, or demyelinating disease.

3. Treat with a TNFi biologic over an IL-12/23i biologic (PICO 13) Very low
Conditional recommendation based on very- low- quality evidence; may consider an IL- 12/23i  
biologic if the patient has severe psoriasis, prefers less frequent drug administration, or has  
contraindications to TNFi biologics, including congestive heart failure, previous serious infections,  
recurrent infections, or demyelinating disease.

4. Treat with an OSM over an IL-17i biologic (PICO 12) Very low
Conditional recommendation based on very- low- quality evidence; may consider an IL- 17i  
biologic if the patient has severe psoriasis and/or severe PsA. 

5. Treat with an OSM over an IL-12/23i biologic (PICO 11) Very low
Conditional recommendation based on very- low- quality evidence; may consider an IL- 12/23i  
biologic if the patient has concomitant IBD and/or severe psoriasis and/or severe PsA or prefers  
less frequent drug administration.

6. Treat with MTX over NSAIDs (PICO 9) Very low (67)
Conditional recommendation based on very- low- quality evidence; may consider NSAIDs before start-
ing MTX in patients with less active disease, after careful consideration of cardiovascular risks  
and renal risks of NSAIDs.

7. Treat with an IL-17i biologic over an IL-12/23i biologic (PICO 15) Very low
Conditional recommendation based on very- low- quality evidence; may consider an IL- 12/23i 
biologic if the patient has concomitant IBD or prefers less frequent drug administration.

* Active psoriatic arthritis (PsA) is defined as disease causing symptoms at an unacceptably bothersome level as reported by the patient, 
and judged by the examining clinician to be due to PsA based on ≥1 of the following: swollen joints, tender joints, dactylitis, enthesitis, axial 
disease, active skin and/or nail involvement, and extraarticular inflammatory manifestations such as uveitis or inflammatory bowel disease 
(IBD). Oral small molecules (OSMs) are defined as methotrexate (MTX), sulfasalazine (SSZ), leflunomide (LEF), cyclosporine (CSA), or apremi-
last (APR) and do not include tofacitinib, which was handled separately since its efficacy/safety profile is much different from that of other 
OSMs listed above. OSM-  and other treatment–naive is defined as naive to treatment with OSMs, tumor necrosis factor inhibitors (TNFi,) 
interleukin- 17 inhibitors (IL- 17i), and IL- 12/23i; patients may have received nonsteroidal antiinflammatory drugs (NSAIDs), glucocorticoids, 
and/or other pharmacologic and nonpharmacologic interventions. 
† When there were no published studies, we relied on the clinical experience of the panelists, which was designated very- low- quality  evidence. 
‡ Because there are currently no widely agreed- upon definitions of disease severity, PsA severity should be established by the health care pro-
vider and patient on a case- by- case basis. For the purposes of these recommendations, severity is considered a broader concept than disease 
activity in that it encompasses the level of disease activity at a given time point, as well as the presence of poor prognostic factors and long- term 
damage. Examples of severe PsA disease include the presence of ≥1 of the following: a poor prognostic factor (erosive disease, elevated levels of 
inflammation markers such as C- reactive protein or erythrocyte sedimentation rate attributable to PsA), long- term damage that interferes with 
function (e.g., joint deformities, vision loss), highly active disease that causes major impairment in quality of life (i.e., active psoriatic inflammato-
ry disease at many sites [including dactylitis, enthesitis] or function- limiting inflammatory disease at few sites), and rapidly progressive disease. 
§ Because there are currently no widely agreed- upon definitions of disease severity, psoriasis severity should be established by the health 
care provider and patient on a case- by- case basis. In clinical trials, severe psoriasis has been defined as a Psoriasis Area and Severity Index 
(PASI) score (25) of ≥12 and a body surface area score of ≥10. In clinical practice, however, the PASI tool is not standardly utilized given its 
cumbersome nature. In 2007, the National Psoriasis Foundation published an expert consensus statement, which defined moderate- to- 
severe disease as a body surface area of ≥5% (68). In cases in which the involvement is in critical areas, such as the face, hands or feet, nails, 
intertriginous areas, scalp, or where the burden of the disease causes significant disability or impairment of physical or mental functioning, 
the disease can be severe despite the lower amount of surface area of skin involved. The need to factor in the unique circum stances of the 
individual patient is of critical importance, but this threshold provides some guidance in the care of patients. 
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ent OSM may be used rather than a TNFi in the presence of 
contraindications to TNFi biologics. A TNFi biologic is recom-
mended over an IL- 17i biologic, an IL- 12/23i biologic, abata-
cept, or tofacitinib. An IL- 17i biologic is recommended over 
an IL- 12/23i biologic, abatacept, or tofacitinib. An IL- 12/23i is 
recommended over abatacept or tofacitinib. In patients with 
contraindications to TNFi agents, an IL- 12/23i, an IL- 17i, abat-
acept, or tofacitinib may be used instead of a TNFi. In patients 
with severe psoriasis, an IL- 12/23i or an IL- 17i may be used 
instead of a TNFi. Tofacitinib may be used instead of a TNFi 
in patients preferring oral medication who do not have severe 
psoriasis.

Switching to another OSM is recommended over adding 
another OSM to the current treatment (except in the case of 

apremilast). Adding another OSM (except apremilast) to current 
treatment may be considered if the patient has exhibited partial 
response to the current OSM. Adding apremilast to the current 
OSM therapy is recommended over switching to apremilast mon-
otherapy since most evidence for benefits of apremilast pertains 
to apremilast combination therapy. Switching to apremilast mon-
otherapy may be considered instead of apremilast combination 
therapy if the patient has intolerable side effects with the current 
OSM.

Biologic monotherapy is recommended over biologic com-
bination therapy with MTX (the most commonly used OSM in 
combination therapy). When switching to biologic monothera-
py, stopping the OSM or tapering of the OSM are both reason-
able options and depend on patient and health care provider 

Figure 3. Recommendations for the treatment of patients with active psoriatic arthritis (PsA) who are treatment- naive (no exposure to oral 
small molecules [OSMs] or other treatments). All recommendations are conditional based on low-  to very- low- quality evidence. A conditional 
recommendation means that the panel believed the desirable effects of following the recommendation probably outweigh the undesirable 
effects, so the course of action would apply to the majority of the patients, but some may not want to follow the recommendation. Because 
of this, conditional recommendations are preference sensitive and always warrant a shared decision- making approach. Due to the complexity 
of management of active PsA, not all clinical situations and choices could be depicted in this flow chart, and therefore we show only the 
key recommendations. For a complete list of recommendations, please refer to the Results section of the text. For the level of evidence 
supporting each recommendation, see Table 1 and the related section in the Results. This figure is derived from recommendations based on 
PICO (population/intervention/comparator/outcomes) questions that are based on the common clinical situations. Active PsA was defined 
as symptoms at an unacceptably bothersome level as reported by the patient, and judged by the examining health care provider to be due 
to PsA based on the presence of at least 1 of the following: actively inflamed joints, dactylitis, enthesitis, axial disease, active skin and/or nail 
involvement, and/or extraarticular manifestations such as uveitis or inflammatory bowel disease (IBD). TNFi = tumor necrosis factor inhibitor; 
IL- 17i = interleukin- 17 inhibitor; MTX = methotrexate; NSAIDs = nonsteroidal antiinflammatory drugs.



ACR/NPF GUIDELINE FOR PSORIATIC ARTHRITIS TREATMENT |   13

Table 2. Recommendations for treatment of patients with active psoriatic arthritis despite treatment with an OSM (PICOs 16–25; 67–69; 76–78)* 

Level of evidence 
(evidence [refs.]  

reviewed)†

In adult patients with active PsA despite treatment with an OSM,

1. Switch to a TNFi biologic over a different OSM (PICO 23) Moderate (62–66, 69–86)
Conditional recommendation based on moderate- quality evidence; may consider
switching to a different OSM if the patient has contraindications to TNFi biologics,
including congestive heart failure, previous serious infections, recurrent infections, or
demyelinating disease, if the patient prefers an oral versus parenteral therapy, or in
patients without evidence of severe PsA‡ or severe psoriasis.§

2. Switch to a TNFi biologic over an IL-17i biologic (PICO 17) Moderate (62–66, 72–78, 87–97)
Conditional recommendation based on moderate- quality evidence; may consider an IL- 
17i if the patient has severe psoriasis and/or has contraindications to TNFi biologics, includ-
ing congestive heart failure, previous serious infections, recurrent infections, or demyelinat-
ing disease, and/or a family history of demyelinating disease such as multiple sclerosis. 

3. Switch to a TNFi biologic over an IL-12/23i biologic (PICO 16) Moderate (62–66, 72–78, 97–102)
Conditional recommendation based on moderate- quality evidence; may consider an
IL- 12/23i if the patient has severe psoriasis and/or contraindications to TNFi biologics, 
including congestive heart failure, previous serious infections, recurrent infections, or
demyelinating disease, or prefers less frequent drug administration.

4. Switch to a TNFi biologic over abatacept (PICO 67) Low (62–66, 72–78, 103, 104)
Conditional recommendation based on low- quality evidence; may consider abatacept
if the patient has contraindications to TNFi biologics, including congestive heart failure, 
previous serious infections, recurrent infections, or demyelinating disease.

5. Switch to a TNFi biologic over tofacitinib (PICO 76) Low (62–66, 72–78, 105) 
Conditional recommendation based on low- quality evidence; may consider tofacitinib if
the patient has contraindications to TNFi biologics, including congestive heart failure, previous 
serious infections, recurrent infections, or demyelinating disease, or prefers oral medication.

6. Switch to an IL-17i over a different OSM (PICO 25) Low (79–87, 89–95)
Conditional recommendation based on low- quality evidence; may consider switch-
ing to a different OSM if the patient prefers an oral versus parenteral therapy or in
patients without evidence of severe PsA or severe psoriasis.

7. Switch to an IL-17i biologic over an IL-12/23i biologic (PICO 18) Moderate (87, 89–95, 98–100, 106, 107)
Conditional recommendation based on moderate- quality evidence; may consider
an IL- 12/23i biologic if the patient has concomitant IBD or prefers less frequent drug
administration.

8. Switch to an IL-17i biologic over abatacept (PICO 69) Low (89–95, 103, 104)
Conditional recommendation based on low- quality evidence; may consider abata-
cept in patients with recurrent or serious infections.

9. Switch to an IL-17i biologic over tofacitinib (PICO 78) Low (89–95, 105) 
Conditional recommendation based on low- quality evidence; may consider tofacitinib if 
the patient prefers an oral therapy or has a history of recurrent Candida infections.

10. Switch to an IL-12/23i biologic over a different OSM (PICO 24) Low (79–86, 98–100)
Conditional recommendation based on low- quality evidence; may consider switch-
ing to a different OSM if the patient prefers an oral versus parenteral therapy or in
patients without evidence of severe PsA or severe psoriasis.

11. Switch to an IL-12/23i biologic over abatacept (PICO 68) Low (98–100, 103, 104)
Conditional recommendation based on low- quality evidence; may consider abata-
cept in patients with recurrent or serious infections.
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Level of evidence 
(evidence [refs.]  

reviewed)†

12. Switch to an IL-12/23i biologic over tofacitinib (PICO 77) Low (98–100, 105) 
Conditional recommendation based on low- quality evidence; may consider tofaci-
tinib if the patient prefers an oral therapy.

13. Add apremilast to current OSM therapy over switching to apremilast (PICO 22b) Low (83, 84, 108)
Conditional recommendation based on low- quality evidence; may consider switching to 
apremilast if the patient has intolerable side effects with the current OSM.

14.  Switch to another OSM (except apremilast) over adding another OSM (except
apremilast) to current treatment (PICO 22a)

Low (83, 84, 108)

Conditional recommendation based on low- quality evidence; may consider adding
another OSM (except apremilast) to current treatment if the patient has demonstrat-
ed partial response to the current OSM.

15.  Switch to a TNFi biologic monotherapy over MTX and a TNFi biologic combi-
nation therapy (PICO 19)

Low (109–111)

Conditional recommendation based on low- quality evidence; may consider MTX and
TNFi biologic combination therapy if the patient has severe skin manifestations, has had 
a partial response to current MTX therapy, has concomitant uveitis (since uveitis may
respond to MTX therapy), and if the current TNFi biologic is infliximab or adalimumab.

16.  Switch to an IL-17i biologic monotherapy over MTX and an IL-17i biologic
combination therapy (PICO 21)

Very low

Conditional recommendation based on very- low- quality evidence; may consider
MTX and an IL- 17i biologic combination therapy if the patient has severe skin manifes-
tations, has had a partial response to current MTX therapy, or has concomitant uveitis
(since uveitis may respond to MTX therapy).

17.  Switch to an IL-12/23i biologic monotherapy over MTX and an IL-12/23i bio-
logic combination therapy (PICO 20)

Very low

Conditional recommendation based on very- low- quality evidence; may consider MTX
and an IL- 12/23i biologic combination therapy if the patient has severe skin manifes-
tations, has had a partial response to current MTX therapy, or has concomitant uveitis
(since uveitis may respond to MTX therapy).

* Active psoriatic arthritis (PsA) is defined as disease causing symptoms at an unacceptably bothersome level as reported by the patient, and
judged by the examining clinician to be due to PsA based on ≥1 of the following: swollen joints, tender joints, dactylitis, enthesitis, axial disease, 
active skin and/or nail involvement, and extraarticular inflammatory manifestations such as uveitis or inflammatory bowel disease (IBD). 
Oral small molecules (OSMs) are defined as methotrexate (MTX), sulfasalazine, leflunomide, cyclosporine, or apremilast and do not include 
tofacitinib, which was handled separately since its efficacy/safety profile is much different from that of other OSMs listed above. TNFi = tumor 
necrosis factor inhibitor; IL- 17i = interleukin- 17 inhibitor. 
† When there were no published studies, we relied on the clinical experience of the panelists, which was designated very- low- quality  evidence. 
‡ Because there are currently no widely agreed- upon definitions of disease severity, PsA severity should be established by the health care pro-
vider and patient on a case- by- case basis. For the purposes of these recommendations, severity is considered a broader concept than disease 
activity in that it encompasses the level of disease activity at a given time point, as well as the presence of poor prognostic factors and long- term 
damage. Examples of severe PsA disease include the presence of ≥1 of the following: a poor prognostic factor (erosive disease, elevated levels of 
inflammation markers such as C- reactive protein or erythrocyte sedimentation rate attributable to PsA), long- term damage that interferes with 
function (e.g., joint deformities, vision loss), highly active disease that causes major impairment in quality of life (i.e., active psoriatic inflammato-
ry disease at many sites [including dactylitis, enthesitis] or function- limiting inflammatory disease at few sites), and rapidly progressive disease. 
§ Because there are currently no widely agreed- upon definitions of disease severity, psoriasis severity should be established by the health
care provider and patient on a case- by- case basis. In clinical trials, severe psoriasis has been defined as a Psoriasis Area and Severity Index 
(PASI) score (25) of ≥12 and a body surface area score of ≥10. In clinical practice, however, the PASI tool is not standardly utilized given its 
cumbersome nature. In 2007, the National Psoriasis Foundation published an expert consensus statement, which defined moderate- to- 
severe disease as a body surface area of ≥5% (68). In cases in which the involvement is in critical areas, such as the face, hands or feet, nails, 
intertriginous areas, scalp, or where the burden of the disease causes significant disability or impairment of physical or mental functioning, 
the disease can be severe despite the lower amount of surface area of skin involved. The need to factor in the unique circum stances of the 
individual patient is of critical importance, but this threshold provides some guidance in the care of patients. 

Table 2. (Cont’d)
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preferences. A biologic agent in combination with MTX may be 
used instead of biologic monotherapy if the patient has severe 
psoriasis, has had a partial response to current MTX therapy, 
or has concomitant uveitis (since uveitis may respond to MTX 
therapy), or in patients receiving treatment with a monoclonal 
antibody TNFi biologic, especially infliximab and adalimumab, 
to potentially delay or prevent the formation of antidrug anti-
bodies.

Active PsA despite treatment with a TNFi  biologic 
agent as monotherapy or in combination therapy 
 (Table 3 and Figure 5).  All recommendations for patients with 
active PsA despite TNFi biologic treatment are conditional based 
on low- to very-low-quality evidence.

In patients with active PsA despite treatment with TNFi 
biologic monotherapy, switching to a different TNFi biologic 
monotherapy is recommended over switching to IL- 12/23i bi-
ologic, an IL- 17i biologic, abatacept, or tofacitinib monother-
apy or adding MTX to the current TNFi biologic (Table 3 and 

Figure 5). An IL- 12/23i biologic, IL- 17i biologic, abatacept, or 
tofacitinib may be used instead of a different TNFi biologic 
monotherapy in the case of a primary TNFi biologic failure or 
a serious adverse event due to the TNFi biologic. An IL- 17i 
or IL- 12/23i biologic may be used instead of a different TNFi 
biologic, particularly in the presence of severe psoriasis. Aba-
tacept may be used instead of a TNFi biologic in patients with 
recurrent or serious infections in the absence of severe psoria-
sis, based on indirect evidence of fewer hospitalized infections 
with abatacept compared to TNFi biologics in a population 
with rheumatoid arthritis (33). Tofacitinib may be used instead 
of a TNFi biologic if oral therapy is preferred by the patient.

In patients with active PsA despite treatment with TNFi bi-
ologic monotherapy, an IL- 17i biologic is recommended over 
an IL- 12/23i biologic, abatacept, or tofacitinib, and an IL- 12/23i 
biologic is recommended over abatacept or tofacitinib. An IL- 
12/23i biologic may be considered instead of an IL- 17i biologic 
if the patient has IBD or desires less frequent drug administra-
tion. Abatacept may be considered instead of an IL- 17i or IL- 

Figure 4. Recommendations for the treatment of patients with active psoriatic arthritis (PsA) despite treatment with oral small molecules 
(OSMs). All recommendations are conditional based on low-  to very- low- quality evidence. A conditional recommendation means that the 
panel believed the desirable effects of following the recommendation probably outweigh the undesirable effects, so the course of action would 
apply to the majority of the patients, but some may not want to follow the recommendation. Because of this, conditional recommendations 
are preference sensitive and always warrant a shared decision- making approach. Due to the complexity of management of active PsA, not all 
clinical situations and choices could be depicted in this flow chart, and therefore we show only the key recommendations. For a complete list of 
recommendations, please refer to the Results section of the text. For the level of evidence supporting each recommendation, see Table 2 and 
the related section in the Results. TNFi = tumor necrosis factor inhibitor; IL- 17i = interleukin- 17 inhibitor; MTX = methotrexate.
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Table 3. Recommendations for treatment of patients with active psoriatic arthritis despite treatment with a TNFi biologic, as monotherapy or 
in combination with MTX (PICOs 26–35; 70–75)* 

Level of evidence 
(evidence [refs.] reviewed)†

In adult patients with active PsA despite treatment with a TNFi biologic monotherapy, 

1. Switch to a different TNFi biologic over switching to an IL-17i biologic (PICO 28) Low (72, 73, 90–93, 95)
Conditional recommendation based on low- quality evidence; may consider an IL- 17i if
the patient had a primary TNFi biologic efficacy failure or a TNFi biologic–associated serious
adverse event or severe psoriasis.‡

2. Switch to a different TNFi biologic over switching to an IL-12/23i biologic (PICO 27) Low (72, 73, 99, 100)
Conditional recommendation based on low- quality evidence; may consider an IL- 12/23i if
the patient had a primary TNFi biologic efficacy failure or a TNFi biologic–associated serious
adverse effect or prefers less frequent drug administration.

3. Switch to a different TNFi biologic over switching to abatacept (PICO 70) Low (72, 73, 103, 104)
Conditional recommendation based on low- quality evidence; may consider abatacept if the pa-
tient had a primary TNFi biologic efficacy failure or TNFi biologic–associated serious adverse effect. 

4. Switch to a different TNFi biologic over switching to tofacitinib (PICO 73) Low (62–66, 72–78, 105) 
Conditional recommendation based on low- quality evidence; may consider tofacitinib if the
patient prefers an oral therapy or had a primary TNFi biologic efficacy failure or a TNFi biolog-
ic–associated serious adverse effect.

5.  Switch to a different TNFi biologic (with or without MTX) over adding MTX to the
same TNFi biologic monotherapy (PICO 26 and 26A)

Very low

Conditional recommendation based on very- low- quality evidence; may consider adding
MTX when patients have demonstrated partial response to the current TNFi biologic therapy,
especially if the TNFi biologic is a monoclonal antibody.

6. Switch to an IL-17i biologic over switching to an IL-12/23i biologic (PICO 29) Low (90–93, 95, 99, 100)
Conditional recommendation based on low- quality evidence; may consider an IL- 12/23i if
the patient has IBD or if the patient prefers less frequent drug administration.

7. Switch to an IL-17i biologic over abatacept (PICO 72) Low (90–93, 95, 103, 104, 112) 
Conditional recommendation based on low- quality evidence; may consider abatacept if the
patient prefers IV dosing or in patients with recurrent or serious infections.

8. Switch to an IL-17i biologic over tofacitinib (PICO 75) Low (90–93, 105) 
Conditional recommendation based on low- quality evidence; may consider tofacitinib if the
patient prefers an oral therapy or in patients with concomitant IBD or a history of recurrent
Candida infections.

9. Switch to an IL-12/23i biologic over abatacept (PICO 71) Low (99, 100, 103, 104) 
Conditional recommendation based on of low- quality evidence; may consider abatacept if
the patient prefers IV dosing or in patients with recurrent or serious infections.

10. Switch to an IL-12/23i biologic over tofacitinib (PICO 74) Low (98–100, 105) 
Conditional recommendation based on low- quality evidence; may consider tofacitinib if the
patient prefers an oral therapy.

11.  Switch to a different TNFi biologic monotherapy over switching to a different TNFi
biologic and MTX combination therapy (PICO 30)

Very low

Conditional recommendation based on very- low- quality evidence; may consider switching
to a TNFi biologic and MTX combination therapy if the current TNFi biologic is infliximab.

12.  Switch to an IL-17i biologic monotherapy over switching to an IL-17i biologic and MTX
combination therapy (PICO 32)

Very low

Conditional recommendation based on very- low- quality evidence; may consider switching
to an IL- 17i biologic and MTX combination therapy in patients with concomitant uveitis, as
uveitis may respond to MTX therapy.
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12/23i biologic in patients with recurrent or serious infections. 
To facitinib may be considered instead of an IL- 17i biologic in 
patients who prefer oral therapy or have a history of recurrent 
or severe Candida infections. Tofacitinib may be considered in-
stead of an IL- 12/23i biologic in patients who prefer oral thera-
py. For each biologic (TNFi, IL- 12/23i, or IL- 17i), monotherapy 
is recommended over combination with MTX. Combination 
therapy with biologic and MTX may be used instead of bio-
logic monotherapy in the presence of severe psoriasis, partial 
response to current MTX therapy, concomitant uveitis (since 
uveitis may respond to MTX therapy), and if the current TNFi 
biologic is infliximab or adalimumab (for immunogenicity pre-
vention).

Under circumstances in which combination therapy with a 
TNFi biologic and MTX is used and active PsA persists, switching 
to a different TNFi with MTX is recommended over monotherapy 
with a different TNFi. Continuing MTX treatment during TNFi tran-
sition was seen as beneficial because TNFi biologics may have 
more sustained efficacy when used in combination with MTX, but 
evidence is limited (34). Monotherapy with a different TNFi biolog-
ic may be used if the patient has had MTX- associated adverse 
events, prefers to receive fewer medications, or perceives MTX 
treatment as a burden. IL- 12/23i or IL- 17i biologic monotherapy 
is recommended over either of these agents in combination with 
MTX. Combination therapy with an IL- 17i or IL- 12/23 biologic and 
MTX may be used instead of switching to biologic monotherapy 

Level of evidence 
(evidence [refs.] reviewed)†

13.  Switch to an IL-12/23i biologic monotherapy over switching to an IL-12/23i biologic 
and MTX combination therapy (PICO 31)

Very low

Conditional recommendation based on very- low- quality evidence; may consider switching 
to an IL- 12/23i biologic and MTX combination therapy if the patient has severe psoriasis. 

In adult patients with active PsA despite treatment with a TNFi biologic and MTX 
combination therapy, 

14.  Switch to a different TNFi biologic + MTX over switching to a different TNFi biologic 
monotherapy (PICO 33)

Very low

Conditional recommendation based on very- low- quality evidence; may consider switching 
to a different TNFi biologic monotherapy if the patient has demonstrated MTX- associated 
adverse events, prefers to receive fewer medications, or perceives MTX as a burden. 

15.  Switch to an IL-17i biologic monotherapy over an IL-17i biologic and MTX combina-
tion therapy (PICO 35)

Very low

Conditional recommendation based on very- low- quality evidence; may consider switching 
to an IL- 17i biologic and MTX combination therapy if the patient had had a partial response 
to the existing regimen or in patients with concomitant uveitis, as uveitis may respond to MTX 
therapy. Continuing MTX during the transition to an IL- 17i biologic was discussed as potentially 
beneficial to allow the new therapy time to work. 

16.  Switch to IL-12/23i biologic monotherapy over IL-12/23i biologic and MTX combina-
tion therapy (PICO 34)

Very low

Conditional recommendation based on very- low- quality evidence; may consider switching 
to an IL- 12/23i biologic and MTX combination therapy if the patient had had a partial response 
to the existing regimen or in patients with concomitant uveitis, as uveitis may respond to MTX 
therapy. Continuing MTX during the transition to an IL- 12/23i biologic was discussed as poten-
tially beneficial to allow the new therapy time to work.

* Active psoriatic arthritis (PsA) is defined as disease causing symptoms at an unacceptably bothersome level as reported by the patient, 
and judged by the examining clinician to be due to PsA based on ≥1 of the following: swollen joints, tender joints, dactylitis, enthesitis, axial 
disease, active skin and/or nail involvement, and extraarticular inflammatory manifestations such as uveitis or inflammatory bowel disease 
(IBD). TNFi = tumor necrosis factor inhibitor; MTX = methotrexate; IL- 17i = interleukin- 17 inhibitor; IV = intravenous. 
† When there were no published studies, we relied on the clinical experience of the panelists, which was designated very- low- quality  evidence. 
‡ Because there are currently no widely agreed- upon definitions of disease severity, psoriasis severity should be established by the health 
care provider and patient on a case- by- case basis. In clinical trials, severe psoriasis has been defined as a Psoriasis Area and Severity Index 
(PASI) score (25) of ≥12 and a body surface area score of ≥10. In clinical practice, however, the PASI tool is not standardly utilized given its 
cumbersome nature. In 2007, the National Psoriasis Foundation published an expert consensus statement, which defined moderate- to- 
severe disease as a body surface area of ≥5% (68). In cases in which the involvement is in critical areas, such as the face, hands or feet, nails, 
intertriginous areas, scalp, or where the burden of the disease causes significant disability or impairment of physical or mental functioning, 
the disease can be severe despite the lower amount of surface area of skin involved. The need to factor in the unique circum stances of the 
individual patient is of critical importance, but this threshold provides some guidance in the care of patients. 

Table 3. (Cont’d)
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if the patient had a partial response to the existing regimen and/
or has concomitant uveitis that might respond to MTX therapy.

Active PsA despite treatment with an IL- 17i biologic 
agent as monotherapy (Table 4 and Figure 6). All recom-
mendations for patients with active PsA despite IL-17i biologic 
treatment are conditional based on very-low-quality evidence.

In patients with active PsA despite treatment with an IL- 
17i biologic, switching to a TNFi biologic is recommended over 
switching to an IL- 12/23i biologic, adding MTX to the current 
IL- 17i biologic, or switching to a different IL- 17i biologic (Table 4 
and Figure 6). Switching to an IL- 12/23i biologic is recommended 
over adding MTX to the current IL- 17i biologic or switching to 
a different IL- 17i biologic. Treatment may be switched to an IL- 
12/23i biologic instead of a TNFi biologic if the patient has severe 
psoriasis or a contraindication to TNFi biologic treatment. Another 

IL- 17i biologic may be used instead of switching to a TNFi or 
IL- 12/23i biologic if the patient had a secondary efficacy failure 
with the current IL- 17i biologic, severe psoriasis, or a contrain-
dication to TNFi treatment. MTX may be added to the current 
IL- 17i regimen instead of switching to a TNFi or IL- 12/23i biologic 
in patients who have had a partial response to the current IL- 17i 
biologic.

Active PsA despite treatment with an IL- 12/23i bi-
ologic agent as monotherapy (Table 4 and Figure 6). All 
recommendations for patients with active PsA despite IL-12/23i 
biologic treatment are conditional based on very-low-quality 
 evidence.

In patients with active PsA despite treatment with an IL- 12/23i 
biologic, switching to a TNFi biologic is recommended over add-
ing MTX to the current regimen or switching to an IL- 17i biologic 

Figure 5. Recommendations for the treatment of patients with active psoriatic arthritis (PsA) despite treatment with a tumor necrosis factor inhibitor 
(TNFi) as monotherapy or as combination therapy with methotrexate (MTX). All recommendations are conditional based on low-  to very- low- quality 
evidence. A conditional recommendation means that the panel believed the desirable effects of following the recommendation probably outweigh 
the undesirable effects, so the course of action would apply to the majority of the patients, but some may not want to follow the recommendation. 
Because of this, conditional recommendations are preference sensitive and always warrant a shared decision- making approach. Due to the 
complexity of management of active PsA, not all clinical situations and choices could be depicted in this flow chart, and therefore we show only the 
key recommendations. For a complete list of recommendations, please refer to the Results section of the text. For the level of evidence supporting 
each recommendation, see Table 3 and the related section in the Results. IL- 17i = interleukin- 17 inhibitor; IV = intravenous.
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Table 4. Recommendations for treatment of patients with active psoriatic arthritis despite treatment with an IL- 17i or an IL- 12/23i biologic 
monotherapy (PICOs 36–43)* 

Level of evidence† 
In adult patients with active PsA despite treatment with an IL-17i biologic monotherapy,

1. Switch to a TNFi biologic over switching to an IL-12/23i biologic (PICO 39) Very low
Conditional recommendation based on very- low- quality- evidence; may consider switching to IL-  12/23i
if the patient has contraindications to TNFi biologics, including congestive heart failure, previous serious
infections, recurrent infections, or demyelinating disease, or prefers less frequent drug administration.

2. Switch to a TNFi biologic over switching to a different IL-17i biologic (PICO 42) Very low
Conditional recommendation based on very- low- quality evidence; may consider switching to a differ-
ent IL- 17i if the patient had had a secondary efficacy failure to current IL- 17i, or severe psoriasis, or con-
traindications to TNFi biologics, including congestive heart failure, previous serious infections, recurrent
infections, or demyelinating disease.

3. Switch to a TNFi biologic over adding MTX to an IL-17i biologic (PICO 41) Very low
Conditional recommendation based on very- low- quality evidence; may consider adding MTX to an IL- 
17i if the patient had had a partial response to the existing regimen or if the patient has contraindications
to TNFi biologics, including congestive heart failure, previous serious infections, recurrent infections, or
demyelinating disease.

4. Switch to an IL-12/23i biologic over switching to a different IL-17i biologic (PICO 43) Very low
Conditional recommendation based on very- low- quality evidence; may consider switching to a dif-
ferent IL- 17i if the patient had had a secondary efficacy failure to current IL- 17i or severe psoriasis,‡ or
if the patient has contraindications to TNFi biologics, including congestive heart failure, previous serious
infections, recurrent infections, or demyelinating disease.

5. Switch to an IL-12/23i biologic over adding MTX to an IL-17i biologic (PICO 40) Very low
Conditional recommendation based on very- low- quality evidence; may consider adding MTX to an IL- 
17i if the patient had had a partial response to the existing regimen.

In adult patients with active PsA despite treatment with an IL-12/23i biologic monotherapy,

6. Switch to a TNFi biologic over switching to an IL-17i biologic (PICO 38) Very low
Conditional recommendation based on very- low- quality evidence; may consider an IL- 17i if the patient
has severe psoriasis or contraindications to TNFi biologics, including congestive heart failure, previous
serious infections, recurrent infections, or demyelinating disease.

7. Switch to a TNFi biologic over adding MTX to an IL-12/23i biologic (PICO 36) Very low
Conditional recommendation based on very- low- quality evidence; may consider adding MTX in
patients in whom the severe psoriasis is not responding to the current therapy, or if the patient has con-
traindications to TNFi biologics, including congestive heart failure, previous serious infections, recurrent
infections, or demyelinating disease.

8. Switch to an IL-17i biologic over adding MTX to an IL-12/23i biologic (PICO 37). Very low
Conditional recommendation based on very- low- quality evidence; may consider adding MTX in pa-
tients with only partial response to the current therapy or in those who potentially have not had enough
time to adequately respond.

* Active psoriatic arthritis (PsA) is defined as disease causing symptoms at an unacceptably bothersome level as reported by the patient,
and judged by the examining clinician to be due to PsA based on ≥1 of the following: swollen joints, tender joints, dactylitis, enthesitis, axial 
disease, active skin and/or nail involvement, and extraarticular inflammatory manifestations such as uveitis or inflammatory bowel disease. 
IL- 17i = interleukin- 17 inhibitor; TNFi = tumor necrosis factor inhibitor; MTX = methotrexate. 
† When there were no published studies—as was the case with all of the recommendations presented in this table—we relied on the clinical 
experience of the panelists, which was designated very- low- quality evidence. 
‡ Because there are currently no widely agreed- upon definitions of disease severity, psoriasis severity should be established by the health 
care provider and patient on a case- by- case basis. In clinical trials, severe psoriasis has been defined as a Psoriasis Area and Severity Index 
(PASI) score (25) of ≥12 and a body surface area score of ≥10. In clinical practice, however, the PASI tool is not standardly utilized given its 
cumbersome nature. In 2007, the National Psoriasis Foundation published an expert consensus statement, which defined moderate- to- 
severe disease as a body surface area of ≥5% (68). In cases in which the involvement is in critical areas, such as the face, hands or feet, nails, 
intertriginous areas, scalp, or where the burden of the disease causes significant disability or impairment of physical or mental functioning, 
the disease can be severe despite the lower amount of surface area of skin involved. The need to factor in the unique circum stances of the 
individual patient is of critical importance, but this threshold provides some guidance in the care of patients. 
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(Table 4 and Figure 6). Switching to an IL- 17i biologic is recom-
mended over adding MTX to the current therapy. Treatment may 
be switched to an IL- 17i biologic instead of a TNFi biologic if the 
patient has severe psoriasis or a contraindication to TNFi biolog-
ic treatment. MTX may be added to the current IL- 12/23i biolog-
ic therapy instead of switching to a TNFi or an IL- 17i biologic in 
patients with a partial response to the current therapy; MTX may 
also be added to the current IL- 12/23i biologic therapy instead of 
switching to a TNFi biologic in the presence of contraindications to 
TNFi biologics.

Treat- to- target (Table  5). This recommendation for 
 patients with active PsA is conditional based on low-quality 
 evidence.

In patients with active PsA, using a treat- to- target strategy is 
recommended over not following a- treat- to- target strategy. One 
may consider not using a treat- to- target strategy in patients in 
whom there are concerns related to increased adverse events, 
costs of therapy, and patient burden of medications associated 
with tighter control.

Active PsA with psoriatic spondylitis/axial disease 
despite treatment with NSAIDs (Table 5). All recommen-
dations for patients with active PsA with psoriatic spondylitis/
axial disease despite NSAID treatment are conditional based on 
very-low-quality evidence.

The ACR/Spondylitis Association of America/Spondyloar-
thritis Research and Treatment Network recommendations for 
patients with axial spondyloarthritis (35) should be followed for 
patients with axial PsA. OSMs are not effective for axial disease 
(35). In patients with active axial PsA despite NSAID treatment, a 
TNFi biologic is recommended over an IL- 17i or IL- 12/23i biolog-
ic, and an IL- 17i biologic is recommended over an IL- 12/23i bio-
logic. An IL- 17i biologic may be used instead of a TNFi biologic if 
the patient has severe psoriasis or a contraindication to TNFi bio-
logic treatment (Table 5). We recommend not using an IL- 12/23i 
biologic since 3 randomized trials of an IL- 12/23i biologic (usteki-
numab) in patients with axial spondyloarthritis (a related condi-
tion) were stopped because the key primary and secondary end 
points were not achieved (36–38); the safety profile was report-
edly consistent with that observed in past ustekinumab studies.

Figure 6. Recommendations for the treatment of patients with active psoriatic arthritis (PsA) despite treatment with interleukin- 17 inhibitor 
(IL- 17i) or IL- 12/23i biologic monotherapy. All recommendations are conditional based on low-  to very- low- quality of evidence. A conditional 
recommendation means that the panel believed the desirable effects of following the recommendation probably outweigh the undesirable 
effects, so the course of action would apply to the majority of the patients, but some may not want to follow the recommendation. Because 
of this, conditional recommendations are preference sensitive and always warrant a shared decision- making approach. Due to the complexity 
of management of active PsA, not all clinical situations and choices could be depicted in this flow chart, and therefore we show only the key 
recommendations. For a complete list of recommendations, please refer to the Results section of the text. For the level of evidence supporting 
each recommendation, see Table 4 and the related section in the Results. TNFi = tumor necrosis factor inhibitor; MTX = methotrexate.
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Table 5. Recommendations for treatment of patients with active psoriatic arthritis including treat- to- target, active axial disease, enthesitis, or 
active inflammatory bowel disease (PICOs 44–55; 58–62)* 

Level of evidence (evidence 
[refs.] reviewed)†

In adult patients with active PsA,

1. Use a treat-to-target strategy over not following a treat-to-target strategy (PICO 44) Low (113)
Conditional recommendation based on low- quality evidence; may consider not following a 
treat- to- target strategy in patients in whom higher frequency and/or severity of adverse events, 
higher cost of therapy, or higher patient burden of medications with tighter control are a concern.

In patients with active PsA with psoriatic spondylitis/axial disease despite treatment 
with NSAIDs,‡

2. Switch to a TNFi biologic over switching to an IL-17i biologic (PICO 46) Very low
Conditional recommendation based on very- low- quality evidence; may consider switching to an IL- 
17i biologic if the patient has contraindications to TNFi biologics, congestive heart failure, previous se-
rious infections, recurrent infections, or demyelinating disease, or if the patient has severe psoriasis.§

3. Switch to a TNFi biologic over switching to an IL-12/23i biologic (PICO 45) Very low
Conditional recommendation based on very- low- quality evidence; switching to an IL- 12/23i 
biologic is not considered since recent trials in axial SpA were stopped.

4. Switch to an IL-17i biologic over switching to an IL-12/23i (PICO 47) Very low
Conditional recommendation based on very- low- quality evidence; switching to an IL- 12/23i 
biologic is not considered since recent trials in axial SpA were stopped.

In adult patients with active PsA and predominant enthesitis who are both OSM- and 
biologic treatment–naive,¶

5. Start oral NSAIDs over an OSM (specifically apremilast) (PICO 48) Very low
Conditional recommendation based on very- low- quality evidence; may consider starting an 
OSM (specifically apremilast) if the patient has active joint disease and/or skin disease or contra-
indications to the use of NSAIDs, including cardiovascular disease, peptic ulcer disease, or renal 
disease or impairment.

6. Start a TNFi biologic over an OSM (specifically apremilast) (PICO 48A) Very low
Conditional recommendation based on very- low- quality evidence; may consider starting an 
OSM (specifically apremilast) if the patient prefers an oral treatment as the first therapy or the 
patient has contraindications to TNFi biologics, including recurrent infections, congestive heart 
failure, or demyelinating disease.

7. Start tofacitinib over an OSM (specifically apremilast) (PICO 55) Very low
Conditional recommendation based on very- low- quality evidence; may consider starting an 
OSM (specifically apremilast) if the patient has recurrent infections.

In adult patients with active PsA and predominant enthesitis despite treatment with OSM,

8. Switch to a TNFi biologic over an IL-17i biologic (PICO 53) Low (72, 73, 76, 89, 90, 92)
Conditional recommendation based on low- quality evidence; may consider switching to an 
IL- 117i if the patient has severe psoriasis or contraindications to TNFi biologics, including con-
gestive heart failure, previous serious infections, recurrent infections, or demyelinating disease.

9. Switch to a TNFi biologic over an IL-12/23i biologic (PICO 52) Low (72, 73, 76, 98, 100)
Conditional recommendation based on low- quality evidence; may consider switching to an 
IL- 12/23i if the patient has severe psoriasis or contraindications to TNFi biologics, including con-
gestive heart failure, previous serious infections, recurrent infections, or demyelinating disease, 
or if the patient prefers less frequent drug administration.

10. Switch to a TNFi biologic over switching to another OSM (PICO 49) Low (72, 73, 76, 83–85)
Conditional recommendation based on low- quality evidence; may consider switching to 
another OSM# if the patient prefers an oral medication over an injection, or if the patient has 
contraindications to TNFi biologics, including congestive heart failure, previous serious infec-
tions, recurrent infections, or demyelinating disease. 
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Level of evidence (evidence 
[refs.] reviewed)†

11. Switch to an IL-17i biologic over an IL-12/23i biologic (PICO 54) Low (89, 90, 92, 93, 98–100)
Conditional recommendation based on low- quality evidence; may consider switching to an IL- 
12/23i if the patient has concomitant IBD or if the patient prefers less frequent drug administration.

12. Switch to an IL-17i biologic over switching to another OSM (PICO 51) Low (83–86, 89, 90, 92, 93)
Conditional recommendation based on low- quality evidence; may consider switching to
another OSM if the patient prefers an oral medication.

13. Switch to an IL-12/23i biologic over switching to another OSM (PICO 50) Low (83–86, 98, 100)
Conditional recommendation based on low- quality evidence; may consider switching to an-
other OSM# if the patient prefers an oral medication over an injection, or if there are contraindi-
cations to an IL-  12/23i, such as severe recurrent infections.

In adult patients with active PsA and concomitant active IBD who are both OSM- and 
biologic treatment–naive,

14. Start a monoclonal antibody TNFi biologic over an OSM (PICO 62) Very low (114)
Conditional recommendation based on very- low- quality evidence; may consider starting an
OSM if the patient prefers an oral medication, or if the patient has contraindications to TNFi
biologics, including congestive heart failure, previous serious infections, recurrent infections, or
demyelinating disease.

In adult patients with active PsA and concomitant active IBD despite treatment with an OSM,

15.  Switch to a monoclonal antibody TNFi biologic over a TNFi biologic soluble receptor
biologic (i.e., etanercept) (PICO 58)

Moderate (115–117)

Strong recommendation supported by moderate- quality evidence, showing TNFi monoclo-
nal antibody biologics are effective in IBD but indirect evidence shows a TNFi biologic soluble
receptor biologic is not effective for the treatment of IBD.

16. Switch to a TNFi monoclonal antibody biologic over an IL-17i biologic (PICO 59) Moderate (50)
Strong recommendation supported by moderate- quality evidence showing monoclonal
antibody TNFi biologics are effective for IBD while an IL- 17i biologic is not effective for IBD.

17. Switch to a TNFi biologic monoclonal antibody biologic over an IL-12/23i biologic (PICO 61) Very low
Conditional recommendation based on very- low- quality evidence; may consider switching
to an IL-  12/23i biologic if the patient has contraindications to TNFi biologics, including conges-
tive heart failure, previous serious infections, recurrent infections, or demyelinating disease, or
prefers less frequent drug administration.

18. Switch to an IL-12/23i biologic over switching to an IL-17i biologic (PICO 60) Moderate (50)
Strong recommendation supported by moderate- quality evidence showing IL- 12/23i
biologic is effective for IBD while an IL- 17i biologic is not effective for IBD.

* Active psoriatic arthritis (PsA) is defined as disease causing symptoms at an unacceptably bothersome level as reported by the patient, and
judged by the examining clinician to be due to PsA based on ≥1 of the following: swollen joints, tender joints, dactylitis, enthesitis, axial disease, 
active skin and/or nail involvement, and extraarticular inflammatory manifestations such as uveitis or inflammatory bowel disease (IBD). 
† When there were no published studies, we relied on the clinical experience of the panelists, which was designated very- low- quality evidence. 
‡ Axial disease is generally treated according to the American College of Rheumatology/Spondylitis Association of America/Spondyloarthritis 
Research and Treatment Network recommendations for spondyloarthritis (SpA). 
§ Because there are currently no widely agreed- upon definitions of disease severity, psoriasis severity should be established by the health
care provider and patient on a case- by- case basis. In clinical trials, severe psoriasis has been defined as a Psoriasis Area and Severity Index 
(PASI) score (25) of ≥12 and a body surface area score of ≥10. In clinical practice, however, the PASI tool is not standardly utilized given its 
cumbersome nature. In 2007, the National Psoriasis Foundation published an expert consensus statement, which defined moderate- to- 
severe disease as a body surface area of ≥5% (68). In cases in which the involvement is in critical areas, such as the face, hands or feet, nails, 
intertriginous areas, scalp, or where the burden of the disease causes significant disability or impairment of physical or mental functioning, 
the disease can be severe despite the lower amount of surface area of skin involved. The need to factor in the unique circum stances of the 
individual patient is of critical importance, but this threshold provides some guidance in the care of patients. 
¶ Oral small molecules (OSMs) are defined as methotrexate (MTX), sulfasalazine, leflunomide, cyclosporine, or apremilast and do not include tofacitinib, 
which was handled separately since its efficacy/safety profile is much different from that of other OSMs listed above. OSM-  and biologic treatment–na-
ive is defined as naive to treatment with OSMs, tumor necrosis factor inhibitors (TNFi,), interleukin- 17 inhibitors (IL- 17i), and IL- 12/23i; patients may have 
received nonsteroidal antiinflammatory drugs (NSAIDs), glucocorticoids, and/or other pharmacologic and nonpharmacologic interventions. 
# It should be noted that for the enthesitis questions (PICO 49, 50, and 51), the existing evidence was mainly drawn from the apremilast 
studies, as no randomized controlled trial report described enthesitis outcomes for the other OSMs. 

Table 5. (Cont’d)
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Active PsA with predominant enthesitis in 
treatment- naive patients and despite treatment with 
an OSM (Table 5). All recommendations for patients with active 
PsA with predominant enthesitis are conditional based on low- 
to very-low-quality evidence. (This section names apremilast 
among all OSMs specifically for recommendations, since of the 
OSMs, only apremilast has shown efficacy for enthesitis.)

In treatment- naive PsA patients with predominant enthesi-
tis, a TNFi biologic is recommended over an OSM as a first- line 
option. Apremilast may be used instead of a TNFi biologic if the 
patient prefers an oral therapy or has contraindications to TNFi. 
Oral NSAIDs are recommended over starting an OSM unless the 
patient has cardiovascular disease, peptic ulcer disease, renal 
disease (or impairment), or severe psoriasis or PsA, in which 
case apremilast may be given instead of NSAIDs. Tofacitinib is 
recommended over apremilast for treatment- naive patients with 
predominant enthesitis. Apremilast may be used instead of to-
facitinib in patients with recurrent infections.

In patients with active PsA with predominant enthesitis 
despite treatment with an OSM (used for other manifestations 
of PsA), a TNFi biologic, an IL- 17i biologic, or an IL- 12/23i 
biologic is recommended over switching to another OSM. 
Apremilast may be used in patients who prefer oral therapy 
or who have recurrent infections or contraindications to TNFi 
biologics. A TNFi biologic is recommended over an IL- 17i or 
IL- 12/23i biologic. An IL- 17i or IL- 12/23i biologic may be used 
instead of a TNFi biologic in patients with severe psoriasis or 
contraindications to TNFi. An IL- 17i biologic is recommended 
over an IL- 12/23i biologic. An IL- 12/23i biologic may be used 
instead of a TNFi biologic in patients who prefer less frequent 
drug administration, and instead of an IL- 17i biologic in pa-
tients with concomitant IBD or who prefer less frequent drug 
administration.

Active PsA with concomitant active IBD (Table  5). 
All recommendations for patients with active PsA with con-
comitant active IBD are strong based on moderate-quality ev-
idence, except for 2 conditional recommendations based on 
very-low-quality evidence.

Active PsA in OSM-  and biologic treatment–naive patients 
with concomitant active IBD. In patients with active PsA with 
concomitant active IBD who have not received OSM or biologic 
treatment, a monoclonal antibody TNFi biologic (excludes etan-
ercept, which is a fusion molecule/soluble receptor biologic) is 
recommended over an OSM (Table 5). An OSM may be used 
in patients without severe PsA who prefer oral therapy or have 
contraindications to TNFi biologics.

Active PsA despite treatment with an OSM in patients with 
concomitant active IBD. In patients with active PsA with concom-
itant active IBD despite treatment with an OSM, a monoclonal 
antibody TNFi biologic or an IL- 12/23i biologic should be used 
over an IL- 17i biologic, and a monoclonal antibody TNFi biologic 

should be used over a TNFi soluble receptor biologic (etanercept) 
(all strong recommendations [Table  5]). A monoclonal antibody 
TNFi biologic is recommended over an IL- 12/23i biologic (con-
ditional recommendation). An IL- 12/23i biologic may be used 
instead of a monoclonal antibody TNFi biologic in patients with 
contraindications to TNFi biologics or who prefer less frequent 
drug administration.

Active PsA with comorbidities (Table  6). All recom-
mendations for patients with active PsA with comorbidities are 
conditional based on low- to very-low-quality evidence, except 
those for patients with serious infections, which are strong based 
on moderate-quality evidence.

Active PsA in OSM-  and biologic treatment–naive patients 
with concomitant diabetes. In patients with active PsA with con-
comitant active diabetes who have not received OSM or biologic 
treatment, an OSM other than MTX is recommended over a TNFi 
biologic, due to the concern about the higher prevalence of fatty 
liver disease and liver toxicity with MTX use in this patient popula-
tion (39,40) (Table 6). A TNFi biologic may be used instead of an 
OSM in the presence of severe PsA or severe psoriasis or when 
diabetes is well controlled (i.e., with a potentially lower risk of in-
fections).

Active PsA in OSM-  and biologic treatment–naive patients 
with frequent serious infections. In patients with active PsA 
who have frequent serious infections and have not received 
OSM or biologic treatment, an OSM should be used over a 
TNFi biologic as a first- line treatment since there is a black 
box warning against the use of a TNFi biologic in patients with 
frequent serious infections (strong recommendation). An IL- 
12/23i or IL- 17i biologic is recommended over a TNFi biologic 
(conditional recommendation [Table  6]). A TNFi biologic may 
be used instead of an IL- 12/23i biologic in patients with severe 
PsA and instead of an IL- 17i biologic in patients with concom-
itant IBD.

Active PsA in patients requiring killed or live 
attenuated vaccinations when starting biologic 
treatment (Table  7). All recommendations for vaccina-
tions in patients with active PsA are conditional based on 
very-low-quality evidence.

It is recommended that the biologic treatment be started 
and the killed vaccines administered (as indicated based on 
patient age, sex, and immunization history per recommenda-
tions of the Centers for Disease Control and Prevention [41]) 
in patients with active PsA over delaying the biologic to give 
the killed vaccines. Delaying the start of the biologic is rec-
ommended over not delaying to administer a live attenuated 
vaccination in patients with active PsA (Table 7). If PsA man-
ifestations are severe and delaying the start of the biologic is 
not desirable, starting the biologic and administering the live 
attenuated vaccines at the same time might be considered.
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Recommendations for nonpharmacologic inter-
ventions in patients with active PsA regardless of 
pharmacologic treatment status (Table 8)

All recommendations for nonpharmacologic interventions 
for patients with active PsA are conditional based on low- to 
very-low-quality evidence, except that for smoking cessation, which 
is a strong recommendation.

It is recommended that patients with active PsA use some 
form or combination of exercise, physical therapy, occupation-
al therapy, massage therapy, and acupuncture over not using 
these modalities as tolerated. Low- impact exercise (e.g., tai chi, 
yoga, swimming) is recommended over high- impact exercise 
(e.g., running). High- impact exercises may be performed instead 
of low- impact exercises by patients who prefer the former and 

Table 6. Recommendations for treatment of patients with active psoriatic arthritis and comorbidities, including concomitant diabetes and 
recurrent serious infections (PICOs 63–66)* 

Level of evidence 
(evidence [refs.] 

reviewed)†

In adult patients with active PsA and diabetes who are both OSM- and biologic 
treatment–naive,‡ 

1. Start an OSM other than MTX over a TNFi biologic (PICO 63a) Very low (118, 119)
Conditional recommendation based on very- low- quality evidence; may consider starting a TNFi, if 
the patient has severe PsA§ or severe/active skin disease,¶ when diabetes is well controlled.

In adult patients with active PsA and frequent serious infections who are both OSM- and 
biologic treatment–naive, 

2. Start an OSM over a TNFi biologic (PICO 64) Moderate (33, 120)
Strong recommendation supported by moderate- quality evidence, including a black box
warning against the use of a TNFi biologic with regard to increased risk of serious infection.

3. Start an IL-12/23i biologic over a TNFi biologic (PICO 65) Very low (33)

Conditional recommendation based on very- low- quality evidence; may consider starting a TNFi
if the patient has severe PsA.

4. Start an IL-17i biologic over a TNFi biologic (PICO 66) Very low
Conditional recommendation based on very- low- quality evidence; may consider starting a TNFi
biologic in patients with concomitant IBD.

* Active psoriatic arthritis (PsA) is defined as disease causing symptoms at an unacceptably bothersome level as reported by the patient, and 
judged by the examining clinician to be due to PsA based on ≥1 of the following: swollen joints, tender joints, dactylitis, enthesitis, axial disease, 
active skin and/or nail involvement, and extraarticular inflammatory manifestations such as uveitis or inflammatory bowel disease (IBD). 
† When there were no published studies, we relied on the clinical experience of the panelists, which was designated very- low- quality  evidence. 
‡ Oral small molecules (OSMs) are defined as methotrexate (MTX), sulfasalazine, leflunomide, cyclosporine, or apremilast and do not include 
tofacitinib, which was handled separately since its efficacy/safety profile is much different from that of other OSMs listed above. OSM-  and 
other treatment–naive is defined as naive to treatment with OSMs, tumor necrosis factor inhibitors (TNFi), interleukin- 17 inhibitors (IL- 17i), 
and IL- 12/23i; patients may have received nonsteroidal antiinflammatory drugs, glucocorticoids, and/or other pharmacologic and nonphar-
macologic interventions. 
§ Because there are currently no widely agreed- upon definitions of disease severity, PsA severity should be established by the health care
provider and patient on a case- by- case basis. For the purposes of these recommendations, severity is considered a broader concept than 
disease activity in that it encompasses the level of disease activity at a given time point, as well as the presence of poor prognostic factors 
and long- term damage. Examples of severe PsA disease include the presence of ≥1 of the following: a poor prognostic factor (erosive dis-
ease, elevated levels of inflammation markers such as C- reactive protein or erythrocyte sedimentation rate attributable to PsA), long- term 
damage that interferes with function (e.g., joint deformities, vision loss), highly active disease that causes major impairment in quality of 
life (i.e., active psoriatic inflammatory disease at many sites [including dactylitis, enthesitis] or function- limiting inflammatory disease at few 
sites), and rapidly progressive disease. 
¶ Because there are currently no widely agreed- upon definitions of disease severity, psoriasis severity should be established by the health 
care provider and patient on a case- by- case basis. In clinical trials, severe psoriasis has been defined as a Psoriasis Area and Severity Index 
(PASI) score (25) of ≥12 and a body surface area score of ≥10. In clinical practice, however, the PASI tool is not standardly utilized given its 
cumbersome nature. In 2007, the National Psoriasis Foundation published an expert consensus statement, which defined moderate- to- 
severe disease as a body surface area of ≥5% (68). In cases in which the involvement is in critical areas, such as the face, hands or feet, nails, 
intertriginous areas, scalp, or where the burden of the disease causes significant disability or impairment of physical or mental functioning, 
the disease can be severe despite the lower amount of surface area of skin involved. The need to factor in the unique circum stances of the 
individual patient is of critical importance, but this threshold provides some guidance in the care of patients. 
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have no contraindications to high- impact exercises (Table  8). 
Clinicians should encourage patients to stop smoking, offering 
cessation aids, due to a demonstrated effectiveness of smok-
ing cessation in randomized trials in other conditions and in the 
general population (42–44) (strong recommendation). In PsA pa-
tients who are overweight or obese, weight loss is recommend-
ed in order to potentially increase pharmacologic response.

All strong recommendations in this guideline 
are also listed separately in Supplementary 
Appendix 6, at http://onlinelibrary.wiley.com/
doi/10.1002/art.40726/abstract.

DISCUSSION

We present herein the first ACR/NPF guideline for the 
treatment of psoriatic arthritis. The goal of this guideline is to 
assist health care providers in managing active PsA in their 
patients, including optimizing therapy. PsA is a heterogene-

ous and multifaceted inflammatory disease, and its different 
clinical features (e.g., peripheral arthritis, psoriasis, nail dis-
ease, enthesitis, dactylitis, axial disease) sometimes respond 
differently to therapy. Despite an expansion in the number of 
new therapies for PsA, there remains limited comparative ef-
ficacy/effectiveness evidence to inform treatment decisions. 
Thus, most of our recommendations are based on low- quality 
evidence and are conditional. The conditional recommenda-
tions convey that, although the suggested course of action 
will be best for many patients, there will be some patients in 
whom, considering their comorbidities and/or their values and 
preferences, the alternative represents the best choice. The 
guideline will be updated as new evidence from comparative 
studies becomes available.

A Patient Panel meeting was held prior to the Voting Panel 
meeting to gain insight into patients’ values and preferences for 
the pharmacologic/nonpharmacologic intervention comparisons 
being addressed. We recognize that patient preferences are an im-
portant part of our treatment recommendations. Findings from the 
Patient Panel meeting were discussed throughout the Voting Panel 

Table 7. Recommendations for vaccination in patients with active psoriatic arthritis (PICOs 56–57)* 

Level of evidence 
(evidence [refs.] reviewed)†

In adult patients with active PsA needing vaccinations,‡ 

1.  Start the biologic and administer killed vaccines over delaying the start of biologic to
administer killed vaccines (PICO 56)

Very low (121–126)

Conditional recommendation based on very- low- quality evidence; may consider delaying the
start of biologic to administer killed vaccines due to patient preference based on patient belief
about vaccine efficacy.

2.  Delay the start of biologic to administer live attenuated vaccines over starting the
biologic and administering live attenuated vaccines (PICO 57)

Very low (127)

Conditional recommendation based on very- low- quality evidence; may consider starting the
biologic and administering live attenuated vaccines in patients with very active severe joint§ or
skin¶ disease who prefer no delay in biologic initiation.

* Active psoriatic arthritis (PsA) is defined as disease causing symptoms at an unacceptably bothersome level as reported by the patient,
and judged by the examining clinician to be due to PsA based on ≥1 of the following: swollen joints, tender joints, dactylitis, enthesitis, axial 
disease, active skin and/or nail involvement, and extraarticular inflammatory manifestations such as uveitis or inflammatory bowel disease. 
† When there were no published studies, we relied on the clinical experience of the panelists, which was designated very- low- quality  evidence. 
‡ Vaccines as indicated by patient age, sex, and immunization history per recommendations from the Centers for Disease Control and Pre-
vention and available at: https://www.cdc.gov/vaccines/schedules/downloads/adult/adult-combined-schedule.pdf. 
§ Because there are currently no widely agreed- upon definitions of disease severity, PsA severity should be established by the health care
provider and patient on a case- by- case basis. For the purposes of these recommendations, severity is considered a broader concept than 
disease activity in that it encompasses the level of disease activity at a given time point, as well as the presence of poor prognostic factors 
and long- term damage. Examples of severe PsA disease include the presence of ≥1 of the following: a poor prognostic factor (erosive dis-
ease, elevated levels of inflammation markers such as C- reactive protein or erythrocyte sedimentation rate attributable to PsA), long- term 
damage that interferes with function (e.g., joint deformities, vision loss), highly active disease that causes major impairment in quality of 
life (i.e., active psoriatic inflammatory disease at many sites [including dactylitis, enthesitis] or function- limiting inflammatory disease at few 
sites), and rapidly progressive disease. 
¶ Because there are currently no widely agreed- upon definitions of disease severity, psoriasis severity should be established by the health 
care provider and patient on a case- by- case basis. In clinical trials, severe psoriasis has been defined as a Psoriasis Area and Severity Index 
(PASI) score (25) of ≥12 and a body surface area score of ≥10. In clinical practice, however, the PASI tool is not standardly utilized given its 
cumbersome nature. In 2007, the National Psoriasis Foundation published an expert consensus statement, which defined moderate- to- 
severe disease as a body surface area of ≥5% (68). In cases in which the involvement is in critical areas, such as the face, hands or feet, nails, 
intertriginous areas, scalp, or where the burden of the disease causes significant disability or impairment of physical or mental functioning, 
the disease can be severe despite the lower amount of surface area of skin involved. The need to factor in the unique circum stances of the 
individual patient is of critical importance, but this threshold provides some guidance in the care of patients. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40726/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40726/abstract
https://www.cdc.gov/vaccines/schedules/downloads/adult/adult-combined-schedule.pdf
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meeting to ensure that patient input was incorporated into the final 
PsA guideline. Examples of patient feedback included strong value 
on therapies that are effective (e.g., prevent further damage, and 
improve quality of life, social participation, and function) and safe 
(especially having low adverse event profiles). In particular, patients 
discussed the negative impact of adverse events (e.g., fatigue, 
nausea, and malaise) on quality of life and social participation, and 
thus the risk for these adverse events weighed heavily in patients’ 
decision- making. The concept of treat- to- target was challenging 
for patients. Although they saw value in improved outcomes, they 
also thought this strategy could increase costs to the patient (e.g., 
copayments, time traveling to more frequent appointments, etc.) 
and potentially increase adverse events. Therefore, a detailed con-

versation with the patient is needed to make decisions regarding 
treat- to- target. To help ensure that the recommendations were 
patient- centered, 2 patients were members of the Voting Panel.

While using a treat- to- target approach over not using a 
treat- to- target approach was discussed by the Voting Panel, we 
did not address specific targets to be recommended or used. 
There have been 2 international meetings to discuss potential 
targets: the use of either minimal disease activity (MDA) or dis-
ease activity in psoriatic arthritis (DAPSA) (45,46). The treatment 
target for PsA would likely be MDA or DAPSA, although a differ-
ent target may be chosen through patient–provider discussion.

The ACR/NPF PsA guideline conditionally recommends a 
TNFi biologic over an OSM agent in patients with active PsA. The 

Table 8. Recommendations for treatment of patients with active psoriatic arthritis with nonpharmacologic interventions (PICOs 1–8)* 

Level of evidence 
(evidence [refs.] reviewed)†

In adult patients with active PsA, 

1. Recommend exercise over no exercise (PICO 1) Low (128)
Conditional recommendation based on low- quality evidence; may consider no exercise in pa-
tients with existing muscle/tendon injury or multiple inflamed symptomatic joints with worsening 
pain with exercise. 

2.  Recommend low-impact exercise (e.g., tai chi, yoga, swimming) over high-impact exer-
cise (e.g., running) (PICO 2)

Very low

Conditional recommendation based on very- low- quality evidence; may consider high- impact 
exercise due to patient preference. 

3. Recommend physical therapy over no physical therapy (PICO 3) Very low
Conditional recommendation based on very- low- quality evidence; may consider no physical 
therapy due to patient preference, out- of- pocket cost, distance to physical therapy site, or lack of 
transportation. 

4. Recommend occupational therapy over no occupational therapy (PICO 4) Low (129, 130)
Conditional recommendation based on low- quality evidence; may consider no occupational 
therapy due to patient preference, out- of- pocket cost, distance to occupational therapy site, or 
lack of transportation. 

5. Recommend weight loss over no weight loss for patients who are overweight/obese (PICO 5) Low (131–133)
Conditional recommendation based on low- quality evidence; may consider no weight loss due 
to additional patient burden involved with weight- loss program. 

6. Recommend massage therapy over no massage therapy (PICO 7) Very low (134)
Conditional recommendation based on very- low- quality evidence; may consider no massage 
therapy due to associated costs. 

7. Recommend acupuncture over no acupuncture (PICO 8) Very low (135)
Conditional recommendation based on very- low- quality evidence; may consider no acupunc-
ture due to associated costs. 

8. Recommend smoking cessation over no smoking cessation (PICO 6) Moderate (136, 137)
Strong recommendation supported by moderate- quality evidence, rated down for 
indirectness. 

* Active psoriatic arthritis (PsA) is defined as disease causing symptoms at an unacceptably bothersome level as reported by the patient, 
and judged by the examining clinician to be due to PsA based on ≥1 of the following: swollen joints, tender joints, dactylitis, enthesitis, 
axial disease, active skin and/or nail involvement, and extraarticular inflammatory manifestations such as uveitis or inflammatory bowel 
disease. 
† When there were no published studies, we relied on the clinical experience of the panelists, which was designated very- low- quality  evidence. 
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available low- quality evidence is inconclusive regarding the effica-
cy of OSMs in management of PsA, whereas there is moderate- 
quality evidence of the benefits of TNFi biologics, in particular 
regarding their impact on the prevention of disease progression 
and joint damage. In making their recommendation, the panel 
recognized the cost implications, but put considerations of quali-
ty of evidence for benefit over other considerations. This guideline 
provides recommendations for early and aggressive therapy in 
patients with newly diagnosed PsA.

The recommendation is, however, conditional, and the  panel 
recognized several potential exceptions to it. Circumstances in 
which a patient may choose an OSM over a TNFi biologic may in-
clude mild- to- moderate disease, a preference of oral over  parenteral 
therapy, or concerns regarding adverse effects of a biologic. A TNFi 
biologic would not be a good choice in patients with contraindica-
tions, including congestive heart failure, previous serious infections, 
recurrent infections, or demyelinating disease.

During the development of the Group for Research and As-
sessment of Psoriasis and Psoriatic Arthritis recommendations 
(47) and the European League Against Rheumatism (EULAR) rec-
ommendations (48) for the treatment of PsA, panel members also 
challenged the decision to put OSMs first in those recommenda-
tions. For the EULAR recommendations, the final decision was 
made based on the lower cost of these medications, a considera-
tion our panel placed lower than the quality of evidence for benefit.

In patients with concomitant IBD, the Voting Panel made 
strong recommendations favoring a monoclonal antibody TNFi 
or an IL- 12/23i biologic over an IL- 17i biologic or a TNFi recep-
tor biologic (etanercept). This was based on moderate- quality 
evidence showing that TNFi biologics and ustekinumab (an IL- 
12/23i biologic) are effective for the management of IBD, where-
as etanercept (a TNFi receptor biologic) and secukinumab (an 
IL-17i biologic) are not (49,50).

When the evidence was low or very- low quality, the panel 
could not be confident in the judgment of net benefit—thus the 
conditional recommendation. Often, low-  or very- low- quality evi-
dence came from indirect evidence, for instance from rheumatoid 
arthritis (33) or, in the absence of studies, from clinical experience 
(Supplementary Appendix 5, on the Arthritis & Rheumatology 
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40726/
abstract). When data on comparative benefits and comparative 
harms were similar between two medications, the panel explicitly 
preferred and recommended the medication for which longer- 
term harms were more well- known, and in which the physician 
experience in patients with PsA was longer, supplementing with 
harms data/experience from related rheumatic conditions, where 
these medications are commonly used. In each case, judgments 
of net benefit involved explicit consideration of values and prefer-
ences, including input from Patient Panel members of the Voting 
Panel as well as the full Patient Panel that met prior to the Voting 
Panel meeting.

We recognize that these recommendations do not account 
for the full complexity of PsA or the full range of possible thera-
pies (e.g., glucocorticoids were not addressed). The high degree 
of heterogeneity in the presentation and course of PsA coupled 
with the involvement of multiple domains in a single patient can-
not be captured in a single algorithm. In addition, reporting of 
disease measures and differences in inclusion/exclusion criteria 
in PsA clinical trials makes it difficult to compare therapies across 
trials. The impact of alternative therapies on important outcomes 
such as joint damage still remains to be elucidated. Vaccination 
recommendations with tofacitinib were not included, as it was 
not yet approved for PsA when the PICO questions were drafted 
and only a limited number of PICO questions could be feasibly 
included for voting. Additional topics, including vaccination in the 
setting of tofacitinib, will be addressed in a subsequent guideline 
update.

The ACR has decided to use GRADE methodology in the 
development of guidelines for the management of rheumatic 
diseases. The GRADE methodology specifies that panels make 
recommendations based on a consideration of the balance of 
relative benefits and harms of the treatment options under con-
sideration, the quality of the evidence (i.e., confidence in the 
evidence based on the lowest quality of the critical outcomes—
high, moderate, low, or very low), and patients’ values and pref-
erences. The rating of the quality of evidence for each clinical 
situation (PICO question) helped to inform the strength of the 
recommendation (strong or conditional) (51).

The use of GRADE (not used in other PsA treatment rec-
ommendations) allowed an explicit consideration of the overall 
evidence, including the balance of benefits and harms of treat-
ments, the incorporation of patient values and preferences, and 
cost considerations to judge the tradeoff. This approach led to 
transparency in decision making by the Voting Panel for each 
clinical scenario and the formulation of these recommendations. 
Consistent with GRADE guidance, the Voting Panel usually of-
fered a strong recommendation in the presence of moderate-  or 
high- quality rating of the evidence, and a conditional recom-
mendation in the presence of very- low or low- quality evidence 
(although recommendations can also be conditional in the set-
ting of moderate- quality evidence, and in certain circumstances 
strong in the face of low- quality evidence) (15). The other merits 
of the ACR/NPF process undertaken included a comprehensive 
literature search, the consideration of each comparison in light 
of the available evidence, the diverse composition of the Voting 
Panel, the inclusion of all of the available therapies (e.g., IL- 17i 
biologics, an IL- 12/23i biologic, abatacept, and tofacitinib) in the 
decision- making process (including those approved for psoria-
sis or rheumatoid arthritis but not yet for PsA, ensuring that the 
guideline would not be out of date by the time it was published), 
and the inclusion of population subsets, such as those with pre-
dominant enthesitis and/or IBD.

http://onlinelibrary.wiley.com/doi/10.1002/art.40726/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40726/abstract
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Limitations of the guideline include the limited comparative 
evidence to inform selection of therapies (i.e., primary compar-
ative benefit/efficacy and harms evidence) and the inability to 
include all possible clinical scenarios due to the necessity of 
keeping the task feasible. Because the American Academy of 
Dermatology and the NPF are currently developing a guideline 
addressing therapy for psoriasis, our guideline did not address 
treatment of isolated psoriasis. Another limitation is that we 
searched only English- language literature. The major limitation 
of the work arises from the limitations in the evidence.

In this guideline, we often used indirect comparisons among 
trials/therapies, frequently relying on network meta- analysis. Strati-
fied analyses among subgroups (e.g., treatment- naive, inadequate 
response to a TNFi biologic agent) were rarely reported separate-
ly in primary trials, limiting our ability to perform network meta- 
analyses in these important subgroups. For most clinical scenarios 
(PICO questions) there were few or no head- to- head comparison 
studies identified in the literature review. Thus, the quality of evi-
dence was most often low or very low, and only occasionally mod-
erate (Supplementary Appendix 5; http://onlinelibrary.wiley.com/
doi/10.1002/art.40726/abstract). This led to nearly all recommen-
dations being conditional, with a few strong recommendations in 
cases in which there was sufficient evidence (including that from 
outside of PsA) to make the Voting Panel confident in selecting 
one option over the comparator. A flow chart or ranking of treat-
ments requires strong recommendation; when recommendations 
are conditional/weak it means that the right course of action differs 
between patients. When the right course of action differs between 
patients, it is inappropriate to make the flow chart and establish 
treatment ranking or a hierarchy of treatment options (14).

The 2018 ACR/NPF guideline for the treatment of PsA will 
assist patients and their health care providers in making chal-
lenging disease management decisions. More comparative 
data are needed to inform treatment selection. Several ongo-
ing trials, including a trial to compare a TNFi biologic combina-
tion therapy with a TNFi biologic monotherapy and MTX mon-
otherapy (52), will inform treatment decisions. We anticipate 
future updates to the guideline when new evidence is available.
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Nervous System Disease in Systemic Lupus Erythematosus: 
Current Status and Future Directions
John G. Hanly,1  Elizabeth Kozora,2  Steven D. Beyea,3 and Julius Birnbaum4

The American College of Rheumatology’s case definitions for 19 neuropsychiatric syndromes in systemic lupus 
erythematosus (SLE) constitute a comprehensive classification of nervous system events in this disease. However,  
additional strategies are needed to determine whether a neuropsychiatric syndrome is attributable to SLE versus a com-
peting comorbidity. Cognitive function is a clinical surrogate of overall brain health, with applications in both diagnosis 
and determination of clinical outcomes. Ischemic and inflammatory mechanisms are both key components of the immu-
nopathogenesis of neuropsychiatric SLE (NPSLE), including abnormalities of the blood–brain barrier and autoantibody- 
mediated production of proinflammatory cytokines. Advances in neuroimaging provide a platform to assess novel disease 
mechanisms in a noninvasive way. The convergence of more rigorous clinical characterization, validation of biomarkers, 
and brain neuroimaging provides opportunities to determine the efficacy of novel targeted therapies in the treatment of  
NPSLE.

Introduction

Neurologic and psychiatric (NP) features of systemic lupus 
erythematosus (SLE), collectively referred to as neuropsychiatric 
SLE (NPSLE), are serious but incompletely understood manifesta-
tions of SLE. In this review we first discuss what is currently known 
about the classification and attribution of clinical NP events in SLE 
patients, the key immunopathogenetic mechanisms involved, 
the role of currently available neuroimaging techniques, and the 
standard of care in NPSLE. We then propose ways to advance 
knowledge through future research in NPSLE, including work on 
biomarkers, advanced neuroimaging, and clinical outcomes with 

new therapies (Table 1).

Current status of NPSLE

Classification and attribution of nervous system 
disease in SLE. The 1999 American College of Rheumatology 
(ACR) case definitions (1) for 19 NP syndromes (12 central nerv-
ous system events and 7 peripheral nervous system events) con-

stitute a widely adopted classification of NPSLE (Figure 1). One 
of the challenges of such a comprehensive classification of NP 
events is to determine their attribution to SLE or other causes. 
To address this, the Systemic Lupus International  Collaborating 
Clinics (SLICC) developed rules for use in prospective studies 
of NP disease in the SLICC inception cohort. Factors taken into 
account included 1) the interval between diagnosis of SLE and 
onset of NP events (i.e., the longer the NP event preceded the 
diagnosis of SLE, the lower the likelihood of causality), 2) con-
current non- SLE factors (i.e., identification of potential causes 
or contributing factors for each NP syndrome in the glossary 
accompanying the ACR case  definitions) (1), and 3) the high fre-
quency of some NP events in the general population (2) (i.e., 
making it impossible to correctly  attribute these events); thus, 
isolated headaches, anxiety, mild depression (including mood 
disorders not meeting criteria for  “major depressive- like epi-
sodes”), mild cognitive impairment (deficits in <3 of 8 specified 
cognitive domains), and  polyneuropathy  without electrophysio-
logic confirmation were not attributed to SLE (1). Using this ap-
proach (3), the proportion of NP events attributed to SLE varies 
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between 19% and 38% and affects 6–12% of newly diagnosed 
SLE patients in the first year of disease (4). Although the cumula-
tive frequency of NP events increases over time in SLE patients, 
the proportionate attribution remains constant.

In a recent study (5), a fourth component was added to 
the SLICC attribution model called “favoring factors”, which 
 refers to variables that support the attribution of an NP event to 
SLE, derived from the European League Against Rheumatism 
recommendations on NPSLE (6) and an expert panel. Weights 
were assigned to variables of the 4 components, generating a 
score between 0 and 10, with a higher score indicating a greater 
likelihood that the NP event is attributed to SLE. Using physi-
cian determination of attribution as the comparator, the optimal 

cutoff score was ≥7, with a sensitivity of 87.9% and specificity 
of 82.6%. The addition of this fourth component increases the 
ability to distinguish when an NP syndrome is attributable to SLE 
versus a competing comorbidity.

NP events are associated with a significant negative impact 
on patient- reported health- related quality of life (HRQoL), regard-
less of attribution and adjusting for global SLE disease activity, 
cumulative organ damage, and medications (3,7). Thus, all NP 
events are of clinical significance, but the treatment pathway is 
dependent on the correct attribution.

Cognitive dysfunction in SLE. Notwithstanding the range 
of NP events in SLE, neurocognitive disorders may be considered 

Table 1. Research goals and strategies in NPSLE*

Topic Research goals Strategies

NP events Identify NP events associated with SLE
Determine correct attribution of NP 
events to SLE and other causes

Update and revision of ACR case definitions for NP events in SLE
Improvement of current attribution models through  
multidisciplinary, international collaborative research

Clinical outcomes 
for NP events

Develop response criteria for use in 
clinical trials of NPSLE

Use of longitudinal observational SLE cohorts to derive and 
validate response criteria

Pathogenesis of 
NPSLE

Advance knowledge on pathogenesis of 
NPSLE

Collaborative research involving animal models and human SLE 
to determine novel pathogenic mechanisms and potential 
therapeutic targets; includes studies on brain tissue, CSF, and 
peripheral blood

Diagnosis of 
NPSLE

Enhance diagnostic testing Studies of novel neuroimaging techniques and candidate 
biomarkers in serum and CSF from well- characterized clinical 
cohorts

Treatment Expand and test current and novel 
therapies

Clinical trials of NPSLE to determine efficacy/tolerability of 
symptomatic, immunosuppressive, and biologic therapies

*NPSLE = neuropsychiatric systemic lupus erythematosus; ACR = American College of Rheumatology; CSF = cerebrospinal fluid. 

Figure 1. Nervous system events included in the American College of Rheumatology (ACR) case definitions for 12 central nervous system 
(CNS) manifestations and 7 peripheral nervous system (PNS) manifestations in systemic lupus erythematosus (SLE). Other neuropsychiatric 
(NP) manifestations that should be considered in a future revision of the ACR case definitions include posterior reversible encephalopathy 
syndrome, neuromyelitis optica spectrum disorder, and small- fiber neuropathy. In SLE patients, the majority of these NP events are attributed to 
non- SLE causes, but regardless of attribution all NP events are associated with a negative impact on health- related quality of life. Color figure 
can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40591/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.40591/abstract
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a distinct subset of NPSLE as well as a surrogate of overall brain 
function. Self- report measures of perceived cognitive impairment 
are poorly correlated with objective assessment in SLE patients 
(8) and are associated with concurrent anxiety, depression, and 
fibromyalgia. Screening measures include the Montreal Cogni-
tive Assessment Scale (9) and computerized testing that permits 
efficient assessment by nonexperts, but they may fail to identify 
higher- level cognitive impairment (10). Thus, clinical suspicion of 
cognitive impairment merits formal neuropsychological testing, 
which is currently the most reliable and objective diagnostic ap-
proach. The ACR battery of neuropsychological tests (1) provides 
the recommended minimal guideline for evaluation.

The broad range of reported prevalence rates of cognitive 
dysfunction (14–88%) in SLE patients is due to differences in 
the disease spectrum of patients under study, the selection of 
neurocognitive tests, and the definition of impairment. More than 
50% of SLE patients with overt NP disease, such as strokes 
and seizures, have cognitive impairment. Approximately 30% of 
SLE patients have isolated cognitive deficits that affect attention, 
memory, executive function, and processing speed. Longitudinal 
studies have identified fluctuating test performance, indicating 
evanescent cognitive dysfunction rather than persistent or pro-
gressive disease (11). Non- SLE causes of cognitive dysfunction 
include prior neurodevelopmental issues (e.g., learning disability, 
head injury), pain, mood disorders, fatigue, and medications.

Pathogenesis of NPSLE: collusion of ischemic and 
inflammatory mechanisms. There are complementary path-
ogenic pathways that align with different NPSLE manifestations 
(12) (Figure 2). Ischemic injury to large-  and small- caliber vessels 
by antiphospholipid antibodies (aPL), immune complexes, and 

complement activation leads to focal NP events (e.g., stroke) 
and diffuse NP events (e.g., cognitive dysfunction). In addition, 
inflammation- mediated injury with increased permeability of 
the blood–brain barrier, intrathecal autoantibodies and immune 
complexes, and production of interferon- α (IFNα) and other in-
flammatory mediators lead to diffuse NP manifestations, such 
as psychosis, acute confusion, and cognitive dysfunction (12). 
Autoantibodies play key roles in mediating both ischemic and 
inflammatory disease mechanisms.

Multifocal small and large brain infarcts, consistent neu-
ropathologic features in NPSLE (13), are frequently caused by 
aPL- mediated thrombosis. This acquired procoagulant state has 
traditionally been considered noninflammatory. However, recent 
evidence implicates complement activation (14) in association with 
focal NPSLE, psychosis, and cognitive dysfunction, suggesting an 
added inflammatory pathogenic component. Mice deficient in C3 
and C5 components of complement are resistant to aPL- induced 
thrombosis and endothelial activation (15). In 31% of cases, pa-
tients with NPSLE have histopathologic deposition of classical and 
terminal complement components on the luminal surface of in-
tracerebral vessels and cerebral vasculitis (13). Collectively, these 
data broaden the historical pathogenetic concepts of aPL- induced 
brain injury and identify potential therapeutic targets in NPSLE.

The blood–brain barrier provides a structural and functional 
interface between the brain and the circulation at the capillary 
level; by regulating the influx of required nutrients and efflux of 
toxic products, the barrier secures brain homeostasis. It is pivotal 
to the integrity of the neurovascular unit of pericytes, end- feet 
of astrocytes, and neuronal axon termini that transmit regulatory 
signals to the capillary endothelium. Disruption of the blood–brain 
barrier is associated with neurologic disorders including Alzheim-

Figure 2. Summary of disease mechanisms contributing to neuropsychiatric (NP) systemic lupus erythematosus clinical events. Autoantibodies 
are primary drivers of the ischemic and inflammatory pathogenic pathways. pDCs = plasmacytoid dendritic cells. Color figure can be viewed in 
the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40591/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.40591/abstract
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er’s disease, multiple sclerosis, and stroke. In SLE, enhanced 
blood–brain barrier permeability may result from autoantibody 
and immune complexes binding to the endothelial surface (16), 
complement activation (17), and cytokines such as TWEAK (18). 
Resident in the blood–brain barrier, matrix metalloproteinases 
(MMPs) are proteolytic enzymes which can degrade basement 
membranes, disrupt inter- endothelial tight junctions, and activate 
membrane- bound proinflammatory molecules. Blood–brain bar-
rier disruption can also be mediated by non- SLE factors such as 
smoking, serious infection, and hypertension. In animal models 
of SLE, enhanced blood–brain barrier permeability is critical for 
autoantibodies to access neuronal tissue (19,20), with subse-
quent neuronal binding and apoptosis (21). In human studies of 
NPSLE, the detection of some au toantibodies in the cerebrospi-
nal fluid (CSF) correlates with concurrent NP events (22).

Initial studies of cytokines in NPSLE indicated associations 
of elevated CSF interleukin- 6 (IL- 6) levels with seizures, and 
IFNα with lupus psychosis. Subsequently, further evidence of 
increased intrathecal IL- 6 and other cytokines such as IL- 10, 
IL- 2, and IL- 8 emerged (23). The sources of cytokines include 
neuronal, glial, and infiltrating immunocompetent cells (23). Au-
toantibodies (24) and RNA- protein antigens in CSF form immune 
complexes and initiate a proinflammatory cascade. First they 
bind Fcγ receptor II on plasmacytoid dendritic cells, followed by 
endocytosis, activation of endosomal Toll- like receptor 7, and 
downstream production of IFNα. Proinflammatory cytokines 
are also produced by blood–brain barrier endothelium following 
surface binding of anti–NR2 glutamate receptor (16) and anti- P 
antibodies (25). Another potentially important mediator may be 
calcium- binding protein S100ß, which is produced mainly by 
astrocytes. In low levels S100ß is neurotrophic, but overproduc-
tion by activated glial cells leads to loss of neuronal cells and 
increased permeability of the blood–brain barrier (26).

Many SLE patients have increased production of type I 
IFN proteins. A study in lupus- prone mice (27) identified a novel 
mechanism for NPSLE that is IFNα- dependent. Synaptic pruning, 
whereby activated brain microglial cells ingest synaptic terminals, 
is responsible for sculpting neuronal circuits during brain develop-
ment. This also occurs in neurodegenerative diseases and possi-
bly in SLE (27). Lupus- prone mice had lower synaptic density in 
association with increased synaptic pruning by activated microgli-
al cells. This was prevented by blocking IFN signaling. In the same 
study, brain tissue from 4 of 6 patients with NPSLE showed in-
creased IFN signaling in microglia and other cell types, compared 
to controls. These insights identify potential therapeutic targets 
for NPSLE, including pathogenic autoantibodies, select proin-
flammatory cytokines, and regulators of the blood–brain barrier.

The role of neuroimaging in the diagnosis of NPSLE. 
Conventional neuroimaging noninvasively localizes intracranial ab-
normalities, distinguishes white matter disease from gray matter 
disease, measures cerebral atrophy, and identifies changes in cer-

ebral blood flow and volume. X- ray computed tomography has 
largely been replaced by magnetic resonance imaging (MRI) be-
cause of superior soft tissue contrast, the facility to image multiple 
anatomic planes, and greater sensitivity to endogenous contrast 
mechanisms. MRI identifies abnormalities in up to 75% of SLE 
patients (28,29). However, with the exception of larger cerebral 
infarcts and hippocampal atrophy (30), the correlation between 
structural anatomic changes and clinical NP manifestations is poor.

More than 50% of patients with NPSLE events (including 
acute confusion, psychosis, mood disorders, and headaches) 
have normal findings in conventional MRI scans (31). Subcortical 
white matter hyperintensities on T2- weighted imaging occur in 
20–50% of SLE patients regardless of clinical NP disease, in up 
to 75% of SLE patients with aPL syndrome (APS) (32), and in 
47% of healthy individuals (33). In an unselected SLE popula-
tion, the volume of such lesions was associated with age, overall 
disease severity, and disease duration, rather than NPSLE (34). 
These abnormalities are regarded as nonspecific. In contrast, 
gray matter changes have a better correlation with clinical dis-
ease and may resolve in 2–3 weeks following an acute NP event 
(35). Magnetic resonance angiography is not optimal for imaging 
small- caliber vessels, which are primarily involved in NPSLE.

Given this lack of correlation between clinical and structur-
al abnormalities, imaging modalities that characterize functional 
properties of the underlying pathology are of interest. Examples 
include MRI diffusion- weighted imaging (DWI), magnetization 
transfer imaging (MTI), and radionuclide imaging such as pos-
itron emission computed tomography (PET) and single- photon 
emission tomography (SPECT) (36–38).

MTI measures energy transfer between bound and unbound 
hydrogen molecules (e.g., between white matter and CSF), and 
results are expressed as a magnetic transfer ratio (MTR) (36). A 
decrease in bound molecules (e.g., due to demyelination) or an 
increase in unbound molecules (e.g., due to edema) can dimin-
ish the energy transfer or MTR. Decreased whole- brain MTR, 
even in the absence of other structural MRI changes, has been 
reported in SLE (39,40). It is reversible and most likely reflects 
parenchymal edema (40).

DWI measures changes in stochastic movement of water 
in the brain. The increase in diffusivity in patients with NPSLE 
(36), in combination with changes in MTI, may be due to de-
myelination, cerebral atrophy resulting in an increase in CSF 
volume, or a combination thereof (36,40). In contrast, cytotoxic 
edema resulting in intracellular swelling leads to decreased diffu-
sivity and is seen more frequently in the setting of acute stroke. 
This differs from vasogenic edema consequent to disruption of 
the blood–brain barrier, which is predominantly extracellular and 
not associated with restricted diffusion.

PET scanning (37) and SPECT scanning (35) use tailored 
radiopharmaceuticals and are exquisitely sensitive. PET scan-
ning is the most objective neuroimaging measure of brain 
function, but access and cost limit its applicability (37). In SLE 
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patients, SPECT imaging has identified both diffuse and focal 
deficits, which may be fixed or reversible. The findings are not 
specific for NPSLE and do not always correlate with clinical NP 
 manifestations. Up to 50% of SLE patients without clinical mani-
festations of NP disease may have abnormal SPECT results (34), 
and the significance of these abnormalities is not clear.

In order to overcome the limitations of subjective interpre-
tation, more advanced MRI- based technologies quantify results 
linked to a physiologic parameter of interest. One example is 
magnetic resonance spectroscopy, which measures the relative 
concentration of biochemical compounds within predetermined 
brain regions. N- acetylaspartate reflects the quantity of neuronal/
axonal tissue (28); in NPSLE, it is decreased in structural lesions 
seen on MRI, as well as in normal- appearing gray and white mat-
ter (35). Other neurometabolite abnormalities reported in active 
NPSLE include increased choline and lactate, indicating inflam-
mation and compromised tissue metabolism, respectively (28).

Diffusion tensor imaging uses DWI data to visualize neural 
tracts (tractography) and map white matter connections. Abnor-
malities in NPSLE likely represent demyelination and/or altered 
network connectivity not seen with conventional MRI  se quences 
(40). Using brain connectivity analysis of diffusion MRI data, 
 reduced nodal efficiency in the brain network was observed in 
patients with NPSLE, compared to controls (41).

Blood oxygen level–dependent functional MRI (BOLD 
fMRI) measures local brain deoxyhemoglobin levels, an indirect 
 mea sure of brain function within gray matter (42). BOLD fMRI data 
are acquired either in task/stimulus- based paradigms (providing 
statistical parametric maps linked to a specific function), or in 
resting- state acquisitions (providing functional connectivity maps 
of brain networks such as the default mode). Preliminary studies 

in SLE (43) suggest compensatory adaptation of neuronal func-
tion through recruitment of additional cortical pathways. These 
compensatory responses maintain cognitive function in the short 
term but may eventually be overcome and manifest as overt 
cognitive impairment (41). Even SLE patients without clinical NP 
disease have abnormal fMRI resting- state brain intrinsic connec-
tivity (42), raising the possibility of preclinical detection (44).

Treatment of NP events in SLE patients. Crucial to 
instituting the correct treatment plan (Figure  3) is determin-
ing the attribution of nervous system disease to SLE, non- SLE 
causes, or both. Comorbid factors such as infection, meta-
bolic abnormalities, and cardiovascular risk factors should be 
considered. Implementing pharmacologic and nonpharmaco-
logic strategies for pain, stress, anxiety and depression, poor 
sleep, and high blood pressure is worthwhile. Identification of 
ischemic and inflammatory disease pathways will guide selec-
tion of more specific therapies. Given the paucity of clinical 
trials in NPSLE, information on treatment and outcomes is 
derived from observational studies and extrapolated from ex-
perience with other organ system disease in SLE and related 
disorders. Short- term and long- term outcomes of NP events 
are generally favorable, particularly for NP events attributed to 
SLE (7,45).

Ischemic pathway therapies. Low- dose aspirin has 
been suggested for primary prevention of transient ischemic 
attack and ischemic stroke in SLE patients with aPL (46), but 
its efficacy is unproven. Secondary prevention of focal NP dis-
ease attributed to aPL requires lifelong anticoagulation therapy 
(47), despite the lack of controlled clinical trials in NPSLE. The 

Figure 3. Diagnostic and treatment algorithm for patients with systemic lupus erythematosus (SLE) who present with neuropsychiatric (NP) 
events. CSF = cerebrospinal fluid; EEG = electroencephalography; NCS = nerve conduction study. Color figure can be viewed in the online 
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40591/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.40591/abstract
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optimal target international normalized ratio in such cases is 
controversial, especially in the treatment of arterial events (46). 
Potential adjunctive therapies, especially in patients with  arterial 
 thrombosis and recurrent venous thrombosis while receiving 
warfarin, are antiplatelet agents, antimalarials, and statins (46).

Inflammatory pathway therapies. Evidence from oth-
er neurologic disorders such as vasculitic neuropathies and cen-
tral nervous system angiitis, and from other organ manifestations 
of SLE (e.g., lupus nephritis), suggests that immunosuppressive 
agents would be beneficial in treating NPSLE. High- dose gluco-
corticoids, alone or in combination with azathioprine, cyclophos-
phamide, and mycophenolate mofetil, are reported to be effec-
tive. Only 2 of these agents have been subjected to controlled 
clinical trials in NPSLE (48,49), both with positive outcomes. Two 
observational cohort studies (50,51) showed a lower risk of sei-
zures in SLE patients receiving antimalarial drugs, in addition to 
reduced brain atrophy and damage, based on MRI data (29). 
Experience with biologic agents in NPSLE is limited to uncon-
trolled studies. Off- label use of B cell depletion with rituximab 
has resulted in favorable outcomes in children (52) and adults 
(53) with NPSLE. Patients with severe NPSLE were excluded 
from phase III clinical trials of belimumab.

Historically, glucocorticoids have been a cornerstone in the 
treatment of serious manifestations of NPSLE, especially in those 
associated with an inflammatory pathogenic pathway (48,49). 
Given the evidence linking glucocorticoid use to cumulative or-
gan damage in SLE (54) and the associated negative impact 
on HRQoL (55), alternative therapeutic strategies are necessary. 
In addition, glucocorticoids have been implicated as a cause of 
psychiatric symptoms in 2–60% of individuals (56–58), although 
it is more likely that this occurs in ~20% of cases (58). Complica-
tions of glucocorticoid therapy include affective, behavioral, and 
cognitive symptoms (59), which can complicate the diagnosis 
and attribution of NP events in SLE patients. Thus, although the 
use of glucocorticoids is part of the current standard of care of 
NPSLE, these observations suggest a therapeutic imperative to 
limit overall exposure.

Cognitive impairment. Although no clinical trials sup-
port antiplatelet or anticoagulant therapy for cognitive dysfunc-
tion in SLE, patients with aPL without thromboembolic phenom-
ena had better cognitive performance with aspirin (60). Agents 
used for cognitive dysfunction in Alzheimer’s disease (e.g., cho-
linesterase inhibitors, memantine) and attention deficit disorder 
(e.g., methylphenidate) provide alternative treatment strategies, 
but data on their use in SLE are limited. Memantine, a non-
competitive inhibitor of glutamate at the N- methyl- d- aspartate 
receptor, did not produce significant cognitive improvement in 
SLE patients (61). Treatment approaches that target behavio-
ral factors may be useful. For example, a psychoeducational 
group intervention for SLE patients with self- perceived cognitive 

dysfunction was associated with improvement in memory, self- 
efficacy, and other aspects of cognitive function (62). Cognitive 
dysfunction has also been associated with poor exercise ca-
pacity in SLE patients, and an exercise training program may 
be an inexpensive behavioral approach to improving cognitive 
abilities (63).

Future studies to address challenges in NPSLE

Classification and attribution of NPSLE. Although a 
major advance in the field, the ACR classification for NPSLE (1) 
requires revision and updating. For example, entities such as 
posterior reversible encephalopathy syndrome and small- fiber 
neuropathy should be added, and further guidance on deter-
mining attribution of individual NP events is required. In addition, 
establishment of clinical outcome measures and response cri-
teria is necessary to support clinical trials of current and novel 
therapeutic interventions. This could start with recommending 
instruments currently used in observational studies, such as 
physician assessment of NP status, patient- reported HRQoL, 
and cognitive performance on a standardized battery of neu-
ropsychological tests.

Biomarkers in NPSLE. The identification and validation of 
biomarkers in peripheral blood and CSF would be valuable in the 
management of NPSLE. For example, neuron- specific enolase, 
a neuronal glycolytic enzyme produced mainly by astrocytes, is 
increased in peripheral blood following acute brain injury but is 
decreased in chronic disorders such as dementia, multiple scle-
rosis, and NPSLE. Serum levels of S100ß are increased in adults 
and children with NPSLE (26). The lack of disease specificity of 
these biomarkers requires that their use be integrated with a pri-
ori decisions about attribution of NP events. The identification of 
more specific biomarkers of NPSLE is required.

Neuroimaging in NPSLE. Neuroimaging technologies 
probing new aspects of NPSLE, combinations of multiple imag-
ing modalities, and multidisciplinary research efforts are required. 
The dynamic susceptibility contrast and dynamic contrast- 
enhanced (DCE) scanning techniques acquire image time  series 
following the injection of contrast agent. The spatiotemporal pat-
tern of enhancement is a measure of cerebral blood flow and tis-
sue perfusion properties and can determine the rate of perfusion 
into brain tissue. Such changes are directly linked to alterations 
in the blood–brain barrier. DCE MRI in a rodent model of NPSLE 
demonstrated compromised blood–brain barrier (64). These im-
aging techniques have identified abnormalities in clinical popula-
tions in association with mild traumatic brain injury (Figure 4) and 
thus may be of potential value in patients with NPSLE. Recent 
advances in MRI- based cellular and molecular imaging (65) could 
facilitate longitudinal human research studies without the use of 
ionizing radiation and with the advantage of superior spatial reso-
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lution (66). For example, preclinical studies used superparamag-
netic iron oxide labeling for in vivo MRI of specific immune cells 
(67), which is a strategy that could be of interest in NPSLE.

Both electroencephalography (EEG) and resting- state fMRI 
determine brain network connectivity, but have poor spatial res-
olution and temporal sampling, respectively. Magnetoencepha-
lography (MEG), the magnetic analog of EEG, produces superior 
spatial resolution and specificity compared to EEG, as well as 
superior temporal resolution compared to fMRI (68). Network 
connectivity studies using MEG spectral analysis exhibit signals 
that correspond to known functional networks (e.g., beta band 
measures of the sensorimotor network) (69). MEG is less ac-
cessible than MRI and EEG but could be used to study brain 
network changes in NPSLE.

Critically, future studies should correlate neuroimaging and 
clinical characterization of NP manifestations, including validat-
ed attribution models and detailed cognitive testing. Concurrent 
measurement of biomarkers in CSF and peripheral blood could 
link neuroimaging abnormalities with laboratory variables that are 
relatively inexpensive and rapidly measured. The linking of neu-
roimaging abnormalities of blood–brain barrier permeability with 
elevated peripheral blood levels of MMP- 9 (70) or S100ß (26) 
could provide a convenient diagnostic tool and means of strati-
fying patients for clinical trials. Biomarkers of neuronal loss and 
reparative astrogliosis have been documented in CSF, and circu-
lating levels of neurofilament light chain subunit (a component of 
myelinated axons) correlate with vascular (71), degenerative (72), 
and autoimmune inflammatory (73) brain disease. Enabled by 
the recent advances in quantitative neuroimaging, future stud-

ies will likely benefit from machine learning characterization of 
multimodal data sets (74), which may improve the accuracy of 
NPSLE detection.

Treatment of NPSLE. Controlled clinical trials of new ther-
apies in SLE have excluded patients with severe NP manifesta-
tions. Although ethical and pragmatic reservations about recruit-
ing patients with acute, life- threatening NP events to clinical trials 
are appropriate, such events are rare, and patients with other 
types of NP events could be studied. For example, SLE patients 
who have less acute NP disease (e.g., mood disorder, select-
ed cerebrovascular disease, or cognitive impairment) would be 
suitable to participate in a study to determine efficacy and toler-
ability of symptomatic, anticoagulant, and immunosuppressive 
therapies. Although mood disorders have been shown to occur 
in 12.7% of SLE patients (45), no controlled clinical trials have 
been conducted to determine the optimum  pharmacotherapy.

A complementary strategy for operationalizing clinical  trials 
in NPSLE is the use of immunologic variables to stratify  patient 
selection. A possible approach is selecting cases based on 
CSF autoantibody and cytokine profiles, elevated serum bio-
marker levels, and/or predefined neuroimaging abnormalities. 
 Specific examples include determining the biologic effect of CSF 
IgG (a potent inducer of IFNα) (24), measuring anti- NR2 au-
toantibodies in CSF (associated with active NPSLE) (22), and 
measuring CSF B lymphocyte stimulator (BLyS) and IFNα levels 
(elevated in some patients with NPSLE) (23).

Based on NPSLE pathogenesis, there are novel therapeu-
tic strategies worthy of study in combination with the current 

Figure 4. Representative dynamic contrast- enhanced magnetic resonance imaging scans in 2 individuals with mild traumatic brain injury 
(male amateur football players) and 2 controls (male track and field athletes). Increased focal permeability of the blood–brain barrier is apparent 
in the scans from those with mild traumatic brain injury (arrows) compared to the scans from the controls. Adapted, with permission, from 
Weissberg I, Veksler R, Kamintsky L, Saar- Ashkenazy R, Milikovsky DZ, Shelef I, et al. Imaging blood- brain barrier dysfunction in football players. 
JAMA Neurol 2014;71:1453–5.
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standard of care. Interventions to decrease the permeability of 
the blood–brain barrier in a manner similar to minimizing brain 
injury following ischemic stroke could be advantageous in 
NPSLE. This could prevent autoantibodies and non–disease- 
specific toxins from entering the brain. Inhibiting MMPs that are 
resident in the blood–brain barrier, especially MMP- 9 (75), by 
enhancing its natural inhibitor or introducing a novel biologic 
agent could also be beneficial in NPSLE. Two additional com-
pounds that reduce blood–brain barrier permeability (GW0742, 
a peroxisome proliferator–activated receptor β/δ agonist [76],
and KD025, a Rho kinase inhibitor [77]), both of which have 
been studied in experimental systems, could also be consid-
ered as therapies.

Reducing levels of pathogenic autoantibodies is a known 
strategy in the treatment of SLE. One of the challenges in NPSLE 
is a lack of clearly defined pathogenic autoantibodies. Although 
anti- NR2, anti- P, and anti–aquaporin 4 autoantibodies are ele-
gant examples of how such a system may operate, they account 
for only a minority of NPSLE cases, and other autoantibodies of 
even greater clinical significance likely await discovery. Experi-
ence in the treatment of APS suggests that lowering aPL levels 
is not associated with a beneficial clinical response. However, 
the recent evidence implicating complement activation in APS 
suggests that targeting activation products such as C4d (15) 
may be beneficial, at least in the acute phase of aPL- mediated 
NPSLE.

Cytokines present another attractive therapeutic target for 
NPSLE. Belimumab targets BLyS, but it has not been studied 
specifically in NPSLE. Inhibition of type I IFNs with anifrolumab, a 
monoclonal antibody that binds the IFNα/β receptor, is currently
in phase III clinical trials for SLE treatment, but patients with se-
vere NPSLE are excluded. It is an attractive target for NPSLE and 
should be considered pending the outcome of current trials. One 
of the challenges with both agents is their large immunoglobu-
lin structure that may prevent passage across the blood–brain 
barrier in sufficient quantity to exert a meaningful biologic effect. 
A strategy to circumvent this problem includes the use of gluta-
mate, which has been shown experimentally to temporarily en-
hance permeability of the blood–brain barrier. This has been pro-
posed as a means of improving drug delivery in the treatment of 
primary malignant brain tumors (78). Alternatively, JAK inhibitors 
that interfere with the JAK–STAT signaling pathway are small mol-
ecules that penetrate the blood–brain barrier (79) and reduce the 
production of several cytokines, including type I IFNs. Tofacitinib, 
a JAK1/JAK3 inhibitor, has been approved for use in rheumatoid 
arthritis and is currently in phase II studies for SLE treatment.

Conclusions

NP events in SLE patients are common, tend to be hetero-
geneous, and frequently present a diagnostic and therapeutic 

challenge. The therapies currently available are largely empirical 
and informed by both known disease mechanisms in NPSLE 
and effective treatments of other serious organ disease in SLE. 
Future studies utilizing advances in neuroimaging (28) and bi-
omarkers (80) are necessary to enhance understanding of the 
immunopathogenetic mechanisms of NPSLE and to guide the 
design of clinical trials. Innovative strategies targeting the blood–
brain barrier, specific autoantibodies, and cytokines are worthy 
of exploration and study.
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Influence of Disease Activity in Rheumatoid Arthritis on 
Radiographic Progression of Concomitant Interphalangeal 
Joint Osteoarthritis
Christian A. Lechtenboehmer,1 Veronika K. Jaeger,1 Diego Kyburz,1 Ulrich A. Walker,1 and Thomas Hügle2

Objective. Distal interphalangeal (DIP) joints are commonly considered to be unaffected by rheumatoid arthritis 
(RA). Despite synovitis and bone marrow edema being associated with radiographic progression in hand osteoarthri-
tis (OA) and hand RA, radiographic courses differ substantially. This study was undertaken to analyze incidence and 
progression of radiographically evident DIP joint OA in RA patients, in relation to RA activity and patient characteris-
tics.

Methods. In sequential radiographs of 1,988 RA patients in the Swiss Clinical Quality Management in Rheumatic 
Diseases registry, we evaluated and scored 15,904 DIP joints. Scoring was based on the presence of central erosions 
and subchondral sclerosis and on the severity of osteophytes and joint space narrowing, according to the modified 
Kellgren/Lawrence (K/L) grade. The presence of DIP joint OA was defined as ≥1 joint with a K/L grade of ≥2, and 
progression was defined as an increase in a summed K/L grade. Adjusted odds ratios (ORs) and 95% confidence 
intervals (95% CIs) were calculated.

Results. The median follow- up time was 4.5 years (interquartile range 3.1–7.0), and the mean ± SD age was 56.1 
± 11.1 years. DIP joint OA was present in 60% of patients at baseline. Higher mean age (OR 1.09 [95% CI 1.08–1.10]), 
female sex (OR 1.37 [95% CI 1.08–1.74]), and higher mean body mass index (OR 1.03 [95% CI 1.00–1.06]) were asso-
ciated with the presence of DIP joint OA, but neither the presence of anti–citrullinated protein antibodies (ACPAs) (OR 
0.72 [95% CI 0.50–1.03]) nor the presence of rheumatoid factor (OR 1.01 [95% CI 0.74–1.38]) were associated with it. 
Disease Activity Score using the erythrocyte sedimentation rate and metacarpophalangeal (MCP) joint erosions were 
not associated with DIP joint OA progression. RA disease duration had no relevant effect size associated with DIP 
joint OA progression (OR 0.97 [95% CI 0.96–0.99]).

Conclusion. Known risk factors for DIP joint OA were replicated in patients with RA. The observation that RA ac-
tivity, the presence of ACPA, and MCP joint erosions were not associated with the prevalence or progression of DIP 
joint OA indicates that there are distinct roles of inflammation in the pathogenesis of RA and DIP joint OA.

INTRODUCTION

Distal interphalangeal (DIP) joint osteoarthritis (OA) is one 
of the most common articular diseases in elderly populations 
(1). DIP joints can be affected by psoriatic arthritis but are con-
sidered to be unaffected by rheumatoid arthritis (RA). The ra-
diographic course differs between joints affected by DIP joint 

OA and those affected by RA, as there are fewer erosions in 
DIP joint OA and, unlike in RA, it is characteristically associated 
with new bone formation (2). Furthermore, joints affected by RA 
typically exhibit progressive erosive destruction, whereas erosive 
episodes of OA of the hand are followed by phases of bone re-
modeling (3). Similar to findings in RA, bone marrow edema and 
synovitis are also associated with the radiographic progression 
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of hand OA (4), indicating that inflammation may participate in 
its pathogenesis. However, antiinflammatory biologics such as 
tumor necrosis factor inhibitors or interleukin- 1 inhibitors have 
demonstrated only minimal effectiveness in treating DIP joint OA 
(5,6). Thus, the role of inflammation on osseous changes in OA 
of the hand remains unclear. The influence of an active underly-
ing inflammatory disorder, such as RA, on DIP joint OA has not 
been systematically studied. The present study was conduct-
ed to cross- sectionally characterize the prevalence of DIP joint 
OA in patients with concomitant RA and to assess the influence 
of RA’s inflammatory activity on the radiographic incidence and 
progression of DIP joint OA.

PATIENTS AND METHODS

Ethics approval. Ethics approval was obtained from all of 
the respective local ethics committees. All study patients provid-
ed informed written consent.

Study population. We analyzed patients who were clin-
ically diagnosed as having RA by their rheumatologist and who 
were monitored via the Swiss Clinical Quality Management in 
Rheumatic Diseases (SCQM) registry. The SCQM is a nation-
al, multicenter registry collecting patient information and clinical 
data longitudinally; it acquires radiographic images from enrolled 
patients at regular intervals (7). Patients were included in our 
study if they had 8 radiographically scorable joints (DIP joints 2–5 
bilaterally) and ≥2 subsequent hand radiographs obtained in an 
interval of ≥2 years apart. Radiographs were obtained between 
November 1983 and October 2014.

Radiographic assessment. A trained radiology resident 
(CAL), blinded with regard to patient data, assessed conven-
tional posteroanterior hand radiographs from each patient, with 
known time order. Before scoring patient images, the resident 
analyzed 100 radiographs as a training set. The Osteoarthritis 
Research Society International (OARSI) atlas (8) was used as the 
standard for interpreting DIP joint OA. DIP joints were scored for 
the severity of osteophytes (range 0–3), joint space narrowing 
(range 0–3), the presence of subchondral sclerosis, and central 
erosions, to assign the modified Kellgren/Lawrence (K/L) grade 
(grades 0–4) (9).

Following an initial assessment of 7,499 hand radiographs 
from 2,870 RA patients, the radiographs were rescored in the 
same order, in groups of 200 images and with an average of 
60 patients, until the prespecified intrarater reliability of Cohen’s 
kappa coefficient (defined as κ ≥0.70) was reached, taking into
account repeated measures at the patient level. This cutoff was 
exceeded after 800 radiographs, and the reevaluated scores 
were used for the final analysis. In the final 200 rescored ra-
diographs, kappa values were recorded as follows: K/L grade 
0.90, osteophyte severity 0.77, joint space narrowing 0.83, 

subchondral sclerosis 0.91, and central erosions 0.92. The 
percentage of erosive joint surface destruction (in 10% incre-
ments) of bilateral metacarpophalangeal (MCP) joints 2–5 (with 
an unknown chronology) was assessed by the SCQM Foun-
dation using a similar scoring method to that described by 
Rau et al (10). For this analysis, percentages of erosive joint 
surface destruction in all 8 MCP joints were summed (range 
0–800%) and categorized. The intraclass correlation coefficient 
was 0.98.

The presence of DIP joint OA was defined as ≥1 joint with 
a K/L grade of ≥2; K/L grade 1 was not rated as OA for further 
analyses. In patients without DIP joint OA at baseline, incident 
OA was defined as the development of a K/L grade of ≥2 in 
≥1 DIP joint during follow- up. In patients with DIP joint OA at 
baseline, progression was defined as an increase in the summed 
K/L grade of all 8 DIP joints by ≥1 point, between baseline and 
the latest follow- up radiograph. The smallest detectable change 
recorded was a K/L grade of 0.13, and the kappa value of the 
reliability of change was 0.84.

Statistical analysis. Frequencies and percentages were 
calculated for categorical variables, and means/SDs or medi-
ans/interquartile ranges (IQRs) were calculated for continuous 
variables. Between- group comparisons were carried out using 
chi- square tests, Student’s t- tests, or Wilcoxon- Mann- Whitney 
tests. Multiple logistic regression analyses were applied, includ-
ing potentially confounding variables defined a priori, such as 
age, sex, body mass index (BMI), anti–citrullinated protein an-
tibodies (ACPAs), rheumatoid factor (RF), erythrocyte sedimen-
tation rate (ESR), tender joints, swollen joints, patient assess-
ments of their general health, RA duration, and MCP erosions. 
Follow- up time and the severity of DIP joint OA at baseline were 
included in the DIP joint OA progression analysis. Additionally, 
instead of analyzing RA activity in terms of the individual com-
ponents within the Disease Activity Score in 28 joints using ESR 
(DAS28- ESR) (11), we included DAS28- ESR scores in the mul-
tiple logistic regression models (see Supplementary  Tables 1–3, 
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40684/abstract). Miss-
ing baseline values were imputed using multiple imputation 
with chained equations (m = 50) under a missing- at- random 
assumption. All multiple regression analyses were based on the 
imputed data. All analyses were performed using Stata/IC 13.1 
software.

RESULTS

Patient characteristics. The mean age of the study pop-
ulation was 56.1 ± 11.1 years, 76% of patients were female, and 
the median duration of RA was 6.1 years (IQR 2.2–13.1). The 
2010 American College of Rheumatology and European League 
Against Rheumatism (ACR/EULAR) classification criteria for RA 
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(12) were met by 81% of patients. Ninety-five percent of patients 
of the study population were treated with a conventional, synthet-
ic, or biologic disease- modifying antirheumatic drug (DMARD) at 
least once during the study period, and 71% were receiving such 
treatment at baseline. Glucocorticoid use was reported in 60% 
of patients during the radiographic follow- up period.

Prevalence of DIP joint OA. In the baseline radiograph-
ic images, 21% of the 15,904 DIP joints of 1,988 RA patients 
showed osteophytes. Joint space narrowing was observed in 
13% of joints, subchondral sclerosis in 9%, and central erosions 
in 1%. Of all the joints examined, 13% had a K/L grade of 1, 
22% had a K/L grade of 2, 4% had a K/L grade of 3, and 1% 
had a K/L grade of 4. At the patient level, 1,199 (60%) of the 
1,988 RA patients had ≥1 DIP joint with OA (i.e., K/L grade ≥2); 

the median summed K/L grade (sum for all DIP joints examined) 
among patients with ≥1 OA- affected joint was 6 (IQR 4–12) at 
baseline. The median number of affected joints per patient was 1 
(IQR 0–4). Patients with DIP joint OA were on average 9.5 years 
older than patients without, and they had a significantly higher 
mean BMI (Table 1). Longer duration of RA was associated with 
DIP joint OA; at baseline, patients with DIP joint OA had a higher 
mean RA duration than patients without DIP joint OA (6.4 years 

[IQR 2.4–13.7] versus 5.5 years [IQR 2.0–11.5]; P = 0.001).
In univariable analysis, ACPA positivity was more frequent 

among RA patients with DIP joint OA than among those without 
DIP joint OA (65% versus 73%; P = 0.010). The presence of 
RF was not associated with DIP joint OA (P = 0.21) (Table 1). In 
 multivariable analysis, RA duration and lack of ACPA were not 
significantly associated with DIP joint OA (OR 1.00 [95% CI 0.99–

Table 1. Baseline characteristics of and multivariable logistic regression analysis for RA patients without DIP joint OA versus RA patients with 
DIP joint OA* 

No DIP joint OA 
(n = 789)

DIP joint OA 
(n = 1,199) P

Adjusted OR  
(95% CI) Adjusted P

Clinical and demographic 
characteristics

Fulfill 2010 ACR/EULAR criteria 
for RA, % of patients

80 81 – – –

Age, mean ± SD years 50.4 ± 10.0 59.9 ± 10.1 <0.001 1.09 (1.08–1.10) <0.001
Female, % of patients 75 77  0.20 1.37 (1.08–1.74)  0.010
BMI, mean ± SD kg/m² 24.8 ± 4.6 25.7 ± 4.7 <0.001 1.03 (1.00–1.06)  0.025

Laboratory parameters
ACPA+, % of patients 73 65  0.010 0.72 (0.50–1.03)  0.070
RF+, % of patients 79 77  0.21 1.01 (0.74–1.38)  0.96
ESR, median (IQR) mm/hour 16 (8–30) 18 (10–32)  0.006 1.00 (1.00–1.01)  0.45

RA characteristics
Duration since first symptoms, 

median (IQR) years
5.5 (2.0–11.5) 6.4 (2.4–13.7) 0.001 1.00 (0.99–1.02) 0.55

Tender joints (range 0–28), 
median (IQR) no.

4 (1–10) 3 (1–9) 0.067 1.00 (0.98–1.02) 0.98

Swollen joints (range 0–28), 
median (IQR) no.

5 (2–9) 4.5 (1–9) 0.20 0.98 (0.96–1.01) 0.18

Patient- assessed general 
health (0–10 VAS), mean ± SD

4.3 ± 2.8 4.1 ± 2.7 0.059 0.99 (0.95–1.03) 0.61

Summed % erosive joint  
surface destruction in 8 
MCP joints (maximum 100% 
per joint), % of patients

<0.001

0 37 28 Referent –
10–20 38 36 0.99 (0.77–1.28)  0.96
30–70 14 19 1.26 (0.89–1.76)  0.19
80–800 11 17 1.32 (0.88–1.97)  0.18

* Univariable analyses were based on complete cases, whereas multivariable analysis was based on the multiple imputed data. The logistic 
regression model included all of the characteristics listed in the table. Distal interphalangeal (DIP) joint osteoarthritis (OA) at baseline was 
defined as having a Kellgren/Lawrence grade of ≥2 in ≥1 of 8 DIP joints. RA = rheumatoid arthritis; OR = odds ratio; 95% CI = 95% confidence 
interval; ACR = American College of Rheumatology; EULAR = European League Against Rheumatism; BMI = body mass index; ACPA = anti–
citrullinated protein antibody; RF = rheumatoid factor; ESR = erythrocyte sedimentation rate; IQR = interquartile range; VAS = visual analog 
scale; MCP = metacarpophalangeal. 
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1.02] and OR 0.72 [95% CI 0.50–1.03], respectively). RA activity, 
in terms of the DAS28- ESR score (OR 0.95 [95% CI 0.88–1.02]) 
and ESR alone (OR 1.00 [95% CI 1.00–1.01], was not associat-
ed with the presence of DIP joint OA (Table 1 and  Supplementary 
Table 1, http://onlinelibrary.wiley.com/doi/10.1002/art.40684/
abstract). However, age, sex, and BMI remained associated with 
the presence of DIP joint OA seen on baseline radiographs (OR 
1.09 [95% CI 1.08–1.10], OR 1.37 [95% CI 1.08–1.74], and OR 
1.03 [95% CI 1.00–1.06], respectively) (Table 1).

Development and progression of radiographic DIP 
joint OA. During follow- up (median 4.5 years [IQR 3.1–7.0]), 
174 of 789 patients (22%) without DIP joint OA at baseline de-
veloped OA (K/L grade ≥2) in ≥1 DIP joint (Figure 1). In contrast, 
among the 1,199 patients who did have DIP joint OA at baseline, 
680 (57%) experience worsening of the summed K/L grade over 
the follow- up period.

Patients who developed DIP joint OA during the observa-
tion period (i.e., incident OA) had a longer duration of RA than 
patients without incident DIP joint OA (7.8 years [IQR 2.5–11.7] 
versus 4.9 years [IQR 1.9–11.4]; P = 0.034) (see  Supplementary 
Table 4, http://onlinelibrary.wiley.com/doi/10.1002/art.40684/
abstract). However, in multivariable analysis, a longer duration 
of RA was not associated with the risk of incident OA (OR 1.02 
[95% CI 0.99–1.05]), nor was the presence of RF or ACPA (OR 
1.06 [95% CI 0.63–1.80] and OR 1.13 [95% CI 0.63–2.03], re-
spectively) (Supplementary Table 4). RA activity as measured by 
the DAS28- ESR (OR 0.85 [95% CI 0.75–0.96]) and by ESR alone 

(OR 0.98 [95% CI 0.98–1.00]) were negatively associated with 
the development of DIP joint OA (Supplementary Tables 2 and 
4). The multivariable analysis demonstrated no significant asso-
ciation between the number of tender or swollen joints and the 
risk of incident OA. Patient assessments of their general health 
at baseline, using a visual analog scale (0–10, with 0 for best and 
10 for worst health status), were not associated with the devel-
opment of OA (OR 1.04 [95% CI 0.96–1.12]). The multivariable 
analysis showed that higher age and female sex were associated 
with a risk of OA (OR 1.03 [95% CI 1.01–1.05] and OR 1.67 
[95% CI 1.08–2.58], respectively) (Supplementary Table 4).

Patients with OA progression during the follow- up period 
had a shorter duration of RA than patients without OA progres-
sion (5.7 years [IQR 2.2–12.7] versus 7.5 years [IQR 2.9–15.5]; 
P = 0.001) (Table 2). A longer duration of RA was associated 
with a reduced risk of OA progression after adjustment, al-
though the effect size was low (OR 0.97 [95% CI 0.96–0.99]). 
Neither DAS28- ESR scores (OR 1.02 [95% CI 0.94–1.11]) nor 
ESR alone (OR 1.00 [95% CI 1.00–1.01]) was significantly as-
sociated with the progression of DIP joint OA (see Supplemen-
tary Tables 1 and 3, http://onlinelibrary.wiley.com/doi/10.1002/
art.40684/abstract). An increased number of tender joints was 
associated with a reduced risk of OA progression, whereas an 
increased number of swollen joints was associated with an in-
creased risk (OR 0.97 [95% CI 0.94–1.00] and OR 1.05 [95% 
CI 1.01–1.08], respectively) (Table 2). Higher age was not asso-
ciated with progression of OA in the multivariable analysis (OR 
0.99 [95% CI 0.98–1.01]), nor was the presence of RF or ACPA 

Figure  1. Patient selection process and distal interphalangeal (DIP) joint osteoarthritis (OA) development and progression rates. RA = 
rheumatoid arthritis.

http://onlinelibrary.wiley.com/doi/10.1002/art.40684/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40684/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40684/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40684/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40684/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40684/abstract
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(OR 0.79 [95% CI 0.55–1.12] and OR 1.06 [95% CI 0.72–1.55], 
respectively) (Table 2). Higher BMI was associated with DIP joint 
OA progression (OR 1.03 [95% CI 1.00–1.06]). Patients with 
a summed baseline K/L grade of 5–10 had significantly higher 
odds of progression (OR 1.45 [95% CI 1.07–1.95]) than patients 

with a summed score of 2–4.

DISCUSSION

In this study, we systematically investigated the radiograph-
ic progression of DIP joint OA in patients with concomitant RA. 

We found that neither RA activity nor seropositivity was associat-
ed with progression of DIP joint OA, which is consistent with the 
notion of a distinct pathogenesis of the respective cartilage and 
bone loss in the 2 disorders. In fact, the multivariable analysis 
revealed an association of a longer duration of RA with lower 
risk of progression in DIP joint OA, and higher RA activity with 
lower incidence of DIP joint OA. At first glance, these results 
are surprising, as systemic low- grade inflammation is believed to 
foster OA and the inflammatory cytokines present in RA. For in-
stance, tumor necrosis factor, among other cytokines, has been 
implicated in both OA and RA (13). Furthermore, in an earlier, 

Table 2. Univariable and multivariable logistic regression analysis of RA patients without DIP joint OA progression versus RA patients with DIP 
joint OA progression* 

No OA 
progression 

(n = 519)

OA 
progression 

(n = 680) P
Adjusted OR 

(95% CI) Adjusted P

Clinical and demographic 
characteristics

Summed K/L grade in 8 joints at 
baseline, % of patients

0.68

2–4 40 39 Referent –
5–10 30 31 1.45 (1.07–1.95)  0.015
11–24 30 30 1.32 (0.96–1.81)  0.091

Radiographic observation time, 
median (IQR) years

4.0 (2.8–5.7) 5.4 (3.5–7.9) <0.001 1.22 (1.16–1.29) <0.001

Age, mean ± SD years 60.5 ± 10.5 59.4 ± 9.8  0.050 0.99 (0.98–1.01)  0.28
Female, % of patients 75 79  0.10 1.34 (1.00–1.79)  0.050
BMI, mean ± SD kg/m² 25.4 ± 4.7 26.0 ± 4.7  0.094 1.03 (1.00–1.06)  0.037

Laboratory parameters 
ACPA+, % of patients 65 66  0.86 1.06 (0.72–1.55)  0.77
RF+, % of patients 77 76  0.57 0.79 (0.55–1.12)  0.19
ESR, median (IQR) mm/hour 18 (9–32) 18 (10–32)  0.49 1.00 (1.00–1.01)  0.30

RA disease characteristics 
Duration since first symptoms, me-

dian (IQR) years
7.5 (2.9–15.5) 5.7 (2.2–12.7) 0.001 0.97 (0.96–0.99)  0.001

Tender joints (range 0–28), median 
(IQR) no.

3 (1–9) 3 (1–9) 0.85 0.97 (0.94–1.00)  0.024

Swollen joints (range 0–28), median 
(IQR) no.

4 (1–8) 5 (1–9) 0.094 1.05 (1.01–1.08)  0.004

Patient- assessed general health 
(0–10 VAS), mean ± SD

4.1 ± 2.8 4.0 ± 2.7 0.62 0.99 (0.93–1.04)  0.65

Summed % erosive joint surface de-
struction in 8 MCP joints (maximum 
100% per joint), % of patients

0.11

0 25 31 Referent –
10–20 38 35 0.82 (0.60–1.13)  0.23
30–70 19 19 0.86 (0.59–1.26)  0.45
80–800 18 15 0.84 (0.53–1.33)  0.45

* Univariable analyses were based on complete cases, whereas multivariable analysis was based on the multiple imputed data. Progression 
was defined as an increase in summed Kellgren/Lawrence (K/L) grade of ≥1 in patients with distal interphalangeal (DIP) joint osteoarthritis 
(OA) at baseline. The logistic regression model included all of the characteristics listed in the table. RA = rheumatoid arthritis; OR = odds 
ratio; 95% CI = 95% confidence interval; IQR = interquartile range; BMI = body mass index; ACPA = anti–citrullinated protein antibody; RF = 
rheumatoid factor; ESR = erythrocyte sedimentation rate; VAS = visual analog scale; MCP = metacarpophalangeal. 
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smaller study that enrolled patients with recent- onset RA and 
likely greater disease activity, a high ESR and progressive erosive 
damage were revealed as risk factors for incident erosions and 
osteophytes in DIP joints (14).

Despite these data, and although synovitis and bone marrow 
edema have been documented in DIP joint OA and RA (4), our re-
sults do not support the argument that systemic inflammation has 
a general pathogenic role in OA. This conclusion is supported by 
a previous study (15) that included patients with early RA, and in 
which underlying OA of the hand (as assessed using a composite 
score including proximal interphalangeal joints and the first carpo-
metacarpal joints) was not associated with RA activity, and by an-
other study (16) that showed no association between C- reactive 
protein levels at baseline and progression of erosive hand OA.

In our established RA cohort, central DIP joint erosions were 
observed in 5% of patients, which is similar to the proportion of 
DIP joint erosions in OA patients without RA (1,9). At this point, 
however, we cannot exclude the potential antierosive effects of 
methotrexate or other DMARDs in DIP joint OA. Furthermore, 
radiographic progression of preexisting DIP joint OA in our RA 
cohort reached 57%, which is lower than the rate of DIP joint 
OA progression among individuals without RA (9). Aside from 
the longer observation time in the Framingham Osteoarthritis 
Study (9) (8.7 years, versus 4.5 years in our study), one reason 
for the lower proportion of radiographic progression of DIP joint 
OA among RA patients could be the use of disease- modifying 
treatments. We also cannot rule out the idea that RA patients 
limit their manual activity and therefore diminish the mechanical 
stress on their osteoarthritic joints. The present study results fa-
vor the still- uncertain notion that obesity could be a risk factor for 
hand OA (17) by showing that patients with a higher BMI had a 
significantly higher risk of development and progression of DIP 
joint OA.

There are several potential limitations to our investigation. 
Not all patients fulfilled the 2010 ACR/EULAR classification cri-
teria for RA due to some of its components not being assessed. 
However, when limiting our analysis to those patients who did 
fulfill the criteria, the results remained unchanged. Furthermore, 
possible associations in the incident OA analysis could have 
been missed due to the limited sample size. We were, however, 
able to identify highly significant associations of incident hand 
OA with the known risk factors of higher age and female sex. 
Sensitive techniques such as magnetic resonance imaging and 
ultrasound to detect signs of local inflammation in DIP joints (4) 
were not used in this cohort. We had no reliable data on meta-
bolic factors such as the lipid profile, which might act as a poten-
tial modifier of radiographic progression. The effects of DMARDs 
on the course of hand OA warrant further studies. Interrater reli-
ability was not assessed due to good intrarater reliability, but also 
due to a lack of resources.

Despite these limitations, the comprehensive radiographic 
assessment of DIP joints in this large RA cohort contributes to 

the understanding of DIP joint OA. The results demonstrate that 
RA activity and autoantibody levels are not involved in the radio-
graphic course of OA in the DIP joints.
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Therapeutic Effects of a TANK- Binding Kinase 1 Inhibitor in 
Germinal Center–Driven Collagen- Induced Arthritis
Cynthia Louis,1 Devi Ngo,1 Damian B. D’Silva,1  Jacinta Hansen,1 Louisa Phillipson,1 Helene Jousset,1 
Patrizia Novello,1 David Segal,1 Kate E. Lawlor,1 Christopher J. Burns,2 and Ian P. Wicks3

Objective. The production of class- switched high- affinity autoantibodies derived from organized germinal centers 
(GCs) is a hallmark of many autoimmune inflammatory diseases, including rheumatoid arthritis (RA). TANK- binding ki-
nase 1 (TBK- 1) is a serine/threonine kinase involved in the maturation of GC follicular helper T (Tfh) cells downstream 
of inducible costimulator signaling. We undertook this study to assess the therapeutic potential of TBK- 1 inhibition 
using the small- molecule inhibitor WEHI- 112 in antibody- dependent models of inflammatory arthritis.

Methods. Using the models of collagen- induced arthritis (CIA), antigen- induced arthritis (AIA), and K/BxN serum- 
transfer–induced arthritis (STIA), we determined the effectiveness of WEHI- 112 at inhibiting clinical and histologic 
features of arthritis in C57BL/6 and DBA/1 mice. We used immunohistochemistry to characterize GC populations dur-
ing CIA development, and we used enzyme- linked immunosorbent assays to determine levels of Ig autoanti bodies in 
WEHI- 112–treated mice compared to vehicle- treated mice.

Results. WEHI- 112, a tool compound that is semiselective for TBK- 1 but that also has activity against IKKε and
JAK2, abolished TBK- 1–dependent activation of interferon (IFN) regulatory factor 3 and inhibited type I IFN responses  
in vitro. In vivo, treatment with WEHI- 112 selectively abrogated clinical and histologic features of established, 
antibody- dependent CIA, but had minimal effects on an antibody- independent model of AIA or on K/BxN STIA. In 
keeping with these findings, WEHI- 112 reduced arthritogenic type II collagen–specific IgG1 and IgG2b antibody pro-
duction. Furthermore, WEHI- 112 altered the GC Tfh cell phenotype and GC B cell function in CIA.

Conclusion. We report that TBK- 1 inhibition using WEHI- 112  abrogated antibody- dependent CIA. As WEHI-112 
failed to inhibit non–antibody-driven joint inflammation, we conclude that the major effect of this compound was most 
likely the targeting of TBK- 1– mediated mechanisms in the GC reaction. This approach may have therapeutic potential 
in RA and in other GC- associated autoantibody- driven inflammatory diseases.

INTRODUCTION

The presence of high- affinity autoantibodies, such as anti–
citrullinated protein antibodies (ACPAs) in rheumatoid arthritis 
(RA) (1) and antinuclear antibodies in systemic lupus erythe-
matosus (SLE) (2), is a common feature of humorally mediated 
autoimmune diseases and has been linked to the induction of 
autoimmune inflammation (3,4). The pathogenicity of high- affinity 
autoantibodies is exemplified in the K/BxN serum–transfer model 
of RA (5). Transfer of serum or purified autoantibodies  generated 

from autoimmune K/BxN- transgenic arthritic mice alone is 
 sufficient to induce arthritis in naive recipients (5). Key cytokines, 
such as tumor necrosis factor (TNF) and interleukin- 1β (IL- 1β),
are downstream amplifiers of joint inflammation in this model (6).

Germinal center (GC) formation in secondary lymphoid tis-
sues plays a major role in humoral autoimmunity (7). In the induc-
tive phase of an antibody response, GC follicular helper T (Tfh) 
cells and GC B cells cooperate to mediate Ig class- switching, 
 affinity selection, and the generation of GC- derived  memory 
B cells and antibody- secreting plasma cells. GC reactions, 
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 including production of cytokines by Th17 cells within GCs, also 
induce posttranslational modification of antibodies produced by 
recently generated, GC- derived plasma cells and thereby in-
fluence the pathogenicity of arthritogenic autoantibodies in the 
 autoimmune collagen- induced arthritis (CIA) model (8).

Biologic therapies to deplete B cells and antagonize key 
inflammatory cytokines such as TNF have been used clinically 
with success in treating RA. Small- molecule kinase inhibitors tar-
geting JAKs have also been approved for RA (9). Nevertheless, 
important challenges remain in the treatment of RA. Responsive-
ness to these therapies varies in different patients, reflecting the 
heterogeneity of underlying pathogenic mechanisms and stage 
of disease. Additionally, TNF antagonism and JAK inhibitors ex-
ert effects on the immune response that increase the risk of in-
fection. Thus, therapies aimed at curbing humoral autoimmunity 
while balancing immune competence are required. We propose 
that targeting key pathways involved in autoantibody develop-
ment may be one such approach.

High- affinity autoantibodies arise from GC reactions occur-
ring in B cell follicles, following iterative rounds of somatic hyper-
mutation of GC B cells and selection/maturation facilitated by Tfh 
cells (7). GC B cells with high affinity for antigen eventually form 
antibody- producing plasma cells (10). Accordingly, we reasoned 
that by targeting regulators of the GC reaction, the production 
of pathogenic autoantibodies could be limited, thereby inhibiting 
inflammation. Three target pathways are of relevance in this con-
text. First, elevated type I interferon (IFN) activity (the so- called 
type I IFN signature) is a remarkable feature of SLE that can also 
be observed in some patients with RA and Sjögren’s syndrome, 
and it is associated with high- affinity autoanti bodies, disease pro-
gression, and poor prognosis (11,12). Type I IFN signaling through 
the common receptor IFN- α/β/ω receptor 1 can prime dendritic
cells (DCs) to produce IL- 6 in secondary lymphoid tissues. Sec-
ond, IL- 6 supports the development of Tfh cells and Th17 cells in 
secondary lymphoid tissues as well as the maintenance of termi-
nally differentiated antibody- secreting plasma cells (13). Third, the 
inducible costimulator (ICOS) is required for the differentiation and 
maintenance of GC Tfh cells, which mediate GC interactions and 
facilitate antibody responses (14–16). Loss or inhibition of these 
pathways has been shown to abrogate disease in humorally me-
diated autoimmune disease models (17–20).

TANK- binding kinase 1 (TBK- 1) is an IKK- related serine/thre-
onine kinase that is critical for the induction of IFN regulatory factor 
3 (IRF- 3)–driven type I IFN responses in nucleic acid sensing path-
ways, such as the Toll- like receptor 3 (TLR- 3)/TLR- 4/TRIF, retinoic 
acid–inducible gene 1/melanoma differentiation–associated pro-
tein 5/mitochondrial antiviral signaling protein, and cyclic GMP- 
AMP synthase (cGAS)/stimulator of IFN genes (STING) pathways 
(21). TBK- 1 also regulates IL- 6 expression in response to TLR- 
3 ligands (22) and in response to cytosolic DNA downstream of 
STING, but not to TLR- 9 ligands (23).  Because TBK- 1−/− mice 
have the phenotype of embryonic lethality, by using viable TBK- 

1−/−TNF−/− mice (24) and STING−/− mice (23), TBK- 1–dependent 
induction of type I IFNs and IL- 6, respectively, has been shown to 
be required for humoral responses in vivo. TBK- 1 was also recent-
ly identified as a critical kinase for ICOS signaling in Tfh cells (25).

Given the involvement of TBK- 1 in regulating the production 
of type I IFNs and IL- 6, as well as ICOS signaling, we hypothe-
sized that TBK- 1 inhibition might provide an alternative approach 
to treatment of antibody- mediated inflammatory diseases. To ex-
plore this hypothesis, we generated WEHI- 112 (a relatively selec-
tive small- molecule inhibitor of TBK- 1) as a tool compound. TBK- 
1 inhibition by WEHI- 112 was confirmed by effective suppression 
of TRIF/TBK- 1–dependent IRF- 3 activation and IRF- 3–associat-
ed mediators in macrophage cell culture. In vivo, TBK- 1 inhibition 
alleviated the progression of established autoantibody- mediated 
CIA, but not antibody- independent, antigen- induced arthritis 
(AIA) and not K/BxN serum- transfer–induced arthritis (STIA). 
TBK- 1 inhibition reduced cytokine signaling and arthritogenic 
GC- driven humoral responses in CIA in conjunction with lowered 
serum type II collagen (CII)–specific IgG1 levels. TBK- 1 inhibition 
may therefore provide an alternative therapeutic approach in RA 
and other autoantibody- mediated inflammatory diseases.

MATERIALS AND METHODS

Mice. C57BL/6 and DBA/1 mice ages 8–10 weeks were 
obtained from Walter and Eliza Hall Institute of Medical Research 
(WEHI) Animal Supplies. Mice were housed under standard con-
ditions in the WEHI Animal Facility. All procedures were approved 
by the WEHI Animal Ethics Committee.

Chemical compounds. MRT67307 (26) was purchased 
from Sigma. Baricitinib (a JAK2 inhibitor) was purchased from 
SelleckChem. WEHI- 112 was synthesized at WEHI. All com-
pounds were dissolved in DMSO and diluted in 20% Captisol 
saline carrier solution.

Induction of arthritis and inhibitor treatment. For 
CIA, DBA/1 mice were immunized intradermally with chicken CII 
(2 mg/ml; Sigma- Aldrich) emulsified in an equal volume of Fre-
und’s complete adjuvant (CFA) containing 5 mg/ml heat- killed 
Mycobacterium tuberculosis H37RA (Difco) on day 0 and day 21. 
Intraperitoneal (IP) injection of vehicle or WEHI- 112 (30 mg/kg) 
was initiated upon disease onset, and mice were randomly en-
rolled into treatment and control groups.

For AIA, C57BL/6 mice were immunized intradermally with 
methylated bovine serum albumin (mBSA) (2 mg/ml; Sigma- 
Aldrich) emulsified in an equal volume of CFA on day 0. Arthritis 
was induced on day 7 by an intraarticular (IA) injection of 200 μg 
mBSA in 10 μl of 0.9% weight/volume saline into the left knee. IP 
injection of vehicle or WEHI- 112 (30 mg/kg) was initiated imme-
diately after IA injection, and mice were randomly enrolled into 
treatment and control groups.
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For K/BxN STIA, C57BL/6 mice were injected with 100 
μl serum from K/BxN mice on day 0. IP injection of vehicle or 
 WEHI- 112 (30 mg/kg) was initiated on day 1 and continued daily 
for 8 consecutive days.

Antigen-specific antibody enzyme-linked immuno 
sorbent assay. Serial dilutions of sera were added to 96- 
well PolySorb microtiter plates (Nunc) coated with 5 μg/ml CII 
(Sigma- Aldrich) and incubated at room temperature for 2 hours, 
followed by incubation with horseradish peroxidase–conjugat-
ed secondary antibodies against mouse IgG1 (1144- 05), IgG2a 
(1155- 05), IgG2b (1186- 05), and IgM (1140- 05) (SouthernBio-
tech). The plates were developed with tetramethylbenzidine sub-
strate solution (BD Biosciences), and optical densities were read 
at 450 nm. A mixture of sera from hyperimmunized DBA/1 mice 
with CIA was used to establish standard curves, and antibody 
levels are shown as relative titers.

Immunofluorescence. Lymph nodes (LNs) were fixed 
in 4% paraformaldehyde overnight, immersed in 20% sucrose 
for 1 hour, and embedded in TissueTek OCT compound, and 
8- μm cryostat sections were prepared. After blocking of non-
specific binding sites with Avidin, Biotin, and Protein Block solu-
tions (Dako) supplemented with 2.4G2 (100 μg/ml), sections 
were stained with Alexa Fluor 488–coupled anti–GL- 7 (GL- 7) 
and Alexa Fluor 647–coupled anti- B220 (RA3- 6B2) (both from 
BioLegend). Nuclei were stained with DAPI. Images of whole LN 
sections were captured using an LSM780 confocal microscope 
system with ZEN2010 imaging software using the tile- scan func-
tion (Carl Zeiss).

T cell restimulation assay. Primary CD4+ T cell pop-
ulations were isolated from pooled LNs of DBA/1 mice with 
CIA. CD4+ T cells were pregated as CD3+CD4+CD25− cells 
and sorted into CD44high and CD44intermediate populations. T cells 
were cultured in RPMI 1640 medium supplemented with 10% 
fetal bovine serum, l-glutamine (4 mM), HEPES (10 mM), so-
dium pyruvate (1  mM), β- mercaptoethanol (50 μM), penicillin 
(100 units/ml), and streptomycin  (100 units/ml). Cells were left 
unstimulated or preconditioned with vehicle or WEHI- 112 for 
30 minutes. Vehicle-  or WEHI- 112–treated cells were stimu-
lated with combinations of purified endotoxin- low and azide- 
free anti- CD3 (3 μg/ml, 2C11; BioLegend) and anti- ICOS (3 μg/
ml, C398.4A; BioLegend). The antibodies were crosslinked at 
37°C by goat antibody to hamster IgG (20 μg/ml, 127- 005- 
099; Jackson ImmunoResearch). For immunoblotting, cells 
were lysed in radioimmunoprecipitation assay buffer after in vit-
ro stimulation for 10 minutes, and cell lysates were probed for 
phospho- FoxO1 or β- actin. For ImageStream analysis, sorted 
CD44high cells were collected after stimulation for 30 minutes, 
stained for total FoxO1 (C29H4; Cell Signaling Technology), 
counterstained with DAPI, acquired using an ImageStreamX 

Mark II instrument (Amnis), and analyzed using IDEAS software 
(Merck).

Quantitative reverse transcriptase–polymerase 
chain reaction (RT- PCR). Total RNA was extracted from cells 
using an ISOLATE II RNA Mini Kit (Bioline), digested with RNase- 
free DNase I (Bioline), and reverse transcribed into complementary 
DNA using SuperScript III reverse transcriptase (Invitrogen) and 
oligo(dT) primers (Promega). Quantitative RT- PCR was performed 
using Fast SYBR Green Master Mix (ThermoFisher Scientific) on a 
ViiA 7 PCR System (ThermoFisher Scientific). Primers for the genes 
assessed are shown in Supplementary Table 1, available on the 
Arthritis & Rheumatology web site at http:// onlinelibrary.wiley.com/
doi/10.1002/art.40670/abstract. Gene expression  levels were nor-
malized to cellular GAPDH messenger RNA (mRNA) levels.

Statistical analysis. Data are expressed as the mean ± 
SEM. Statistical differences were assessed by Student’s unpaired 
t-test or Student’s paired t-test, as indicated, using GraphPad 
Prism 6.0 software. P values less than or equal to 0.05 were 
considered significant.

Additional information is available in Supplementary Methods, 
http://onlinelibrary.wiley.com/doi/10.1002/art.40670/abstract.

RESULTS

In vitro assessment of WEHI- 112 as a TBK- 1 inhibi-
tor. Current pharmacologic TBK- 1 inhibitors display off- target 
inhibition on other major kinases and some are poorly stable for 
in vivo use (26,27). We identified WEHI- 112 as a tool compound 
inhibitor of TBK- 1 with improved selectivity and bioactivity. WE-
HI- 112 potently inhibited TBK- 1 and its homolog IKKε (see Sup-
plementary Table 2, http://onlinelibrary.wiley.com/doi/10.1002/
art.40670/abstract), owing to a high degree of sequence ho-
mology. Cell- free biochemical assays revealed that WEHI- 112 
and the literature standard TBK- 1 inhibitor MRT67307 (26) 
blocked TBK- 1 activity with a 50% inhibition concentration (IC50) 
of ~0.01 μM and ~0.05 μM, respectively (Figure 1A).  WEHI- 112 
and MRT67307 also inhibited IKKε activity at an IC50 of 0.003 
μM and 0.03 μM, respectively, and JAK2 activity at an IC50 of 
0.01 μM and 0.08 μM, respectively (Figure 1A).  WEHI- 112 and 
MRT67307 inhibited lipopolysaccharide (LPS)–induced IRF- 3 
phosphorylation of the TRIF/TBK- 1/IRF- 3 pathway (21) in RAW 
264.7 macrophages (Figure  1B). Consistent with other TBK- 1 
inhibitors, both WEHI- 112 and MRT67307 paradoxically en-
hanced the phosphorylation of TBK- 1 and IKKε (Figure  1B), 
despite efficient inhibition of TBK- 1 activity (28).  The induction 
of LPS-induced, TRIF/TBK- 1/IRF- 3–dependent genes (Ifnb, 
Cxcl10, and Ccl5) was reduced in macrophages in the pres-
ence of either WEHI- 112 or MRT67307 (Figure 1C). WEHI- 112 
and MRT67307 did not affect the induction of LPS- induced Tnf 
or Il1b, but suppressed Il6 transcription in RAW 264.7 mac-

http://onlinelibrary.wiley.com/doi/10.1002/art.40670/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40670/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40670/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40670/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40670/abstract
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rophages (Figure 1D). Additionally, TBK- 1, rather than IKKε, 
was required for optimal Il6 induction in response to LPS (Fig-
ure 1E). In summary, WEHI- 112 is a potent and relatively se-
lective inhibitor of TBK- 1.

WEHI- 112 ameliorates T cell– and B cell–dependent CIA 
buthasminimaleffectonBcell–independentAIAorTcell–
and B cell–independent STIA. To test the therapeutic potential 
of TBK- 1 inhibition using WEHI- 112, we used the autoimmune 

CIA model of inflammatory arthritis. The CIA model is depend-
ent on both cellular and humoral responses to CII (29,30). 
Vehicle or WEHI- 112 was administered immediately upon 
clinically evident signs of arthritis in immunized DBA/1 mice. 
Vehicle- treated mice developed progressive arthritis, but this 
was markedly inhibited in  WEHI- 112– treated mice (Figure 2A). 
A myeloperoxidase- based Lumina In Vivo Imaging System im-
aging spectrum showed markedly attenuated inflammation in 
the limbs of mice treated with WEHI- 112 (Figure 2B). Histologic 

Figure 1. WEHI- 112 is a potent inhibitor of TANK- binding kinase 1 (TBK- 1). A, Dose- response curves showing inhibition of TBK- 1, IKKε, and 
JAK2 activity in the presence of WEHI- 112 or MRT67307. Percentage activity was calculated using the no- inhibitor control as 100% activity. Data 
are representative of 2 independent experiments. Broken lines indicate 50% inhibition concentration (IC50) of each compound. B, Immunoblot 
analysis of phosphorylated interferon regulatory factor 3 (IRF- 3), TBK- 1, and IKKε in whole- cell lysates of RAW 264.7 macrophages that were 
unstimulated (US) or preconditioned with vehicle (DMSO), 0.25 μM WEHI- 112, or 0.25 μM MRT67307 for 1 hour prior to stimulation with 
lipopolysaccharide (LPS). Data show results of 1 experiment representative of 2 independent experiments. C and D, Reverse transcriptase–
polymerase chain reaction (RT- PCR) analysis of Ifnb, Cxcl10, and Ccl5 (C) and of Tnf, Il1b, and Il6 (D) in RAW 264.7 macrophages left unstimulated 
or preconditioned with vehicle or 0.25 μM inhibitor (WEHI- 112 or MRT67307) for 1 hour followed by stimulation for 4 hours with 0.1 μg/ml LPS. 
Data are pooled from 5 independent experiments. ** = P ≤ 0.01; *** = P ≤ 0.005 versus vehicle, by Student’s paired t- test. E, RT- PCR analysis 
of Tnf, Il1b, and Il6 in THP- 1 human monocyte–derived macrophages stimulated for 4 hours with 0.1 μg/ml LPS following clustered regularly 
interspaced short palindromic repeat (CRISPR)/CRISPR- associated protein 9–mediated knockout (KO) of endogenous TBK- 1 or IKKε. Data 
are pooled from 5 independent experiments. * = P ≤ 0.05 versus control, by Student’s paired t- test. Values in A and C–E are the mean ± SEM.
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evaluation of the inflammatory cell influx, cartilage damage, and 
bone degradation supported these observations (Figures 2C and 
D). There were significant reductions in tissue- infiltrating neutro-
phils (CD45+Ly- 6G+CD88+CD64−CD11b+) and macrophag-
es (CD45+Ly- 6G−CD88+CD64+CD11b+) (see Supplementary 
Figure 1, http://onlinelibrary.wiley.com/doi/10.1002/art.40670/ 
abstract) in mice with CIA treated with WEHI- 112 relative to 
those treated with vehicle (Figure 2E).

WEHI- 112 was next evaluated in the AIA model. AIA is T 
cell dependent but independent of B cells and antibody pro-
duction (31). Vehicle or WEHI- 112 was given immediately after 

IA antigen challenge to induce AIA. WEHI- 112 failed to inhibit 
inflammatory arthritis in the AIA model, as demonstrated by 
histology (Figures  2F and G) and fluorescence- activated cell 
sorting analysis of the inflamed joint (Figure  2H). Additionally, 
WEHI- 112 did not prevent the evolution of inflammatory  arthritis 
in the K/BxN STIA model (which develops independently of 
adaptive  immune mechanisms) (5), but may have had a modest 
effect on the severity of disease at later time points (Figure 2I). 
Collectively, these well- described arthritis models show that WE-
HI- 112 targets specific arthritogenic event(s) in CIA, to a much 
greater extent than in AIA or STIA.

Figure 2. WEHI- 112 markedly inhibits the progression of established collagen- induced arthritis (CIA) but has minimal effects on antigen- 
induced arthritis (AIA) or K/BxN serum- transfer–induced arthritis (STIA). A–E and J–L, DBA/1 mice with CIA were randomly enrolled into 
treatment or control groups at arthritis onset (day 1) to receive WEHI- 112 (30 mg/kg) or vehicle intraperitoneally (IP) daily for 7 days. A, Clinical 
features in mice with CIA, evaluated daily. Data are pooled from 4 independent experiments with 4–5 mice per group per experiment. ** = 
P ≤ 0.01; **** = P ≤ 0.0001 versus vehicle, by Student’s unpaired t- test. B, Representative bioluminescent images and quantification of 
myeloperoxidase (MPO) activity in arthritic DBA/1 mice (described in A) at the indicated times. * = P ≤ 0.05 by Student’s unpaired t- test. C, 
Representative Safranin O staining of histologic joint sections from mice with CIA treated with vehicle or WEHI- 112. Original magnification × 10. 
D, Histologic evaluation of total arthritis clinical scores (0 = normal; 1 = mild; 2 = moderate; 3 = severe). * = P ≤ 0.05; ** = P ≤ 0.01 by Student’s 
unpaired t- test. E, Quantification of joint- infiltrating neutrophils and macrophages (Macs) in ankle joints of DBA/1 mice with CIA. ** = P ≤ 0.01; 
*** = P ≤ 0.005 by Student’s unpaired t- test. F–H, C57BL/6 mice were immunized with the antigen methylated bovine serum albumin (mBSA) 
in Freund’s complete adjuvant on day 0. Arthritis was induced by intraarticular injection of mBSA into the knee on day 7. Vehicle or WEHI- 112 
was given daily IP from day 7 to day 13, and knee joints were collected for analysis on day 14. F, Representative Safranin O staining of histologic 
joint sections from mice with AIA treated with vehicle or WEHI- 112. Original magnification × 5. G, Macroscopic scores of histologic changes in 
affected knee joints of mice with AIA (0 = normal; 1 = mild; 2 = moderate; 3 = severe). Data are pooled from 2 independent experiments with 
4–5 mice per group per experiment. H, Quantification of joint- infiltrating neutrophils and macrophages in knee joints of C57BL/6 mice with AIA. 
Data are pooled from 2 independent experiments with 4–5 mice per group per experiment. I, Clinical arthritis severity in C57BL/6 mice receiving 
K/BxN serum on day 0, followed by WEHI- 112 or vehicle IP daily for the next 8 days. Data are pooled from 2 independent experiments with 
4–5 mice per group per experiment. J, Ig isotypes specific for type II collagen (CII) in serum from mice with CIA collected at study end point, 
determined by enzyme-linked immunosorbent assay. Data are pooled from 3 independent experiments. * = P ≤ 0.05; *** = P ≤ 0.005 by 
Student’s unpaired t- test. K and L, Ifnb, Cxcl10, and Ccl5 (K) and Tnf, Il1b, and Il6 (L) in total lymph node cells derived from mice with CIA, 
determined by reverse transcriptase–polymerase chain reaction analysis. Data are representative of 2 independent experiments. * = P ≤ 0.05; 
** = P ≤ 0.01 by Student’s unpaired t- test. In A, B, D, G, and I–L, values are the mean ± SEM. In E and H, symbols represent individual mice; 
bars show the mean ± SEM.

http://onlinelibrary.wiley.com/doi/10.1002/art.40670/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40670/abstract
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CIA development relies on efficient priming of humoral re-
sponses for the generation of arthritogenic CII- specific IgG1 au-
toantibodies, and to a lesser extent, IgG2b autoantibodies (5). 
Consistent with reduced arthritis, there was a significant reduc-
tion in pathogenic IgG1 anticollagen antibodies and a modest re-
duction in IgG2b isotypes in WEHI- 112–treated mice compared 
to vehicle- treated mice. IgG2a and IgM anti- CII isotypes were 
not affected (Figure 2J).

Relative to naive LNs, there was no alteration in Ifnb or 
Cxcl10 in LNs of mice with CIA (Figure  2K). In contrast, Ccl5 
was increased in LNs of mice with CIA relative to naive LNs, but 
this was reduced upon treatment with WEHI- 112 (Figure  2K). 
Tnf, Il1b, and Il6 were all elevated in LNs of mice with CIA com-
pared to naive LNs, but only Il6 was reduced upon treatment 
with  WEHI- 112 (Figure 2L), consistent with reduced IL- 6 induc-
tion in vitro with WEHI- 112 or deletion of TBK- 1 (Figures 1D and 
E). Thus, the alleviation of CIA following TBK- 1 inhibition with 
 WEHI- 112 could be due to reduced levels of particular cytokines 
and chemokines in secondary lymphoid tissues.

CharacterizationofGCpopulationsduringdevelop-
ment of CIA. Given the effect of WEHI- 112 in reducing CII- 
specific IgG1 titers in CIA (Figure  2J), the importance of GCs 
for development of CIA (32), and the requirement for TBK- 1 in 

mediating ICOS signaling during Tfh cell maturation (25), we ex-
amined the GC response following WEHI- 112 treatment in the 
CIA model. Immunohistochemistry revealed an overall reduction 
in GC size as determined by GC area relative to total LN size 
(Figures 3A and B), although GC numbers were not affected by 
WEHI- 112 (Figure 3C).

We defined mature GC Tfh cells as CD3+CD4+GL- 7+ 
cells, and we defined activated ICOS+CD4+ T cells as 
CD3+CD4+GL- 7−ICOS+ cells (33). Compared to LNs of na-
ive mice, LNs of mice with CIA had expanded numbers of 
ICOS+CD4+ T cells and GC Tfh cells (see Supplementary Fig-
ure 2A, http://onlinelibrary.wiley.com/doi/10.1002/art.40670/
abstract). Up- regulation of ICOS and GL- 7 expression in the 
draining LNs of mice with active CIA was restricted to CD4+ T 
cells (Supplementary Figure 2A). GL- 7+CD4+ GC Tfh cells had 
the highest expression of Bcl6 (regulates Tfh cell differentiation 
and GC reactions), followed by GL- 7−ICOS+CD4+ T cells and 
GL- 7−ICOS−CD4+ T cells (Supplementary Figure 2B). Markers 
of Tfh cells (Cxcr5 and Tnfsf5 [encodes CD40L]) were also higher 
both in GC Tfh cells and in GL- 7−ICOS+CD4+ T cells (Supple-
mentary Figure 2B), which suggests that the GL- 7−ICOS+CD4+ 
T cells likely contain pre–Tfh cells that have acquired CXCR5. 
Il4 (for IgG1 class- switching) was exclusively enriched in the GC 
Tfh cell population (Supplementary Figure 2C), consistent with a 

Figure 2. (Cont’d)

http://onlinelibrary.wiley.com/doi/10.1002/art.40670/abstract
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previous report (34). There was no difference in the expression 
level of Il21 (for GC B cell proliferation) (35). Ifng (for IgG2a class- 
switching) was enriched both in GC Tfh cells and in ICOS+CD4+ 
T cells, but there was no clear demarcation between the 2 sub-
sets (Supplementary Figure 2C). Csf2 (encodes granulocyte–
macrophage colony- stimulating factor [GM- CSF]) and Il17a (en-
codes IL- 17) transcripts were less restricted to the GC Tfh cell 
population, compared to Il4 (Supplementary Figure 2C).

Thus, GL- 7 expression defines a population of IL- 4–produc-
ing GC Tfh cells that might drive IL- 4–dependent IgG1 responses 
in LNs of mice with CIA. Indeed, ICOS- dependent GC Tfh cells 
have been shown to be indispensable for optimal maturation and 
selection of high- affinity IgG1 antibodies via the secretion of IL- 4 
(34). Complementary to the expanded GC Tfh cell population 
(Supplementary Figure 2A), LNs of mice with established CIA 
had an expanded CD19+GL- 7high GC B cell population (Sup-
plementary Figure 2D). A large proportion of GC B cells from 
LNs of mice with CIA had undergone IgG1 class- switching, as 
these cells expressed membrane- bound IgG1 (IgG1+) and were 
actively cycling, as shown by bromodeoxyuridine uptake (35) 

(Supplementary Figure 2E). These GC B cells also exclusively 
expressed Bcl6 (a master regulator of GC B cells) and Aicda (en-
coding activation- induced cytidine deaminase for class- switch 
recombination and somatic hypermutation) (36) (Supplementary 
Figure 2F).

WEHI-112disruptstheestablishedGCresponse in
CIA. TBK- 1–dependent ICOS signaling is required for GC Tfh 
cell differentiation from the pre–Tfh cell stage (25). In turn, GC 
Tfh cells support affinity maturation and selection of GC B cells 
for optimal production of high- affinity antibody (7,37). We ex-
amined whether WEHI- 112 impaired the differentiation of CD4+ 
T cell populations in reactive LNs of mice with CIA. WEHI- 112 
did not affect the frequency of GC Tfh cells or the frequency of 
ICOS+CD4+ T cells during CIA (Figure 4A and B). Nevertheless, 
the absolute numbers of GC Tfh cells and ICOS+CD4+ T cells 
were reduced (Figure 4B). WEHI- 112 did not alter the expression 
levels of Il4, Il21, or Tnfsf5 relative to Tfh cells taken from vehicle- 
treated mice (Figure  4C). However, Ccr7 and Sell (encoding 
CD62L) were increased in Tfh cells from WEHI- 112–treated mice 
(Figure 4D), which suggests relocation of GC Tfh cells away from 
the B cell follicle and presumably toward the T cell zone (37,38). 
Klf2 (a zinc- finger transcription factor, the down- regulation of 
which is associated with the ICOS- dependent Tfh cell pheno-
type) and Tbx21 (encoding the Th1 inducer T- bet transcription 
factor) were also increased in GC Tfh cells from WEHI- 112–treated 
mice compared to control mice (Figure 4D), which indicates phe-
notypic reversion to a pre–Tfh cell stage (15,37,38). This pre–Tfh 
cell reversion has been noted with ICOSL blockade (15). 

There was no obvious difference in Bcl6, Cxcr4, S1P1R, or 
Cxcr5 expression in the sorted GC Tfh cells (Figure 4E), which 
is consistent with CXCR5 induction being independent of ICOS 
(39). Bcl6 mRNA levels can be a poor indicator of Bcl- 6 expres-
sion (40). We assessed changes in Bcl- 6 protein expression by 
flow cytometry, comparing WEHI- 112 with baricitinib (a JAK2/
JAK1 inhibitor that has negligible inhibitory activity toward TBK- 1) 
(41), to separate TBK- 1– and JAK2- mediated events seen with 
WEHI- 112. WEHI- 112 or baricitinib was given for a short duration 
(4 days) to examine direct effects on GC responses. Consistent 
with gene expression profiling (see Supplementary Figure 2B, 
http://onlinelibrary.wiley.com/doi/10.1002/art.40670/abstract), 
GC Tfh cells (GL- 7+ICOS+CD4+) had the highest level of Bcl- 6 
protein, followed by GL- 7−ICOS+CD4+ and GL- 7−ICOS−CD4+ 
T cell subsets (Figure 4F). WEHI- 112, but not baricitinib, reduced 
Bcl- 6 expression significantly both in GC Tfh cells and in GL- 
7−ICOS+CD4+ T cells (Figure 4F). The suppression of Bcl- 6 by 
WEHI- 112 most likely occurs through the inhibition of TBK- 1 
downstream of ICOS signaling, consis tent with Bcl- 6 induction 
being dependent on ICOS signaling (16). The reduction of Bcl- 6 
protein expression upon treatment with WEHI- 112 is also con-
sistent with increased expression of mediators of T cell migration 
(Ccr7 and Sell), as well as with increased expression of Klf2 and 

Figure 3. WEHI- 112 treatment contracts the established germinal 
center (GC) response. DBA/1 mice with collagen- induced arthritis 
(CIA) were randomly enrolled into treatment or control groups at 
arthritis onset. WEHI- 112 (30 mg/kg) was given daily for the next 
4 days. GCs were analyzed by immunofluorescence analysis of 
draining lymph nodes (LNs) on day 34. A, Representative images 
of whole LN sections from mice with CIA treated with vehicle or 
WEHI- 112. B cells (B220+) are shown in red, GC cells (GL- 7+) are 
shown in green, and nuclear DAPI staining is shown in blue. Original 
magnification × 20. B and C, Quantification of GC size (GC area 
relative to total LN area) (B) and numbers of GCs per LN (C). Data 
are representative of 2 experiments with 4–5 mice per group per 
experiment. Symbols represent individual mice; bars show the mean 
± SEM. ** = P ≤ 0.01 by Student’s unpaired t- test.

http://onlinelibrary.wiley.com/doi/10.1002/art.40670/abstract
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Tbx21. This profile is suggestive of phenotypic reversion, as Bcl- 
6 is known to repress programming of these alternative effector 
T cells (42). 

Of note, both WEHI- 112 and baricitinib were able to sup-
press expression of osteoclast- associated genes, most notably 
Mmp9 (see Supplementary Figure 3, http://onlinelibrary.wiley.com/

doi/10.1002/art.40670/abstract). Taken together, these results 
also suggest that TBK- 1 inhibition with WEHI- 112 suppressed the 
GC components, while JAK inhibition alone may not be sufficient 
to exert such an effect in the short period of time observed.

Sustained ICOS signaling is required for maintenance of the 
GC Tfh cell phenotype through the inactivation of FoxO1, as 

Figure 4. Reversal of the germinal center (GC) follicular helper T (Tfh) cell phenotype with WEHI- 112. DBA/1 mice with collagen- induced 
arthritis (CIA) were randomly enrolled into treatment or control groups at arthritis onset. A–E, Vehicle or WEHI- 112 (30 mg/kg) was given daily 
for the next 4 days. GC Tfh cells and inducible costimulator–positive (ICOS+) CD4+ T cells in the draining lymph nodes (LNs) were analyzed by 
flow cytometry. A, Representative flow cytometry plots indicating the frequency of GL- 7+ GC Tfh cells and ICOS+ populations among CD4+ T 
cells. B, Shown are frequency and numbers of GL- 7+ GC Tfh cells (left) and ICOS+CD4+ T cells (right). C–E, Shown is reverse transcriptase–
polymerase chain reaction analysis of Tfh cell–associated genes in sorted GL- 7+ GC Tfh cells isolated from vehicle-  or WEHI- 112–treated 
LNs. Data are from 2 experiments with 3–4 mice per group per experiment. F, Vehicle, WEHI- 112, or baricitinib (30 mg/kg) was given daily 
for the next 4 days. Shown is the mean fluorescence intensity (MFI) of Bcl- 6 on gated CD4+ T cell populations from LNs of mice treated with 
vehicle, WEHI- 112, or baricitinib. Data are from 2 experiments with 3–4 mice per group per experiment. Values are the mean ± SEM. * = P ≤ 
0.05; ** = P ≤ 0.01; *** =  P ≤ 0.005 by Student’s unpaired t- test. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.40670/abstract.
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FoxO1 inhibits Tfh cell differentiation (14). Inactivation of FoxO1 
occurs through its phosphorylation, which induces cytosolic lo-
calization and thereby relieves the negative regulation of Bcl- 6 
 imposed by nuclear FoxO1 (14,15). We  sorted CD3+CD4+CD25− 
T cells from LNs of mice with CIA into CD44high and CD44intermediate 
populations. Consistent with published findings (43), engage-
ment of ICOS enhanced phosphoryla tion of FoxO1 in CD44high-

CD4+ T cells, but not in CD44intermediateCD4+ T cells (Figure 5A). 
Pretreatment with WEHI- 112 reduced ICOS- driven FoxO1 
phosphorylation in CD44highCD4+ T cells (Figure 5A), consistent 

with maintenance of nonphosphorylated FoxO1 in the nucleus 
and negative regulation of Bcl- 6. This was also confirmed using 
ImageStream analysis. Total FoxO1 in unstimulated CD44high-

CD4+ T cells was mainly intranuclear. Agonistic anti- CD3 and 
anti- ICOS monoclonal antibodies induced FoxO1 cytoplasmic 
translocation, but nuclear egress was prevented in the presence 
of WEHI- 112 (Figures 5B and D), without affecting overall FoxO1 
expression (Figure 5C).

Proportion and absolute number of established secondary 
GC B cells were reduced with WEHI- 112 treatment in LNs of 
mice with CIA (Figure 6A). However, proliferative activity of the 
secondary GC B cells was not altered (Figure 6B). Further sup-
porting the possibility of phenotypic reversion of GC Tfh cells, 
sorted GC B cells from WEHI- 112–treated mice with CIA ex-
pressed lower mRNA levels of GC function regulators, Aicda and 
Bcl6, but not Cxcr5, relative to cells isolated from vehicle- treated 
mice (Figure 6C). Bcl- 6 protein in GC B cells was also reduced 
with WEHI- 112 treatment, but not with baricitinib treatment (Fig-
ure  6D). These observations in the CIA model (Figures  4 and 
5) are similar to the alterations of Tfh cell and GC B cell phe-
notypes following ICOSL blockade (15), as TBK- 1 inhibition 
with  WEHI- 112 resulted in the induction of chemokine receptor 
genes associated with alternative effector T cell fate. Consistent 
with GC size being directly linked with the magnitude and quality 
of humoral responses (44), inhibition of the GC reaction in CIA 
with WEHI- 112 correlated with reduced arthritogenic antibody 
levels and a marked therapeutic effect on inflammatory arthritis.

DISCUSSION

Although the pathogenic sequence of events leading to 
breaches of immunologic tolerance is likely to vary between RA 
patients, most patients have circulating, class- switched autoan-
tibodies (e.g., ACPAs), and this is a well- documented risk factor 
for greater disease severity (45). Therapeutic B cell depletion us-
ing anti- CD20 antibody (rituximab) underscores the importance 
of B cells in maintaining disease activity in RA. However, rituxi-
mab mainly targets short- lived antibody- secreting CD20+ plas-
ma cells, leaving long- lived plasma cells intact (46). GC- mediated 
somatic mutations and clonal selection are responsible for the 
generation of affinity- matured, autoantibody- producing long- 
lived plasma cells (7,47,48). Thus, inhibition of ongoing GCs that 
contribute to autoreactive plasma cell development offers thera-
peutic potential (3).

Optimal GC development and maintenance is  positively 
regulated by type I IFNs, IL- 6, and ICOS signaling (13–
16,49,50). Because TBK- 1 is a common denominator of these 
pathways (24,25), TBK- 1 inhibition might be therapeutically 
effective, even in established autoimmune diseases. To this 
end, we assessed the therapeutic use of a semiselective tool 
compound inhibitor—WEHI- 112. We confirmed WEHI- 112 as 
a TBK- 1 inhibitor in vitro, as it suppressed the induction of Ifnb 

Figure  5. WEHI- 112 inhibits inducible costimulator (ICOS)–
mediated FoxO1 phosphorylation and inactivation. A, Immunoblot 
analysis of lysates of CD4+ T cell populations (CD44high or 
CD44intermediate) sorted as CD3+CD4+CD25− from lymph nodes (LNs) 
of DBA/1 mice with collagen- induced arthritis (CIA). Sorted cells 
were cultured and left unstimulated (US) or pretreated with vehicle 
or WEHI- 112 for 30 minutes and stimulated with anti- CD3 (3 μg/ml) 
and anti- ICOS (3 μg/ml) for 10 minutes. Lysates were probed for 
phospho-FoxO1 or actin. Data are representative of 2 independent 
experiments. PI = propidium iodide. B, ImageStream analysis of 
CD4+CD44high T cells sorted as CD3+CD4+CD25− from LNs of 
DBA/1 mice with CIA. Sorted cells were cultured and conditioned as 
described in A, then restimulated with anti- CD3 and anti- ICOS for 30 
minutes. Total FoxO1 (in green) in unstimulated CD44highCD4+ T cells 
was mainly intranuclear (nuclear stain in purple). Original magnification 
× 40. C and D, Mean fluorescence intensity (MFI) of green fluorescent 
protein (GFP)–FoxO1 (C) and score of similarity between DAPI and 
GFP–FoxO1 (D). In B–D, results are representative of 2 independent 
experiments, each of which was performed in quadruplicate. Sym-
bols represent individual mice; bars show the mean ± SEM. **  
= P ≤ 0.01; *** = P ≤ 0.005 by Student’s paired t- test.
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and Il6. In vivo, WEHI- 112 suppressed arthritis in autoantibody- 
dependent CIA, but had much less effect in T cell–mediated 
AIA or in the T cell– and B cell–independent K/BxN STIA  model. 
The varied effects seen in these arthritis models indicate that 
discrete immune mechanisms are differentially impacted by 
WEHI- 112 treatment. CIA is a T cell– and B cell–dependent, 
GC- driven, autoantibody- mediated arthritis model, while the 
AIA model is entirely independent of the B cell compartment 
and antibody responses (29–31), and the STIA  model is entirely 
independent of adaptive immune mechanisms (5).

Abrogated CIA was accompanied by reduced levels of ar-
thritogenic, collagen- specific IgG1 and IgG2b isotypes, Il6 and 
Ccl5 expression, and GC size in reactive LNs. While IL- 6 is well 
known for its importance in humoral responses and inflammation 
(13), CCL5 (RANTES) has not been extensively described in the 
context of humoral autoimmunity. Nevertheless, CCL5 blockade 
has been shown to reduce antigen- specific antibody respons-

es through unknown mechanisms (51). Although we could not 
detect type I IFN induction at the time point  examined in LNs of 
mice with CIA, TBK- 1 inhibition has been shown to reduce the 
type I IFN signature and alleviate disease in the three- prime re-
pair exonuclease 1–knockout  murine model of SLE, through in-
hibition of the cGAS/STING pathway (52).  Other studies demon-
strate synergies between IL- 6 and type I IFN by driving optimal 
Tfh cell polarization (50) and type I IFN– dependent IL- 6 induction 
in DCs that supports GC- driven affinity maturation of antibodies 
(49). Taken together, we propose that TBK- 1 inhibition reduces 
production of cytokines associated with humoral immunity, par-
ticularly IL- 6, but likely type I IFNs as well.

The magnitude and quality of humoral responses is directly 
linked with GC size (44). Consistent with this notion, inhibition of 
the GC reaction with WEHI- 112 corresponded to reduced arthri-
togenic antibody levels and disease severity in CIA. Productive 
GC maintenance requires cooperative signals of GC Tfh cells 

Figure 6. WEHI- 112 disrupts the established germinal center (GC) B cell response. DBA/1 mice with collagen- induced arthritis (CIA) were 
randomly enrolled at arthritis onset into treatment or control groups. Vehicle or WEHI- 112 (30 mg/kg) was given daily for the next 4 days. GC B 
cells in the lymph nodes (LNs) were analyzed by flow cytometry. A, Representative flow cytometry plots and bar graph indicating the frequency 
of GL- 7+ GC B cells among CD19+ B cells and numbers of GL- 7+ GC B cells. B, Representative flow cytometry plots and bar graph indicating 
the frequency of bromodeoxyuridine- positive (BrdU+) cells among GC B cells. ND = not detectable. C, Reverse transcriptase–polymerase 
chain reaction analysis of GC- associated genes in sorted GL- 7+ GC B cells isolated from LNs of mice treated with vehicle or WEHI- 112. D, 
Mean fluorescence intensity (MFI) of Bcl- 6 on gated GC B cells from LNs of mice treated with vehicle, WEHI- 112, or baricitinib. Data are from 2 
experiments with 3–4 mice per group per experiment. Values are the mean ± SEM. * = P ≤ 0.05; ** = P ≤ 0.01; *** = P ≤ 0.005 by Student’s 
unpaired t- test. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40670/abstract.
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and GC B cells through cytokines and costimulatory molecules 
(7,48). While the differentiation of naive CD4+ T cells into Bcl- 6+ 
nascent Tfh cells requires ICOS/phosphatidylinositol 3- kinase 
signaling, mature Bcl- 6high GC Tfh cell differentiation and main-
tenance require ICOS/ICOSL signaling through TBK- 1 (15,25).

Bcl- 6 maintains Tfh cell commitment by repressing effec-
tor T cell programs (42). We showed that GC Tfh cells from 
 WEHI- 112–treated mice with CIA displayed phenotypic rever-
sion toward an effector, Th1- like population, as indicated by the 
up- regulation of Tbx21, Ccr7, and Sell (which are normally re-
pressed in Tfh cells) and by accompanying reduction of Bcl- 6 
protein expression. These findings are consistent with the reac-
quisition of an effector T cell phenotype in the absence of ICOS/
ICOSL signaling (15) and with reduced Bcl- 6–mediated repres-
sion of effector T cell genes (42). This effect of WEHI- 112 on the 
GC response is most likely mediated through TBK- 1 inhibition, 
because in our study the JAK2 inhibitor baricitinib did not alter 
Bcl- 6 expression in Tfh cells or GC B cells, although it did inhibit 
expression of matrix metalloproteinase 9 to a similar degree in 
an osteoclastogenesis assay. Of note, conditional TBK- 1 dele-
tion in CD4+ T cells has been shown to augment effector Th1 
responses, and it renders these effector T helper cells incapable 
of exiting the secondary lymphoid tissue in experimental auto-
immune encephalomyelitis (a model of multiple sclerosis), due 
to the greatly enhanced expression of CCR7 and CD62L (53).

Tfh cell differentiation also requires FoxO1 inactivation 
downstream of ICOS (14). WEHI- 112 blocked ICOS- mediated 
phosphorylation and subsequent nuclear egress (inactivation) 
of FoxO1, consistent with TBK- 1 being downstream of ICOS 
signaling (25). Enforced nuclear retention of FoxO1 inhibits Tfh 
cell development through negative regulation of Bcl- 6 (14), and 
WEHI- 112 recapitulated this phenotype. Complementing the 
changes in GC Tfh cells with WEHI- 112, GC B cell responses 
were also abrogated in the CIA model. The effect of WEHI- 112 
in the CIA model resembles ICOSL blockade or deficiency, with 
reversion of the Tfh cell phenotype, dissolution of GCs, and ab-
rogation of downstream GC- dependent IgG antibody responses 
to T cell–dependent antigens (15). It has been shown that even 
late- stage blockade of the ICOSL/ICOS pathway ameliorates 
autoantibody- driven disease models, including CIA, sponta-
neous K/BxN arthritis, proteoglycan- induced arthritis, (NZB × 
NZW)F1 lupus mice, and spontaneous lupus in sanroque mice 
(17–19). Thus, TBK- 1 inhibition with WEHI- 112 may recapitulate 
similar therapeutic effects of ICOSL blockade in humoral auto-
immunity driven by GCs.

Although the effects of WEHI- 112 observed in this study 
appear to be relatively selective to TBK- 1 inhibition and down-
stream cytokine and GC responses, it is important to note that 
WEHI- 112 is not completely TBK- 1 selective, as it also targets 
IKKε and JAK2. The JAK2 inhibitor baricitinib did not abrogate 
Bcl- 6 expression in GC Tfh cells and GC B cells, which suggests 
that JAK2 inhibition is unlikely to explain the efficacy of WE-

HI- 112 in the GC reaction of CIA. The observed effects on Tfh 
cell phenotype may also be mediated through the IKKε pathway. 
However, we could not separate TBK- 1– and/or IKKε- mediated 
effects of WEHI- 112 on the Tfh cell phenotype as there are no 
IKKε- specific inhibitors. Comparative studies using targeted de-
letion of TBK- 1 or IKKε in CD4+ T cells would be of interest. Al-
though these inhibitory effects on IKKε and JAK2 seem unlikely 
to explain the therapeutic effect of WEHI- 112, some inhibition 
of IKKε and JAK2 may actually provide synergistic therapeutic 
benefit. For example, IKKε appears to be involved in optimal 
Th17 function in response to IL- 1β (54), and JAK2 is known 
to be downstream of several key inflammatory cytokines, such 
as IL- 6, IL- 12/23, GM- CSF, and IFNγ (55,56). Th17 cells in the 
early GC have been shown to modulate sialylation and thus the 
arthritogenicity of GC- derived autoantibodies (8). In summary, 
we propose that TBK-1 inhibition in RA, and potentially in other 
GC-associated humoral autoimmune diseases, may exert ben-
eficial effects by reducing the pool of GC-derived, autoreactive 
long-lived plasma cell and memory B cell populations, as well as 
by inhibiting inflammatory cytokine signaling.
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ADAM15 in Apoptosis Resistance of Synovial Fibroblasts: 
Converting Fas/CD95 Death Signals Into the Activation of 
Prosurvival Pathways by Calmodulin Recruitment
Tomasz Janczi,1 Beate B. Böhm,1 Yuliya Fehrl,1 Pangrazio DeGiacomo,1 Raimund W. Kinne,2 and Harald Burkhardt3

Objective. To investigate mechanisms underlying the capability of ADAM15 to transform FasL- mediated death- 
inducing signals into prosurvival activation of Src and focal adhesion kinase (FAK) in rheumatoid arthritis synovial 
fibroblasts (RASFs).

Methods. Caspase 3/7 activity and apoptosis rate were determined in RASFs and ADAM15- transfected T/C28a4 
cells upon Fas/CD95 triggering using enzyme assays and annexin V staining. Phosphorylated Src and FAK were 
analyzed by immunoblotting. Interactions of ADAM15 and CD95 with calmodulin (CaM), Src, or FAK were analyzed 
by pull- downs using CaM–Sepharose and coimmunoprecipitations with specific antibodies. Protein binding assays 
were performed using recombinant CaM and ADAM15. Immunofluorescence was performed to investigate subcellu-
lar colocalization of ADAM15, Fas/CD95, and CaM.

Results. The antiapoptotic effect of ADAM15 in FasL- stimulated cells was demonstrated either by increased ap-
optosis of cells transfected with an ADAM15 construct lacking the cytoplasmic domain compared to cells transfected 
with full- length ADAM15 or by reduced apoptosis resistance of RASFs upon RNA interference silencing of ADAM15. 
Fas ligation triggered a Ca2+  release- activated Ca2+/calcium release-activated calcium channel protein 1 (CRAC/
Orai1) channel–dependent CaM recruitment to Fas/CD95 and ADAM15 in the cell membrane. Simultaneously, Src 
associated with CaM was shown to become engaged in the ADAM15 complex also containing cytoplasmic- bound 
FAK. Accordingly, Fas ligation in RASFs led to ADAM15- dependent phosphorylation of Src and FAK, which was asso-
ciated with increased survival. Pharmacologic interference with either the CaM inhibitor trifluoperazine or the CRAC/
Orai inhibitor BTP- 2 simultaneously applied with FasL synergistically enhanced Fas- mediated apoptosis in RASFs.

Conclusion. ADAM15 provides a scaffold for formation of CaM- dependent prosurvival signaling complexes upon 
CRAC/Orai coactivation by FasL- induced death signals and a potential therapeutic target to break apoptosis resis-
tance in RASFs.

INTRODUCTION

ADAM15 is a transmembrane- anchored multidomain pro-
tein belonging to the family of disintegrin metalloproteinases (1). 
Its extracellular part is composed of several domains, mainly a 
metalloproteinase domain that is kept inactive by a prodomain, 
a disintegrin domain, and a cytosolic tail. Its expression is up- 
regulated not only in several solid tumors, where it is tightly 
associated with the progression of aggressive forms of can-
cer (2,3), but also in inflamed synovial membranes of rheuma-

toid arthritis (RA), with high levels in the hyperplastic lining (4). 
ADAM15 has been shown to contribute significantly to apopto-
sis resistance of RA synovial fibroblasts (RASFs) by inducing 
prosurvival Src and focal adhesion kinase (FAK) signaling (5). 
Down- regulation of ADAM15 and/or inhibition of Src/FAK by 
tyrosine kinase inhibitors (e.g., dasatinib) markedly sensitized 
RASFs to apoptotic cell death. Moreover, ADAM15 is capable 
of up- regulating X- linked inhibitor of apoptosis protein (XIAP), 
a potent inhibitor of activated caspase 3, under conditions of 
genotoxic stress (6).
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RA is a systemic immune- mediated disease predominantly 
manifesting in diarthrodial joints as a chronic inflammatory pro-
cess inevitably leading to destruction of cartilage and bone if left 
improperly treated. Synovial inflammation is fueled by infiltrating 
cells of innate and adaptive immunity in concert with activated 
resident RASFs that display an aggressive/transformed pheno-
type (7). These RASFs critically contribute to tissue destruction in 
RA pathogenesis by producing proinflammatory cytokines as well 
as extracellular matrix–degrading proteinases (8). Their inherent 
capability to resist a repellent synovial environment enriched with 
oxygen radicals and other toxic metabolites at low oxygen ten-
sion resembles cellular phenotypes in malignancies. Despite the 
fact that RASFs do not fulfill cytologic criteria of malignancy, they 
share with tumor cells the property of increased resistance to ap-
optosis that contributes to hyperplasia and invasive growth of the 
inflamed synovial tissue into the adjacent cartilage and bone (9). 
Currently available disease- modifying drugs do not directly target 
the dysregulated RASF phenotype and leave a therapeutic gap as 
a challenge for the development of new treatment approaches.

Potential new pharmacologic strategies need to address the 
phenotypic characteristic of RASFs to resist apoptosis induction 
via the membrane- anchored tumor necrosis factor receptor (TNFR) 
superfamily member Fas/CD95 (10,11). Interaction with its trimeric 
ligand FasL initiates homotrimerization of the inactive monomer ic 
Fas/CD95 and subsequent trimer clustering in a polarized plas-
ma membrane structure known as the CD95- Cap (12). Further 
recruitment of FADD and formation of a death- inducing signaling 
complex (DISC) is triggered to activate a caspase cascade (12). 
However, Fas/CD95 ligation also triggers Ca2+ influx through spe-
cialized plasma membrane Ca2+  release- activated Ca2+  (CRAC) 
channels formed by subunits of calcium release-activated calcium 
channel protein 1 (Orai1), thus allowing Ca2+ to selectively enter the 
cell (13). This Fas- mediated Ca2+ influx delays the first steps in ap-
optosis execution by preventing the recruitment of FADD into the 
DISC and subsequent transmission of the apoptotic signal (14).

Calmodulin (CaM), a ubiquitious, highly conserved protein, 
is a crucial calcium sensor that plays a major role in the transmis-
sion of calcium signals and regulation of diverse target proteins 
in eukaryotes (15,16). CaM exists in 2 different conformations, 
both of which can be involved in protein interactions—a Ca2+- 
free apo- CaM with an overall more compact, closed structure, 
and a Ca2+- bound form, as the most frequently characterized in 
CaM–protein interactions (17).

Previously, we demonstrated that Fas stimulation by FasL 
led to enhanced phosphorylation of Src and FAK in RASFs 
that disappeared upon RNA interference (RNAi) silencing of 
ADAM15, and that ADAM15- mediated Src/FAK activation was 
associated with significantly reduced rates of apoptosis (5). The 
purpose of the current study was to elucidate how ADAM15 can 
transform FasL- induced death signals into prosurvival triggering 
of Src/FAK phosphorylation. Our results reveal that the cyto-
plasmic domain of ADAM15 provides a scaffold for FAK and Src 

binding complemented by the engagement of CaM following its 
coactivation in the context of the apoptotic signal. Thus, Fas 
ligation triggers a CRAC/Orai- dependent CaM recruitment to 
Fas/CD95 and ADAM15 in the cell membrane. Simultaneously, 
Src associated with CaM was shown to become engaged in the 
ADAM15 complex that also contains cytoplasmic- bound FAK. 
This ADAM15- dependent formation of a prosurvival signal-
ing complex in the CD95- Cap was associated with increased 
 survival. The pathway, however, was shown to be sensitive to 
pharmacologic inhibition by either the CaM inhibitor trifluopera-
zine (TFP) or the CRAC/Orai channel inhibitor BTP- 2 that syn-
ergistically enhanced Fas- mediated apoptosis in RASFs upon 
simultaneous application with the death- inducing FasL.

MATERIALS AND METHODS

Materials. Mouse and goat anti- ADAM15 antibodies were 
from R&D Systems. Rabbit anti–p- Y416 Src, rabbit anti- Src, 
and rabbit anti–p- ERK1/2 were from Cell Signaling Technology. 
Anti–p- Y397 FAK was from BD Biosciences. Anti–p- Y576/577 
FAK, anti–p- Y861 FAK, and rabbit antitubulin were from Ab-
cam. Rabbit anti- CD95 (C- 20) and mouse anti- CD95 (B- 10) 
were from Santa Cruz Biotechnology. Activating anti- Fas/CD95 
(CH- 11) and mouse anti- FAK (4.47) were from Merck Millipore, 
and mouse anti- CaM (2D1) was from Invitrogen. TFP and BTP- 
2 were from Santa Cruz Biotechnology. FasL and recombinant 
CaM were from Enzo Life Sciences.

Cell culture. The ADAM15- transfected chondrocyte cell 
line T/C28a4 (18) and the synovial fibroblast cell line K4IM (5) 
were grown in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% heat- inactivated fetal calf serum (FCS) 
to a density of ~4 × 106 cells/75 cm2 tissue culture flask. All tis-
sue culture reagents were from Invitrogen.

RA synovial cell culture. Synovial tissue was obtained 
during joint replacement/arthroscopic synovectomy at the Clinic 
of Orthopedics, University Hospital Jena. All patients met the 
American College of Rheumatology 1987 criteria for RA (19) and 
had established RA of >3 years’ duration with an erosive disease 
course. Seventy percent of patients were positive for rheumatoid 
factor and/or anti–cyclic citrullinated peptide. Eighty percent of 
patients were treated with conventional disease- modifying anti-
rheumatic drugs (DMARDs) (methotrexate [MTX] or leflunomide); 
1 patient received combined treatment with both DMARDs, and 
1 patient received etanercept plus MTX. DMARD therapy was ta-
pered prior to joint surgery according to the recommendations of 
the German Society for Orthopedic Rheumatology. Thus, none 
of the patients were receiving any antirheumatic treatment be-
sides nonsteroidal antiinflammatory drugs and/or prednisolone 
at a dosage of ≤10 mg/day at the time point when synovial tis-
sue specimens were obtained. RASFs were isolated and grown 
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in DMEM containing 10% FCS, as previously described (5), and 
cells at passages 3–6 were used for all experiments.

Determination of caspase 3/7 activity. ADAM15- 
transfected T/C28a4 cells (1 × 104) and RASFs (2.5 × 103) were 
seeded into wells of half area 96- well plates and grown in DMEM 
containing 10% FCS for 24 hours. After removal of the medium, 
cells were treated with FasL (100 ng/ml) for various time intervals 
at 37°C. Caspase 3/7 activity was measured with a CaspaseGlo 
3/7 Assay from Promega using a Mithras LB940 plate reader 
(Berthold).

Preparation of cell lysates and Western blotting. Cell 
lysates were prepared and immunoblotted as described previ-
ously (5). Signals were obtained with chemiluminescence reader 
Fusion FX (Vilber Lourmat), and signal densities were evaluated 
using  ImageJ software (National Institutes of Health). Results of the 
densitometric analysis were used to calculate changes in protein 
levels.

CaM–Sepharose pull-down. Cells were lysed in lysis buff-
er (25 mM HEPES, pH 7.2, 150 mM NaCl, 1% Triton X- 100, 
and proteinase inhibitor cocktail; Sigma- Aldrich) and incubated 
with Calmodulin Sepharose 4B (GE Healthcare) or with control 
Sepharose CL- 4B (GE Healthcare) for 2 hours at 4°C, and either 
1 mM CaCl2 or 1 mM EDTA was added. The beads were washed 
5 times with lysis buffer and analyzed by immunoblotting.

Immunoprecipitation. Cell lysates (500 μg) were incubated 
with anti- CD95 (CH- 11), goat anti- ADAM15, anti- Src, and anti- 
CaM antibodies (1 μg/ml each) overnight at 4°C and precipitated 
using IgM–sepharose (Sigma) for CH- 11 and protein G–agarose 
for all other antibodies, washed 3 times in lysis buffer, and analyzed 
by immunoblotting. For analysis of Fas- triggered protein complex-
es, cells were trypsinized, and suspended cells (2 × 106) were stim-
ulated with anti- CD95 (CH- 11; 1 μg/ml) for various time intervals 
at 37°C and lysed in lysis buffer for 1 hour on ice. In control cells, 
CH- 11 was added to lysates at a final concentration of 1 μg/ml 
to immunoprecipitate unstimulated Fas receptors. After centrifu-
gation at 15,000g for 10 minutes, supernatants were precipitated 
with 20 μl goat anti- mouse IgM–Sepharose overnight at 4°C.

Determination of total apoptosis. Apoptosis was ana-
lyzed using an annexin V–fluorescein isothiocyanate (FITC) assay 
kit according to the supplier’s instructions (Cayman Chemical). 
RASFs (1 × 104) were grown in chamber slides (Sarstedt) for 
24 hours and stimulated with FasL (100 ng/ml) at the indicated 
time points. Apoptotic cells were stained using FITC- conjugated 
annexin V. At least 200 cells were counted, and the percentage 
of cells staining positive for annexin V was determined.

RNAi silencing of ADAM15 in RASFs. ADAM15 was si-
lenced in RASFs using Silencer Select predesigned and  validated 
small interfering RNAs (siRNAs) for ADAM15 (Ambion/Applied 
Biosystems) as described previously (5). Nonsilencing siRNA 
Control #1 from Ambion was used as the negative control.

Figure 1. ADAM15- mediated reduced FasL- induced caspase 3/7 activity and increased phosphorylation of focal adhesion kinase (FAK) and 
Src inhibited by the calmodulin antagonist trifluoperazine (TFP). A, Caspase 3/7 activity (triplicates from 3 independent experiments) in T/C28a4 
cells transfected with full- length ADAM15 (+), with a deletion mutant that lacks the cytoplasmic tail (ΔC), or with vector control (−) is shown. 
Cells were stimulated with FasL for 12–30 hours. Caspase activity was significantly increased in mutant-  and vector control–transfected cells. B, 
Cells transfected with full- length ADAM15, with the cytoplasmic tail deletion mutant, or with vector control were stimulated with FasL for 15–30 
minutes and analyzed by immunoblotting using anti–phospho- FAK and anti–phospho- Src antibodies. Fas- mediated increase of FAK and Src 
phosphorylation was found exclusively in cells transfected with full- length ADAM15. C, Densitometric evaluation of immunoblots of cell lysates 
from rheumatoid arthritis synovial fibroblasts (n = 3 donors) stimulated with FasL and FasL/TFP (25 μM) for 0 and 60 minutes shows significant 
inhibition of phosphorylation of FAK, Src, and ERK1/2 by TFP. The evaluated immunoblots are shown in Supplementary Figure 1, available on 
the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40667/abstract. Values in A and C are the mean ± SD. 
** = P < 0.002 for vector control–transfected cells versus cells transfected with full-length ADAM15, by Student’s t-test; *** = P < 0.0002 by 
Student’s t- test.
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Immunofluorescence. RASFs were grown in chamber 
slides for 3 hours and stimulated with CH- 11 (2 μg/ml) for 15 
minutes. After fixation in 4% paraformaldehyde and blocking 
in phosphate buffered saline containing 1% bovine serum al-
bumin and 0.1% Triton X- 100, cells were double- stained with 
rabbit anti- CD95 (1:100) and mouse anti- CaM (1:50) or goat 
anti- ADAM15 (1:50) overnight at 4°C and immunodetected by 
appropriate Alexa Fluor 488– and Alexa Fluor 594–conjugated 
secondary antibodies (Invitrogen). Cells were mounted in Pro-
Long Gold Antifade Reagent with DAPI and analyzed using a 
Leica SP8 confocal laser scanning microscope. Images were 
processed using ImageJ Fiji software.

Statistical analysis. Data are presented as the mean ± 
SD of triplicates of at least 3 independently performed assays. 
Statistical significance was determined using Student’s t- test or 
the Wilcoxon signed rank test.

RESULTS

Influence of ADAM15 on caspase 3/7 activity upon 
FasL-induced apoptosis. To complement our earlier results 
showing increased Fas- mediated apoptosis of RASFs after 
down- regulation of ADAM15 (5), we analyzed the effect of FasL 

stimulation on the induction of caspase activity for up to 30 hours 
in a cell line (T/C28a4) transfected with full- length ADAM15, a 
mutant lacking the cytoplasmic tail (Δcyto), or an empty vector 
as control. Transfected cells had been controlled for expression 
by immunoblotting and fluorescence- activated cell sorting anal-
ysis as described previously (20). Significantly reduced caspase 
3/7 activity was determined in cells transfected with full- length 
ADAM15 compared to those expressing the cytoplasmic tail 
deletion mutant (Figure  1A). The latter displayed caspase ac-
tivities comparable to those in vector control–transfected cells, 
underlining the functional importance of the cytoplasmic domain 
in ADAM15- mediated apoptosis resistance.

Moreover, a marked increase of phosphorylation of Src at 
Y416 and of FAK at Y576, Y861, and Y397 was detected in 
cells transfected with full- length ADAM15 by immunoblotting 
upon stimulation with FasL for 15 and 30 minutes. This demon-
strates a crucial role of ADAM15 in Fas- triggered activation of 
FAK and Src not detectable in vector- transfected cells (Fig-
ure 1B). A direct comparison of Fas- stimulated ADAM15-  and 
Δcyto- transfected cells revealed that in Δcyto- transfected cells, 
levels of phosphorylation of Src at Y416 and of FAK at all 3 ty-
rosines did not increase above baseline in the unstimulated state 
(Figure 1B). Taken together, these results provide evidence for a 
mechanism of ADAM15- mediated apoptosis resistance accom-

Figure 2. Interaction of Src, Fas/CD95, focal adhesion kinase (FAK), and ADAM15 with calmodulin (CaM). A, CaM pull- downs using CaM–
Sepharose and subsequent immunodetection of Src, CD95, and FAK in chondrocytes transfected with ADAM15 (+), with a deletion mutant 
that lacks the cytoplasmic tail (ΔC), or with vector control (−) (top) and in primary rheumatoid arthritis synovial fibroblasts (RASFs) (bottom) in the 
presence of either Ca2+ ions or EDTA. WCL = whole cell lysate. Pull- downs on Sepharose CL- 4B served as a control (co). B, ADAM15 binding to 
CaM–Sepharose in ADAM15- and vector control–transfected cells (left) and in RASFs (right), showing significant binding in the presence of Ca2+. 
C, Binding of increasing concentrations of recombinant CaM to the recombinant cytoplasmic domain of ADAM15 (cytoADAM) immobilized to a 
96- well plate in triplicates in the presence of Ca2+ or EDTA (left). C, Binding of CaM (5 μM) to immobilized cytoADAM, with increasing amounts 
of trifluoperazine (TFP) added during binding (right). Values are the mean ± SD. ** = P < 0.002 versus the respective CaM concentration in the 
presence of EDTA, by Student’s t- test. All experiments were performed at least 3 times.
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panied by Src/FAK signaling that is critically dependent on the 
cytoplasmic domain of ADAM15.

Inhibition of Src and FAK phosphorylation by a CaM 
antagonist. Since Fas ligation leads to Ca2+ influx bound by 
CaM (13), we analyzed whether CaM inhibition might impact Src/
FAK signaling. ADAM15- transfected cells, the synovial cell line, 
and RASFs were stimulated with FasL for 0–60 minutes following 
preincubation with TFP. Immunoblot analysis revealed that TFP 
at a concentration of 25 μM efficiently reduced the phospho-
rylation of FAK at Y576 and Y861 and of Src at Y416 by >90% 
in both cell lines as well as in RASFs (Figure 1C; also see Sup-
plementary Figure 1, available on the Arthritis & Rheumatology 
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40667/
abstract). The phosphorylation of FAK at Y397 was inhibited 
~60%, as was the phosphorylation of ERK 1/2, both of which are 
downstream signaling effector kinases of the FAK/Src pathway.

Interaction of CaM with CD95, Src, and FAK. To analyze 
the Ca2+ dependency of CaM interactions, we performed pull- 
downs with CaM–Sepharose in ADAM15- , Δcyto- , and vector- 
transfected cells as well as in RASFs in the presence of either 
Ca2+ or EDTA, followed by immunoblotting using anti- Src, anti- 
FAK, and anti- CD95 antibodies. All cell types revealed binding of 
CaM to Src in the presence of Ca2+ that was slightly weaker in 

the presence of EDTA, which suggests that apo- CaM as well as 
the Ca2+- bound conformation of CaM binds to Src (Figure 2A). 
Moreover, in all independently performed CaM pull- down exper-
iments (n = 5 donors), the strongest signals of precipitated Src 
became detectable in T/C28a4 cells transfected with full- length 
ADAM15, and signals remained considerably weaker in vector 
control– or Δcyto- transfected cells, strongly indicating the impact 
of ADAM15 on Src–CaM binding. A Ca2+- independent interaction 
with CaM was also found for FAK in all transfected cells and RAS-
Fs. However, the pull- downs revealed that the interaction of CaM 
with CD95 was Ca2+ dependent, since it was nearly exclusively 
detectable in the presence of Ca2+ in the cell lines and RASFs.

Binding of ADAM15 to Ca2+–CaM. The demonstrated in-
fluence of ADAM15 on promoting Src–CaM interaction led us to 
analyze whether ADAM15 itself binds to CaM. CaM pull- downs 
revealed a strong interaction of ADAM15 with CaM in the presence 
of Ca2+ but only minimal binding upon Ca2+ depletion with EDTA 
both in ADAM15- transfected cells and in RASFs  (Figure 2B). For 
further characterization, protein binding assays were performed 
using recombinant proteins. The cytoplasmic tail of ADAM15 (cy-
toADAM), expressed as glutathione S- transferase–tagged fusion 
protein, was purified upon proteolytic tag removal as described 
previously (20) and immobilized to a 96- well plate for subsequent 
incubation with increasing concentrations of recombinant CaM. 

Figure 3. Recruitment of Src and calmodulin (CaM) to Fas/CD95 and ADAM15 upon Fas ligation is inhibited by the CaM inhibitor trifluoperazine 
(TFP). A, Immunoprecipitation (IP) of ADAM15- transfected T/C28a4 cells (from 3 independent experiments) using either anti- Fas/CD95 or anti- 
ADAM15 antibodies. Shown is the increased interaction of CaM, Src, and phospho- Src upon Fas stimulation. Parallel coincubation with TFP 
inhibits these interactions. WCL = whole cell lysate. B, Confocal microscopy of double immunofluorescence staining of rheumatoid arthritis 
synovial fibroblasts (RASFs) either unstimulated or stimulated with Fas- activating CH- 11 antibody for 10 minutes, using specific antibodies to 
either ADAM15 and CaM or CD95 and CaM. Shown is the association of CaM with both ADAM15 and CD95 upon Fas ligation. Bars = 20 
μm. Boxed areas in merged images are shown at higher magnification at right. C, Immunoprecipitation of cell lysates of RASFs (n = 2 donors) 
stimulated with FasL, using either anti- CD95 or anti- ADAM15 antibodies. Shown is the interaction of CaM with either molecule upon Fas ligation.

http://onlinelibrary.wiley.com/doi/10.1002/art.40667/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40667/abstract
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A concentration- dependent binding of CaM to cytoADAM at a 
low micromolar range could be detected in the presence of Ca2+, 
which was significantly reduced by EDTA (Figure 2C). Also, the 
addition of TFP to the CaM–cytoADAM ligand pair inhibited their 
interaction in a concentration- dependent manner, with a half- 
maximal inhibitory concentration of ~20 μM (Figure 2C). Collec-
tively, the results demonstrate a pharmacologically modifiable 
binding of ADAM15 to the Ca2+ conformation of CaM.

Recruitment of CaM and Src to both Fas/CD95 and 
ADAM15 upon Fas ligation. To analyze whether Fas ligation 
induced by anti- CD95 IgM (CH- 11) in ADAM15- transfected T/
C28a4 and K4IM cells leads to redistribution of CaM and Src to 
ADAM15 and Fas, coimmunoprecipitations were performed. Im-
munoblots of complexes precipitated with either anti- Fas/CD95 
or anti- ADAM15 antibodies revealed increasing signal intensities 
for CaM during Fas stimulation for 15–60 minutes (Figure 3A). 
These Fas- triggered interactions were efficiently inhibited by TFP, 
suggesting that Ca2+ influxes elicited by Fas ligation promote 
conformational changes in CaM for subsequent recruitment to 
Fas as well as ADAM15. Concomitantly, the detectable signal 
intensities for Src and its phosphorylation at Y416 in Fas-  and 
ADAM15- containing immunoprecipitates were markedly in-
duced upon Fas ligation above the unstimulated baseline level 
and were proved to be sensitive to pretreatment with TFP. TFP 
efficiently reduced the amount of total as well as phosphorylat-
ed Src coprecipitated with ADAM15 and Fas (Figure 3A), which 
suggests that Ca2+–CaM and its interaction with ADAM15 and/
or Fas is critical for recruitment and efficient activation of Src.

Next, we investigated whether Fas ligation also induces CaM 
recruitment to Fas and ADAM15 in RASFs. Following Fas stimula-
tion for 10 minutes, RASFs were analyzed by double immunofluo-
rescence staining using specific antibodies to either ADAM15 and 
CaM or CD95 and CaM. Fas stimulation led to a staining pattern 
of colocalized CaM and ADAM15 in patches at the cell surface 
which was not detectable in unstimulated RASFs (Figure 3B). Cor-
respondingly, an induced colocalization of CaM with Fas/CD95 in 
cell surface foci was observed to depend on preceding Fas stim-
ulation as it was not detectable in unstimulated cells (Figure 3B). 
To confirm the Fas- induced interaction of CaM with CD95 and/or 
ADAM15, cell lysates of RASFs stimulated for 0 and 15 minutes 
with FasL were immunoprecipitated using anti- CD95 and anti- 
ADAM15 antibodies. Immunoblot analysis revealed coprecipitated 
CaM with CD95 and ADAM15 upon Fas ligation only (Figure 3C).

Enhanced interaction of Src and CaM upon Fas stim-
ulation. Based on the detected interaction of Src with CaM (Fig-
ure  2A), we further investigated its modulation by Fas ligation 
and pharmacologic interference with the CaM inhibitor TFP. Fol-
lowing stimulation with anti- Fas antibody in the presence or ab-
sence of TFP for 0–60 minutes, ADAM15- transfected cells and 
K4IM cells (results not shown) were lysed, immunoprecipitated 

using Src-  or CaM- specific antibodies, and analyzed by immu-
noblotting. A marked increase of coprecipitated total and phos-
phorylated Src was observed in the CaM immunoprecipitates 
after 30 and 60 minutes (Figure 4A), demonstrating an increased 
interaction of Src and CaM by Fas ligation that was efficiently 
inhibited by TFP in accordance with a strict dependence on the 
Ca2+- activated conformation of CaM (Figure 4A). The vice versa 
immunoprecipitation using antibodies to Src and subsequent 
detection of CaM confirmed the Fas- triggered interaction of Src 
with CaM and its inhibition by TFP (Figure 4A).

Figure  4. Enhanced interaction of calmodulin (CaM) and Src 
and an induced association of ADAM15 and Fas/CD95 upon Fas 
ligation. ADAM15- transfected T/C28a4 cells were stimulated with 
FasL and FasL/trifluoperazine (TFP) and either immunoprecipitated 
(IP) using anti- CaM antibodies and immunodetection of Src and 
phospho- Src, and vice versa using anti- Src IgG and detection of 
CaM by immunoblotting (A), or immunoprecipitated using anti- 
ADAM15 antibodies and detection of Fas/CD95, and vice versa (B). 
Bottom, As a control for functionality of TFP, whole cell lysates (WCL) 
were stimulated with FasL, which yielded phosphorylation of Src at 
Y416 and its inhibition by TFP. Tubulin served as a loading control. 
Experiments were performed 3 times.
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Redistribution of ADAM15 into CD95-Cap. In addition, 
we investigated whether Fas stimulation might also promote 
clustering of ADAM15 and Fas/CD95. In immunoprecipitations 
parallel to those described above, Fas- stimulated lysates of  
T/C28a4 and K4IM cells were coprecipitated using anti- ADAM15 
or anti- CD95 antibodies, and the respective binding of CD95 
or ADAM15 was visualized by immunoblotting. An association 
of ADAM15 with Fas/CD95 was detectable during Fas stimu-
lation for 15–60 minutes in both immunoprecipitates, but not 
in unstimulated cells (Figure  4B). Moreover, TFP did not exert 
any inhibitory effect on Fas- triggered ADAM15–Fas interaction 
(Figure 4B), showing that their clustering is independent of Ca2+- 
dependent conformational changes of CaM upon Fas ligation. 
Since all immunoprecipitations performed yielded identical re-
sults, representative data obtained in T/C28a4 cells are shown.

Apoptosis induction by CRAC/Orai channel and CaM 
inhibition upon Fas ligation in RASFs. Next, we analyzed 
whether inhibition of CRAC/Orai channels might influence Fas- 
mediated Src and FAK phosphorylation as well as apoptosis 
induction. RASFs were stimulated with FasL or FasL plus the 
CRAC inhibitor BTP- 2 (25 and 50 μM), and lysates were ana-
lyzed by immunoblotting using specific anti–phospho- Src and 
anti–phospho- FAK antibodies. All FasL- stimulated phosphoryla-

tion of Src at Y416 and of FAK at Y576 and Y861 that was de-
tectable after 30 minutes was efficiently inhibited >90% by BTP- 
2 at 25 μM and completely blocked by BTP- 2 at 50 μM, while 
phosphorylation of FAK at Y397 was inhibited ~70% (Figure 5A).

Next, we analyzed whether CaM as well as Ca2+ influx in-
hibition could reduce the resistance of RASFs to Fas- mediated 
apoptosis. RASFs from 10 different donors were treated with 
TFP, BTP- 2, FasL, or FasL in combinations with each inhibitor 
for 18 hours. Caspase 3/7 measurements are depicted in a dot 
plot (Figure 5B) with each dot representing the calculated mean 
of triplicate measurements for 1 donor. RASFs from 8 of 10 do-
nors responded to FasL stimulation with an increase of their 
caspase activity, while RASFs from 2 donors remained rather 
unresponsive (Figure 5B). RASFs from all donors did not show 
any induction of caspase activity upon incubation with either TFP 
(25 μM) or BTP- 2 (25 and 50 μM) compared to DMEM control. 
However, coincubation of TFP or BTP- 2 with FasL led to sta-
tistically significant increases in caspase activity above the level 
induced by FasL alone (Figure  5B), indicating their synergistic 
death- inducing potential in combination with Fas ligation.

Accordingly, total apoptosis rates were determined by an-
nexin V stainings of RASFs (n = 4 donors) incubated with TFP or 
BTP- 2 or treated with either FasL or FasL/inhibitor cocktails for 
18 hours. We determined the percentage of annexin V–positive 

Figure 5.  Increased apoptosis rate upon inhibition of FasL- induced phosphorylation of focal adhesion kinase (FAK) and Src by the calmodulin 
(CaM) inhibitor trifluoperazine (TFP) and by the Ca2+  release- activated Ca2+/calcium release-activated calcium channel protein 1 channel 
inhibitor BTP-2 (commonly known as CRAC/Orai channel inhibitor BTP-2) in rheumatoid arthritis synovial fibroblasts (RASFs). A, Densitometric 
evaluation of immunoblots probed with anti–phospho- Src and anti–phospho- FAK antibodies in RASF lysates (n = 3 donors) stimulated with 
FasL for 30 minutes and coincubated with BTP- 2 is shown. B, FasL- induced apoptosis in RASFs results in significantly and synergistically 
enhanced caspase 3/7 activity (measured in triplicates) in RASFs upon coincubation with TFP or BTP- 2 for 18 hours. Open circles represent 
donors whose RASFs did not respond well to any agent. Solid circles represent donors whose RASFs yielded high caspase activities. Each 
symbol represents the calculated mean of triplicate measurements for 1 donor; horizontal lines indicate the median for 10 different donors.  
* = P < 0.05 by Wilcoxon signed rank test. C, RASFs with low caspase activity from donor 1 (open circle without shading in B) and RASFs
with high caspase activity from donor 2 (triangle in B) were untreated, incubated with TFP or BTP- 2, or treated with either FasL or FasL/
inhibitor cocktails for 18 hours, and total apoptosis rate was determined by correlating cells that stained positive for annexin V to the whole cell 
population. Results from 3 independent experiments are shown. Values in A and C are the mean ± SD.
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cells from the 2 donors that did not respond well to any agent 
and from 2 donors whose cells yielded high caspase activities, 
and representative results from 1 donor in each group are shown 
(Figure 5C). RASFs from donor 2 displayed a total apoptosis rate 
of ~90% when incubated with FasL and 25 μM TFP, and they 
displayed a total apoptosis rate of ~60% with FasL and 25 μM  
BTP- 2, while they displayed an ~40% apoptosis rate when 
 stimulated with FasL alone (Figure 5C). However, low responding 
RASFs from donor 1 only displayed apoptosis rates well below 
20% independent of the compound applied (Figure 5C). Collec-
tively, pharmacologic antagonism of either CRAC/Orai or CaM 
can synergistically enhance FasL- induced apoptosis induction 
in RASFs.

Protective effect of ADAM15 against synergistic caspase 
induction by FasL and CaM or CRAC inhibitors in RASFs. We 
performed additional studies to elucidate the impact of ADAM15 
on apoptosis induction by FasL with concomitant CRAC/Orai 
channel or CaM inhibition. ADAM15 expression was silenced by 
specific ADAM15 siRNAs I and II using a nonsilencing RNA and 

a transfection reagent as controls. Transfection efficiency was 
~80%, as shown previously (5). After silencing, RASFs were 
stimulated with FasL (100 ng/ml), TFP (25 μM), FasL/TFP, BTP- 2 
(25 μM), and FasL/BTP- 2 for 18 hours and subsequently analyz-
ed for caspase 3/7 activity. Neither TFP alone nor BTP- 2 alone 
elicited any caspase activity in RASFs, nor did DMEM, which 
served as an incubation control (Figure  6A). However, RASFs 
silenced with ADAM15 siRNAs I and II displayed significantly 
higher caspase activity upon FasL stimulation in  comparison to 
the nonsilencing RNA and the transfection reagent. Moreover, 
apoptosis induction with FasL cocktails containing either inhibi-
tor resulted in significantly and synergistically increased caspase 
activity in ADAM15–down- regulated RASFs compared to nonsi-
lenced cells. Thus, ADAM15 is crucially involved in Ca2+- triggered 
survival signaling elicited by Fas stimulation.

DISCUSSION

In the present study we identified CaM as a “cross- talk” 
protein linking death- inducing Fas/CD95 ligation to ADAM15- 

Figure 6. Higher caspase 3 activity upon apoptosis induction with FasL and calmodulin (CaM) and calcium- channel inhibitors following 
ADAM15 silencing in rheumatoid arthritis synovial fibroblasts (RASFs). A, After ADAM15 was silenced for 40 hours in triplicates with specific 
small interfering RNA I (siRNA I) and siRNA II, RASFs were incubated for 12 and 16 hours with FasL (100 ng/ml), trifluoperazine (TFP) (25 μM), 
BTP- 2 (25 μM), and combinations of FasL with either inhibitor. Apoptosis induction by either FasL/TFP or FasL/BTP- 2 resulted in significantly 
increased caspase 3 activity in ADAM15- silenced RASFs as compared to treatment with a nonsilencing siRNA control (N) or transfection 
agent alone (0). Dulbecco’s modified Eagle’s medium (DMEM) served as an incubation control. Results are from RASFs from a representative 
donor (of 5 donors tested). Values are the mean ± SD. ** = P < 0.002; *** = P < 0.0002 versus nonsilencing controls at the same time point, 
by Student’s t- test. B, Schematic diagram shows ADAM15- mediated survival signaling upon FasL stimulation and inhibitory effects on Src 
and focal adhesion kinase (FAK) phosphorylation as well as the recruitment of CaM to CD95 by the CaM inhibitor TFP (single black line) and 
the Ca2+ release- activated Ca2+ channel inhibitor BTP- 2 (double black line). P = tyrosine phosphorylation; DISC = death- inducing signaling 
complex; Orai1 = calcium release- activated calcium channel protein 1.
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dependent activation of survival pathways. Previously, we had 
reported that Fas stimulation induced Src/FAK- mediated sur-
vival signaling in RASFs that was virtually deleted upon down- 
regulation of ADAM15. Using T/C28a4 cells transfected with 
full- length ADAM15 or a mutant lacking the cytoplasmic tail, we 
could provide unequivocal evidence that Src/FAK activation elic-
ited by Fas ligation is critically dependent on the cytoplasmic 
domain of ADAM15.

Our data show for the first time Ca2+- dependent binding of 
ADAM15 to CaM. Thus, in vitro binding of the recombinant cy-
toplasmic domain of ADAM15 to CaM was efficiently blocked 
by EDTA and by the CaM inhibitor TFP in a concentration- 
dependent manner. TFP, a highly specific CaM antagonist bind-
ing to the Ca2+- activated CaM conformation in 2 hydrophobic 
pockets adjacent to the Ca2+- coordinating residues, efficiently 
inhibits protein interactions at these sites (21,22). Moreover, our 
investigations also provide clear evidence for interaction of CaM 
with ADAM15 in the living cell; however, this requires a preceding 
Fas ligation for triggering recruitment of Ca2+–CaM to ADAM15. 
The implication of Ca2+- induced CaM activation in this process is 
supported by an efficient inhibitory effect of TFP.

However, how can interaction of Ca2+–CaM with ADAM15 
contribute to the transformation of FasL- induced death signals 
into prosurvival triggering of Src/FAK phosphorylation? Previously, 
the direct binding of ADAM15 to the C- terminus of FAK has been 
shown to enhance phosphorylation of FAK/Src in response to 
apoptosis- inducing genotoxic stress, thereby reinforcing counter- 
regulatory survival pathways (20). Thus, the cytoplasmic domain 
of ADAM15 provides a scaffold for FAK and Src binding com-
plemented by the engagement of CaM following its coactivation 
in the context of the apoptotic signal. Our data clearly show as-
sociation of ADAM15 with Fas/CD95 upon Fas stimulation, pro-
viding unequivocal evidence for recruitment of ADAM15 into the 
CD95- Cap at the cell membrane. Concomitantly, cytosolic CaM 
is recruited to both membrane proteins upon Fas triggering. Thus, 
binding of CaM to the cytoplasmic death domain of Fas has been 
reported previously to occur at a 2:1 ratio in a Ca2+- dependent 
manner sensitive to TFP inhibition (23) and was hypothesized to 
antagonize apoptosis execution (24) by blocking FADD binding 
to Fas in DISC formation (25,26). This mechanism initiated by 
CRAC/Orai1- dependent Ca2+ fluxes elicited by Fas ligation (13) 
might delay the immediate cell death execution to allow for si-
multaneous recruitment of CaM- associated Src to the ADAM15 
scaffold containing already engaged cytoplasmic FAK. According-
ly, this instantaneous formation of an ADAM15- dependent prosur-
vival signaling complex in the CD95- Cap enables rapid activation 
of a variety of antiapoptotic pathways (e.g., up- regulation of the 
caspase inhibitor XIAP [6]), thereby increasing the likelihood of sur-
viving Fas- transmitted death- inducing signals.

To allow for the rapid temporospatial formation of this 
ADAM15- dependent prosurvival signaling complex, a physical 
interaction of CaM with all of its components is required, and 

indeed our investigations demonstrate not only binding of CaM 
to Src and cytoplasmic ADAM15 but also to FAK in transfected 
T/C28a4 cells. Contrary to the strict Ca2+ dependency of CaM 
binding to CD95 and ADAM15, our investigations also reveal 
Ca2+- independent interaction with both kinases, consistent with 
already published studies of Src in pancreatic and breast cancer 
cells (27,28).

Thus, our results can be summarized as follows describing 
a potential scenario for Fas- elicited ADAM15 survival signaling 
(Figure 6B). Upon binding of FasL (or agonistic antibodies), Fas 
receptors undergo homotrimerization and/or subsequent trimer 
clustering accompanied by localized Ca2+ fluxes into the cell via 
CRAC/Orai1 channels that lead to attenuation of DISC forma-
tion (14). Upon Fas ligation, ADAM15 is redistributed into the 
CD95- Cap. CaM and Src are recruited to the plasma mem-
brane, where they bind (dependent on the Ca2+- activated CaM 
conformation) to ADAM15 and the Fas receptor. Subsequently, 
FAK associated with cytoplasmic ADAM15 (20) and capable of 
interacting with CaM gets phosphorylated at its tyrosine residues 
Y576 and Y861 by activated Src. This Fas- triggered formation 
of ADAM15- dependent prosurvival signaling complexes in the 
CD95- Cap can be blocked efficiently by an antagonism of either 
the Ca2+ influx by BTP- 2 or the Ca2+- sensing CaM by TFP, lead-
ing to an abrogation of Src and FAK phosphorylation.

To date, a variety of antiapoptotic molecules have already 
been implicated as constituents of the apoptosis- resistant phe-
notype of RASFs, like FLIP, an important component of the DISC 
(29); POSH, an SH3 domain–containing protein involved in JNK 
activation (30); sentrin, a Fas-  and TNFR type I–interacting pro-
tein (31); or small ubiquitin- like modifier 1 (32). As ADAM15 has 
been demonstrated to be highly up- regulated in RASFs (4), the 
above- described newly identified mechanism is likely to add an 
interesting facet to the spectrum of already- described pathways 
of apoptosis resistance since it opens potential new avenues for 
pharmacologic interference.

Previously, we had shown that FAK/Src signal transduction 
inhibitors, FAK inhibitor 14 and dasatinib, sensitize RASFs to ap-
optosis induction. In the present study, we demonstrate for the 
first time that simultaneous application of either the CaM inhibitor 
TFP or the CRAC/Orai inhibitor BTP- 2 with death- inducing FasL 
synergistically enhances Fas- mediated apoptosis in RASFs. The 
death- promoting effect of both compounds is critically depend-
ent on synergistic Fas ligation, which is provided under patho-
physiologic conditions in RA by high FasL concentrations in the 
synovial fluid of inflamed joints (33). While TFP, applied in our 
study for its CaM- blocking effects, is a Food and Drug Admin-
istration–approved antipsychotic drug with preferred therapeutic 
use for schizophrenia, CRAC antagonists have recently already 
been tested for their antiarthritis potential in murine collagen- 
induced arthritis resulting in ameliorated disease development, 
relief from pain, and a 50% reduction of structural joint damage 
(34,35). In this context, the newly discovered role of CaM and 
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CRAC/Orai channels as pharmacologic targets to break Fas- 
mediated apoptosis resistance in RASFs might encourage fur-
ther studies aiming at new treatment options in RA.
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Association of Changes in Effusion- Synovitis With 
Progression of Cartilage Damage Over Eighteen Months in 
Patients With Osteoarthritis and Meniscal Tear
Lindsey A. MacFarlane,1  Heidi Yang,2 Jamie E. Collins,1  Mohamed Jarraya,3  Ali Guermazi,3 Lisa A. Mandl,4

Scott D. Martin,5 John Wright,6  Elena Losina,1  Jeffrey N. Katz,1 and the MeTeOR Investigator Group

Objective. Synovitis is a feature of knee osteoarthritis (OA) and meniscal tear and has been associated with ar-
ticular cartilage damage. This study was undertaken to examine the associations of baseline effusion- synovitis and 
changes in effusion- synovitis with changes in cartilage damage in a cohort with OA and meniscal tear.

Methods. We analyzed data from the Meniscal Tear in Osteoarthritis Research (MeTeOR) trial of surgery versus 
physical therapy for treatment of meniscal tear. We performed semiquantitative grading of effusion- synovitis and car-
tilage damage on magnetic resonance imaging, and dichotomized effusion- synovitis as none/small (minimal) and me-
dium/large (extensive). We assessed the association of baseline effusion- synovitis and changes in effusion- synovitis 
with changes in cartilage damage size and depth over 18 months, using Poisson regression models. Analyses were 
adjusted for patient demographic characteristics, treatment, and baseline cartilage damage.

Results. We analyzed 221 participants. Over 18 months, effusion- synovitis was persistently minimal in 45.3% 
and persistently extensive in 21.3% of the patients. The remaining 33.5% of the patients had minimal synovitis on 
one occasion and extensive synovitis on the other. In adjusted analyses, patients with extensive effusion- synovitis at 
baseline had a relative risk (RR) of progression of cartilage damage depth of 1.7 (95% confidence interval [95% CI] 
1.0–2.7). Compared to those with persistently minimal effusion- synovitis, those with persistently extensive effusion- 
synovitis had a significantly increased risk of progression of cartilage damage depth (RR 2.0 [95% CI 1.1–3.4]).

Conclusion. Our findings indicate that the presence of extensive effusion- synovitis is associated with subsequent 
progression of cartilage damage over 18 months. The persistence of extensive effusion- synovitis over time is asso-
ciated with the greatest risk of concurrent cartilage damage progression.

INTRODUCTION

Osteoarthritis (OA) of the knee is a prevalent and disabling 
disorder traditionally ascribed to degeneration of articular car-
tilage. OA is increasingly recognized as a disorder of the entire 
joint, in which inflammation plays a prominent role, manifesting 
as synovitis. The presence of synovitis has been associated with 
pain, incidence and progression of OA, and meniscal tears (1–8). 

An estimated 91% of patients with symptomatic knee OA will 
have meniscal tear on magnetic resonance imaging (MRI) (9). 
Since synovitis is a prominent feature of both OA and meniscal 
tear, the role of synovitis in patients with concurrent OA and me-
niscal tear warrants investigation.

Synovitis is posited to stem from intraarticular damage, in-
cluding debris from cartilage destruction or meniscal tear (5,6). 
Even in patients without evidence of articular cartilage damage 
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on MRI, the presence of meniscal tear confers twice the odds 
of joint effusion compared to patients without meniscal tear (5). 
Synovitis further contributes to a catabolic intraarticular milieu 
and the presence of inflammatory cytokines, leading to car-
tilage damage (3,10,11). Thus, intraarticular damage appears 
to provoke synovitis, which in turn can incite further damage. 
Previous research has demonstrated an association between 
synovitis and cartilage damage; however, those studies includ-
ed both patients with and those without OA and did not ex-
amine the effect of longitudinal changes (including persistence 
or intermittence) of synovitis on cartilage damage (3,12,13). 
Further research is needed to determine whether persistent 
versus intermittent synovitis over time is associated with the 
progression of cartilage destruction, since this relationship may 
offer insights for treating patients with synovitis, meniscal tear, 
and OA.

MRI provides a noninvasive method to longitudinally inves-
tigate intraarticular structures of the knee, including synovitis. 
In large studies, non–contrast- enhanced MRI is often used in 
lieu of contrast- enhanced imaging to reduce cost and avoid ad-
verse reactions; however, non–contrast- enhanced MRI cannot 
distinguish effusion from synovitis (14). Thus, effusion- synovitis, 
hyperintense fluid- equivalent signal in the joint cavity comprising 
effusion and synovial thickening, has been used in non–contrast- 
enhanced studies as a proxy for synovitis (14).

The aim of this study was to examine the association be-
tween changes in effusion- synovitis and cartilage damage over 
time in a population with both OA and meniscal tear. We hypoth-
esized that the persistence of extensive effusion- synovitis over 
time would be associated with greater progression of cartilage 
damage.

PATIENTS AND METHODS

Study sample. We used data from participants enrolled 
in the Meniscal Tear in Osteoarthritis Research (MeTeOR) trial, 
a randomized clinical trial of arthroscopic partial meniscectomy 
(APM) versus physical therapy (PT) for the treatment of symp-
tomatic meniscal tear in patients with knee OA (15). See Appen-
dix A for members of the MeTeOR Investigator Group. Details of 
the trial design have been published previously (16). Three hun-
dred and fifty- one participants were recruited from 7 academic 
referral centers between June 2008 and August 2011. Men and 
women ≥45 years old with evidence of meniscal tear extend-
ing to the meniscal surface on knee MRI were enrolled. To be 
eligible, subjects had to have OA changes on imaging studies, 
including the presence of an osteophyte or joint space narrow-
ing on plain radiograph, or of full- thickness cartilage defect on 
at least one tibial or femoral surface on MRI. We used the MRI 
OA Knee Score (MOAKS) criteria to assess cartilage damage 
on MRI, using water- sensitive sequences (such as intermediate- 
weighted sequences with and without fat suppression), which 

are known to be more sensitive than gradient- echo sequences 
for cartilage focal defects (14,17).

All participants had ongoing knee symptoms at study enroll-
ment that had been present for at least 4 weeks, including pain 
and at least one of the following symptoms: clicking, catching, 
popping, giving way, pain with pivot or torque, pain that was epi-
sodic, and pain that was acute and localized to one joint line. Ex-
clusion criteria included a chronically locked knee, inflammatory 
arthritis (i.e., rheumatoid arthritis, acute crystal- induced arthritis, 
or spondyloarthritis), or prior surgery on the index knee. Patients 
with clinically symptomatic chondrocalcinosis were excluded, 
since this could be an alternative source of pain and swelling. 
Those with radiographic Kellgren/Lawrence (K/L) grade 4 OA 
(>50% loss of tibiofemoral joint space) were excluded; those 
with K/L grade 0–3 disease were eligible. Patients with bilateral 
symptomatic meniscal tears were excluded; therefore, the par-
ticipants each contributed 1 index knee to the study based on 
reported symptoms. Participants were randomized to receive 
APM with PT or PT alone. Two- hundred and twenty- seven par-
ticipants had paired MRIs at both baseline and 18- month follow- 
up available for central reading. Six participants lacked MRI 
scoring for effusion- synovitis or cartilage damage and were ex-
cluded; thus, our cohort consisted of 221 participants (Figure 1).

Our study was approved by the Partners HealthCare Hu-
man Research Committee. The MeTeOR clinical trial is registered 
at ClinicalTrials.gov (identifier: NCT00597012).

Figure 1. Flow diagram illustrating the selection of subjects for the 
analysis of associations of baseline effusion- synovitis and changes 
in effusion- synovitis with changes in cartilage damage in patients 
with osteoarthritis and meniscal tear. MeTeOR = Meniscal Tear in 
Osteoarthritis Research; MRI = magnetic resonance imaging.
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Patient data. Data on age, sex, and body mass index 
(BMI; kg/m2) were collected at baseline. The Knee Injury and 
Osteoarthritis Outcome Score (KOOS) Pain and Function scales 
were determined at baseline and 18 months to assess overall 
patient- reported knee pain in the past week. KOOS Pain and 
Function scores were transformed to a 0–100 scale, where 0 
represents the least amount of pain/best function and 100 rep-
resents the greatest amount of pain/worst function (18). The K/L 
radiographic grade was used as an indication of baseline OA 
severity, where 0 = normal, 1 = questionable osteophyte, 2 = 
definite osteophyte, and 3 = definite narrowing of joint space 
not exhibiting a bone- on- bone appearance with or without os-
teophyte (19).

Imaging features. Effusion-synovitis. Both baseline and 
18- month follow- up MRIs were reread by a single experienced 
musculoskeletal radiologist and scored according to the MOAKS 
criteria (14). In a reliability study of 10 subjects read by another 
highly experienced reader (AG), the interrater reliability intraclass 
correlation coefficient was 0.98 for the MOAKS total OA score.

Effusion- synovitis was detected by hyperintensity in the 
joint cavity on fat- suppressed T2- weighted or fat- suppressed 
proton density–weighted MRI (14). We chose to use effusion- 
synovitis as our measure of synovitis rather than Hoffa- synovitis 
(hyperintensity in Hoffa’s fat pad), since effusion- synovitis may 
be more sensitive than Hoffa- synovitis for evaluating syn-
ovial thickness on non- contrast MRI (20). The interreader  
weighted kappa for MOAKS- based effusion- synovitis is 0.72 
(14). At both baseline and 18 months, effusion- synovitis was 
graded on a scale of 0–3, where 0 = none (physiologic amount), 
1 = small (fluid continuous in the retropatellar space), 2 = medi-
um (slight convexity of the suprapatellar space), and 3 = large 
(evidence of capsular distension) (Figure  2). For all analyses, 
we dichotomized effusion- synovitis as none to small effusion- 
synovitis (termed “minimal”) or medium to large effusion- 
synovitis (termed “extensive”). Change in effusion- synovitis 
from baseline to 18- month follow- up was categorized as per-
sistently minimal (graded as none to small at both baseline and 
at 18 months), intermittent (graded as none to small at one 
time point and as medium to large at the other), or persistently 

Figure 2. Axial fat- suppressed proton density–weighted magnetic resonance images of the suprapatellar pouch in patients with osteoarthritis 
and meniscal tear, showing different grades of effusion- synovitis. A, Grade 0, with no joint effusion- synovitis. B, Grade 1 effusion- synovitis with 
mild distension of the joint cavity indicated by fluid- equivalent signal within the suprapatellar pouch (arrows). C, Grade 2 effusion- synovitis with 
moderate distension of the joint cavity (arrows). D, Grade 3 effusion- synovitis with marked capsular distension (arrows).
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extensive (graded as medium to large both at baseline and at 
18 months).

Cartilage damage. We used MOAKS to assess articular 
cartilage damage (size and depth). MOAKS divides the artic-
ular region of the knee into 14 subregions to grade cartilage. 
Cartilage damage was quantified as size of any cartilage loss 
(percent of surface area in a subregion) and depth of cartilage 
damage (percent of loss that is full thickness in a subregion). 
For each subregion, both cartilage damage size and cartilage 
damage depth were categorized as 0 = none, 1 = <10%, 2 = 
10–75%, and 3 = >75%. At baseline we used the maximum car-
tilage damage size and depth across the 14 regions for analysis. 
Due to small numbers in some categories and based on the 
baseline distributions of these variables, the MOAKS baseline 
cartilage damage size was dichotomized to ≤75% and >75%, 
while baseline cartilage damage depth was dichotomized to 
<10% and ≥10%.

The outcome of interest, progression of cartilage damage, 
was analyzed in two ways. First, we assessed the number of 
additional subregions affected, defined as the number of sub-
regions with MOAKS grade 0 damage at baseline and grade 
≥1 at 18- month follow- up. Second, we analyzed the number 
of subregions with worsening, defined as the number of sub-
regions with an increase of ≥1 MOAKS grade at 18- month 
follow- up. Both cartilage damage size and depth were evalu-
ated in this manner, as has been described previously (4,21). 
The number of additional subregions affected and the number 
of subregions with worsening damage were dichotomized as 
those with no additional subregion affected versus any addi-
tional subregions affected and those with no subregions with 
worsening versus those with any subregion with worsening 
(Figure 3).

Statistical analysis. Baseline characteristics were ana-
lyzed using means and percentages. We used a modified Poisson 
regression with robust error variance to estimate the relative risk 
(RR) of baseline effusion- synovitis and binary change in carti-
lage damage and the relationship of change in effusion- synovitis 
and binary change in cartilage damage over 18 months (22). We 
chose this approach given the high prevalence of the outcome; 
when the rare event rate assumption is violated, odds ratios gen-
erated from logistic regression generally overestimate risk ratios. 
Because binomial regression may lead to problems with conver-
gence, Poisson regression with modification to ensure accurate 
variance estimations has been used to calculate RR from binary 
data (22,23). All analyses were adjusted for age, sex, BMI, and 
baseline cartilage damage (depth or size). Given that the out-
come, worsening cartilage damage, occurred frequently in this 
sample, we present our results as RRs instead of odds ratios. 
APM has been associated with increased cartilage damage in 
this cohort; thus, all analyses were also adjusted for treatment 
received (APM versus no APM) (24). Over the 18- month follow- 
up period, 5 patients assigned to APM did not have surgery 
and were classified as “no APM”. A total of 44 patients crossed 
over from the PT to the APM arm. Forty- three crossed over be-
tween baseline and 14 months and were classified as “APM” in 
this analysis. One patient crossed over from PT to APM at 30 
months and was thus classified as “no APM” in this analysis.

In a sensitivity analysis, we reexamined the association 
between both baseline and change in effusion- synovitis and 
change in cartilage damage over 18 months after stratifying by 3 
treatment groups: those randomized to APM and receiving APM, 
those randomized to PT and receiving PT, those who crossed 
over (randomized to PT and received APM or randomized to 
APM and not receiving APM).

Figure 3. Diagram of outcomes in changes in cartilage damage over time in patients with osteoarthritis and meniscal tear. The number of 
additional subregions affected was classified as no additional subregions affected versus 1 or more additional subregions affected (thick arrow) 
at 18 months. The number of subregions with worsening damage was classified as no subregions with worsening versus 1 or more subregions 
with worsening (thick arrow) at 18 months. Adapted, with permission, from ref. 14. 
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In a second sensitivity analysis, we dichotomized effusion- 
synovitis as none versus any (small, medium, or large). Change 
in effusion- synovitis over 18 months was defined as never de-
veloped (graded as none at baseline and at 18 months), inter-
mittent (none at one time point and any at the other time point), 
or persistent (any both at baseline and at 18 months). We then 
reexamined the association between both baseline and change 
in effusion- synovitis and change in cartilage damage over 18 
months after adjusting for age, sex, BMI, and baseline cartilage 
damage (depth or size).

In a third sensitivity analysis, we redefined our change in 
effusion- synovitis categories, since participants with “reso-
lution” of effusion- synovitis over 18 months may differ from 
those who have persistent effusion- synovitis or develop 
effusion- synovitis over 18 months. For this analysis, change 
in effusion- synovitis was defined as persistently minimal (none 
to small at both time points), resolving (medium to large at 
baseline and none to small at 18 months), or extensive at 18 
months (medium to large at baseline and at 18 months or none 
to small at baseline and medium to large at 18 months). We 
then reexamined the association between change in effusion- 
synovitis and change in cartilage damage over 18 months af-
ter adjusting for age, sex, BMI, and baseline cartilage damage 
(depth or size).

RESULTS

Baseline effusion-synovitis and change in cartilage 
damage. The sample consisted of 221 participants. The mean 
age was 59 years, 58% were female, and the mean BMI was 
30. Compared to men, women had a similar age and BMI, but a 
higher mean baseline KOOS Pain score (50 points compared to 
40 points for men). At baseline, 48% of the patients had exten-
sive effusion- synovitis and 52% had minimal effusion- synovitis. 
Thirty- nine percent of the participants had cartilage damage size 
>75%, and 40% had cartilage damage depth ≥10%  (Table 1). 
There were no statistically significant associations between 
baseline effusion- synovitis and cartilage damage size. In the 
adjusted model, extensive effusion- synovitis was associated 
with a 1.4- fold increased risk of having additional subregions 
with damage (95% confidence interval [95% CI] 1.0–2.0) and a 
1.2- fold increased risk of cartilage worsening (95% CI 0.8–1.6) 
compared to minimal effusion- synovitis. There was a significant 
association between baseline effusion- synovitis and cartilage 
damage depth. Those with extensive effusion- synovitis had a 
1.7 times increased risk of additional subregions with damage 
(95% CI 1.1–2.6) and a 1.5 times increased risk of subregions 
with worsening damage (95% CI 1.0–2.2) compared to those 

with minimal effusion- synovitis (Table 2).

Table 1. Baseline characteristics of the cohort with osteoarthritis and meniscal tear*

All patients 
(n = 221)

Change in effusion- synovitis over 18 months

Persistently minimal 
(n = 100)

Intermittent 
(n = 74)

Persistently extensive 
(n = 47)

Age, years 59 ± 7 59 ± 7 58 ± 8 58 ± 8
Sex, no. (%) female 129 (58) 59 (59) 33 (45) 37 (79)
BMI, kg/m2 30 ± 6 28 ± 5 30 ± 6 31 ± 7
KOOS Pain score 46 ± 16 44 ± 16 44 ± 15 54 ± 15
KOOS Function score 37 ± 18 34 ±17 35 ± 17 45 ± 20
Received APM, no. (%) 143 (65) 64 (64) 46 (62) 33 (70)
K/L grade, no. (%)

0 50 (23) 26 (26) 17 (23) 7 (15)
1 51 (23) 24 (24) 23 (31) 4 (9)
2 58 (26) 27 (27) 14 (19) 17 (36)
3 62 (28) 23 (23) 20 (27) 19 (40)

Cartilage damage size, 
no. (%)
≤75 135 (61) 65 (65) 46 (62) 24 (51)
>75% 86 (39) 35 (35) 28 (38) 23 (49)

Cartilage damage 
depth, no. (%)
<10% 132 (60) 73 (73) 39 (53) 20 (43)
≥10% 89 (40) 27 (27) 35 (47) 27 (57)

* Except where indicated otherwise, values are the mean ± SD. BMI = body mass index; KOOS = Knee Injury and Osteoarthritis Outcome 
Score; APM = arthroscopic partial meniscectomy; K/L = Kellgren/Lawrence. 
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Change in effusion-synovitis and change in cartilage 
damage. Over 18 months, effusion- synovitis was persistently 
minimal (none to small at baseline and 18 months) in 45% of 
the participants, intermittent (none to small at one time point 
and medium to large at the other) in 33% of the participants, 
and persistently extensive (medium to large at baseline and 18 
months) in 21% of the participants. Of the participants with inter-
mittent effusion- synovitis, 78% had effusion- synovitis at baseline 
only. The group with persistently minimal effusion- synovitis was 
59% female and had a mean BMI of 28. Those with intermittent 
effusion- synovitis were 45% female and had a mean BMI of 30. 
Participants with persistently extensive effusion- synovitis were 
79% female and had a mean BMI of 31. The percent of par-
ticipants in the effusion- synovitis categories who received APM 
ranged from 62% to 70%, but these differences were not statis-
tically significant (Table 1).

The reduction in reported pain scores from baseline to 18 
months was similar across the effusion- synovitis categories, 
with those with persistently minimal effusion- synovitis sustaining 
a reduction in KOOS Pain score of 24 points, compared to 26 
points in those with intermittent effusion- synovitis and 27 points 
in those with persistently extensive effusion- synovitis. The KOOS 
Function score improved by 21 points in patients with persis-
tently minimal effusion- synovitis, 23 points in patients with inter-
mittent effusion- synovitis, and 25 points in those with persistent 
effusion- synovitis.

Over 18 months, 74% of the patients had worsening carti-
lage damage size, and 53% had additional subregions affected 
by cartilage damage size. Fifty- seven percent had worsening 
cartilage damage depth, and 46% had additional subregions af-
fected by cartilage damage depth. In participants with K/L grade 
0–1 at baseline, 73% had worsening cartilage damage size, and 
51% had additional regions affected by cartilage damage size, 
compared to 75% and 55%, respectively, in those with K/L 
grades 2–3. Of those with K/L grades 0–1, 50% had worsening 
cartilage damage depth, and 42% had additional regions affect-

ed by cartilage damage depth, compared to 64% and 49%, re-
spectively, in those with K/L grades 2–3 at baseline.

In adjusted models, intermittent and persistent effusion- 
synovitis over 18 months were associated with concurrent in-
creases in cartilage damage for both size and depth (Table  2 
and Figure  4). Those with intermittent effusion- synovitis (RR 
1.6 [95% CI 1.0–2.4]) and those with persistently extensive 
 effusion- synovitis (RR 1.6 [95% CI 1.0–2.6]) had an increased risk 
of  having additional subregions affected by cartilage damage size 
compared to patients with persistently minimal effusion- synovitis, 
but there were no significant associations between either syno-
vitis category and the number of subregions with worsening 
damage size. Those with intermittent effusion- synovitis (RR 1.6 
[95% CI 0.9–2.6]) and those with persistently extensive effusion- 
synovitis (RR 2.0 [95% CI 1.1–3.4]) had an increased risk of hav-
ing additional subregions affected by cartilage damage depth. 
Finally, intermittent synovitis was associated with a 1.5 times 
increased risk of having subregions with worsening in cartilage 
damage depth (95% CI 1.0–2.3), and persistently extensive 
syno vitis was associated with a 1.7 times increased risk of having 
subregions with worsening in cartilage damage depth (95% CI 
1.0–2.7), compared with persistently minimal effusion- synovitis.

In the sensitivity analysis adjusted for the 3 treatment groups, 
the associations of baseline effusion- synovitis and change in 
effusion- synovitis with change in cartilage damage were similar 
to those observed in the main analysis in each treatment stra-
tum (Supplementary Table 1, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40660/abstract).

In the second sensitivity analysis, in which effusion- 
synovitis was dichotomized as any versus none, 20% of the par-
ticipants had no effusion- synovitis and 80% had any effusion- 
synovitis at baseline. Over 18 months, 11% never developed 
effusion- synovitis, 19% had intermittent effusion- synovitis, and 
71% had persistent effusion- synovitis (Supplementary Table 2, 
http://onlinelibrary.wiley.com/doi/10.1002/art.40660/abstract).

Table 2. Relative risk of cartilage damage according to baseline effusion- synovitis or change in effusion- synovitis*

Cartilage damage size Cartilage damage depth

Additional 
 subregions affected

Subregions with 
worsening

Additional 
 subregions affected

Subregions with 
worsening

Baseline effusion- synovitis
Minimal Reference Reference Reference Reference
Extensive 1.4 (1.0–2.0) 1.2 (0.8–1.6) 1.7 (1.1–2.6)† 1.5 (1.0–2.2)†

Change in effusion- synovitis
Persistently minimal Reference Reference Reference Reference
Intermittent 1.6 (1.0–2.4)† 1.3 (0.9–1.8) 1.6 (0.9–2.6) 1.5 (1.0–2.3)
Persistently extensive 1.6 (1.0–2.6) 1.2 (0.8–1.9) 2.0 (1.1–3.4)† 1.7 (1.0–2.7)†

* Values are the relative risk (95% confidence interval).
† P < 0.05. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40660/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40660/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40660/abstract
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In the third sensitivity analysis, assessing resolution of 
effusion- synovitis over 18 months, effusion- synovitis was per-
sistently minimal in 45% of the patients, resolved in 26% of 
the patients, and was extensive at 18 months in 29% of the 
patients (Supplementary Table 3, http://onlinelibrary.wiley.com/
doi/10.1002/art.40660/abstract). In the second and third sen-
sitivity analyses, the associations of baseline effusion- synovitis 
and change in effusion- synovitis with change in cartilage dam-
age were similar to those found in the main analysis.

DISCUSSION

Our study demonstrates a positive association between 
the presence and persistence of extensive effusion- synovitis 
and progression of cartilage damage depth over 18 months. 
Extensive effusion- synovitis at baseline conferred an ~50–70% 
increased risk of worsening cartilage damage depth. Over 18 
months, intermittent and persistently extensive effusion- synovitis 
were associated with greater cartilage damage in analyses that 
adjusted for baseline cartilage damage. Participants with persis-
tently extensive effusion- synovitis demonstrated the greatest risk 
of subsequent cartilage damage, with a 70–100% increased risk 
of progression of cartilage damage depth.

In our analyses, effusion- synovitis was associated with a non–
statistically significant 20–30% increased risk of worsening cartilage 
damage size. The notable effect of effusion- synovitis on worsening 
cartilage damage depth but not on worsening cartilage damage 
size may be due to a threshold effect, since many participants had 
subregions with extensive cartilage damage size at baseline.

Several prior studies of patients both with and without OA 
have investigated the relationship between synovitis and cartilage 
damage (3,12,13,25). A study using the Multicenter Osteoarthritis 
Study (MOST) cohort of patients with or at risk of OA document-
ed that baseline MRI- defined effusion or synovitis was associated 
with a 3- fold increased odds of more rapid cartilage loss (3). A 
subsequent study using the MOST cohort and contrast- enhanced 
MRI demonstrated that patients with synovitis had twice the odds 
of cartilage damage in a cross- sectional analysis (25).

Wang et al used MRI to assess the association of syno-
vitis grade and cartilage damage both cross- sectionally and 
longitudinally in a cohort of older adults (12). In those longitu-
dinal analyses over 2.7 years, baseline effusion- synovitis was 
associated with a small risk of worsening cartilage defects 
(RR 1.1) after adjustment for baseline bone marrow lesions 
and cartilage defects (12). The results of those analyses are 
consistent with the findings of our study. Furthermore, the 
majority of participants that we characterized as having in-
termittent effusion- synovitis had effusion- synovitis at baseline 
only (78%). Thus, it appears that “resolving” effusion- synovitis 
still confers a greater risk of future cartilage damage than 
no synovitis at all. Wang et  al also evaluated a quantitative 
measure of cartilage volume on MRI and demonstrated a 
significant negative association between baseline effusion- 
synovitis and cartilage volume longitudinally (12). Interestingly, 
no significant association was documented between baseline 
effusion- synovitis and change in measured cartilage volume 
after adjustment for baseline bone marrow lesions and carti-
lage volume (12).

Figure 4. Relative risk of cartilage damage according to change in effusion- synovitis over 18 months in patients with osteoarthritis and 
meniscal tear. Effusion- synovitis was classified as persistently minimal (graded as none or small at both baseline and 18 months), intermittent 
(graded as none or small at one time point and medium or large at the other), or persistently extensive (graded as medium or large at both 
baseline and 18 months). The analysis was adjusted for age, sex, body mass index, and baseline cartilage damage and treatment. Circles 
represent relative risk; vertical lines indicate the 95% confidence interval.

http://onlinelibrary.wiley.com/doi/10.1002/art.40660/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40660/abstract
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In the study by Wang et al described above, ~60% of the 
study population had any cartilage defect on MRI. In contrast, 
our cohort represents an important and prevalent subset of pa-
tients with greater intraarticular pathology, since all had imag-
ing evidence of cartilage damage and concurrent meniscal tear. 
We contribute to the prior knowledge base by demonstrating 
that the presence of effusion- synovitis over time (persistent or 
intermittent) appears to be associated with worsening cartilage 
damage.

A second study, also by Wang et al, used a quantitative mea-
sure of MRI- defined effusion- synovitis in the same cohort in which 
~60% had cartilage defects on MRI. Change in effusion- synovitis 
over 2.7 years was calculated, with 29% increasing in size, 50% 
remaining stable, and 22% decreasing in size. Over 2.7 years, 
baseline effusion- synovitis area was associated with increased 
cartilage defects and decreasing cartilage volume (13). The effect 
of change in effusion- synovitis on change in cartilage parameters 
was not assessed. It is of interest that in our study only 7% of 
the participants developed extensive effusion- synovitis over the 
18- month period, while 26% had a decrease in grade from exten-
sive to minimal. We cannot rule out the possibility that treatment 
(APM or PT) affected the presence of effusion- synovitis over time.

Our study has several limitations. We used semiquantita-
tive grades for effusion- synovitis and cartilage, which have less 
granularity than a strictly quantitative score. However, our semi-
quantitative results appear to be consistent with those of prior 
studies using quantitative measures (13). We also recategorized 
the baseline effusion- synovitis into none versus any and ob-
served similar findings. MOAKS was developed to score knee 
OA on MRI; thus, the clinical relevance or correlation of pro-
gressive cartilage damage on MRI is unknown. Since our cohort 
had baseline OA and meniscal tear, we were unable to ascertain 
whether intraarticular damage (cartilage and meniscal damage) 
incited synovitis, though we demonstrated that these patholo-
gies are highly associated. We demonstrated that changes in 
effusion- synovitis potentially contribute to cartilage damage over 
time.

In summary, our study demonstrates that, in patients with 
OA and meniscal tear, changes in synovitis, whether persistently 
extensive or intermittent, are associated with cartilage damage 
over time. Since synovitis is a potentially modifiable intraarticular 
feature, further research is warranted to assess whether treat-
ment of synovitis mitigates cartilage degradation.
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Impact of Tumor Necrosis Factor Inhibitor Versus 
Nonsteroidal Antiinflammatory Drug Treatment on 
Radiographic Progression in Early Ankylosing Spondylitis: 
Its Relationship to Inflammation Control During Treatment
Jun Won Park,1  Min Jung Kim,1  Jeong Seok Lee,1  You-Jung Ha,2 Jin Kyun Park,1 Eun Ha Kang,2  Yun Jong 
Lee,2 Yeong Wook Song,1 and Eun Young Lee1

Objective. To investigate the impact of tumor necrosis factor inhibitor (TNFi) treatment and inflammation control 
on radiographic progression in early ankylosing spondylitis (AS) over 4 years.

Methods. We included a total of 215 patients with early AS (symptom duration <10 years) treated with TNFi (the 
TNFi group; n = 135) or with nonsteroidal antiinflammatory drugs (NSAIDs) (the control group; n = 80). Two blinded 
readers assessed radiographic progression using the modified Stoke Ankylosing Spondylitis Spine Score (mSASSS). 
Inflammation control was inferred from C- reactive protein (CRP) levels time- averaged between 2 radiologic assess-
ments. Linear mixed modeling was used to estimate mSASSS changes over radiographic intervals as well as the 
impact of clinical factors on outcomes.

Results. The TNFi group had longer disease duration, a higher baseline CRP level, and a higher Bath Ankylosing 
Spondylitis Disease Activity Index than did controls. The time- averaged CRP level over radiographic intervals was 
lower with TNFi treatment than with NSAID treatment (mean ± SD 0.27 ± 0.30 mg/dl versus 0.61 ± 0.68 mg/dl; P < 
0.001). Overall, mean ± SD mSASSS change over the 2- year interval was 1.30 ± 2.97 units. In the multivariable model 
adjusted for age, smoking status, baseline CRP level, and the presence of syndesmophytes at baseline, the TNFi 
group showed less mSASSS change over the 2- year interval (β = −0.90 [95% confidence interval {95% CI} −1.51,
−0.29]). However, when a time- averaged CRP level was additionally included, it significantly influenced the mSASSS 
change (β = 1.02 [95% CI 0.32, 1.71]), decreasing the estimated group difference (β = −0.52 [95% CI −1.17, 0.14]).
NSAID indices of both groups were not associated with either time- averaged CRP levels or mSASSS changes.

Conclusion. Effective suppression of inflammation by TNFi treatment decreases radiographic progression in early AS.

INTRODUCTION

It remains uncertain whether tumor necrosis factor inhibitors 
(TNFi) delay radiographic progression of ankylosing spondylitis 
(AS). Although TNFi effectively decrease spinal inflammation, 
previous studies from randomized controlled trials did not show 
any difference in radiographic progression between patients re-
ceiving TNFi and those using only nonsteroidal antiinflammatory 
drugs (NSAIDs) (1–4). However, recent cohort studies suggest-

ed that early or long- term TNFi treatment could slow down the 
process (5–7).

Some studies have supported the notion of a link between 
inflammation and pathologic new bone formation, especially dur-
ing the early phase of the disease. Maksymowych et al showed 
that advanced inflammatory vertebral corner lesions on magnetic 
resonance imaging (MRI) are more likely to progress to syndes-
mophytes through a process of fat metaplasia in spite of TNFi 
treatment, while early lesions could be resolved without pro-
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gression (8). In the Infliximab As First Line Therapy in Patients 
with Early Active Axial Spondyloarthritis Trial, which enrolled pa-
tients with axial spondyloarthritis of <3 years duration, ~70% of 
resolved vertebral inflammatory lesions did not progress to new 
fatty lesions (9). These results indicate that early, effective anti-
inflammatory treatment may reduce radiographic progression in 
AS. However, since these studies had relatively short observation 
periods, it was still uncertain whether TNFi treatment in the early 
phase of disease can lead to decreased syndesmophyte forma-
tion, the final end point of radiographic progression, compared 
with conventional NSAID treatment.

In the present study, we compared radiographic progres-
sion over 4 years of observation between TNFi and conven-
tional NSAID treatment in patients with early AS. In addition, to 
disentangle the relationships among inflammation, treatment 
strategy, and radiographic progression, we also investigated the 
extent to which inflammation control contributes to the suppres-
sion of radiographic progression by TNFi versus NSAIDs.

PATIENTS AND METHODS

Patients. Patients’ clinical and radiographic data were ex-
tracted from 2 independent observational cohorts. AS patients 
receiving TNFi treatment (the TNFi group) were from a consec-
utive, single- center cohort in Seoul National University Hospi-
tal, and patients receiving conventional NSAID treatment (the 
control group) were from another single- center cohort in Seoul 
National University Bundang Hospital. All patients fulfilled the 
modified New York criteria for AS (10) at diagnosis. To precise-
ly investigate radiographic progression in early AS, we included 
patients with initial onset of inflammatory back pain <10 years 
from the starting date of specific TNFi treatment (the TNFi group) 
or NSAID treatment (the control group) and with available sets 
of spine radiographs at baseline (defined as a starting date of 
group- specific treatment) and after 2 and/or 4 years of their re-
spective treatments (11).

The study was approved by the Institutional Review Boards 
(IRBs) of Seoul National University Hospital (approval no. 1611- 
119- 810) and Seoul National University Bundang Hospital (ap-
proval no. B- 1604- 343-112) and was conducted in accordance 
with the principles of the Declaration of Helsinki and Good Clini-
cal Practice guidelines. The requirement for patient consent was 
waived by the IRBs due to the retrospective character of the 
study.

Clinical assessment during observation. All demograph-
ic and clinical data were extracted from the electronic medical 
database of each institution using common case report forms. 
Patients’ demographic factors, body mass index (BMI), smok-
ing status, Bath Ankylosing Spondylitis Disease Activity Index 
(BASDAI) (12), and serum C- reactive protein (CRP) level were as-
sessed at baseline. Disease activity was regularly monitored every 

3 or 6 months in accordance with the preference of the treating 
physician. In the TNFi group, the BASDAI was regularly checked, 
and continuation of treatment was mainly determined based on 
whether a patient fulfilled the BASDAI criteria for 50% improve-
ment (BASDAI 50) (13). In contrast, the BASDAI was not routinely 
scored in the NSAID group. Physicians in both hospitals routinely 
checked the name and dose of the prescribed NSAIDs as well as 
the average number of days per week that the NSAIDs were tak-
en. Quantification of NSAID intake during the 2- year interval was 
calculated as proposed in the Assessment of SpondyloArthritis 
international Society recommendations (14). Longitudinal control 
of inflammation during the 2- year interval was estimated using 
time- averaged CRP values, that is, the mean value of CRP levels 
determined every 6 months. The observation period in this study 
was 4 years from the baseline visit. However, for the precise es-
timation of treatment effect on radiographic progression and in-
flammation, observation was terminated if a patient stopped the 
TNFi, switched to another TNFi (the TNFi group), or started a new 
TNFi (the control group). Spine radiographs obtained during the 
observation period for each patient were used for analysis.

Measurement of serum CRP level. Serum high- sensitivity 
CRP (hsCRP) level in patients in both centers was measured 
using a chemistry autoanalyzer latex- enhanced turbidimetric im-
munoassay with CRP- Latex reagent (Denkaseiken). This assay 
permitted the measurement of hsCRP levels as low as 0.01 mg/
dl in both centers. Four times each year, both centers also per-
form external quality control for hsCRP for the College of Amer-
ican Pathologists.

Assessment of radiographic progression. Spine radio-
graphs obtained in the 2 hospitals were given a unique code 
 after all clinical information (including name of patient and hospi-
tal and date of examination) was deleted. After this processing, 
all radiographs were collected and delivered to each assessor 
in the form of a Digital Imaging and Communication in Medicine 
file. Radiographic progression was assessed using the modi-
fied Stoke Ankylosing Spondylitis Spine Score (mSASSS) (15). 
Two trained assessors (JWP and MK) scored radiographs in-
dependently. If a radiograph had ≤3 missing vertebral corners, 
missing scores were replaced by the mean score of the corre-
sponding corners of the visible segments. Radiographs with >3 
missing vertebral corners were excluded from the scoring. The 
mean mSASSS of both readers was used for analysis. If a differ-
ence between scores measured by the 2 readers was >5 units 
(defined as a major disagreement), the same assessors rescored 
those radiographs. In case of persistent major disagreement af-
ter rescoring, an independent adjudicator (EYL) assigned a final 
score.

Statistical analysis. Interobserver reliability of the mSASSS 
was assessed using an intraclass correlation coefficient (ICC). 
The smallest detectable change (SDC) between the 2 readers 
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was calculated to estimate reliably detectable radiographic pro-
gression given measurement error (16).

Progression of the mSASSS over time and impact of clinical 
factors on outcome were estimated using a linear mixed model. A 
“compound symmetry” correlation structure was selected based 
on Pearson  correlation coefficients of the mSASSS at different 
time points. To estimate the impact of longitudinal inflammation 
control on radiographic progression, we constructed 2 different 
models. First, mSASSS changes over radiographic intervals were 
correlated with the baseline features of age, sex, BMI, smoking 
status (never versus ever), symptom duration, CRP level (mg/
dl), BASDAI, HLA–B27 status, concomitant NSAID treatment, 
and the presence of syndesmophytes on baseline radiographs. 
Any clinical factors that showed relevant influence (P < 0.1) on 
the outcome were included in the multivariable model (model 1). 
Next, time- averaged CRP level was added to this model, and 
changes in the effects of other covariates were analyzed (model 
2). A Sobel test was also performed to estimate the indirect ef-
fect of TNFi on the outcome (17). Fitness of the model was esti-
mated using Akaike’s information criterion. To consider the bias 
due to mea surement error between the assessors, mSASSS 
progression ≥2 units in 2 years (defined as definite radiographic 
progression) was also used as a dichotomous outcome and was 
modeled using a generalized linear mixed model.

Since patients mostly started TNFi treatment after the fail-
ure of first- line NSAID treatment, it was expected that baseline 
features between the 2 groups were different. To minimize this 
confounding by indication, we performed 1:1 propensity score 
matching. This was carried out using age, disease duration, 
baseline CRP level, smoking status, and baseline mSASSS as 
predictors for choosing treatment, with a caliper of 0.2. Baseline 
BASDAI could not be included because its discrepancy between 
the 2 groups was so marked that propensity score matching in-
cluding it as a covariate discarded most of the study population. 
Instead, the multivariable model performed  after the matching 
was adjusted for the baseline BASDAI.  After matching, 62 pa-
tients in each group were selected as the  postmatched popula-
tions. In addition, the same analysis was performed in the sub-

Table 1. Baseline characteristics of the patients*

TNFi group 
(n = 135)

Control group 
(n = 80) P

Age, years 32.8 ± 11.5 34.4 ± 11.9 0.335
Male sex, no. (%) 110 (81.5) 61 (76.2) 0.358
Body mass index 23.3 ± 3.3 23.3 ± 3.5 0.980
Symptom 
duration, years† 

4.3 ± 2.7 4.1 ± 2.9 0.679

Disease duration, 
years

2.7 ± 2.6 0.7 ± 1.8 <0.001

Ever smoker, no. 
(%)

53 (39.3) 32 (40.0) 0.914

HLA–B27 positive, 
no. (%) 

119 (88.1) 71 (88.8) 0.894

BASDAI, 0–10 6.7 ± 1.6 3.2 ± 1.6 <0.001
Serum CRP level, 
mg/dl

2.2 ± 2.7 1.1 ± 1.3 <0.001

Presence of 
syndesmo-
phytes, no. (%)

37 (27.4) 19 (23.8) 0.555

Number of 
syndesmophytes

1.6 ± 3.4 1.4 ± 3.1 0.591

mSASSS, 0–72 6.2 ± 9.9 7.3 ± 10.8 0.445

* Except where indicated otherwise, values are the mean ± SD. 
TNFi = tumor necrosis factor inhibitor; BASDAI = Bath Ankylos-
ing Spondylitis Disease Activity Index; CRP = C- reactive protein; 
mSASSS = modified Stoke Ankylosing Spondylitis Spine Score. 
† Time interval between initial onset of inflammatory back pain 
and baseline visit. 

Table 2. Impact of time-averaged CRP level on difference of 
mSASSS progression between TNFi treatment and NSAID 
treatment during 2-year radiographic interval*

β (95% CI)† P

Model 1‡
Age, years 0.02 (−0.004, 0.05) 0.092
Ever smoking (vs. 
never)

0.30 (−0.30, 0.89) 0.326

Baseline CRP level, 
mg/dl

0.16 (0.03, 0.29) 0.019

Presence of syndes-
mophytes at base-
line (vs. absence)

2.09 (1.32, 2.86) <0.001

TNFi group (vs. con-
trol group)

−0.90 (−1.51, −0.29) 0.004

Model 2‡
Age, years 0.03 (−0.002, 0.05) 0.066
Ever smoking (vs. 
never)

0.28 (−0.31, 0.86) 0.356

Baseline CRP level, 
mg/dl

0.12 (−0.01, 0.25) 0.079

Presence of syndes-
mophytes at base-
line (vs. absence)

1.86 (1.09, 2.63) <0.001

TNFi group (vs. con-
trol group)

−0.52 (−1.17, 0.14) 0.123

Time- averaged CRP 
level in 2- year inter-
val, mg/dl

1.02 (0.32, 1.71) 0.004

* TNFi = tumor necrosis factor inhibitor; NSAID = nonsteroidal 
antiinflammatory drug; 95% CI = 95% confidence interval. 
† Indicates difference in modified Stoke Ankylosing Spondylitis 
Spine Score (mSASSS) change in 2- year radiographic interval 
between the 2 groups (dichotomous variable) or when a covariate 
increases by 1 unit (continuous variable). 
‡ Any clinical factors that showed significant association (P < 0.1) 
in the univariable analysis were included in the multivariable 
model (model 1). Time- averaged C- reactive protein (CRP) level 
was then added to this model, and changes in the effects of other 
covariates were analyzed (model 2). Akaike’s information criteri-
on, an estimate of model fitness, was 1,473.740 for model 1 and 
1,457.817 for model 2. 



EFFECT OF TNFi ON RADIOGRAPHIC PROGRESSION IN EARLY AS |   85

group of 88 patients (58 in the TNFi group and 30 in the NSAID 
group) who had a complete set of radiographs at all follow- up 
time points during the observation period.

All statistical analyses were performed using IBM SPSS Sta-
tistics 20. P values less than 0.05 were considered significant.

RESULTS

Patient characteristics. A total of 215 patients were in-
cluded (135 in the TNFi group and 80 controls). The number of 
evaluated sets of radiographs was 328 in the TNFi group and 
190 in the control group. The mean ± SD symptom duration 
was 4.2 ± 2.8 years. One hundred seventy- one patients were 
male (79.5%), and 190 patients (88.4%) were HLA–B27 posi-
tive.

Clinical and radiographic features of included patients are 
presented in Table 1. Briefly, patients in the TNFi group had sig-
nificantly longer disease duration (mean ± SD 2.7 ± 2.6 years 
versus 0.7 ± 1.8 years) and higher CRP levels (mean ± SD 2.2 ± 
2.7 mg/dl versus 1.1 ± 1.3 mg/dl). However, other clinical factors 
such as age, sex, BMI, smoking status, and HLA–B27 positivity 
were comparable between the 2 groups. The mean ± SD base-
line mSASSS was 6.2 ± 9.9 in the TNFi group and 7.3 ± 10.8 
in the control group, which was not significantly different. In the 
postmatched population, baseline CRP level and disease dura-

tion were well balanced between the 2 groups, but imbalances 

in the BASDAI persisted (see Supplementary Table 1, available 
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40661/abstract).

Radiographic progression over time. Among a total 
of 518 evaluations of sets of radiographs, mSASSS scores in 
66 sets yielded major disagreement, and subsequently 12 of 
them were ultimately scored by the adjudicator. Interobserver 
ICCs for individual mSASSS scores, and for mSASSS change 
over time intervals, were 0.95 (95% confidence interval [95% 
CI] 0.92, 0.97) and 0.90 (95% CI 0.88, 0.92), respectively. The 
SDC for all mSASSS changes was 1.86. A Bland- Altman plot is 
shown in Supplementary Figure 1, http://onlinelibrary.wiley.com/
doi/10.1002/art.40661/abstract.

The mean ± SD mSASSS change over 2 years in the whole 
population was 1.30 ± 2.97 units. Estimated rates of progres-
sion in the univariable mixed model during the 0–2- year inter-
val and 2–4- year interval were comparable (1.36 [95% CI 0.82, 
1.89] and 1.25 [95% CI 0.82, 1.68], respectively; P = 0.757). 
Among a total of 321 radiographic intervals, definite radiograph-
ic progression occurred in 81 (25.2%). The proportion of inter-
vals showing definite radiographic progression was higher in the 
TNFi group (37 of 119 [31.1%] versus 44 of 202 [21.8%]; P = 
0.064).

In the univariable analysis, age (β = 0.07 [95% CI 0.04, 
0.10]), baseline CRP level (β = 0.15 [95% CI 0.01, 0.29]), ever 

Figure 1. Cumulative probability plot showing radiographic progression during 2- year time intervals according to time- averaged C- reactive 
protein (CRP) levels (<0.2 mg/dl versus ≥0.2 mg/dl) over individual intervals. mSASSS = modified Stoke Ankylosing Spondylitis Spine Score.

-6

-4

-2

0

2

4

6

8

10

12

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Time-averaged CRP ≥0.2mg/dL

Time-averaged CRP <0.2mg/dL

m
S

A
S

S
S

 c
ha

ng
e 

ov
er

 2
-y

ea
r i

nt
er

va
l

http://onlinelibrary.wiley.com/doi/10.1002/art.40661/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40661/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40661/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40661/abstract


PARK ET AL 86    |

smoking (β = 0.81 [95% CI 0.15, 1.47]), and the presence of
syndesmophytes at baseline (β = 2.49 [95% CI 1.83, 3.16]) were
significantly associated with rapid radiographic progression. 
 Patients’ sex, BMI, HLA–B27 positivity, and baseline BASDAI 
did not show any relevant effect (see Supplementary Table 2, 
http://onlinelibrary.wiley.com/doi/10.1002/art.40661/abstract). 
The TNFi group showed numerically less mSASSS change over 
radiographic intervals than did the control group (β = −0.68
[95% CI −1.36, 0.002]). In model 1, which included age, base-
line CRP level, smoking status, and the presence of syndesmo-
phytes at baseline, the TNFi group showed significantly slower 
radiographic progression over 2- year intervals than did the con-

trol group (β = −0.90 [95% CI −1.51, −0.29]) (Table 2).

Influence of time-averaged CRP level on radiographic 
progression. The time-averaged CRP level over radiographic 
intervals was lower with TNFi treatment than with NSAID treat-
ment (mean ± SD 0.27 ± 0.30 mg/dl versus 0.61 ± 0.68 mg/dl; 
P < 0.001). And also, it was significantly lower in the TNFi group 
in both the 0–2- year interval and 2–4- year interval (mean ± SD 
0.24 ± 0.27 mg/dl versus 0.62 ± 0.61 mg/dl and 0.31 ± 0.36 
mg/dl versus 0.59 ± 0.78 mg/dl, respectively). The proportion 
of radiographic intervals with time- averaged CRP level <0.2 mg/
dl was also significantly higher in the TNFi group (57.3% versus 
27.5%; P < 0.001).

The time- averaged CRP level was significantly associated 
with rapid radiographic progression over relevant radiograph-
ic intervals (β = 1.68 [95% CI 1.00, 2.36]). When all intervals
were stratified by time- averaged CRP level status, the mean ± 
SD mSASSS change in intervals with time- averaged CRP level 
<0.2 mg/dl was 0.58 ± 2.42 units, while it was 1.98 ± 3.28 units 
in the remaining intervals (Figure 1). Furthermore, definite radio-
graphic progression also occurred significantly less frequently in 
the intervals with lower time- averaged CRP level (15.7% versus 
33.7%; P < 0.001).

Interestingly, when mSASSS progression was analyzed af-
ter stratification by the presence of syndesmophytes at base-
line and time- averaged CRP level (based on 0.2 mg/dl), each 
subgroup showed a significantly different course of radiographic 
progression (Figure 2). In patients without syndesmophytes at 
baseline, the estimated mSASSS change in radiographic inter-
vals with time- averaged CRP level <0.2 mg/dl was 0.23 units 
(95% CI −0.22, 0.69) per 2- year interval, and definite radio-
graphic progression occurred in only 10% of patients. However, 
this progression rate was significantly increased in those with a 
higher time- averaged CRP level (1.12 units [95% CI 0.61, 1.62]). 
The effect of time- averaged CRP level in patients with syndes-
mophytes at baseline was also consistent.

In multivariable model 2, an increase of 1 mg/dl in time- 
averaged CRP level resulted in an increase of 1.02 mSASSS 

Figure 2. Different radiographic progression in 2- year intervals according to the presence or absence of syndesmophytes at baseline and 
time- averaged C- reactive protein (CRP) level (<0.2 mg/dl or ≥0.2 mg/dl). Values are the mean and upper margin of the 95% confidence interval. 
* = P < 0.05 versus patients without syndesmophytes at baseline and with lower time- averaged CRP levels. mSASSS = modified Stoke
Ankylosing Spondylitis Spine Score.

http://onlinelibrary.wiley.com/doi/10.1002/art.40661/abstract
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units (95% CI 0.32, 1.72) per 2- year interval. In contrast, the 
impact of TNFi treatment (versus NSAID treatment) was de-
creased and lost its statistical significance (β = −0.52 [95% CI 
−1.17, 0.14]) (Table  2). Mediation analysis also showed that 
TNFi treatment significantly reduced radiographic progression 
through an indirect effect mediated by time- averaged CRP level 
(Z score for indirect effect = −2.08, P = 0.037). The effect of the 
interaction between treatment group and time-averaged CRP 
level on mSASSS progression was not significant (P = 0.309), 
which suggests that the effect of time- averaged CRP level did 
not differ by treatment regimen.

The impact of time- averaged CRP level was consistent in 
the generalized linear mixed model, in which definite radiograph-
ic progression was used as the outcome variable. The presence 
of syndesmophytes at baseline and time- averaged CRP level 
were associated with increased odds of progression (odds ra-
tios [ORs] of 5.71 and 3.02, respectively). In contrast, TNFi treat-
ment did not significantly reduce the probability of definite radi-
ographic progression (OR 0.76 [95% CI 0.35, 1.64]) (Figure 3).

Impact of NSAID index on radiographic progression. 
The mean ± SD NSAID index for the control group during 0–2- 
year and 2–4- year intervals was 46.3 ± 23.3 and 42.0 ± 24.2, 
respectively (difference not significant). The proportion of users 
of high amounts of NSAIDs (NSAID index ≥50) was lower in the 
2–4- year interval than in the 0–2- year interval (31.5% versus 
46.6%). In the control group, the NSAID index for radiographic 
intervals was not associated with mSASSS change irrespective 
of the time effect (β = −0.006 [95% CI −0.03, 0.02]) (see Sup-
plementary Table 2, http://onlinelibrary.wiley.com/doi/10.1002/
art.40661/abstract).

Among the 268 2- year intervals in the TNFi group, con-
comitant NSAID therapy was administered in 190 (70.9%). The 
NSAID index (mean ± SD) of these 190 intervals was 23.3 ± 
23.6, without any difference between 0–2- year and 2–4- year in-
tervals. As in the control group, both concomitant NSAID use 
and NSAID index were not associated with mSASSS progres-
sion during radiographic intervals in the TNFi group (unadjusted 
β = −0.11 [95% CI −0.97, 0.74] and −0.007 [95% CI −0.03, 
0.01], respectively) (see Supplementary Table 2, http://onlineli-
brary.wiley.com/doi/10.1002/art.40661/abstract).

Interestingly, in the linear mixed model to investigate clinical 
factors affecting time- averaged CRP level, the presence of syn-
desmophytes at baseline (adjusted β = 0.20 [95% CI 0.07, 0.33]), 
higher baseline CRP level (adjusted β = 0.05 [95% CI 0.03, 0.08]), 
and the control group (adjusted β = 0.36 [95% CI 0.16, 0.56]) were 
associated with increased time- averaged CRP level. However, the 
NSAID index, irrespective of the group, did not significantly influ-
ence the outcome (adjusted β = 0.15 [95% CI −0.18, 0.49]).

Sensitivity analysis. In the postmatched population, the TNFi 
group showed numerically less radiographic progression than did 
the control group in model 1 (β = −0.64 [95% CI −1.84, 0.56]). The 
effect of TNFi treatment on the outcome was significantly decreased 
after adjustment for time- averaged CRP level (β = −0.02 [95% CI 
−1.28, 1.24]). In contrast, the significant effect of time- averaged 
CRP level on mSASSS progression was not changed (β = 1.15 [95% 
CI 0.27, 2.03]) (see Supplementary Table 3, http://onlinelibrary.wiley.
com/doi/10.1002/art.40661/abstract). Other sensitivity analyses 
performed in the subgroup of 88 patients with complete sets of ra-
diographs also showed consistent results (see Supplementary Table 
4, http://onlinelibrary.wiley.com/doi/10.1002/art.40661/abstract).

Figure 3. Forest plots indicating effect of clinical factors in 2 different multivariable models on odds of the occurrence of definite radiographic 
progression (defined as change of ≥2 units in modified Stoke Ankylosing Spondylitis Spine Score over 2 years). A, In model 1 including 
relevant baseline factors, treatment with tumor necrosis factor inhibitors (TNFi) was associated with significantly reduced odds of radiographic 
progression. B, This effect was decreased when the factor of time- averaged C- reactive protein (CRP) level was added (model 2). OR = odds 
ratio; 95% CI = 95% confidence interval.

http://onlinelibrary.wiley.com/doi/10.1002/art.40661/abstract
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http://onlinelibrary.wiley.com/doi/10.1002/art.40661/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40661/abstract
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Since the correlation between baseline and time- averaged 
CRP level could influence the result of multivariable model 2, we 
further analyzed their relationship and its significance. The corre-
lation between baseline and time- averaged CRP level was sig-
nificant, but the strength of correlation was very weak (r = 0.18, 
P = 0.001). In addition, when interaction between baseline and 
time- averaged CRP level was added to multivariable model 2 as 
a covariate, it was not statistically significant (β = −0.01 [95% CI
−0.29, 0.27]), and the effect of time- averaged CRP level showed 
little change (β = 1.04 [95% CI 0.05, 2.04]). Correlations between
age and symptom duration and between age and disease dura-
tion were also not significant (r = 0.11, P = 0.106 and r = 0.03,  
P = 0.717, respectively), and neither of these interactions influ-
enced radiographic progression (data not shown).

DISCUSSION

Finding the answer to the question of whether radiographic 
progression can be prevented through effective treatment of AS 
is a task still remaining for rheumatologists (18). To the best of 
our knowledge, this is the first study that analyzes the relative 
contributions to radiographic progression, in early AS, of time- 
averaged CRP levels and direct TNFi treatment effects. Patients 
in the TNFi group showed less radiographic progression than 
those receiving conventional NSAID treatment. This was mainly 
linked to the differences in time- averaged CRP levels between 
the 2 groups.

Overall, an increase of 1 mg/dl time- averaged CRP level led 
to an increase of 1.02 mSASSS units per 2- year interval. In con-
trast, a previous study that investigated a longitudinal relation-
ship between disease activity and mSASSS progression in the 
Outcome in AS International Study (OASIS) cohort showed that 
an increase of 1 mg/dl time-averaged CRP level led to additional 
mSASSS progression of 0.2 units over the same interval (19). 
Considering that patients in the OASIS cohort had significantly 
longer symptom durations (~20 years), it is probable that tight 
control of inflammation during the early phase of the disease 
is key to minimizing radiographic progression, supporting the 
notion of a “window of opportunity” (8). In fact, patients with 
low time- averaged CRP levels between radiologic assessments 
and with no syndesmophytes at baseline showed a minimal 
mSASSS change over time, and definite radiographic progres-
sion occurred in only 10% of them.

In the present study, the control group showed significant-
ly higher time- averaged CRP levels than the TNFi group, which 
mediated rapid radiographic progression. However, the NSAID 
index was not significantly associated with time- averaged CRP 
level or mSASSS change, irrespective of the treatment group. 
It would be premature to conclude that NSAIDs alone cannot 
reduce the time- averaged CRP level based on this result, be-
cause this study did not compare the effect of NSAIDs with that 
of no treatment on time- averaged CRP level. However, this result 

is consistent with that of a recent randomized clinical trial that 
compared radiographic progression in patients receiving con-
tinuous NSAID treatment with that in patients receiving NSAID 
treatment on demand (20). The proportion of patients with a high 
NSAID index was only 39% over all radiographic intervals in the 
control group, so inadequate dosages of NSAIDs could have led 
to less- than- optimal therapeutic effects. However, maintaining 
a high NSAID index is not well tolerated in daily clinical practice 
(21). Furthermore, a recent study showed that full- dose NSAID 
treatment did not achieve a favorable response or a relevant de-
crease in sacroiliitis on MRI (22). Therefore, if a patient showed 
elevated CRP levels despite conventional NSAID treatment, 
timely switching to or adding TNFi treatment could be a proper 
strategy for inflammation control and inhibition of radiographic 
progression in early AS.

Some previous studies suggested that the Ankylosing 
Spondylitis Disease Activity Score (ASDAS) (23), which includes 
patient- reported outcome and CRP level, could be better than 
CRP level alone for predicting radiographic progression (24,25). 
Although a statistical model using the ASDAS showed a slightly 
better fit than one using CRP level in those studies, it would 
be premature to generalize from this result because patient- 
reported outcome could be influenced by clinical factors unrelat-
ed to disease activity such as concomitant fibromyalgia (26). In 
contrast, a previous study by Machado et al showed that spinal 
inflammation detected by MRI correlated better with CRP level 
than with other measures of disease activity (27). Therefore, we 
think that time- averaged CRP level could optimally represent the 
degree of inflammation during treatment and could help us to 
estimate the precise contribution of inflammation in radiographic 
progression. Unfortunately, the ASDAS was not routinely mea-
sured in our study, so we could not compare the power of the 2 
markers to predict radiographic progression.

It is also interesting that only 57.3% of total radiographic 
intervals in the TNFi group had time- averaged CRP values <0.2 
mg/dl. This result suggests that significant numbers of patients 
receiving TNFi treatment did not achieve an optimal antiinflam-
matory effect in the real world. In contrast, all patients in the TNFi 
group fulfilled the BASDAI 50 response criteria over the entire 
observation period. This discrepancy could explain why patient- 
reported outcomes could not precisely predict radiographic pro-
gression (19). Therefore, to minimize radiographic progression 
in AS, switching to other TNFi or interleukin- 17–blocking agents 
should be considered based on the objective degree of anti-
inflammatory effectiveness rather than on subjective outcome. 
This is consistent with the recently updated “treat- to- target” 
strategy, which consists of measuring disease activity, optimally 
using the ASDAS, and adjusting therapy accordingly (24,28).

Our study has some limitations. First, the baseline features 
between the 2 groups were significantly different, and this could 
lead to confounding by indication. This was a major, but not un-
expected, drawback of the study, because starting TNFi treat-
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ment in patients with AS is indicated after encountering intoler-
ance or inadequate response to NSAID treatment in daily clinical 
practice. Although we performed propensity score matching to 
minimize this bias, the BASDAI could not be used in the match-
ing process because there was little overlap in the ranges of 
these factors between the 2 groups. A randomized, head- to- 
head comparison of TNFi treatment with conventional NSAID 
treatment as initial treatment in patients with early AS would be 
optimal to demonstrate the different effect of time- averaged CRP 
level on radiographic progression in the 2 groups. However, such 
a study is less than feasible under real- world conditions. Second, 
since this was not a randomized study, radiographic progression 
could be influenced by a number of unmeasured confounders 
such as patient compliance with treatment and physician prefer-
ences. For example, patients in the control group did not regu-
larly complete the BASDAI during treatment, so it is possible that 
patient- reported outcomes could differ between the 2 groups. 
However, in daily clinical practice, a physician would consider 
TNFi treatment if a patient does not fulfill the BASDAI 50 response 
criteria under NSAID treatment, so this imbalance should not be 
significant. In addition, it is possible that the NSAID index might 
have been underestimated because of use of over- the- counter 
NSAIDs. However, all AS patients in the Republic of Korea are 
covered by a national medical insurance system, and the patient 
pays only 10% of the price of all prescribed medication for the 
treatment of AS. Because of easy access to low- cost medical 
care in the Republic of Korea, we think that underestimation of 
the NSAID index due to use of over- the- counter medicine is less 
likely (29). Finally, because the present study included a relatively 
small number of patients in the control group, the effect of NSAID 
treatment could be insignificant due to Type II error. Although the 
95% CI of the beta value regarding the effect of the NSAID index 
on the time- averaged CRP level was relatively far from the crite-
rion for statistical significance, this result should be confirmed in 
future studies with a larger sample size.

In conclusion, we show that TNFi treatment in early AS can 
reduce radiographic progression, mainly by effective inflamma-
tion control. Although these results should be replicated in future 
(preferably randomized) studies, they may support the notion 
that early effective suppression of inflammation using TNFi could 
inhibit pathologic new bone formation in AS.
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How Do Patients With Newly Diagnosed Systemic Lupus 
Erythematosus Present? A Multicenter Cohort of Early 
Systemic Lupus Erythematosus to Inform the Development 
of New Classification Criteria
Marta Mosca,1 Karen H. Costenbader,2 Sindhu R. Johnson,3 Valentina Lorenzoni,4  Gian Domenico Sebastiani,5

Bimba F. Hoyer,6  Sandra Navarra,7 Eloisa Bonfa,8  Rosalind Ramsey-Goldman,9  Jorge Medina-Rosas,3  
Matteo Piga,10 Chiara Tani,1  Sara K. Tedeschi,2 Thomas Dörner,11 Martin Aringer,12 and Zahi Touma3

Objective. Systemic lupus erythematosus (SLE) presents with nonspecific signs and symptoms that are also found in 
other conditions. This study aimed to evaluate manifestations at disease onset and to compare early SLE manifestations 
to those of diseases mimicking SLE.

Methods. Academic lupus centers in Asia, Europe, North America, and South America collected baseline data on pa-
tients who were referred to them during the previous 3 years for possible SLE and who had a symptom duration of <1 year. 
Clinical and serologic manifestations were compared between patients diagnosed as having SLE and those diagnosed as 
having SLE- mimicking conditions. Diagnostic performance of the 1997 American College of Rheumatology (ACR) SLE classi-
fication criteria and the 2012 Systemic Lupus International Collaborating Clinics (SLICC) SLE classification criteria was tested.

Results. Data were collected on 389 patients with early SLE and 227 patients with SLE- mimicking conditions. Unexplained 
fever was more common in early SLE than in SLE- mimicking conditions (34.5% versus 13.7%, respectively; P < 0.001). Fea-
tures less common in early SLE included Raynaud’s phenomenon (22.1% versus 48.5%; P < 0.001), sicca symptoms (4.4% 
versus 34.4%; P < 0.001), dysphagia (0.3% versus 6.2%; P < 0.001), and fatigue (28.3% versus 37.0%; P = 0.024). Anti–
double- stranded DNA, anti–β2- glycoprotein I antibodies, positive Coombs’ test results, autoimmune hemolytic anemia, hypo-
complementemia, and leukopenia were more common in early SLE than in SLE- mimicking conditions. Symptoms detailed in 
the ACR and SLICC classification criteria were significantly more frequent among those with early SLE. Fewer patients with 
early SLE were not identified as having early SLE with use of the SLICC criteria compared to the ACR criteria (16.5% versus 
33.9%), but the ACR criteria demonstrated higher specificity than the SLICC criteria (91.6% versus 82.4%).

Conclusion. In this multicenter cohort, clinical manifestations that could help to distinguish early SLE from SLE- 
mimicking conditions were identified. These findings may aid in earlier SLE diagnosis and provide information for ongoing 
initiatives to revise SLE classification criteria.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a multifaceted and 
complex condition with variable phenotypes and clinical mani-
festations and a relapsing–remitting course. It is acknowledged 
that early recognition of SLE can be beneficial for long- term out-
comes, allowing early intervention and reducing damage accrual 
(1). New therapies for SLE offer the opportunity to prevent se-
rious sequelae, and limiting inclusion to only those with long-
standing disease may underestimate the effectiveness of a new 
treatment, as late- stage disease may be more difficult to treat 
and/or irreversible (2). Because accurate classification is a pre-
requisite for including SLE patients in clinical trials, the difficulty 
in classifying patients with early SLE may limit the conduct of 
clinical and translational studies on early disease.

Because SLE onset is often insidious, with clinically evident 
disease developing over years, the classification and diagnosis 
of SLE may be delayed (3). Both the American College of Rheu-
matology (ACR) SLE classification criteria (4,5) and the Systemic 
Lupus International Collaborating Clinics (SLICC) SLE classifica-
tion criteria (6) demonstrate lower sensitivity in identifying early 
disease, compared to established disease (7). Ines et al reported 
a higher sensitivity of the 2012 SLICC criteria (94%) compared 
to the 1997 ACR criteria (86%). Importantly, while the gap be-
tween the sensitivity of the SLICC and ACR criteria was maximal 
for patients with SLE duration of ≤5 years (89% versus 76%, 
respectively) and decreased with longer duration from the time 
of diagnosis, both sets of criteria performed suboptimally in the 
initial years after diagnosis. In addition, SLE diagnosis is often 
challenging due to a variety of conditions that may mimic SLE, 
including early phases of connective tissue diseases, infectious 
diseases, and hematologic diseases. Therefore, the identifica-
tion of clinical and serologic manifestations at disease onset that 
could lead the physician to a potential SLE diagnosis and an 
early referral is important in clinical practice.

Despite differences in the aims and means of classification 
and diagnosis, classification criteria enhance physicians’ ability 
to accurately identify and recognize SLE (8). The goals of the 
current multicenter study were to 1) evaluate the characteris-
tics of patients with early SLE compared to non- SLE patients, 
2) identify manifestations at disease onset that may support the
early diagnosis of SLE, and 3) inform the development of new 
classification criteria, which could potentially and accurately 
identify more patients in the early stages of SLE. The perfor-
mance of conventional classification criteria in early SLE against 
the diagnosis made by rheumatologists was also evaluated.

PATIENTS AND METHODS

Patients. Seven academic centers in Asia (Manila), Europe 
(Berlin and Pisa), North America (Boston, Chicago, and Toron-
to), and South America (São Paulo) with experience in the diag-

nosis and management of SLE took part in the study. Patients 
from a multicenter cohort collected by the Study Group on Early 
SLE of the Italian Society of Rheumatology (ISR) were also in-
cluded. Personnel at the participating centers were asked to 
collect data on clinical and serologic manifestations in patients 
with early SLE and patients with conditions mimicking SLE, at 
disease onset.

Patients included in the present study had been referred to 
these centers for evaluation of possible SLE within the previous 
3 years. Early SLE was diagnosed by experienced rheumatolo-
gists, based on clinical experience and judgment, and patients 
did not necessarily fulfill existing classification criteria. Non- SLE 
patients were those who were referred during the same period 
of time due to suspected SLE, but who ultimately did not receive 
a diagnosis of SLE by the center’s experienced rheumatologists. 
Non- SLE conditions detected included infections, hematolog-
ic diseases (e.g., lymphoma), other defined connective tissue 
diseases (e.g., Sjögren’s syndrome, primary antiphospholipid 
[aPL] syndrome, mixed connective tissue disease, systemic 
sclerosis), other rheumatic diseases (e.g., early rheumatoid ar-
thritis), other autoimmune diseases (e.g., antinuclear antibody 
[ANA]–positive thyroiditis, autoimmune hepatitis, interstitial lung 
disease), and fibromyalgia. Patients with undifferentiated con-
nective tissue disease (UCTD) who had a follow- up visit after 
≥3 years were also included in the non- SLE group. This time 
requirement was applied due to the potential for UCTD to evolve 
into SLE, which occurs in the majority of cases within the first 3 
years of disease (9).

Data collection. A standardized data extraction form to 
be used with the 1997 ACR criteria, the 2012 SLICC criteria, 
and an additional list of 30 items including clinical and serolog-
ic manifestations attributable to systemic autoimmune diseases 
was developed. Patient medical records were reviewed and in-
vestigators were asked to add to the list any other presenting 
manifestation that they considered relevant to the diagnosis. 
Standardized definitions of the clinical symptoms (e.g., pleuritis, 
alopecia, etc.) were not provided, since this study aimed to col-
lect real- life data. If clinically feasible, physicians were asked to 
report only manifestations that were attributable to possible SLE, 
after excluding other explanations (e.g., fever in the presence of 
infection). Further analysis was carried out by attributing fever to 
SLE only in the setting of a normal C- reactive protein (CRP) level. 
Similarly, no specific requirements were made for autoantibody 
testing assays; negative results reported in clinical charts were 
also recorded.

Operating characteristics of conventional criteria in 
early disease. Performance characteristics of the 1997 ACR 
criteria and the 2012 SLICC criteria were evaluated compared 
to the gold standard of the diagnoses made by the lupus center 
rheumatologists in terms of accuracy, sensitivity, specificity, 



MANIFESTATIONS OF EARLY SLE |   93

positive predictive value (PPV) and negative predictive value 
(NPV), and their 95% confidence intervals (95% CIs).

Statistical analysis. Demographic and clinical character-
istics of SLE cases and non- SLE cases were tabulated. The pro-
portion of patients with each clinical and laboratory manifesta-
tion were calculated. The distribution of variables in patients with 
early SLE was compared to the distribution of variables in non- 
SLE patients, using chi- square or Fisher’s exact test. To assess 
the potential to improve performance of conventional criteria in 
correctly identifying SLE patients at early onset, 2 different mul-
tivariable logistic regression models (which added variables to 
the dummy variables used to indicate that ACR or SLICC criteria 
have been met) were developed. Covariate selection in multivar-
iable analysis was done using clinical and statistical criteria; spe-
cifically, all variables with a P value of <0.10 in univariable anal-
ysis were considered for multivariable models. Backward and 
forward stepwise selections were used to assess model stability 
using P values less than 0.10 as a threshold to include or ex-
clude a variable. The variance inflation factor was used to assess 
collinearity. The discrimination ability of the different models was 
assessed by calculating the area under the receiver operating 
characteristic curve and asymptotic 95% CI, and the C statistic 
was used to make comparisons. All analyses were performed 
using Stata 12 (StataCorp) and R version 3.2; in descriptive sta-
tistics, P values less than 0.05 were considered significant.

RESULTS

A total of 616 patients were evaluated (Manila: 80 patients, 
Berlin: 30 patients, Pisa and ISR group: 294 patients, Boston: 32 
patients, Chicago: 6 patients, Toronto: 124 patients, São Paulo: 
50 patients), 389 with early SLE and 227 with SLE- mimicking 
conditions. The SLE- mimicking conditions were identified as 

UCTD (n = 136 [59.9% of non- SLE patients]), Sjögren’s syn-
drome (n = 21 [9.3%]), systemic sclerosis (n = 11 [4.8%]), pri-
mary Raynaud’s phenomenon (RP) (n = 10 [4.4%]), fibromyalgia 
(n = 8 [3.5%]), ANA- positive thyroiditis (n = 7 [3.1%]), rheumatoid 
arthritis (n = 6 [2.6%]), mixed connective tissue disease (n = 4 
[1.8%]), hematologic diseases (n = 2 [0.9%]), infections (n = 2 
[0.9%]), autoimmune hepatitis (n = 1 [0.4%]), psoriatic arthritis 
(n = 1 [0.4%]), and 18 miscellaneous diagnoses including rosa-
cea, osteoarthritis, and erythema nodosum. Demographic data 
on the patients are shown in Table 1. The female:male ratio was 
higher among patients with mimicking conditions (P < 0.001), 
while age at first diagnosis was significantly lower among sub-

jects with early SLE (P = 0.011) (Table 1).

Manifestations of early SLE. ACR and SLICC criteria 
items were detected significantly more frequently in early SLE 
than in mimicking conditions (Table  2). Seizures were uncom-
mon at disease onset, reported in 11 SLE patients (2.8%) and 
in 0 non- SLE patients (P = 0.009). No patients with early SLE 
presented with peripheral neuropathy. Stroke and myocardial 
infarction occurred in SLE patients only, but were uncommon 
(n = 4 [1.0%] and n = 3 [0.8%], respectively). Unexplained fever 
was significantly more common in SLE patients than in patients 
with mimicking conditions (34.5% versus 13.7%, respectively; 
P < 0.001); significance was maintained when fever in associ-
ation with a normal CRP level was considered (27.5% versus 
7.9%; P < 0.001). Additional differentiating variables between 
SLE patients and patients with mimicking conditions were al-
opecia (30.6% versus 11.9%, respectively; P < 0.001), weight 
loss (13.1% versus 4.4%; P < 0.001), and ascites (3.1% versus 

0%; P = 0.005).
Some symptoms that differed significantly between the 2 

groups were detected more frequently in patients with mimicking 
conditions than in patients with SLE. Among these symptoms 

Table 1. Demographic characteristics of the enrolled patients*

Characteristic
SLE 

(n = 389)
Non- SLE mimicking conditions 

(n = 227)
Total 

(n = 616) P 

Female 345 (88.9) 220 (96.9) 565 (91.9) <0.001
Age at first symptom, mean ± 
SD years

31.4 ± 12.3 33.9 ± 13.5 32.3 ± 12.7  0.011

Ethnicity <0.001
Caucasian 212 (54.5) 203 (89.4) 415 (67.7)
Asian 113 (29.0) 14 (6.2) 127 (20.7)
African descent 30 (7.7) 6 (2.6) 36 (5.9)
American Indian 1 (0.3) 0 1 (0.2)
Other 7 (1.8) 0 7 (1.1)
Unknown 26 (6.7) 4 (1.8) 27 (4.4)

* Except where indicated otherwise, values are the number (%) of patients. Non–systemic lupus erythematosus (non- SLE) mimicking con-
ditions include undifferentiated connective tissue disease, Sjögren’s syndrome, systemic sclerosis, primary Raynaud’s phenomenon, fibro-
myalgia, antinuclear antibody–positive thyroiditis, rheumatoid arthritis, mixed connective tissue disease, hematologic diseases, infections, 
autoimmune hepatitis, psoriatic arthritis, miscellaneous diagnoses including rosacea, osteoarthritis, and erythema nodosum. 
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were RP (22.1% in SLE patients versus 48.5% in non- SLE pa-
tients; P < 0.001), sicca symptoms (4.4% versus 34.4%, respec-
tively; P < 0.001), dysphagia (0.3% versus 6.2%; P < 0.001), and 
fatigue (28.3% versus 37.0%; P = 0.024). Rashes outside the 
typical SLE symptom spectrum, such as skin vasculitis, were 
also slightly more frequent among patients with mimicking con-

ditions than among those with SLE (11.9% in non- SLE patients 
versus 5.9% in SLE patients; P = 0.009).

Serologic findings. Serologic results at disease onset are 
reported in Table 3. Only 2 patients with early SLE (0.5%) were 
ANA- negative at disease onset. One patient had a completely 

Table 2. Clinical manifestations at disease onset in patients with early SLE and patients with SLE- mimicking conditions*

Manifestation
SLE 

(n = 389)
SLE- mimicking conditions 

(n = 227) P 

Fever 134 (34.5) 31 (13.7) <0.001
Fatigue 110 (28.3) 84 (37.0)  0.02
Weight Loss 51 (13.1) 10 (4.4) <0.001
Malar rash 193 (49.6) 14 (6.2) <0.001
Subacute cutaneous lupus 9 (2.3) 8 (3.5)  0.37
Discoid lesions 36 (9.3) 11 (4.9)  0.04
Other rash 23 (5.9) 27 (11.9)  0.009
Photosensitivity 123 (31.6) 42 (18.5) <0.001
Oral ulcers 84 (21.6) 12 (5.3) <0.001
Alopecia 119 (30.6) 27 (11.9) <0.001
Skin ulcers 8 (2.1) 3 (1.3)  0.75
Telangiectasias 4 (1.0) 5 (2.2)  0.30
Inflammatory arthritis 224 (57.6) 60 (26.4) <0.001
Arthralgias 79 (20.3) 97 (42.7)  0.001
Pleuritis 87 (22.4) 6 (2.6) <0.001
Pericarditis 73 (18.8) 7 (3.1) <0.001
Ascites 12 (3.1) 0  0.005
Kidney involvement† 51 (13.1) 0 <0.001
Dry eyes 15 (3.9) 63 (27.8) <0.001
Dry mouth 14 (3.6) 67 (29.5) <0.001
Dysphagia 1 (0.3) 14 (6.2) <0.001
Pneumonia 6 (1.5) 0  0.09
Alveolar hemorrhage 2 (0.5) 0  0.53
Pulmonary fibrosis 2 (0.5) 3 (1.3)  0.36
Pulmonary hypertension 5 (1.3) 5 (2.2)  0.51
Valvular disease 1 (0.3) 0  1.00
Myocardial infarction 3 (0.8) 0  0.30
Thrombosis 14 (3.6) 2 (0.9)  0.06
Swollen fingers 14 (3.6) 11 (4.9)  0.52
Raynaud’s phenomenon 86 (22.1) 110 (48.5) <0.001
Livedo reticularis 12 (3.1) 11 (4.9)  0.27
Stroke 4 (1.0) 0  0.30
Transitory ischemic attack 1 (0.3) 1 (0.4)  1.00
Cognitive impairment 6 (1.5) 1 (0.4)  0.43
Seizures 11 (2.8) 0  0.009
Psychosis 4 (1.0) 2 (0.9)  1.00
Migraine 10 (2.6) 5 (2.2)  1.00
Intestinal vasculitis 3 (0.8) 0  0.30

* Values are the number (%) of patients. SLE = systemic lupus erythematosus. 
† Includes proteinuria, hematuria, pyuria, and casts. 
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negative autoantibody panel, and the second tested positive for 
anti- Sm and anti–double- stranded DNA (anti- dsDNA) antibodies, 
with negative ANA test results. Although positivity for ANA was 
the most common reason for referral of patients with mimicking 
conditions, 11 of the non- SLE patients (4.9%) tested negative for 
ANA at a cutoff titer of 1:80. Compared to patients with mimick-
ing conditions, patients with early SLE were much more likely to 
have antibodies to dsDNA (71.7% of SLE patients versus 6.9% 
of non- SLE patients) and to Sm (30.2% versus 2.6%, respec-
tively). Anticardiolipin IgM and anti–β2- glycoprotein I antibodies
were also more frequent in early SLE, as were positive Coombs’ 
test results, autoimmune hemolytic anemia, hypocomplemente-
mia, and leukopenia (Table  3). Antibodies to Ro/SSA and La/
SSB did not differentiate between early SLE (33.2% anti-  
Ro–positive and 15.1% anti- La–positive) and mimicking condi-
tions (25.6% and 9.9%, respectively). Thrombocytopenia was 
present in only 6.6% of SLE patients and 4.8% of those with 

mimicking conditions.

Performance characteristics of conventional criter ia.  
Sensitivity and specificity of the 1997 ACR criteria and the 
2012 SLICC criteria for early diagnosis were calculated with the 
physician diagnosis as the gold standard. At diagnosis, sensi-
tivity of the ACR criteria was calculated as 66.1%, compared 
to 83.5% for the SLICC criteria. Of the 132 patients with early 
SLE who did not meet classification by ACR criteria (33.9%), 
89 fulfilled 3 components of the ACR criteria, and 37 fulfilled 2 
components of the ACR criteria. Six patients met only 1 ACR 
criteria component. Of the 64 patients with early SLE who did 
not meet classification by SLICC criteria (16.5%), 39 patients 

fulfilled 3 components of the SLICC criteria, and 19 patients 
fulfilled 2 components of the SLICC criteria. The 1997 ACR cri-
teria showed a specificity of 91.6%, while the specificity of the 
2012 SLICC criteria was 82.4%. Accordingly, the accuracy was 
75.5% for the ACR criteria and 83.1% for the SLICC criteria. 
The PPV and NPV for the ACR criteria were 93.1% and 61.2%, 
respectively, and 89.0% and 74.5%, respectively, for the SLICC 
criteria.

Improvement of the 1997 ACR criteria and the 2012 
SLICC criteria diagnostic performance. Based on univaria-
ble analysis (Table 4), multivariable models were used to assess 
improvement of current criteria with the addition of other varia-
bles. When alopecia, fever, hypocomplementemia, and anti- RNP 
were added to the 1997 ACR criteria, accuracy in classification 
of patients improved significantly (P < 0.001), with the area under 
the curve (AUC) being 0.862 (95% CI 0.830–0.895). In the multi-
variable logistic models, the inclusion of anti- RNP, arthralgia, dry 
mouth, other rash, and weight loss in the 2012 SLICC criteria 
resulted in an AUC of 0.899 (95% CI 0.871–0.927), with a signif-
icant improvement of the discrimination ability, compared to the 

SLICC criteria alone (P < 0.001).

DISCUSSION

In the present study, we investigated clinical symptoms and 
serologic findings (at disease onset) from a large multicenter, 
multiethnic cohort of 389 SLE patients who received initial di-
agnoses at lupus referral centers and compared them to the 
findings in 227 patients referred for possible SLE, who were ulti-

Table 3. Serologic abnormalities and autoantibodies detected*

SLE 
(n = 389)

SLE- mimicking conditions 
(n = 227) P 

ANA 387 (99.5) 216 (95.1) <0.001
Anti- dsDNA 251 (71.7) 14 (6.9) <0.001
Anti- Sm 90 (30.2) 5 (2.6) <0.001
Anti- Ro 98 (33.2) 53 (25.6)  0.06
Anti- La 41 (15.1) 20 (9.9)  0.09
Anti- RNP 85 (28.5) 12 (5.9) <0.001
IgG aCL 50 (18.1) 24 (12.1)  0.07
IgM aCL 36 (13.2) 4 (2.0) <0.001
LAC 31 (12.7) 27 (17.6)  0.17
Anti- β2GPI 30 (17.0) 5 (4.4)  0.001
Coombs’ test positive 48 (12.3) 13 (5.7)  0.008
Low complement 243 (73.4) 104 (48.4) <0.001
Thrombocytopenia 23 (6.6) 10 (4.8)  0.37
Leukopenia 61 (16.2) 21 (9.8)  0.02
Hemolytic anemia 18 (4.6) 1 (0.4)  0.003

* Values are the number (%) of patients. SLE = systemic lupus erythematosus; ANA = antinuclear antibody; anti- dsDNA = anti–double- 
stranded DNA; aCL = anticardiolipin; LAC = lupus anticoagulant; anti- β2GPI = anti–β2- glycoprotein. 
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mately given another diagnosis after clinical and serologic eval-
uation at the same centers. We identified parameters that could 
help in identifying patients with early SLE and could guide the 
physician in a differential diagnosis with mimicking conditions. In 
addition, we identified items relevant for the development of new 
classification criteria for SLE, with specific interest in improving 
sensitivity and specificity for the classification of early disease.

Descriptive statistical analyses revealed that some symp-
toms were more prevalent in SLE than in SLE- mimicking con-
ditions. As expected, among clinical manifestations, standard 
items in existing classification criteria were more prevalent in 
SLE than in SLE- mimicking conditions; some signs and symp-
toms that are not part of current classification criteria were also 
associated with early SLE, including fever and weight loss. Non-
infectious fever was more prevalent in early SLE than in SLE- 
mimicking conditions (34.5% versus 13.7%). Of the serologic 
variables, ANAs, anti- dsDNA antibodies, anti- RNP antibodies, 
and aPL antibodies were also more prevalent in the SLE sub-
groups, in addition to a positive Coombs’ test result and hemo-
lytic anemia. However, no differences between the groups were 
observed with respect to leukopenia, thrombocytopenia, or anti- 
Ro/La antibodies.

In our cohort of 616 patients, the 1997 ACR criteria demon-
strated a sensitivity of 66.1% and a specificity of 91.6%, and the 
2012 SLICC criteria demonstrated a sensitivity of 83.5% and 
a specificity of 82.4% for early diagnosis (8,10,11). As a result, 
132 patients with a clinical diagnosis of SLE (33.9%) were not 
classified as having SLE according to the ACR criteria, and 64 
with a clinical diagnosis of SLE (16.5%) did not fulfill the SLICC 
classification criteria. These patients were more likely to pres-
ent milder cases, which included conditions such as arthritis, 
hematologic manifestations, malar rash, lymphadenopathy, 
noninfectious fever, alopecia, ANA- positive thyroiditis, and the 
presence of anti- dsDNA or aPL antibodies. In contrast, some 
patients were inaccurately classified as having SLE by the ACR 
criteria (n = 19) and SLICC criteria (n =40). The accuracy of the 
1997 ACR criteria and the 2012 SLICC criteria was 75.5% and 
83.1%, respectively.

SLE is a disease characterized by a large variety of autoan-
tibodies, and their production has been shown to increase short-
ly before disease onset (10). A fundamental decision made in 
the development of the SLICC criteria was that patients were 
required to have serologic evidence of antibodies or immune 
complex deposition (6). Within the current SLE classification cri-
teria approach, a meta- analysis of published data showed that 
ANA positivity by HEp- 2 testing, at a titer of ≥1:80, was 98% 
sensitive for SLE (11). Our cohort results support the idea that 
ANA positivity might be an important discriminant variable in the 
assessment of patients in whom SLE is clinically suspected. In 
fact, at disease onset, only 2 patients diagnosed as having SLE 
were recorded to be ANA- negative, and in 1 of the 2 this was 
apparently a false- negative result.

Table 4. Univariable logistic regression models for the association 
with SLE*

OR 95% CI P 

Clinical manifestation
Malar rash 14.981 8.42–26.65 <0.001
Discoid rash 2.003 1–4.02  0.051
Photosensitivity 2.037 1.37–3.03 <0.001
Oral ulcer 4.934 2.63–9.26 <0.001
Inflammatory arthritis 3.779 2.64–5.4 <0.001
Kidney involvement† 16.975 4.09–70.43 <0.001
Pericarditis 7.260 3.28–16.07 <0.001
Peripheral edema 30.309 4.15–221.34  0.001
Alopecia 3.265 2.07–5.15 <0.001
Fever 3.322 2.16–5.12 <0.001
Fatigue 0.671 0.47–0.95  0.025
Weight loss 3.274 1.63–6.59  0.001
Other rash 0.465 0.26–0.83  0.010
Dry eyes 0.104 0.06–0.19 <0.001
Dry mouth 0.089 0.05–0.16 <0.001
Arthralgia 0.613 0.44–0.86  0.005
Dysphagia 0.039 0.01–0.3  0.002
Hypertension 15.522 2.09–115.34  0.007
Raynaud’s 

 phenomenon
0.302 0.21–0.43 <0.001

Neurologic 
 involvement‡ 

4.512 1.02–19.91  0.047

CNS symptom (≥1) 2.721 1.18–6.29  0.019
Serositis 6.624 3.55–12.35 <0.001

Serologic 
manifestation

ANA 9.854 2.16–44.87  0.003
Anti- dsDNA 34.046 18.86–61.46 <0.001
Anti- Sm 16.269 6.47–40.9 <0.001
IgG aCL 1.597 0.94–2.7  0.081
IgM aCL 7.329 2.56–20.95 <0.001
LAC 0.679 0.39–1.19  0.177
Anti- β2GPI 4.438 1.67–11.81  0.003
Anti- Ro 1.445 0.97–2.15  0.068
Anti- La 1.624 0.92–2.87  0.095
Anti- RNP 6.352 3.37–11.99 <0.001
Leukopenia 1.789 1.06–3.03  0.031
Piastrinopenia 1.411 0.66–3.03  0.376
Coombs’ test 2.317 1.23–4.38  0.010
Hypocomplemen-
temia

3.016 2.15–4.23 <0.001

* OR = odds ratio; 95% CI = 95% confidence interval; CNS = central 
nervous system; ANA = antinuclear antibody; anti- dsDNA = anti–
double- stranded DNA; aCL = anticardiolipin; LAC = lupus anticoag-
ulant; anti- β2GPI = anti–β2- glycoprotein. 
† Includes proteinuria, hematuria, pyuria, and casts.  
‡ As defined in the American College of Rheumatology systemic 
lupus erythematosus (SLE) classification criteria. 
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In addition to negativity for ANA, manifestations such as fa-
tigue, dysphagia, RP, and some skin lesions (i.e., purpura and 
skin vasculitis), especially in serologically negative patients, are 
either not useful to distinguish from SLE- mimicking conditions 
or may steer toward alternative diagnoses. These data also em-
phasize that the differential diagnosis process for SLE is long 
and requires comprehensive experience with other autoimmune 
and related diseases. In recent years, several studies have char-
acterized SLE patients in the early phases of the disease, high-
lighting the importance of non–classification criteria symptoms 
(12–16).

Recently, Rees et al examined the clinical manifestations in 
SLE patients at onset, in order to develop a risk prediction model 
for SLE that can be used at the time of referral to a general prac-
titioner, rather than at a later referral to a rheumatologist or lupus 
expert (12). This study showed that SLE patients consult their 
physicians frequently in the 5 years preceding their diagnosis, 
for manifestations such as arthralgias, rash, and alopecia. While 
the median time from clinical presentation of SLE to SLE diagno-
sis was >1 year, manifestations like thrombocytopenia and ne-
phrotic syndrome were more likely to be associated with acute 
care management (i.e., hospital admission or urgent referral) and 
an earlier diagnosis of SLE. Since 1990, different studies have 
examined clinical manifestations and serologic features at SLE 
onset; among non- criteria symptoms, arthralgias, fever, alope-
cia, RP, non- hemolytic anemia, and lymphadenopathy were the 
most frequently reported (13–16).

There are some inconsistencies between the results of 
these studies and ours; presumably, differences in inclusion cri-
teria and disease duration limit the comparability of the results. 
We enrolled patients independent of whether they fulfilled ACR 
classification criteria or SLICC classification criteria. In contrast 
to other cohort studies that enrolled patients upon fulfillment of 
classification criteria (mainly the 1997 ACR criteria), our study 
design allowed for the inclusion of patients at very early dis-
ease onset, even before the accrual of standard classification 
criteria. This methodology was crucial for identifying variables 
that could distinguish patients with very early SLE, particularly in 
the absence of disease- specific markers such as lupus nephri-
tis, disease- specific skin manifestations, or autoantibodies that 
might develop later in the course of disease.

Some limitations of our study need to be acknowledged. 
Due to its observational nature, some of the variables included in 
the analysis were collected in different ways among the diverse 
centers, according to local clinical practice. For instance, the SLE 
group and the SLE- mimicking condition group were compared 
in order to explore factors that may help identify SLE patients, 
and no sample size calculation was performed a priori, because 
patients in the 2 groups were selected on the basis of availabil-
ity. Thus, group sample sizes were different (i.e., the non- SLE 
group was smaller than the SLE group), which can potentially 
affect the results and power of the analysis. Other methodologic 

limitations to be acknowledged when interpreting results include 
the limited sample size for some manifestations and the bivariate 
nature of almost all of the analyses, such that instead of taking 
into account the overall spectrum of variables, they are limited to 
pairwise comparisons.

Additionally, the fact that patients were enrolled after vis-
iting expert rheumatologic centers might constitute a bias, as 
patients may present differently to different specialists. However, 
since the disease diagnosis was considered the gold standard 
in this study, we also believe this selection has the advantage 
of additional information (e.g., patient sex, race, and age at on-
set) being integrated into the diagnostic decision. Relying on 
expert diagnosis also has the advantage of a clear- cut, binary 
response, which allows for analysis of every submitted case, in-
stead of an adjudication process that would have led to the ex-
clusion of certain patients. A final limitation of the study might be 
the relatively small number of patients identified as Hispanic or 
of African descent; these patients might have a different disease 
expression or severity, and our results need further confirmation 
in these ethnic groups.

In conclusion, the present study has identified clinical and 
serologic characteristics of patients with early SLE that may help 
physicians differentiate between SLE and SLE- mimicking con-
ditions. Additionally, we identified features at symptom onset 
that may help in the identification of early SLE. Limitations of the 
1997 ACR criteria and the 2012 SLICC criteria in the accurate 
classification of early SLE were also identified in this cohort. This 
study is an element in the item- generation phase of an ongoing 
international effort to devise new SLE classification criteria with a 
focus on early disease, consecutively informing both the nominal 
group technique exercise for item reduction and the multivariable 
decision analysis for item weighting.
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Signaling Lymphocytic Activation Molecule Family  
Member 1 Engagement Inhibits T Cell–B Cell Interaction 
and Diminishes Interleukin- 6 Production and Plasmablast 
Differentiation in Systemic Lupus Erythematosus
Maria P. Karampetsou,1  Denis Comte,2  Abel Suárez-Fueyo,1  Eri Katsuyama,1 Nobuya Yoshida,1  
Michihito Kono,1 Vasileios C. Kyttaris,1 and George C. Tsokos1

Objective. Signaling lymphocytic activation molecule family member 1 (SLAMF1) homophilic interactions promote im-
munoglobulin production and T cell–B cell cross- talk. SLAMF1 is overexpressed on T and B cells in patients with systemic 
lupus erythematosus (SLE). This study was undertaken to determine the role of SLAMF1 monoclonal antibody (mAb) in 
modulating T cell–B cell interaction and B cell activation.

Methods. Anti- IgM–prestimulated naive or total B cells from either healthy donors or patients with SLE were cocul-
tured with autologous T cells under CD3/CD28 stimulation, in the presence or absence of the SLAMF1 mAb. Naive B cells 
were stimulated with anti- IgM and CD40L in the presence of the SLAMF1 antibody. Cytokine production by CD4+ T cells 
and B cells was examined by flow cytometry and/or quantitative polymerase chain reaction. Plasmablast formation and T 
cell and B cell conjugates were assessed by flow cytometry. IgG and antinuclear antibody production was determined by 
enzyme- linked immunosorbent assay.

Results. SLAMF1 ligation in a human peripheral blood T cell–B cell culture system reduced the following in both 
healthy controls and patients with SLE: conjugate formation, interleukin- 6 (IL- 6) production by B cells, IL- 21 and IL- 17A 
production by T cells, and Ig and autoantibody production. Whereas the SLAMF1 mAb directly affected the function of 
isolated peripheral B cells by decreasing IL- 6 and Ig production in vitro, it did not affect cytokine production by isolated T 
cells stimulated in vitro.

Conclusion. The SLAMF1 antibody inhibits T cell–B cell interaction and suppresses B cell cytokine production and 
differentiation, thereby acting as a potential therapeutic tool in the treatment of patients with SLE.

INTRODUCTION

Systemic lupus erythematosus (SLE) is characterized by al-
terations in B cell subset distribution in the peripheral blood (1), 
defects in early B cell receptor (BCR)–initiated signaling events 
(2), and spontaneous autoantibody and interleukin- 6 (IL- 6) pro-
duction (3,4). The pathophysiologic significance of B cells in SLE 
is underscored by the beneficial clinical outcomes of treatment 
with belimumab, an antibody that inhibits B cell–stimulating cy-
tokines known to affect the survival of B cells and plasma cells (5).

Signaling lymphocytic activation molecule family members 
1–9 (SLAMF1–9) are type I transmembrane glycoprotein cell 

surface receptors that deliver downstream signals upon their 
engagement and modulate the magnitude of the immune re-
sponse. The SLAMF- encoding genes are located on chromo-
some 1 within q23, a region known to be associated with in-
creased susceptibility to SLE development (6,7).

SLAMF1 is expressed on T cells, B cells, and dendritic cells, 

but not on monocytes or natural killer cells (8,9). Under physiologic 

conditions, SLAMF1 acts as a self ligand. The −262 A/G and −188 

A/G polymorphisms in the promoter region of SLAMF1 are linked 

to an increase in SLAMF1 messenger RNA (mRNA) expression fol-

lowing stimulation of SLE peripheral blood mononuclear cells with 
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phytohemagglutinin, and may contribute to increased SLE suscep-
tibility (10). Moreover, SLAMF1 is up- regulated on the cell surface of 
both T cells and B cells in the peripheral blood of patients with SLE, 
suggesting its potential role in SLE immunopathogenesis (11,12).

In B cells, SLAMF1 is up- regulated following activation, and 
it has been shown that coengagement with membrane forms or 
soluble forms of recombinant SLAMF1 may promote B cell pro-
liferation and differentiation into immunoglobulin- secreting cells 
(ISCs) (13). Interestingly, it has been shown that the SLAMF1 
monoclonal antibody (mAb) A12 and its F(ab′)2 fragment slightly 
diminished B cell proliferation induced by Staphylococcus au-
reus Cowan 1 (SAC) or anti- CD40, suggesting that SLAMF1 
mAb may have an inhibitory effect on B cell activation (13).

We found that the presence of SLAMF1 mAb in human pe-
ripheral blood T cell and B cell cultures reduces both T cell–B cell 
interaction and IL- 6 production by B cells. As a result, IL- 21 and 
IL- 17A production by T cells and Ig and autoantibody production 
by B cells are diminished in both healthy subjects and patients 
with SLE.

While the SLAMF1 mAb directly affects the function of iso-
lated peripheral B cells by decreasing IL- 6 and Ig production in 
vitro, it does not affect cytokine production by isolated T cells 
stimulated in vitro. These data suggest that SLAMF1 engage-
ment may have an unrecognized beneficial effect in conditions 
where T cell–B cell interaction is crucial in disease pathogenesis.

PATIENTS AND METHODS

SLE patients and healthy controls. Patients (n = 26) who 
fulfilled the American College of Rheumatology criteria for SLE (14) 
were recruited from the Rheumatology Department at Beth Israel 
Deaconess Medical Center. Disease activity scores were meas-
ured using the SLE Disease Activity Index (SLEDAI) scoring system 
(15) (see Supplementary Table 1, on the Arthritis & Rheumatology 
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40682/
abstract). Age- , sex- , and ethnicity- matched healthy individuals 
were evaluated as controls. Informed consent was obtained from 
all participants in ac cordance with the Declaration of Helsinki.

Cell isolation. Peripheral blood mononuclear cells were 
isolated by density- gradient centrifugation using Lymphocyte 
Separation Medium (Corning Life Sciences). Total T cells and B 
cells were isolated by negative selection using RosetteSep (Stem 
Cell Technologies). Naive B cells were negatively selected from 
total B cells using a Human Naive B Cell Isolation Kit II (Miltenyi 
Biotec). The positive fractions representing memory B cells were 
also collected. Naive CD4+ T cell purification was performed 
with a Human Naive CD4+ T Cell Isolation Kit II (Miltenyi Biotec).

T cell stimulation. Reagents used for T cell and B cell 
in vitro stimulation are listed in Supplementary Table 2 (http://

onlinelibrary.wiley.com/doi/10.1002/art.40682/abstract). Total or 
naive CD4+ T cells were stimulated in complete RPMI medium 
(supplemented with 10% fetal bovine serum, 100 μg/ml strep-
tomycin, and 100 units/ml penicillin), with precoated antibodies 
(1 μg/ml anti- CD3, 1 μg/ml anti- CD28, 5 μg/ml anti- SLAMF1, or 
5 μg/ml isotype control). Where indicated, cells were restimulat-
ed for 6 hours with 25 ng/ml phorbol 12- myristate 13- acetate 
(PMA) and 0.5 μg/ml ionomycin in the presence of Brefeldin A (1 
μg/ml GolgiPlug; BD Biosciences).

B cell stimulation. Total, naive, or memory peripheral 
blood B cells were stimulated with the F(ab′)

2 fragment of an 
affinity- purified mouse anti- human heavy chain μ antibody (1 μg/
ml), followed by stimulation with soluble CD40L (2 μg/ml), in the 
presence of either mouse anti- human SLAMF1 mAb (5 μg/ml) 
or mouse IgG1κ isotype control mAb (5 μg/ml), for the indicated 
amount of time. In some experiments, cells were cultured in the 
presence of a pharmacologic inhibitor against SHP- 2 (SHP099; 
Cayman Chemical).

For cytokine detection, cells were restimulated with PMA 
(25 ng/ml) and ionomycin (0.5 μg/ml) in the presence of Brefel-
din A (1 μg/ml) for the final 6 hours of culture. For B cell dif-
ferentiation, naive B cells were stimulated as described above 
in the presence of 10 ng/ml IL- 4 (PeproTech) for 7 days, with 
IL- 4 replenished every 3 days. For immunoglobulin production, 
naive B cells (50 × 103/200 μl in complete medium in 96- well 
U- bottomed plates) were stimulated for 12 days with F(ab′)2 anti- 
IgM (1 μg/ml), CD40L (2 μg/ml), and IL- 4 (10 ng/ml), in the pres-
ence of SLAMF1 mAb (5 μg/ml) or isotype control.

T cell–B cell coculture. Total or naive B cells were prestim-
ulated for 48 hours with F(ab′)2 anti- IgM (1 μg/ml). Following this, 
cells were cocultured with autologous total T cells or naive CD4+ 
T cells, as indicated, in complete medium in 48- well plates (pre-
coated with 1 μg/ml anti- CD3 and 1 μg/ml anti- CD28) for 5 days 
at 37°C with 5% CO2. Soluble SLAMF1 mAb (5 μg/ml) or isotype 
control was added to the culture. Where indicated, we used a 
F(ab′)2 fragment generated from either SLAMF1 mAb (5 μg/ml) or 
normal isotype control (5 μg/ml), using a F(ab′)2 Fragmentation Kit 
according to the instructions of the manufacturer (G- Biosciences).

On day 5, cells were restimulated with PMA (25 ng/ml) and 
ionomycin (0.5 μg/ml) in the presence of Brefeldin A (1 μg/ml) for 
6 hours. Cytokine production was examined by flow cytometry. 
Alternatively, cocultures were maintained for 12 hours and then 
examined for conjugate formation, or they were maintained for 
7 days to examine follicular helper T (Tfh) cell–like formation and 
plasmablast differentiation.

Th17 cell differentiation. Freshly isolated naive CD4+ T 
cells were cultured in complete medium with precoated anti- CD3 
mAb (1 μg/ml) and anti- CD28 mAb (1 μg/ml) in the presence  
of either soluble SLAMF1 mAb (5 μg/ml) or isotype control  
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(5 μg/ml), under the previously described Th17- polarizing con-
ditions (16). On day 5, cells were restimulated for 6 hours with 
PMA (25 ng/ml) and ionomycin (0.5 μg/ml) in the presence of 
Brefeldin A (1 μg/ml). Cytokine production was examined by flow 
cytometry. All cytokines were purchased from PeproTech.

Flow cytometry and proliferation experiments. 
Cells were stained to detect dead cells (Zombie Aqua/UV/NIR 
Fixable Viability Kit; BioLegend) and then labeled for surface an-
tibodies (see Supplementary Table 2, on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40682/abstract). For cytokine detection, cells were perme-
abilized (Cytofix/Cytoperm; BD Biosciences) and stained with 
the indicated antibodies (Supplementary Table 2). Data were 
acquired with an LSR II SORP (BD Biosciences) and analyzed 
using FlowJo. Cells were labeled with 1 μM carboxyfluorescein 
succinimidyl ester (CFSE) for 5 minutes at 37°C, and were then 
activated with appropriate stimuli. The CFSE dilution was exam-
ined by flow cytometry.

Enzyme- linked immunosorbent assay (ELISA), real- 
time quantitative reverse transcriptase–polymerase 
chain reaction (qRT- PCR), and Western immunoblot-
ting. ELISA was used to determine secretion of IgG (eBiosci-
ence) and antinuclear antibody (ANA; NeoScientific) in culture 
supernatants, according to the manufacturers’ instructions. 
Real- time qRT- PCR was performed as previously described (17). 
Primer sequences are shown in Supplementary Table 3 (http://
onlinelibrary.wiley.com/doi/10.1002/art.40682/abstract). West-
ern immunoblotting was performed as previously described (18).

Statistical analysis. Data are presented as the mean 
± SEM. Statistical significance was determined by Wilcoxon 
matched pairs signed rank test, or for multiple comparisons, by 
one- way analysis of variance followed by post hoc analysis with 
Tukey’s test. Analyses were performed using GraphPad Prism 
version 7. P values less than or equal to 0.05 were considered 
significant.

RESULTS

SLAMF1 ligation reduces IL- 21 and IL- 17A produc-
tion by healthy and SLE CD4+ T cells in a T cell–B cell 
coculture system. B cells are potent antigen- presenting cells 
that are able to initiate and maintain T cell responses, through 
both cell–cell contact and cytokine release. SLAMF1 is up- 
regulated on both T cells and B cells in patients with SLE (12). 
We examined the effect of SLAMF1 ligation using a specific 
anti- human SLAMF1 mAb in the context of T cell–B cell inter-
actions in vitro. Total B cells were isolated from the peripheral 
blood of healthy donors and patients with SLE, and stimulated 

with F(ab′)2 anti- IgM for 48 hours to mimic the initial capture of
antigen by the B cells. Stimulated B cells were then cocultured 
for 5 days with autologous T cells, in the presence or absence of 
soluble SLAMF1 mAb.

We examined the production of IL- 21, IL- 17A, interferon- γ
(IFNγ), tumor necrosis factor (TNF), IL- 4, IL- 10, and IL- 2 by
CD4+ T cells on day 5, following restimulation with PMA and 
ionomycin for the final 6 hours of the culture. In cultures in which 
SLAMF1 mAb was added, we observed a significant decrease 
in the percentage of IL- 21– and IL- 17A–producing CD4+ T 
cells in both SLE patients and healthy subjects, compared to 
cultures treated with isotype control mAb (Figures 1A–C). Pro-
duction of IFNγ, TNF, IL- 4, IL- 10, and IL- 2 remained unaffect-
ed by SLAMF1 mAb (Supplementary Figures 1 and 2, http://
onlinelibrary.wiley.com/doi/10.1002/art.40682/abstract). For 
certain coculture experiments, a F(ab′)2 fragment of either anti- 
SLAMF1 or isotype control was used, yielding results similar 
to those observed with regard to IL- 21 and IL- 17 production 
(Supplementary Figure 3).

When T cells were cultured in the absence of autologous 
B cells, we failed to detect differences in the percentage of  
IL- 21+ CD4+ T cells following SLAMF1 coengagement, and 
IL- 17A production under non–Th17 polarization conditions 
was minimal (Supplementary Figures 4A and B, http://onlineli-
brary.wiley.com/doi/10.1002/art.40682/abstract). To further as-
sess the potential effect of SLAMF1 coengagement on IL- 17A 
production and Th17 differentiation, naive CD4+ T cells from 
healthy controls were incubated with SLAMF1 mAb under Th17- 
polarizing conditions. We did not observe any differences in the 
percentages of IL- 17A–producing cells following Th17 differenti-
ation in the presence of anti- SLAMF1 mAb compared to isotype 
control mAb (Supplementary Figures 4C and D).

Finally, we assessed the effects of SLAMF1 mAb on CD4+ T 
cell activation and proliferation. No differences were observed in 
the degree of up- regulation of CD69 and CD25 on the surface of 
CD4+ T cells following 48 hours of stimulation or in percentages 
of proliferating CFSElow cells following 6 days of culture, between 
cells treated with anti- SLAMF1 and those treated with isotype 
control mAb (Supplementary Figure 5, http://onlinelibrary.wiley.
com/doi/10.1002/art.40682/abstract).

The above data suggest that the decrease in the percent-
age of IL- 17A– and IL- 21–producing CD4+ T cells in the cocul-
ture system does not represent a direct effect of SLAMF1 mAb 
on T cells. Rather, the SLAMF1 mAb exerts its effect on T cell–B 
cell interaction.

SLAMF1 ligation inhibits plasmablast differentia-
tion in a T cell–B cell coculture system in vitro. Produc-
tion of IL- 21 is instrumental in driving differentiation of B cells 
into ISCs (19,20). Because SLAMF1 ligation resulted in reduced 
IL- 21 production from CD4+ T cells in our T cell–B cell coculture 
system, we assessed the effect of SLAMF1 mAb on the progres-
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sion of naive B cells into plasmablasts. We isolated and prestim-
ulated (for 48 hours) healthy naive peripheral blood B cells and 
then cocultured them with autologous total T cells for 7 days. 
Formation of plasmablasts (defined as IgD−CD27+CD38high) was 
assessed by flow cytometry. In the presence of SLAMF1 mAb, 
the frequency of plasmablasts was significantly reduced, com-
pared to that observed with isotype control mAb, after 7 days of 
culture (Figure 1D).

Because IL- 21 production mainly characterizes CD4+ Tfh 
cells, a distinct subset of CD4+ helper T cells that drives antigen- 
specific humoral immune responses within germinal centers, we 
examined the effect of anti- SLAMF1 ligation on CD4+T cell differen-
tiation toward Tfh- like cells. F(ab′)2 anti- IgM–prestimulated B cells
were cocultured for 7 days with naive CD4+ T cells in the presence 
or absence of SLAMF1 mAb. The frequency of naive CD4+ T cells 
that acquired a Tfh- like phenotype (defined by high expression of 
inducible costimulator [ICOS], programmed cell death 1 [PD- 1], 
and chemokine receptor 5 [CXCR5]) remained unaltered (21,22).

SLAMF1 ligation with SLAMF1 mAb diminishes IL- 6 
cytokine production by B cells. It has been reported that 

SLAMF1 coengagement inhibits the production of proinflam-
matory cytokines, such as TNF and IL- 6, by CD40L- activated 
human dendritic cells (23). Moreover, production of IL- 17A and 
IL- 21 by CD4+ T cells depends on IL- 6 (24). We sought to ex-
amine whether SLAMF1 coengagement exerts a similar effect on 
cytokine production in human B cells. As SLAMF1 is expressed 
at higher levels on naive B cells compared to memory B cells 
(8), we assessed cytokine expression following F(ab′)2 anti- IgM– 
and/or CD40- mediated stimulation in sorted naive and memory 
peripheral blood B cells, in the presence of SLAMF1 mAb or 
isotype control. It has been reported that a sequential activation 
of B cells through the BCR followed by CD40 engagement leads 
to increased IL- 6 and TNF production (25). We found that, in the 
presence of soluble SLAMF1 mAb, naive B cells that were sub-
mitted to dual stimulation exhibited significantly decreased IL- 6 
production, whereas the frequency of memory IL- 6–producing B 
cells remained unaffected (Figures 2A and B).

On the other hand, the percentage of TNF- producing naive 
and memory B cells was not significantly affected by SLAMF1 
coengagement (Supplementary Figures 6A and B,  http://onlineli-
brary.wiley.com/doi/10.1002/art.40682/abstract). Reduced IL- 6 

Figure 1. Reduction of interleukin- 21 (IL- 21) and IL- 17A cytokine production from healthy and systemic lupus erythematosus (SLE) CD4+ 
T cells and inhibition of plasmablast formation in a T cell–B cell coculture system. A–C, Peripheral blood B cells from healthy donors (HDs; 
n = 8–10) or SLE patients (n = 9) were prestimulated with a F(ab′)2 anti- IgM for 48 hours, and were plated with autologous total T cells at a
1:1 ratio under anti- CD3/CD28 stimulation for 5 days, in the presence of soluble signaling lymphocytic activation molecule family member 1 
monoclonal antibodies (aSF1) or isotype control. On day 5, cells were restimulated with phorbol myristate acetate and ionomycin for 6 hours. 
Cytokine production by CD4+ T cells was evaluated by intracellular flow cytometry. Results of a representative experiment for IL- 21 and IL- 17A 
production in healthy individuals and SLE patients (A), as well as cumulative results for healthy donors (B) and SLE patients (C), are shown. D, 
Prestimulated naive B cells (n = 12) were cocultured with total T cells under anti- CD3/CD28 stimulation for 7 days. Representative flow plot (left) 
and cumulative results (right) of the frequency of plasmablasts (defined as IgD−CD27+CD38high) are shown. Values are the mean ± SEM. * = P 
< 0.05; ** = P < 0.01. Iso = isotype control.
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production was validated by qRT- PCR (Supplementary Figure 
6C). We did not record any differences in TNF mRNA levels (Sup-
plementary Figure 6D). IL- 6 production and TNF production by 
B cells were also examined in the T cell–B cell coculture system. 
As expected, we observed a significant reduction in the frequen-
cy of IL- 6–producing B cells, whereas TNF production remained 
unchanged following SLAMF1 ligation (Figures 2C and D). Based 
on the above data, in addition to inhibiting T cell–B cell interaction, 
SLAMF1 ligation may have a direct effect on B cells.

SLAMF1 coengagement inhibits B cell differentia-
tion toward plasmablasts and ISCs. It is well established 
that IL- 6 promotes B cell growth and terminal differentiation to 
Ig- producing cells both directly and indirectly (3,24). Because 
SLAMF1 coengagement results in reduced IL- 6 production by 
naive B cells, we hypothesized that treatment with SLAMF1 
mAb would negatively affect B cell differentiation. We differen-
tiated naive B cells from the peripheral blood of healthy donors 
toward plasmablasts, with consecutive dual BCR-  and CD40- 
mediated stimulation in the presence or absence of SLAMF1 
mAb. Plasmablast formation was evaluated on day 7 as the 
percentage of IgD−CD27+CD38high cells. We found that in the 
presence of SLAMF1 mAb, the percentage of IgD−CD27+ 

CD38high plasmablasts was significantly diminished compared to 
that observed with isotype control (Figures 3A and B). Moreover, 
IgG production was reduced when B cells were differentiated 
toward plasmablasts in the presence of anti- SLAMF1 (versus in 
the presence of isotype control mAb) (Figure 3C), which can be 
explained, in part, by reduced IL- 6 production by B cells.

A reduction in the percentage of plasmablast- like cells and 
diminished IgG production following SLAMF1 coengagement 
in vitro was not the result of increased cell death, because the 
percentage of live cells (defined as Aqua− cells) at the end of 
culture was similar among anti- SLAMF1–treated cells and iso-
type control–treated cells (Figure 3D). In addition, the inhibitory 
effect of SLAMF1 mAb on plasmablast differentiation and Ig se-
cretion was not due to a generalized B cell unresponsiveness. 
B cells up- regulated CD69 and CD86 at 12 hours and 72 hours 
of stimulation, respectively, in the presence of SLAMF1 mAb as 
effectively as in the presence of isotype control (Supplementa-
ry Figures 7A and B, http://onlinelibrary.wiley.com/doi/10.1002/
art.40682/abstract). Moreover, B cells proliferated normally in the 
presence of SLAMF1 mAb (Supplementary Figures 7C and D).

To better assess the effect of SLAMF1 mAb on B cells, 
we incubated healthy B cells with F(ab′)2 anti- IgM in the pres-
ence of either anti- SLAMF1 or isotype control for 5 minutes, 

Figure 2. Reduction of IL- 6 production by healthy naive B cells. A and B, Naive and memory B cells were isolated from the peripheral blood 
of healthy donors (n = 7) and were left unstimulated (Unstim) or were stimulated with F(ab′)2 anti- IgM and CD40L for 72 hours in the presence 
of signaling lymphocytic activation molecule family member 1 (SLAMF1) monoclonal antibodies. Cells were then restimulated with phorbol 
myristate acetate (PMA) and ionomycin for 6 hours. Results of a representative experiment (A) and cumulative results (B) for IL- 6 production 
are shown. C and D, Total B cells were prestimulated with F(ab′)2 anti- IgM for 48 hours and were plated with autologous total T cells at a 1:1 
ratio under anti- CD3/CD28 stimulation for 5 days, in the presence of soluble SLAMF1 monoclonal antibodies or isotype control. On day 5, cells 
were restimulated with PMA and ionomycin for 6 hours. Results of a representative experiment (C) and cumulative results (D) for IL- 6 and tumor 
necrosis factor (TNF) expression are shown. Values are the mean ± SEM. * = P < 0.05. See Figure 1 for other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.40682/abstract
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10 minutes, or 30 minutes, and we examined protein  tyrosine 
phosphorylation by Western immunoblotting. In the presence of 
anti- SLAMF1, pTyr levels were decreased, suggesting a possible 
inhibitory effect of SLAMF1 mAb on B cells via BCR- mediated 
signaling regulation (Supplementary Figure 8).

It has been reported that SLAMF1 mediates signaling via 
SH2 domain–containing phosphatase 2 (SHP- 2) (26). To further 

address the mechanism by which anti- SLAMF1 affects BCR- 
initiated signaling, we cultured healthy B cells with F(ab′)2 anti- 
IgM in the presence of SLAMF1 mAb and an SHP- 2 inhibitor 
(SHP099) and assessed pTyr levels by Western immunoblotting. 
Indeed, in the presence of SHP099, pTyr levels were restored 
following SLAMF1 coengagement. This indicates that BCR- 
mediated signaling can be directly modulated in the presence 

Figure 3. Inhibition of B cell differentiation toward plasmablasts and prevention of IgG secretion in healthy controls. A and B, Naive B cells 
were isolated from the peripheral blood of healthy donors (n = 8). Cells were stimulated with F(ab′)2 anti- IgM and CD40L, in the presence of 
signaling lymphocytic activation molecule family member 1 monoclonal antibodies or isotype control. IL- 4 (10 ng/ml) was added on day 1 and 
replenished every 3 days. Formation of plasmablasts (defined as IgD−CD27+CD38high) was assessed by flow cytometry on day 7. Results of a 
representative experiment (A) and individual results in each subject (B) are shown. C, IgG production in culture supernatants was assessed by 
enzyme- linked immunosorbent assay on day 12. D, B cell survival in culture was evaluated on day 7. Values are the mean ± SEM. ** = P < 0.01. 
See Figure 1 for other definitions.

Figure 4. Decreased IL- 6 production in SLE B cells. A–C, B cells were isolated from the peripheral blood of SLE patients (n = 6) and were 
stimulated with F(ab′)2 anti- IgM and CD40L for 72 hours, in the presence of signaling lymphocytic activation molecule family member 1 (SLAMF1) 
monoclonal antibodies (mAb) or isotype control. Cells were then restimulated with phorbol myristate acetate (PMA) and ionomycin for 6 hours. IL- 6 
and tumor necrosis factor (TNF) production was evaluated by intracellular flow cytometry. Representative flow plots from 2 SLE patients (A) and 
cumulative results (B and C) are shown. D, Peripheral blood B cells from SLE patients (n = 6) were prestimulated with F(ab′)2 anti- IgM for 48 hours 
and were plated with autologous total T cells at a 1:1 ratio under anti- CD3/CD28 stimulation for 5 days, in the presence of soluble SLAMF1 mAb 
or isotype control. On day 5, cells were restimulated with PMA and ionomycin for 6 hours. IL- 6 production by B cells was evaluated by intracellular 
flow cytometry. A representative flow cytometry panel (left) and cumulative results (right) are shown. Values are the mean ± SEM. * = P < 0.05. 
SLEDAI = SLE Disease Activity Index (see Figure 1 for other definitions).
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of SLAMF1 mAb in an SHP- 2–dependent manner in single cell 
population cultures (Supplementary Figure 9, http://onlinelibrary.
wiley.com/doi/10.1002/art.40682/abstract).

SLAMF1 ligation regulates IL- 6 production and plas-
mablast differentiation of SLE B cells. SLE B cells sponta-
neously produce IL- 6 in vitro, which drives B cell differentiation 
and autoantibody production (3). We examined whether treat-
ment of peripheral blood SLE B cells with anti- SLAMF1 regu-
lated IL- 6 production and differentiation of naive SLE B cells. 
Naive B cells from SLE patients were stimulated for 72 hours 
with F(ab′)2 anti- IgM followed by CD40L in the presence of either
SLAMF1 mAb or isotype control. We observed that the frequen-
cy of IL- 6–producing B cells was significantly decreased when 
cells were coengaged with anti- SLAMF1 versus isotype control 
mAb, whereas no significant differences in TNF production were 
detected (Figures 4A–C). IL- 6 production by SLE B cells was also 
examined in the T cell–B cell coculture system. We observed a 
statistically significant reduction in the percentage of IL- 6–pro-
ducing SLE B cells in the presence of anti- SLAMF1 (Figure 4D). 
Finally, when we differentiated naive SLE B cells toward ISCs, 
both the percentage of IgD−CD27+CD38high plasmablasts and 
the production of ANA were significantly reduced in the presence 
of anti- SLAMF1, compared to cells treated with isotype control 
(Figure 5).

SLAMF1 mAb prevents Τ cell–B cell conjugate for-
mation in vitro. Considering that the presence of SLAMF 
molecules is important for cell–cell interactions, we hypothe-
sized that SLAMF1 mAb could inhibit the formation of T cell–B 

cell conjugates (27). B cells isolated from the peripheral blood of 
healthy subjects or SLE patients were cocultured with autolo-
gous total T cells for 12 hours in the presence or absence of sol-
uble SLAMF1 mAb. Conjugate frequencies were measured by 
flow cytometry. In the presence of SLAMF1 mAb, the formation 
of CD4+CD19+ T cell–B cell conjugates was decreased in both 
healthy individuals and patients with SLE (Figure 6).

DISCUSSION

B cells in SLE are able to stimulate T cells via up- regulation 
of costimulatory molecules, and reciprocally activated T cells 
provide substantial help to autoreactive B cells, thus driving au-
toantibody production (28). Relying on inhibition of T cell–B cell 
interaction and costimulation to constrain activation of adaptive 
immunity is an appealing therapeutic approach for patients with 
SLE and/or other autoimmune diseases. Treatment with mAb 
directed against costimulatory molecules such as CD28, ICOS, 
and CD40L has been attempted in patients with SLE with variable 
results in efficacy and safety (5), or is currently under evaluation.

In this study, we showed that in the context of an in vitro  
T cell–B cell coculture system, SLAMF1 ligation with a SLAMF1 
mAb limits the frequency of IL- 21– and IL- 17A–producing CD4+ 
T cells in healthy controls and, more importantly, in patients with 
SLE. Our data suggest that this inhibition occurs in two ways: 
1) through inhibition of direct interaction between T cells and B
cells, and 2) through modulation of B cell activation and BCR 
signaling, which affects the production of IL- 6 by B cells.

Because SLAMF1 acts through homophilic interaction, 
ligation of SLAMF1 with a specific monoclonal antibody or its 

Figure 5. Reduction in B cell differentiation toward plasmablasts and reduced antinuclear antibody (ANA) production in SLE patients. Naive B 
cells were isolated from the peripheral blood of patients with SLE (n = 6). Cells were stimulated with F(ab′)2 anti- IgM and CD40L in the presence
of signaling lymphocytic activation molecule family member 1 monoclonal antibodies or isotype control. IL- 4 (10 ng/ml) was added on day 1 
and replenished every 3 days. A, Representative flow cytometry plots of formation of plasmablasts (IgD−CD27+CD38high) from the naive B cells 
from 3 SLE patients are shown. B, Individual results from each patient are also shown. C, Naive SLE B cells were maintained in culture for 12 
days, and ANA production in culture supernatants was evaluated by enzyme- linked immunosorbent assay. D, B cell survival in culture was 
evaluated on day 7 by examining the percentage of Aqua− cells. Values are the mean ± SEM. * = P < 0.05. SLEDAI = SLE Disease Activity 
Index (see Figure 1 for other definitions).

http://onlinelibrary.wiley.com/doi/10.1002/art.40682/abstract
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F(ab′)2 fragment could affect cell–cell interaction and interfere 
with T cell activation, proliferation, and differentiation. Several 
observations in the literature indicate that anti–SLAMF1- specific 
antibodies may interfere with SLAMF1 homotypic interactions. 
Initial in vitro studies conducted in human preactivated Th0, Th1, 
and Th2 clones suggested that SLAMF1 ligation (with the use of 
SLAMF1 mAb or its F[ab′]2 fragment) strongly up- regulated IFNγ 
production and was even found to redirect Th2 clones to acquire 
a Th1- like phenotype (29,30). On the contrary, antigen recep-
tor–dependent production of IFNγ, following anti- CD3 activation, 
was inhibited on T cell clone BI- 141, expressing a constitutively 
activated SLAMF1–SLAM- associated protein pathway (31). Be-
cause SLAMF1 mAb clone A12 recognizes the external V1 do-
main of SLAMF1, it likely disrupts SLAMF1–SLAMF1 homotypic 
interactions.

In support of the above, we observed that in the presence of 
SLAMF1 mAb, the formation of T cell–B cell conjugates was signif-
icantly reduced in healthy individuals, and more importantly, in pa-
tients with SLE. We further characterized the effect of SLAMF1 liga-
tion on direct B cell activation and BCR signaling. In our coculture 
system (and single cell assays), we noted a significant decrease in 
IL- 6, but not in TNF, production by B cells in healthy controls and 
SLE patients, when cells were incubated with SLAMF1 mAb.

Indeed, upon stimulation, B cells are known to become a 
rich of source of cytokines that contribute to the outcome of the 
immune response. B cells may promote or inhibit T cell immune 
responses and differentiation via cytokine production (32). B cells 
from patients with SLE can produce significant amounts of IL- 6, 
even in the absence of stimulation (33). A fundamental function 
of IL- 6 is to promote B cell maturation into Ig- secreting cells in 
an autocrine/paracrine manner (3). However, IL- 6 also indirectly 

affects B cell progression to antibody- producing cells as it drives 
CD4+ T cells to secrete IL- 21, a cytokine that plays a major 
role in differentiation, Ig secretion, and the B cell antibody class 
switch process (19,34). Data from studies in murine lupus and in 
humans with SLE have shown that IL- 6 plays an important role in 
sustaining B cell overactivity and autoantibody production, and in 
mediating tissue damage (24,35). When we differentiated naive 
B cells from healthy donors and patients with SLE, either alone 
or with autologous T cells, plasmablast formation and IgG and 
ANA production were reduced in the presence of anti- SLAMF1.

The failure of B cells to differentiate into ISCs was not due to a 
general unresponsiveness following treatment with SLAMF1 mAb. 
B cell proliferation, as well as up- regulation of activation markers, 
was not affected by SLAMF1 mAb. This is consistent with previ-
ously published data demonstrating that B cell stimulation with 
SLAMF1 mAb, or its F(ab′)

2 fragment, had no effect on proliferation 
and activation, whereas soluble and membrane forms of SLAMF1 
protein promoted human B cell proliferation and Ig synthesis (13). 
Our data also indicate that SLAMF1 ligation with mAb may have 
a direct effect on BCR- mediated signaling, as it diminished overall 
pTyr levels following BCR stimulation via SHP- 2 (13,31).

IL- 6 is known to drive Th17 differentiation (36) and pro-
mote IL- 21 production by activated CD4+ T cells (37,38). SLE 
is characterized by increased serum IL- 21 and IL- 17 levels that 
correlate with disease activity (39–41). Moreover, IL- 17–produc-
ing T cells are expanded in the periphery in SLE patients and 
detected in the kidneys of lupus nephritis patients, indicating a 
link between IL- 17 production and lupus immunopathogenesis 
(39). When we cultured human naive CD4+ T cells under Th17- 
polarizing conditions, the presence of SLAMF1 mAb did not af-
fect IL- 17 production. In contrast, we observed a reduction in  

Figure 6. Inhibition of T cell−B cell conjugate formation in vitro. Total B cells isolated from the peripheral blood of healthy individuals (n = 8)  
and SLE patients (n = 5) were prestimulated with F(ab′)2 anti- IgM for 48 hours and then cocultured for 12 hours with autologous total  
T cells in 96- well U- bottomed plates (precoated with anti- CD3/CD28), in the presence of signaling lymphocytic activation molecule family member 1  
monoclonal antibodies or isotype control. Cells were stained with anti- CD4 and anti- CD19, and conjugate formation (CD4+CD19+) was  
assessed by flow cytometry. Results of representative experiments with cells from a healthy donor (top) and an SLE patient (bottom) (A) and cumulative  
results (B) are shown. Values are the mean ± SEM. * = P < 0.05; ** = P < 0.01. See Figure 1 for other definitions.
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IL- 17A production by CD4+ T cells upon SLAMF1 ligation, de-
tected only when T cells were cocultured with autologous B cells. 
This indicates a regulatory effect of SLAMF1 mAb on IL- 17A pro-
duction, either by directly inhibiting T cell–B cell  interaction and/
or by  suppressing IL- 6 production by B cells.

Production of IL- 21 mainly characterizes CD4+ Tfh cells, a 
subset of CD4+ helper T cells that drives antigen- specific hu-
moral immune responses within germinal centers (21,22). IL- 21–
producing CD4+ T cells and CXCR5+ICOS+PD- 1+ Tfh- like cells 
are expanded in the peripheral blood of SLE patients and are 
found in kidney sections from lupus nephritis patients (42–45). In 
our study, SLAMF1 ligation did not interfere with the generation 
of Tfh- like CD4+ T cells in vitro. This is consistent with previously 
published data using SLAM−/− mice, which demonstrated that 
even though Tfh differentiation in germinal centers remained in-
tact, cytokine production by Tfh was nevertheless affected (46).

Although total B cell depletion therapies failed to deliv-
er the expected results in the treatment of patients with SLE 
in controlled clinical trials (5), the role of B cells in the im-
munopathogenesis of lupus should not be overlooked, and 
more targeted treatments need to be explored. The efficacy of  
tocilizumab, a human monoclonal antibody directed against 
the IL- 6 receptor α- chain, has already been assessed in an 
open- label phase I dose- escalation study in patients with 
moderately active SLE (47). Treatment with tocilizumab re-
sulted in an improvement of Safety of Estrogens in Lupus Er-
ythematosus National Assessment–SLEDAI scores (48) and 
a reduction of double- stranded DNA antibody titers. How-
ever, the concurrent development of neutropenia and severe 
infections posed a significant limiting factor to continuation 
of treatment. Therefore, newer and safer treatments target-
ing the IL- 6 pathway should be explored. Moreover, SLAMF1 
mAb inhibits T cell–B cell interaction, which may have a ben-
eficial effect in the context of autoimmunity.

In summary, we have shown that SLAMF1 coengagement 
in vitro regulates IL- 6 cytokine production and inhibits differenti-
ation of naive B cells toward ISCs in both healthy individuals and 
patients with SLE. More notably, we have demonstrated that in 
a T cell–B cell coculture system, the presence of SLAMF1 mAb 
reduces T cell–B cell interaction, thus interfering with IL- 21 and 
IL- 17A production by T cells.
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Macrophage Migration Inhibitory Factor Regulates U1 
Small Nuclear RNP Immune Complex–Mediated Activation 
of the NLRP3 Inflammasome
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Objective. High- expression alleles of macrophage migration inhibitory factor (MIF) are linked genetically to the 
severity of systemic lupus erythematosus (SLE). The U1 small nuclear RNP (snRNP) immune complex containing U1 
snRNP and anti–U1 snRNP antibodies, which are found in patients with SLE, activates the NLRP3 inflammasome, 
comprising NLRP3, ASC, and procaspase 1, in human monocytes, leading to the production of interleukin- 1β (IL- 1β).
This study was undertaken to investigate the role of the snRNP immune complex in up- regulating the expression of 
MIF and its interface with the NLRP3 inflammasome.

Methods. MIF, IL- 1β, NLRP3, caspase 1, ASC, and MIF receptors were analyzed by enzyme- linked immuno-
sorbent assay, Western blotting, quantitative polymerase chain reaction, and cytometry by time- of- flight mass spec-
trometry (CytoF) in human monocytes incubated with or without the snRNP immune complex. MIF pathway respons-
es were probed with the novel small molecule antagonist MIF098.

Results. The snRNP immune complex induced the production of MIF and IL- 1β from human monocytes. High- 
dimensional, single- cell CytoF analysis established that MIF regulates activation of the NLRP3 inflammasome, in-
cluding findings of a quantitative relationship between MIF and its receptors and IL- 1β levels in the monocytes.
MIF098, which blocks MIF binding to its cognate receptor, suppressed the production of IL- 1β, the up- regulation of
NLRP3, which is a rate- limiting step in NLRP3 inflammasome activation, and the activation of caspase 1 in snRNP 
immune complex–stimulated human monocytes.

Conclusion. The U1 snRNP immune complex is a specific stimulus of MIF production in human monocytes, 
with MIF having an upstream role in defining the inflammatory characteristics of activated monocytes by regulating 
NLRP3 inflammasome activation and downstream IL- 1β production. These findings provide mechanistic insight and
a therapeutic rationale for targeting MIF in subgroups of lupus patients, such as those classified as high genotypic 
MIF expressers or those with anti- snRNP antibodies.

INTRODUCTION

Macrophage migration inhibitory factor (MIF), produced pri-
marily from activated monocytes and macrophages, is an up-
stream activator of innate immune responses (1–3). In addition 
to its inhibition of monocyte migration and macrophage mobility, 
MIF promotes inflammatory responses by counter- regulating the 

inhibitory effect of glucocorticoids on the production of inflam-
matory cytokines from macrophages, and by suppressing p53- 
dependent cell death (4,5). The MIF receptor complex is com-
posed of the transmembrane ligand- binding component CD74 
and the CD44 signaling component (6,7). MIF also competes 
with cognate ligands for CXCR4 and CXCR2, and directly binds 
to CXCR2 in a macromolecular receptor complex with CD74 (8).
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Findings from human and animal studies have supported 
a role of MIF in the pathogenesis of infectious and inflammatory 
conditions, including septic shock, malaria, rheumatoid arthritis, 
and systemic lupus erythematosus (SLE; lupus) (9–13). MIF is 
overexpressed in lupus- prone mice, and MIF- deficient lupus- 
prone MRL/lpr mice are protected from glomerular injury (14). In 
addition, the therapeutic efficacy of blocking MIF in lupus- prone 
mice has previously been demonstrated (11). An association 
between high- expression MIF alleles and susceptibility to lupus 
and deep organ involvement has been reported (12,15). In pa-
tients with lupus, circulatory MIF levels are increased (15) and 
these augmented levels are correlated with disease damage, 
as has been observed both cross- sectionally and longitudinally 
(16,17). These findings support the pathogenic role of MIF and 
the therapeutic value of targeting MIF- dependent pathways in 
lupus, which is currently under study with the clinical testing of 
anti- CD74 (18).

The pathologic hallmarks of SLE are altered immune re-
sponses to nuclear autoantigens, manifested as production of 
autoantibodies and subsequent tissue injury (19,20). Experimen-
tal studies support the critical role of innate immunity, in addition 
to that of adaptive immunity, in the development of lupus and in 
the pathologic progression of disease. Plasmacytoid dendritic 
cells recognize lupus self antigens via Toll- like receptors (TLRs), 
leading to the production of interferon- α (IFNα), which is linked to 
the pathogenesis of lupus and its clinical manifestations (21–23). 
For instance, TLRs 7 and 8 recognize the single- stranded RNA of 
the self antigen U1 small nuclear RNP (snRNP), which is targeted 
by anti–U1 snRNP antibodies in lupus (21). In support of a role of 
this pathway, studies in experimental models have demonstrat-
ed ameliorated disease in TLR- 7–deficient lupus- prone mice 
(24). Moreover, we recently showed that interleukin- 1β (IL- 1β) is 
produced by human monocytes in response to serum contain-
ing a combination of U1 snRNP and anti–U1 snRNP antibodies 
(referred to as the snRNP immune complex). This process was 
attributed to activation of the NLRP3 inflammasome, comprising 
NLRP3, the adaptor protein ASC (apoptosis- associated speck- 
like protein containing a caspase recruitment domain), and pro-
caspase 1 (25).

NLRP3 recruits ASC and procaspase 1, leading to assem-
bly of the NLRP3 inflammasome, which cleaves pro–IL- 1β to 
mature IL- 1β (26). NLRP3 appears to act as a rate- limiting mol-
ecule in the process of inflammasome activation, because the 
protein level of NLRP3 is relatively low in resting macrophages, 
a phenomenon that has been observed in murine and immor-
talized human macrophages (27,28). Of note, patients with SLE 
have increased activation of the NLRP3 inflammasome in mono-
cytes, which may be related to exposure to IFNα (29). Lupus- 
prone mice treated with an NLRP3 inflammasome inhibitor or 
those deficient in caspase 1 also show reduced disease severity 
(30,31), further supporting the pathogenic role of innate immuni-
ty and the NLRP3 inflammasome pathway in lupus.

Although genetic, clinical, and mouse modeling data impli-
cate MIF and the NLRP3 inflammasome in the pathogenesis and 
clinical progression of lupus, little is known about the possible 
interface between the 2 pathways at the molecular level. In the 
present study, we demonstrate that the lupus snRNP immune 
complex is a specific stimulus of human MIF production, and our 
findings support the upstream regulatory role of MIF in activating 
the NLRP3 inflammasome and subsequent production of IL- 1β. 
In addition, we define the molecular characteristics of these ac-
tivated monocyte populations.

MATERIALS AND METHODS

Human monocytes and sera. Human peripheral blood 
was obtained from healthy adult donors after informed consent 
had been provided. Fresh monocytes were purified from the 
blood using a negative cell purification kit (Stem Cell Technolo-
gies). Anti–U1 snRNP antibody–positive sera were obtained from 
the L2 Diagnostic Laboratory. Anti–U1 snRNP antibodies were 
measured in the serum by enzyme- linked immunosorbent assay 
(ELISA) (DiaSorin). Healthy control serum samples were obtained 
from the peripheral blood of healthy donors. This work was ap-
proved by the institutional review committee of Yale University.

Stimulation of monocytes. Purified monocytes (1 × 105)  
were resuspended in 200 μl of RPMI 1640 medium supple-
mented with 10% fetal calf serum, penicillin, and streptomycin. 
Monocytes were treated for 30 minutes with the MIF antagonist 
3- (3- hydroxybenzyl)- 5- methylbenzooxazol- 2- one, designated 
MIF098 (at a dose of 20 μM, as determined on the basis of a 
previous dose kinetics study [32]), followed by stimulation for 
3, 7, or 18 hours with or without U1 snRNP (5 μg/ml; AroTec 
Diagnostics Limited) in the presence or absence of anti–U1 
snRNP antibody–positive serum or healthy control serum (final 
concentration of 5%) (25). Some cells were treated for 18 hours 
with U1 snRNP and anti–U1 snRNP antibody–positive serum in 
the presence or absence of recombinant human MIF (40 μg/ml; 
R&D Systems).

ELISA, quantitative polymerase chain reaction 
(qPCR), flow cytometry, and lactate dehydrogenase 
(LDH)–based cytotoxicity assay. Levels of IL- 1β and MIF in 
culture supernatants were measured by sandwich ELISA with 
the use of a commercially available IL- 1β kit (eBioscience) and 
specific antibodies for MIF (33), respectively. IL1B, NLRP3, MIF, 
MARCH7, and TRIM31 genes were determined by qPCR. Prim-
er sequences for the qPCR analyses are shown in Supplementa-
ry Table 1 (available on the Arthritis & Rheumatology web site at 
http://onlinelibrary.wiley.com/doi/10.1002/art.40672/abstract). 
Total RNA was extracted from cells using an RNeasy Plus Midi 
kit (Qiagen), and complementary DNA (cDNA) was synthesized. 
Each real- time PCR reaction was performed on a 10- μl  reaction 
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mixture containing cDNA, 2× Brilliant SYBR Green Master Mix 
(Stratagene), and 3 μM of each primer. The reaction mixture was 
denatured for 10 minutes at 94°C and incubated for 40 cycles 
(denaturing for 15 seconds at 95°C, and annealing and extend-
ing for 1 minute at 60°C) using an Mx3005P QPCR system 
(Stratagene). GAPDH was amplified as an internal control. The 
relative messenger RNA levels for each gene were calculated 
using the 2−ΔΔCt algorithm.

Freshly isolated monocytes were stained with antibodies 
to fluorescein isothiocyanate (FITC)–conjugated CD44, phyo-
erythrin (PE)–conjugated CD74, FITC- conjugated CXCR2, or 
PE- conjugated CXCR4 (all from BioLegend). Following staining, 
the cells were analyzed using an LSRII flow cytometer (BD Bio-
sciences), with results analyzed using FlowJo software. An LDH- 
based cytotoxicity assay (Promega) was performed on the cul-
ture supernatants of monocytes incubated for 18 hours with U1 
snRNP (5 μg/ml) and anti–U1 snRNP antibody–positive serum 
(5% final concentration) in the presence or absence of the MIF 
antagonist MIF098 (20 μM), in accordance with the manufactur-
er’s instructions (34).

Western blotting. Protein extracts that were separated 
by sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
and transferred onto PVDF membranes were probed with anti-
bodies against total NF- κB p65, phospho–NF- κB p65, caspase
1 p20, ASC (all from Cell Signaling Technology), NLRP3 (Enzo 
Life Sciences), IL- 1β, and GAPDH (both from Santa Cruz Bio-
technology). The probed membranes were washed and incubat-
ed with horseradish peroxidase–labeled secondary antibodies 
(Santa Cruz Biotechnology). The bands were visualized with a 
Pierce ECL Western blotting substrate (Thermo Scientific).

Immunofluorescence staining. Formalin- fixed paraffin- 
embedded sections of skin tissue from patients with acute cu-
taneous lupus and healthy donors were obtained from the De-
partment of Pathology at Yale Medical School. The skin sections 
were dewaxed and rehydrated with serial ethanol treatments, 
and then heat- induced antigen retrieval was performed. After 
blocking, skin tissue specimens on slides were serially incubated 
overnight at 4°C with rabbit anti- CD14 (Invitrogen), mouse anti- 
CD74 (R&D Systems), and goat anti- NLRP3 antibodies (R&D 
Systems), followed by staining with secondary antibodies (Alexa 
594–conjugated donkey anti- rabbit, Alexa 488–conjugated goat 
anti- mouse, and Alexa 647–conjugated rabbit anti- goat antibod-
ies; Molecular Probes) and with Hoechst 33342 dye (Immuno-
Chemistry Technologies). Some sections were incubated with 
mouse anti- MIF antibodies (R&D Systems) and subsequently 
stained with secondary antibodies (Alexa 488–conjugated goat 
anti- mouse). Cells staining positive in response to the antibod-
ies were detected with a Leica DM6000 FS fluorescence micro-
scope, with results analyzed using Leica Microsystems software 
(version 5.0).

Cytometry by time- of- flight mass spectrometry 
(CytoF) analysis. All mass cytometry reagents were purchased 
from Fluidigm, unless otherwise noted. Monocytes (5 × 105) were 
treated for 30 minutes with or without MIF098, followed by 5 
hours of incubation with U1 snRNP (5 μg/ml) in the presence of 
anti–U1 snRNP antibody–positive serum (5% final concentration). 
Incubated cells were stained with a panel of metal- tagged anti-
bodies (as listed in Supplementary Table 2, available on the Ar-
thritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40672/abstract) and Cisplatin. For intracellular 
staining, cells were fixed and permeabilized with Maxpar Fix 1 
buffer and Maxpar Perm- S buffer, respectively. Stained cells were 
washed and kept overnight in the MaxPar Fix & Perm Buffer con-
taining intercalator- Ir. Cells were resuspended with MaxPar Water 
containing EQ Four Element Calibration Beads, and acquired on 
a Helios CytoF system (Fluidigm). All flow cytometry standard files 
were normalized and analyzed using the CYT, an open source 
analytic tool for CytoF data, and FlowJo software. PhenoGraph, 
t- distributed stochastic neighbor embedding (t- SNE), and the 
computational algorithms conditional- density resampled estimate 
of mutual information (DREMI) and conditional- density rescaled 
visualization (DREVI) were performed on gated cells (35,36).

Statistical analysis. Data were statistically compared us-
ing a paired t- test and two- way analysis of variance, as appro-
priate, using Microsoft Excel and GraphPad Prism version 7.0 
software, respectively. P values less than 0.05 were considered 
significant.

RESULTS

Induction of MIF from human monocytes by the lu-
pus snRNP immune complex, leading to promotion of IL- 
1β production. We explored whether MIF could be released from
human monocytes in response to the snRNP immune complex, 
and whether this could modulate the production of IL- 1β. High
levels of MIF were detected in the culture supernatants of mono-
cytes incubated with the snRNP immune complex  (Figure 1A). In 
contrast, incubations with U1 snRNP alone, anti–U1 snRNP anti-
body–positive serum, or a combination of U1 snRNP and serum 
from healthy donors induced relatively low levels of MIF.

Given the evident coexpression of the MIF binding and sig-
naling receptors CD74 and CD44 in human monocytes (Fig-
ure 1B), we next determined whether the released MIF, acting 
in an autocrine and/or paracrine manner, could affect the pro-
duction of IL- 1β. MIF098 is a potent and orally bioavailable small
molecule that blocks MIF binding to the extracellular domain of 
CD74 (32,37). Monocytes activated with the snRNP immune 
complex in the presence of MIF098 showed decreased pro-
duction of IL- 1β (Figure 1C). The addition of recombinant hu-
man MIF to the snRNP immune complex resulted in a trend 
toward increased production of IL- 1β by monocytes, although
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the difference was not statistically significant (see Supplemen-
tary Figure 1, available on the Arthritis & Rheumatology web 
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40672/ab-
stract). Monocytes treated with recombinant human MIF alone 
had no production of IL- 1β (data not shown). Taken together, 
these findings support an upstream regulatory role of autocrine/
paracrine MIF release, in that it enabled high levels of IL- 1β pro-
duction from human monocytes stimulated with the snRNP im-
mune complex.

MIF- dependent NLRP3 up- regulation in human mono-
cytes in response to the snRNP immune complex. Because 
NLRP3 acts as a rate- limiting molecule in inflammasome activa-
tion (since studies have demonstrated low NLRP3 protein levels in 
resting murine and immortalized human macrophages [27,28]), we 
explored whether the decreased production of IL- 1β from snRNP 
immune complex–activated monocytes in culture supernatants with 
the MIF antagonist MIF098 was related to altered NLRP3 expres-
sion. Although unstimulated human monocytes had barely detect-

able levels of NLRP3 protein, the snRNP immune complex induced 
high levels of NLRP3 protein expression, as measured by Western 
blotting (Figure 2A). The expression of NLRP3 protein in these cells 
was substantially suppressed by MIF098 (Figures 2A and B). Fur-
thermore, expression levels of the NLRP3 gene, which were up- 
regulated by the snRNP immune complex, also were decreased in 
the same cells by MIF098 (Figure 2C).

It is known that MIF may contribute to the activation of NF- 
κB, which also up- regulates NLRP3 (28). The snRNP immune 
complex activated NF- κB in monocytes (Figure  2D), as has 
been reported previously (25), and MIF098 moderately reduced 
the activation of NF- κB in snRNP immune complex–stimulated 
monocytes (Figures 2D and E).

We also determined the levels of the E3 ubiquitin ligase 
genes MARCH7 (for membrane- associated RING- CH- type fin-
ger 7) and TRIM31 (for tripartite motif–containing 31) in the 
same cells, since these molecules were reported to partici-
pate in the degradation of NLRP3 via ubiquitination (38,39). 
We could not detect TRIM31 (data not shown), but did note a 

Figure 1. The lupus small nuclear RNP (snRNP) immune complex induces macrophage migration inhibitory factor (MIF) release from human 
monocytes, leading to the promotion of interleukin- 1β (IL- 1β) production. A, MIF levels in culture supernatants of monocytes incubated with 
or without U1 snRNP (5 μg/ml) in the presence or absence of healthy serum or anti–U1 snRNP antibody–positive (Ab+) serum (5% final 
concentration) were determined by enzyme- linked immunosorbent assay (ELISA) after 18 hours of culture. Results are the mean ± SEM (n = 15 
donors). P values were obtained by analysis of variance. B, Expression of CD44 and CD74 was determined by flow cytometry on monocytes 
freshly isolated from the peripheral blood of a healthy donor. Results are representative of 2 donors. C, IL- 1β levels were determined by ELISA 
at 18 hours in culture supernatants of human monocytes incubated with or without U1 snRNP (5 μg/ml) and/or healthy serum or anti–U1 snRNP 
antibody–positive serum (5% final concentration) in the presence or absence (untreated [un]) of the MIF antagonist MIF098 (20 μM). Results are 
the mean ± SEM (n = 6 donors). P values were obtained by paired t- test.
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trend toward increased levels of MARCH7 in monocytes stim-
ulated with the snRNP immune complex which was not affect-
ed by the addition of MIF098 to the culture supernatants (see 
Supplementary Figure 2,  available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40672/abstract). Overall, these findings indicate that MIF 
has an up- stream regulatory role in controlling the expression 
of NLRP3 in human monocytes in response to the snRNP im-
mune complex.

Decrease in snRNP immune complex–mediated 
caspase 1 activation in human monocytes by MIF an-
tagonism. We next determined whether antagonizing MIF 
suppresses the activation of the NLRP3 inflammasome compo-
nent caspase 1 by reducing NLRP3 expression. In monocytes 
incubated with the snRNP immune complex, generation of the 
caspase 1 p20 subunit, an indicator of the activation of caspase 
1, was decreased by MIF098 (Figures  3A and B). Moreover, 
the mature form of IL- 1β, which is processed from the imma-
ture form, pro–IL- 1β, by activated caspase 1, was decreased in 
monocytes incubated in the same conditions, which included in-
cubation with the snRNP immune complex and MIF098 (results 

in Supplementary Figure 3, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40672/abstract).

We explored whether activation of caspase 1 in monocytes 
by the snRNP immune complex induced pyropotosis. which is a 
form of cell death mediated by the activation of caspase 1 (40). 
We noticed modest levels of cell death (~20%) in monocytes 
incubated with the snRNP immune complex, which was not af-
fected by antagonizing MIF (results in Supplementary Figure 4, 
available on the Arthritis & Rheumatology web site at http://on-
linelibrary.wiley.com/doi/10.1002/art.40672/abstract).

We also analyzed the adaptor molecule ASC, which is a 
component of the NLRP3 inflammasome, in human monocytes 
stimulated with or without the snRNP immune complex in the 
presence or absence of MIF098. Unstimulated human mono-
cytes showed substantial expression of ASC, which was not af-
fected by stimulation with the snRNP immune complex and/or 
incubation with MIF098 (Figures 3C and D). These findings sug-
gest that MIF- mediated up- regulation of the rate- limiting mole-
cule NLRP3 is essential for activation of the NLRP3 inflammas-
ome in monocytes upon snRNP immune complex stimulation 
(as depicted in Figure 3E).

Figure 2. The lupus snRNP immune complex induces NLRP3 expression and NF- κB activation in human monocytes, while blockade of MIF 
suppresses these effects. A and B, Western blotting was used to determine NLRP3 expression in human monocytes incubated for 7 hours 
with or without U1 snRNP (5 μg/ml) and/or healthy serum or anti–U1 snRNP antibody– positive serum (5% final concentration) in the presence 
or absence of the MIF antagonist MIF098 (20 μM). A, Representative data from 4 independent experiments with 4 donors are shown. B, 
Relative density of phospho- NLRP3 in cells from 4 donors is shown. C, Quantitative polymerase chain reaction was used to assess NLRP3 
gene expression in monocytes treated in the same manner as in A and B (n = 4 donors). D and E, Expression of phospho–NF- κB p65 and total 
NF- κB p65 was assessed by Western blotting in human monocytes incubated for 1 hour with or without U1 snRNP (5 μg/ml) and/or healthy 
serum or anti–U1 snRNP antibody–positive serum (5% final concentration) in the presence or absence of the MIF antagonist MIF098 (20 μM). 
D, Representative data from 4 independent experiments with 4 donors are shown. E, Relative density of phospho–NF- κB p65/total NF- κB p65 
in cells from 4 donors is shown. Results are the mean ± SEM. P values were obtained by paired t- test. See Figure 1 for definitions.
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Expression of NLRP3 and CD74 by CD14+ cells in 
skin lesions from patients with acute cutaneous lu-
pus. Increased levels of MIF are detected in the kidney tissue 
of patients with lupus proliferative glomerulonephritis, as well as 
in both skin and kidney lesions from lupus- prone MRL/lpr mice 
(14,41). However, the relationship between the MIF receptor 
CD74 and NLRP3 expression in lupus skin lesions has not been 
explored. Thus, using immunofluorescence staining, we mea-
sured the expression of CD74 and NLRP3 by CD14+ cells, as 
well as the expression of MIF, in skin lesions from patients with 
acute cutaneous lupus. Our findings revealed the presence of 
CD14+ cells, including monocytes, that expressed CD74 and 
NLRP3, as well as MIF, in the lupus skin lesions (Figures 4A and 
B, and Supplementary Figure 5 [available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40672/abstract]).

Characterization of the unique cellular traits of sn-
RNP immune complex–stimulated monocytes altered 
by antagonizing MIF, using high- dimensional, single- 
cell analyses. We explored whether monocytes stimulated 
with the snRNP immune complex develop unique cellular traits, 
as determined by CytoF analysis together with high- dimensional 
computational analysis at the single- cell level. CytoF utilizes 
heavy metal ions and mass spectrometry as labels and a read-
out, respectively, which allows the measurement of multiple 
molecules in a single analysis (42). High- dimensional CytoF data 
can be analyzed to demonstrate the multidimensional relation-
ships of molecules expressed by single cells, using computa-
tional methods such as the nonlinear dimensionality- reduction 
tool t- SNE. This tool can be utilized in combination with Phe-
noGraph clustering analysis to robustly identify distinct cellular 
subsets (35,43).

Figure 3. Activation of caspase 1 in human monocytes in response to the lupus snRNP immune complex is decreased by blocking MIF. A 
and C, Expression of pro–caspase 1 and caspase 1 p20 (A) and ASC (C) was assessed by Western blotting in human monocytes incubated 
for 18 hours with or without U1 snRNP (5 μg/ml) and/or healthy serum or anti–U1 snRNP antibody–positive serum (5% final concentration) 
in the presence or absence of the MIF antagonist MIF098 (20 μM). Representative data from 4 independent experiments with 4 donors are 
shown. B and D, Relative density of caspase 1 p20 (B) and ASC (D) was determined by Western blotting (each n = 4). Results are the mean ± 
SEM. P values were obtained by paired t- test. E, The model shows the possible role of MIF in the production of IL- 1β from human monocytes
upon stimulation with U1 snRNP immune complex. The U1 snRNP immune complex induces the secretion of MIF. The secreted MIF binds MIF 
receptor CD74 on monocytes, leading to the activation of the NLRP3 inflammasome by promoting NLRP3 gene and protein expression. The 
activated NLRP3 inflammasome cleaves pro–IL- 1β into bioactive IL- 1β. NS = not significant (see Figure 1 for other definitions).
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Analyses using the t- SNE dimensionality- reduction tool 
showed a segregation of snRNP immune complex–stimulated 
monocytes from unstimulated monocytes, based on the ex-
pression of 17 molecules, including MIF, CD74, CD44, CXCR4, 
CXCR2, and IL- 1β (Figures 5A and F). PhenoGraph clustering 
revealed subsets of cells within the monocytes that were incu-
bated with or without snRNP immune complex and in the pres-
ence or absence of MIF098 (Figures 5B–D and G–I). Of note, 
compared to stimulated cells, unstimulated cells expressed high 
levels of CXCR2, CD32, CXCR4, and CD62L (Figures 5D and 
E and 5I and J), whereas stimulated cells had higher levels of 
intracellular cytokines, including IL- 1β and the activation marker 
CD80.

A group of monocytes stimulated with the snRNP immune 
complex in the presence of MIF098 were segregated from the 
same stimulated cells in the absence of MIF098. Such cell clus-
ters had decreased expression levels of IL- 23, CD80, and p53 
(Figures 5D and E and 5I and J). Some unstimulated monocytes 
expressed MIF, indicating that MIF was constitutively expressed, 
as has been reported previously (44). IL- 1β was not detected 

in unstimulated monocytes, and the expression levels of intra-
cellular IL- 1β, including both the pro and active forms of IL- 1β, 
appeared largely similar in monocytes activated with the snRNP 
immune complex in the presence or absence of MIF098 (Fig-
ures 5D and E and 5I and J). This finding, which is consistent 
with the results of IL1B gene expression analysis in the same 
cells (see Supplementary Figure 2 [http://onlinelibrary.wiley.com/
doi/10.1002/art.40672/abstract]), supports the conclusion that 
the suppressive effect of MIF098 on the production of IL- 1β is 
mediated primarily by the decrease in activation of the NLRP3 
inflammasome and the subsequent generation of the active form 
of IL- 1β.

We determined how the expression levels of MIF and MIF 
receptors changed at the single- cell level, using the compu-
tational algorithms DREMI and DREVI (36). DREMI computes 
mutual information that describes how the state of “Y” alters 
with different states of “X” (36), while DREVI visualizes the func-
tion underlying such interactions (36). DREMI scores show the 
strength of the statistical dependency between 2 molecules. 
CD74 and CD44 increased as the expression levels of MIF 

Figure 4. NLRP3 and CD74 are expressed by CD14+ cells in skin lesions from patients with acute cutaneous lupus. A, Immunofluorescence 
staining with antibodies to CD14 (red), NLRP3 (cyan), and CD74 (green) was used to assess human acute cutaneous lupus lesions. All nuclei 
were counterstained with Hoechst 33342. IgG was used as an isotype control. The upper panel shows nucleus staining (original magnification × 
200), while lower panels are higher- magnification images (original magnification × 400) of the area denoted in the upper panel. Arrows indicate 
triple- stained cells. B, Human acute cutaneous lupus lesions were assessed for MIF expression by immunofluorescence staining with antibodies 
to MIF (green) or control IgG. All nuclei were counterstained with Hoechst 33342. Representative data from 2 independent experiments are 
shown. See Figure 1 for definitions.
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 increased in  monocytes stimulated with or without the snRNP 
immune complex (Figures 6A and B), thus supporting the notion 
that MIF has both autocrine and paracrine effects on monocyte 
activation. A similar relationship with MIF expression was noted 
with regard to the expression levels of CXCR4, but not CXCR2 
(Figures 6C and D).

DISCUSSION

The present study identifies the snRNP immune complex 
as an up- regulator of MIF production in human monocytes that 
is relevant to innate immune activation in lupus, and provides 
the first evidence to support the notion of an upstream role of 
MIF in promoting NLRP3 expression, which represents a rate- 
limiting step in the formation of the NLRP3 inflammasome. 

Previous studies indicated that MIF- deficient mice express de-
creased levels of IL- 1β (45), thereby supporting the upstream 
regulatory role of MIF in inducing this cytokine. In accordance 
with this finding, we noted a decrease in the production of IL- 1β 
from snRNP immune complex–stimulated human monocytes in 
the presence of the MIF antagonist MIF098. Our findings of de-
creased NLRP3 expression and NLRP3 inflammasome activa-
tion in the same cells indicate that MIF likely functions upstream 
by enabling NLRP3 expression and subsequent formation of the 
NLRP3 inflammasome, which cleaves pro–IL- 1β into bioactive 
IL- 1β. Of interest, the expression levels of ASC, which was highly 
expressed at the basal level, were not different between mono-
cytes stimulated with the snRNP immune complex and those 
left unstimulated. MIF antagonism did not alter the expression of 
ASC, further supporting the role of MIF in regulating the NLRP3 

Figure 5. High- dimensional, single- cell analysis shows the unique cellular traits of monocytes stimulated with the snRNP immune complex 
(IC) that were altered by antagonizing MIF. Monocytes were incubated for 5 hours without IC (unstimulated [Un]) or with IC (U1 snRNP at 5 μg/
ml/anti–U1 snRNP antibody–positive serum [5% final concentration]) alone or with MIF098 (20 μM), followed by cytometry by time- of- flight mass 
spectrometry analysis. PhenoGraph clustering was performed on monocytes based on the expression of 17 molecules (as listed in D and I). The 
t- distributed stochastic neighbor embedding plots in A–C (donor 1) and F–H (donor 2) show a landscape of cell subsets and their relationships 
in the incubated monocytes. C and H show subsets identified by PhenoGraph clustering on monocytes incubated in the indicated conditions. 
Numbers and matched color dots represent individual cell subsets. D and I, The mean levels of 17 molecules expressed by the individual cell 
subsets identified in C and H are shown for donor 1 (D) and donor 2 (I), respectively. Values are scaled between 0 and 1 for each molecule. 
E and J, Bar graphs show the intensity of each molecule expressed by individual subsets of the incubated monocytes identified in C and H, 
respectively. Results are the mean ± SEM. * = P < 0.05; ** = P < 0.005, by two- way analysis of variance (controlled for multiple comparisons by 
the Benjamin, Krieger, and Yekutieli method, false discovery rate 0.05). NS = not significant (see Figure 1 for other definitions).
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inflammasome through its specific control of the expression of 
NRLP3, a rate- limiting molecule in forming the NLRP3 inflam-
masome in monocytes.

NF- κB is known to promote the expression of the NLRP3
gene (28). Our results demonstrated that NF- κB activation and
NLRP3 gene expression was suppressed in snRNP immune 
complex–stimulated monocytes when MIF expression was an-
tagonized with MIF098. Previous studies have shown that NF- κB
is activated by MIF in murine B cells in a CD74/CD44- dependent 
manner (46), as well as in HEK 293 cells transfected with human 
CD74 (47). The latter findings support the autocrine and par-
acrine activation effects of MIF on the up- regulation of NLRP3 
in snRNP immune complex–stimulated monocytes through the 
CD74/CD44 receptor complex and subsequent NF- κB acti-
vation. IL1B gene expression was also modestly decreased in 
monocytes activated with the snRNP immune complex in the 
presence of MIF098, although such a decrease was not statisti-
cally significant. It is possible that MIF regulates NLRP3 expres-
sion through mechanisms that are redundant to those modu-
lating NF- κB activation. We noted that there were no changes
in the expression of MARCH7 and TRIM31, both of which are 
reported to be involved in degrading NLRP3 in snRNP immune 
complex–stimulated monocytes (38,39). Our findings imply that 
the effect of MIF on IL- 1β production takes place, in part, through 
NF- κB–mediated regulation of the NLRP3 gene and subsequent
expression of the NLRP3 protein.

We explored how the cellular phenotype of monocytes, es-
pecially those molecules related to MIF, changed upon stimulation 
with the snRNP immune complex at the single- cell level, using 
high- dimensional CytoF analysis. The dimensional reduction anal-
ysis using t- SNE showed a segregation of unstimulated mono-
cytes from stimulated monocytes based on the expression levels 
of 17 cytokines, chemokine receptors, and activation markers. 
Monocytes stimulated with the snRNP immune complex in the 
presence of the MIF antagonist MIF098 were segregated from 
both stimulated monocytes and unstimulated monocytes without 
MIF antagonism. These findings support the interpretation that the 
actions of MIF on monocytes upon stimulation with the snRNP 
immune complex are more extensive than simple regulation of the 
NLRP3 pathway and IL- 1β production. Furthermore, the effect
of MIF on individual monocytes and molecules is not uniform, as 
distinct subsets of unstimulated and stimulated monocytes with 
diverse characteristics can be identified, including expression of 
the MIF cognate receptors (CD74/CD44) and noncognate recep-
tors (CXCR2/CXCR4). Analysis using the DREMI and DREVI al-
gorithms further supported the autocrine and paracrine activation 
effects of MIF through the CD74/CD44 receptor complex in stim-
ulated and resting monocytes at the single- cell level.

The results of this study identify the snRNP immune complex 
as a specific trigger of MIF production and NLRP3 inflammasome 
activation in human monocytes, which has downstream biologic 
significance as indicated by our evidence of a decrease in the ac-

Figure 6. MIF has a robust quantitative relationship with the expression of CD74 and CD44 at the single- cell level in monocytes stimulated 
with the lupus snRNP immune complex. Monocytes purified from healthy donors were incubated for 5 hours with U1 snRNP (5 μg/ml) and 
anti–U1 snRNP antibody–positive serum (5% final concentration) (referred to as the immune complex [IC]) or incubated without IC (untreated 
[Un]) in the presence or absence of the MIF antagonist MIF098 (20 μM). The cells were then stained with a set of antibodies, and run on a Helios 
cytometry by time- of- flight mass spectrometer. The computational algorithms conditional- density resampled estimate of mutual information 
(DREMI) and conditional- density rescaled visualization (DREVI) were performed on the incubated monocytes. DREVI plots show the quantitative 
relationship of MIF with CD74 (A), CD44 (B), CXCR4 (C), and CXCR2 (D). DREMI scores indicating the strength of the statistical dependency 
between 2 molecules are shown above the DREVI plots. Representative data from 4 independent experiments with 4 donors are shown. See 
Figure 1 for other definitions.
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tivation of caspase 1 and IL- 1β production following MIF receptor 
blockade. Genetic deficiency or pharmacologic MIF antagonism 
has previously been shown to reduce functional and histologic 
indices of disease severity in glomerulonephritis, and inflamma-
tory cytokine and chemokine expression in lupus- prone MRL/lpr 
mice or (NZB × NZW)F1 mice (11,14). In pristane- induced mu-
rine lupus, genetic caspase 1 deficiency also reduces the severity 
of disease (48), while hyperactivation of the NLRP3 inflammas-
ome produces more severe renal disease and increased mor-
tality (49). Inhibitiion of the NLRP3/ASC/caspase 1 pathway also 
suppressed nephritis in MRL/lpr mice with lupus (30), although, 
paradoxically, genetic lack of NLRP3 or ASC appeared to trigger 
lupus- like disease in C57BL/6- lpr/lpr mice (50).

Of note, MIF was 1 of the 77 molecules with decreased 
levels in ultraviolet B–irradiated keratinocytes in the presence of 
the caspase 1 inhibitor YVAD, as measured by a mass spec-
trometry–based method (51). However, this phenomenon is 
likely attributable to an indirect mechanism, since MIF secretion 
is not required, nor is it necessary for MIF to have a caspase 
cleavage site for secretion, unlike IL- 1β. A possible molecular 
link between the snRNP immune complex and MIF production 
could exist in the TLR- 7 pathway, in that snRNP can activate 
this pathway (52). Previous studies in vitro have demonstrated a 
posttranslational modification of N- terminal proline in MIF, which 
is targeted by MIF098, that can be linked to dietary isothiocy-
anates or myeloperoxidase- derived oxidants of neutrophils (for 
review, see ref. 53). This modification impaired the tautomerase 
activity, but not immunomodulatory activity, of MIF (54). Howev-
er, in the present study, we assessed only monocytes, without 
adding these molecules. MIF098 targets the region encompass-
ing the N- terminal proline in MIF, which mediates its tautomer-
ase activity and also participates in binding to the MIF receptor 
CD74 (32,37). Our data suggest that MIF098 primarily blocks 
extracellular MIF, since MIF098 does not inhibit MIF tautomerase 
activity intracellularly, in contrast to the previously described MIF 
inhibitor 4- IPP (55) (Bucala R, et al: unpublished observations).

Given the longstanding observations that anti- snRNP au-
toantibody responses are associated with distinct inflammatory 
sequelae (e.g., a mixed connective tissue disease phenotype), 
our findings suggest a rationale for specific targeting of the 
NLRP3 inflammasome or MIF signaling, potentially focusing 
on SLE patients classified as high genotypic MIF expressers. 
In addition, high- dimensional CytoF analysis could be applied 
to identify patient subsets with relevant monocyte populations 
(e.g., high MIF or MIF receptor expression) in whom respon-
siveness to MIF-  or inflammasome- directed therapies may be 
warranted.
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Clinical Images: Arthritis mutilans in systemic sclerosis

The patient, a 40- year- old man, was diagnosed as having diffuse cutaneous systemic sclerosis (SSc) with anti–topoisomerase I antibody. 
Raynaud’s phenomenon, diffuse skin sclerosis, and severe interstitial lung disease (ILD) were present at onset. He subsequently developed in-
flammatory polyarthritis of the hands and wrists. His brother had psoriasis. Physical examination showed pitting scars of the fingertips, subcuta-
neous calcinosis, skin sclerosis with hyper-  and hypo pigmentation, flexion and extension contractures, and shortened fingers (A). Radiography 
of the hands and wrists revealed bilateral destructive arthropathy, acro- osteolysis, and calcified deposits consistent with joint and skin calcinosis 
(B). Joint destruction, most typical of psoriatic arthritis (PsA) mutilans (1,2), was evident, with diffuse bone loss of the left second and fifth and 
right fifth proximal interphalangeal (PIP) joints, multiple subluxations of the left first and second and right first through third metacarpophalangeal 
(MCP) joints, whittling of the left first MCP joint, and pencil- in- cup–like deformity of the left second PIP joint and left fifth MCP joint (B). A previous 
EUSTAR cross- sectional analysis revealed frequent articular involvement in SSc (3). However, finger shortening caused by destructive inflam-
matory polyarthritis is not common and should be distinguished from acro- osteolysis secondary to ischemia in order to guide treatment. Since 
SSc diagnosis, our patient has received nifedipine, intravenous prostanoids, and bosentan to treat digital ischemia and prevent ulceration, and 
several immunosuppressive agents (low- dose glucocorticoids, cyclophosphamide, azathioprine, and mycophenolate mofetil) to target both skin 
involvement and ILD. Methotrexate failed to control rapidly progressive articular damage. The patient is currently undergoing rituximab therapy 
to target SSc- related skin involvement and severe ILD and to control joint symptoms. An earlier diagnosis of PsA mutilans may have changed 
treatment escalation in favor of cytokine inhibition. However, since therapies that reliably target both SSc and PsA are not currently available, 
treatment choice should be driven by the severity and presence of life- threatening manifestations.
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Tissue- Resident Memory CD8+ T Cells Acting as 
Mediators of Salivary Gland Damage in a Murine Model of 
Sjögren’s Syndrome
Cai-Yue Gao,1 Yuan Yao,1 Liang Li,1 Shu-Han Yang,1 Hui Chu,2 Koichi Tsuneyama,3 Xiao-Mei Li,2 M. Eric Gershwin,4 
and Zhe-Xiong Lian1

Objective. Although a role for CD4+ T cells in the pathogenesis of Sjögren’s syndrome (SS) has been documented, 
the pathogenic significance of CD8+ T cells is unclear. The aim of this study was to investigate the role of CD8+ T cells 
in the development of SS.

Methods. Flow cytometry and immunofluorescence analyses were utilized to detect T cell infiltration within the 
labial salivary glands of patients with primary SS. In parallel, p40−/−CD25−/− mice were used as a murine model of SS. 
In addition, mice with genetic knockout of CD4, CD8a, or interferon- γ (IFNγ) were crossed with p40−/−CD25−/− mice to
study the pathogenic significance of specific lineage subpopulations, including functional salivary gland tests as well 
as histopathologic and serologic data. A CD8+ T cell–specific depletion antibody was used in this murine SS model 
to evaluate its potential as a therapeutic strategy.

Results. CD8+ T cells with a tissue- resident memory phenotype outnumbered CD4+ T cells in the labial salivary 
glands of patients with SS, and were primarily colocalized with salivary duct epithelial cells and acinar cells. Further-
more, infiltrating CD8+ T cells with a CD69+CD103+/− tissue- resident phenotype and with a significant elevation of 
IFNγ production were dominant in the submandibular glands of mice in this murine SS model. CD8a knockout abro-
gated the development of SS in these mice. Knockout of IFNγ decreased CD8+ T cell infiltration and gland destruction.
More importantly, depletion of CD8+ T cells fully protected mice against the pathologic manifestations of SS, even after 
the onset of disease.

Conclusion. These data reveal the pathogenic significance of CD8+ T cells in the development and progression 
of SS in the salivary glands. Treatment directed against CD8+ T cells may be a rational therapy for the management 
of SS in human subjects.

INTRODUCTION

Sjögren’s syndrome (SS) is a chronic systemic autoimmune 
disease that is characterized by mononuclear cell infiltration in 
the exocrine glands. Clinically, SS manifests as sicca symptoms 
on mucosal surfaces, including oral and ocular dryness due to 
the destruction of secretory glands by lymphocytic foci with T 
cells and B cells (1–3). Serologically, the most notable autoanti-
bodies are those recognizing antinuclear antigens (ANAs), RNP 

complexes (Ro/SSA and La/SSB), and type 3 muscarinic acetyl-
choline receptors (M3Rs) (4–7).

Genome- wide association scans and meta- analyses of SS 
have revealed a strong association of the disease with several 
HLA molecules (8,9), implicating T cells as a major driver of SS. 
Although previous studies have found that CD4+ T cells con-
stitute the majority of infiltrating cells, recent findings have sug-
gested that CD8+ T cells are just as abundant as CD4+ T cells 
and may play an equally critical role in SS (10–12). However, the 
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CD8+ T cell subpopulations implicated in the pathologic devel-
opment and progression of SS have not yet been identified.

One of the subpopulations that may play an important role 
in chronic autoimmune diseases are memory T cells, which co-
ordinate a specific, timely, and highly effective immune response 
against reencountered pathogens. An important subset of mem-
ory T cells was recently discovered, referred to as tissue- resident 
memory T (Trm) cells. Trm cells are phenotypically defined as 
CD69+CD103+/− T cells and mainly reside in epithelial barrier 
tissues, such as the respiratory tract (13), gastrointestinal tract 
(14), reproductive tract (15), skin (16), and secretory glands 
(17). Salivary glands can function as a depot for CD8+ Trm cells 
and protect against viral infections through degranulation and 
production of interferon- γ (IFNγ) (17). CD103 expressed on the 
surface of CD8+ Trm cells also acts as a molecular tether that 
attaches to E- cadherin–expressing epithelial cells in murine sal-
ivary glands (18–20). It is thus logical that Trm cells may be in-
volved in the pathologic processes of SS.

SS is similar to primary biliary cholangitis in that activated in-
filtrating T cells can cause severe damage in epithelial structures; 
therefore, both diseases are considered to be an autoimmune 
epithelitis with overlapping features (21,22). In the present study, 
we observed that p40−/−CD25−/− mice exhibiting severe autoim-
mune cholangitis, including hepatic fibrosis (23), also recapitu-
lated key features of human SS. A striking discovery was that 
CD8+ T cells constituted the majority of infiltrating T cells in the 
salivary glands both from p40−/−CD25−/− mice and from human 
patients with SS. Furthermore, these CD8+ T cells exhibited a 
Trm phenotype with high capacity for IFNγ production. Knockout 
of CD8a by crossing p40−/−CD25−/− mice with CD8a−/− mice or 
by targeted antibody depletion of CD8+ T cells in vivo alleviated 
disease manifestations in the salivary glands and restored saliva 
secretion in this murine model of SS. Our data thus demonstrate 
that infiltrating CD8+ Trm cells in the salivary glands play a dom-
inant role in the pathogenesis of SS and suggest a novel ther-
apeutic strategy for the management of SS in human subjects.

MATERIALS AND METHODS

Mice. CD25−/− (B6.129S4- Il2ratm1Dw/J), p40−/− (B6.129S1- 
Il12btm1Jm/J), CD4−/− (B6.129S2- Cd4tm1Mak/J), CD8a−/− (B6.129S2- 
 Cd8atm1Mak/J), and IFNγ−/− (B6.129S7- Ifngtm1Ts/J) mice on a C57BL/ 
6J background were purchased from The Jackson Laboratory. 
The mice were maintained under specific pathogen–free con-
ditions in individually ventilated cages at the Laboratory Animal 
Center in the School of Life Sciences at the University of Sci-
ence and Technology of China (USTC). Polymerase chain reac-
tion (PCR) was used to identify the interleukin- 12p40 (IL- 12p40) 
wild- type gene in mice, and flow cytometry was used to identify 
the surface markers CD25, CD4, and CD8a. Mice of both sexes 
and at different serial ages were used; there were no between- 
sex differences, unless noted otherwise. All animal experiments 

were performed in conformity with the requirements of the USTC 
guidelines for Care and Use of Laboratory Animals.

Patients. Labial salivary gland and peripheral blood samples 
from patients with SS were obtained from Anhui Provincial Hos-
pital (Hefei, China). Our cohort included 8 patients (7 female and 
1 male) who were diagnosed as having primary SS. All patients 
were naive to treatment, and none of the patients had features of 
another connective tissue disease. The study was approved by 
the ethics committee of Anhui Medical University (approval no. 
20131172), and informed consent was obtained from all patients.

Histologic and immunofluorescence analyses. Mouse 
submandibular glands were fixed in 4% paraformaldehyde and 
embedded in paraffin. Tissues were then cut into 4- μm slices, 
deparaffinized, and stained with hematoxylin and eosin for mi-
croscopic examination. Lymphocytic foci, defined as areas of 
the submandibular gland tissue containing more than 50 lym-
phocytes per 4 mm2, were identified. Scores for the presence 
of acinar atrophy and fibrosis were classified as 0 or 1, with a 
score of 0 indicating no acinar atrophy or fibrosis, and a score 
of 1 indicating mild acinar atrophy or fibrosis. Scores for salivary 
duct and vascular damage were also assessed, classified as fol-
lows: 0 = no salivary duct or vascular damage, 0.5 = presence 
of only salivary duct damage, and 1 = presence of both salivary 
duct damage and vascular damage. For analysis of the effects of 
antibody treatment, the treated samples were assessed for the 
presence of damage or fibrosis with scores of 0–4, representing 
no damage or fibrosis (score 0) to minimal, mild, moderate, or 
severe damage or fibrosis (scores of 1, 2, 3, or 4, respectively). 
All samples were scored by a single pathologist (KT) in a blinded 
manner.

For immunofluorescence analysis, mouse submandibular 
glands or human labial salivary glands were fixed with 4% para-
formaldehyde for 4 hours and then dehydrated in 30% sucrose 
solution overnight. Dehydrated tissue samples were embedded 
in Tissue- Tek OCT compound, frozen in liquid nitrogen, and 
cut into 6- μm slices. After blocking with 10% goat serum for 
2 hours at room temperature, the slices were incubated with 
a fluorescent antibody overnight under humidified conditions at 
4°C. DAPI was used to stain the nucleus. Sections were visual-
ized using an LSM 710 confocal microscope (Carl Zeiss). Staining 
of the mouse submandibular glands was performed using phyco-
erythrin (PE)–conjugated B220 (RA3- 6B2; BioLegend), allophyco-
cyanin (APC)–conjugated CD3 (17A2; BioLegend), and BV421- 
conjugated CD4 (RM4- 5; BioLegend), and human labial salivary 
glands were stained with Alexa Fluor 594–conjugated CD8a anti-
bodies (C8/144B; BioLegend), Alexa Fluor 647–conjugated CD3 
antibodies (UCHT1; BioLegend), and DAPI (Boster).

Indirect immunofluorescence analysis. An IgG ANA 
kit (IIFT; Hautmont) was purchased to detect ANAs in the serum 
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of mice. Briefly, sera from p40−/−CD25+/− and p40−/−CD25−/− mice 
were diluted in a 1:100 ratio, added onto slides coated with HEp- 2 
cells, and then incubated for 30 minutes at room temperature.  After 
washing with 1× phosphate buffered saline (PBS)–Tween (con-
taining 0.05% Tris buffered saline), Alexa Fluor 647–conjugated  
goat anti- mouse IgG (1:500; BioLegend) was added and incubat-
ed for 30 minutes at room temperature. Slides were washed and 
visualized using an LSM 710 confocal microscope.

Cell isolation. In mouse submandibular glands, draining 
lymph nodes were dissociated and homogenized with PBS 
containing 0.2% bovine serum albumin. Cell suspensions were 
then passed through a 74- μm nylon mesh. After removal of the 
lymph nodes, the submandibular glands were harvested, cut 
into small pieces, and digested using type II collagenase (1 mg/
ml). Human labial salivary glands were prepared and digested in 
the same manner and under the same conditions. Cell suspen-
sions were passed through a nylon mesh and isolated by cen-
trifugation with 40% Percoll. In addition, peripheral blood sam-
ples were obtained from patients with SS and homogenized 
with an equal volume of 1× PBS. Peripheral blood mononuclear 
cells (PBMCs) were isolated by centrifugation with Ficoll.

The number of leukocytes in the mouse submandibular 
glands was calculated by flow cytometry. For assessment of cell 

viability, mouse draining lymph node cells and human PBMCs 
were stained with trypan blue.

Flow cytometry. Cell suspensions were incubated with 
purified anti- CD16/32 antibody (BioLegend) for 15 minutes at 
4°C, and then stained for 20 minutes at 4°C with a cocktail of 
fluorochrome- conjugated antibodies against cell surface mark-
ers. The procedure for measurement of intracellular cytokines 
was performed as previously described (23), using the following 
monoclonal antibodies (mAb) (all from BioLegend): for mouse 
cells, Pacific Blue (PB)–conjugated CD3 (17A2), APC- conjugated 
NK1.1 (PK136), fluorescein isothiocyanate (FITC)–conjugat-
ed CD19 (6D5), PE–Cy7–conjugated CD138 (281- 2), FITC- 
conjugated Fas (15A7), PerCP–Cy5.5–conjugated GL7 (GL7), 
PerCP–Cy5.5–conjugated CD4 (GK1.5), APC–Cy7–conjugated 
CD8a (53- 6.7), PerCP–Cy5.5–conjugated CD8b (YTS156.7.7), 
PE–Cy7–conjugated CD11b (M1/70), PE- conjugated F4/80 
(BM8), anti- CD16/32 (93), FITC- conjugated CD69 (H1.2F3), 
PE–Cy7–conjugated CD103 (2E7), PE- conjugated CXCR3 
 (CXCR3- 173), PE- conjugated CXCR6 (SA051D1), APC- 
conjugated CD49a (HMa1), and PE- conjugated IFNγ (XMG1.2);
for human cells, APC–Cy7–conjugated CD45 (HI30), PE- 
conjugated CD56 (5.1H11), PB- conjugated CD3 (SK7), PerCP–
Cy5.5–conjugated CD8 (HIT8α), FITC- conjugated CD69 (FN50),

Figure 1. CD8+ T cells are the dominant infiltrating T cells in the labial salivary glands of patients with Sjögren’s syndrome (SS). A, Percentages 
of CD4+ and CD8+ T cells in labial salivary glands of patients with SS (n = 8). Symbols represent individual patients; bars show the mean ± 
SD. B, Expression of CD69 and CD103 on CD4+ and CD8+ T cells in labial salivary glands and peripheral blood of patients with SS. C and D, 
Results of immunofluorescence microscopy demonstrating the presence of CD8+ T cells (arrows) near the duct (C) and acinar cells (D) in labial 
salivary glands from a representative patient with SS. DAPI was used to stain the nuclei. Bars = 20 μm; bars in insets = 2 μm. In A and C, the 
experiment was performed 3 times. SD = salivary duct. *** = P < 0.001.
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and APC- conjugated CD103 (Ber- ACT8). In addition, mAb 
against mouse V500- conjugated CD45.2 (104), mouse V500- 
conjugated B220 (RA3- 6B2), and human V500- conjugated CD4 
(RPA- T4) were purchased from BD Biosciences.

Saliva collection. Mice were anesthetized with pentobar-
bital sodium, and then injected intraperitoneally with pilocarpine 
(Sigma- Aldrich) at 5 mg/kg body weight to induce saliva secre-
tion. Saliva was collected from the oral cavity for 15 minutes at 
room temperature into a 20- μl pipette tip, and the volume of 
saliva in the tip was calculated.

Quantitative real- time PCR. Total RNA was extract-
ed from the mouse submandibular glands using TRIzol rea-
gent (Invitrogen). A PrimeScript reverse transcription reagent kit 
with gDNA Eraser (Takara) was used for reverse transcription. 

SYBR Premix Ex Taq II (Takara) was used to perform quantita-
tive real- time PCR. Gene expression values were normalized to 
the values for a control gene encoding GAPDH, with results cal-
culated using the 2−ΔΔCt method. The following oligonucleotides 
were used: for cxcl9, 5′- AATGCACGATGCTCCTGCA- 3′ (sense) 
and 5′- AGGTCTTTGAGGGATTTGTAGTGG- 3′ (antisense); for  
cxcl10, 5′- GCCGTCATTTTCTGCCTCA- 3′ (sense) and 5′- CG 
TCCTTGCGAGAGGGATC- 3′ (antisense); for Ifng, 5′- TAGCCA 
AGACTGTGATTGCGG- 3′ (sense) and 5′- AGACATCTCCTCC 
CATCAGCAG- 3′ (antisense); for gapdh, 5′- AAATGGTGAAGGTC 
GGTGTGAAC- 3′ (sense) and 5′- CAACAATCTCCACTTTGCCAC 
TG- 3′  (antisense).

Enzyme- linked immunosorbent assay (ELISA). 
Ready- Set- Go! ELISA kits (eBioscience) were used to detect the 
serum concentrations of IgG1, IgG2a, IgG2b, IgG3, and IgM. Se-

Figure 2. Characteristics of p40−/−CD25−/− mice as a model of Sjögren’s syndrome. A, Hematoxylin and eosin staining of the submandibular 
glands from a representative p40−/−CD25+/− and p40−/−CD25−/− mouse. B, Numbers of infiltrating lymphocytic foci and histopathologic scores 
for acinar atrophy, duct damage, and fibrosis in the submandibular glands from p40−/−CD25+/− (n = 5) and p40−/−CD25−/− mice (n = 13). Symbols 
represent individual mice; horizontal lines with bars show the mean ± SEM. C, Saliva flow rate in p40−/−CD25+/− (n = 11) and p40−/−CD25−/− 
mice (n = 9). D and E, Serum levels of anti–type 3 muscarinic acetylcholine receptor (anti- M3R) (D) and anti- SSA antibodies (E) as measured 
by enzyme- linked immunosorbent assay in p40−/−CD25+/− (n = 3) and p40−/−CD25−/− mice (n = 11). In C and D, symbols represent individual 
mice; bars show the mean ± SD. In E, horizontal lines show the mean. F, Serum from p40−/−CD25+/− and p40−/−CD25−/− mice (n = at least 5 
mice per group) was incubated with HEp- 2 cells, followed by incubation with Alexa Fluor 647–conjugated goat anti- mouse IgG (red) and DAPI 
(blue). Examples of negative and speckled staining patterns are demonstrated. Findings were derived from at least 3 separate experiments. 
Original magnification × 200. *** = P < 0.001. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/
doi/10.1002/art.40676/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.40676/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40676/abstract
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rum samples were analyzed for autoantibodies against the sali-
vary gland protein M3R. Peptides encoding murine M3R extra-
cellular domains (VLVNTFCDSCIPKTYWNLGY) were synthesized 
chemically and purified (Sangon Biotech). Serum antibodies were 
measured using a standard ELISA (24). Serum levels of SSA and 
SSB were assayed using commercially available ELISA kits (Al-
pha Diagnostic) according to the manufacturer’s instructions.

Depletion of CD8+ T cells in vivo. To deplete CD8+ T 
cells, 200 μg of InVivoMAb anti- mouse CD8α antibody (clone 
2.43; BioXCell) was injected intraperitoneally 3 times per week 
into p40−/−CD25−/− mice starting at age 8 weeks to age 12 
weeks. As a control, an InVivoMAb rat IgG2b isotype control 
(clone LTF- 2; BioXCell) was used.

Statistical analysis. Statistical analyses were performed 
using Student’s 2- tailed unpaired t- tests in GraphPad Prism ver-
sion 5. Results are expressed as the mean ± SD or mean ± SEM.

RESULTS

Dominance of infiltrating CD8+ Trm cells in the labial 
salivary glands of patients with SS. Flow cytometry analysis 
of the labial salivary glands from patients with primary SS indicat-
ed that the percentage of CD8+ T cells was significantly higher 
than that of CD4+ T cells (Figure 1A and Supplementary Figure 
1, available on the Arthritis & Rheumatology web site at http://on-
linelibrary.wiley.com/doi/10.1002/art.40676/abstract). Interesting-
ly, compared to peripheral blood T cells, the majority of infiltrating T 
cells in the labial salivary glands of patients with SS were Trm cells, 
expressing CD69 and CD103. This pattern was especially evident 
in CD8+ T cells (Figure 1B), which were in close proximity to sali-
vary duct epithelial cells and acinar cells (Figures 1C and D). These 
results suggest that CD8+ T cells, rather than CD4+ T cells, are 
the dominant infiltrating lymphocytes in the labial salivary glands of 
patients with SS and may play an important role in the destruction 
of the salivary duct and acinus.

Murine model of SS using p40−/−CD25−/− mice. Given 
that SS can coexist in patients with primary biliary cholangitis, 
we investigated whether p40−/−CD25−/− mice with primary bil-
iary cholangitis (23) could also develop symptoms of SS. Dis-
tinct lymphocytic foci were found around the salivary ducts of 
p40−/−CD25−/− mice (Figures 2A and B), and the scores of acinar 
atrophy, duct damage, and even fibrosis were notably higher 
in the submandibular glands of p40−/−CD25−/− mice compared 
to p40−/−CD25+/− control mice (Figure 2B). In addition, the sali-
va flow rate was significantly decreased in p40−/−CD25−/− mice 
compared to control mice (Figure 2C).

We also noted significantly higher serologic levels of anti- 
M3R antibody in p40−/−CD25−/− mice compared to control mice 
 (Figure 2D). Anti- SSA antibodies were detectable in the serum from 

2 of 11 p40−/−CD25−/− mice, but not in the serum from control mice 
(Figure 2E), while anti- SSB antibodies were undetectable (data not 
shown). ANAs were also detectable in the serum of p40−/−CD25−/− 
mice (Figure  2F). Taken together, these data demonstrate that 
p40−/−CD25−/− mice exhibit characteristics of SS.

Accumulation of CD8+ Trm cells in the submandib-
ular glands of p40−/−CD25−/− mice. Consistent with the results 
of histopathology, the number of leukocytes in the submandib-
ular glands was significantly higher in p40−/−CD25−/− mice com-
pared to control mice (Figure 3A). Analysis of the leukocyte sub-
populations in the submandibular glands of p40−/−CD25−/− mice 
and control mice demonstrated that T cells and B cells were 
the major infiltrating immune cells in p40−/−CD25−/− mice (Fig-
ures 3B–D and Supplementary Figure 2A, available on the Ar-
thritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40676/abstract), just as in patients with SS (25).

These data were also confirmed by immunofluorescence 
microscopy of submandibular gland tissue sections (results 
in Supplementary Figure 2C [http://onlinelibrary.wiley.com/
doi/10.1002/art.40676/abstract]). Among leukocytes, the per-
centages of macrophages and natural killer (NK) cells were 
significantly lower in p40−/−CD25−/− mice compared to control 
mice (Figure  3B). The macrophage numbers in the subman-
dibular glands of p40−/−CD25−/− mice were decreased, but NK 
cell numbers did not change (Figure 3C). Among T cell subsets, 
the numbers of CD4+ T cells and CD8+ T cells were higher in 
p40−/−CD25−/− mice compared to control mice (Figure 3D). Simi-
lar to that in patients with SS, there was a much higher CD8:CD4 
T cell ratio in p40−/−CD25−/− mice (Figure 3E).

Likewise, in the draining lymph nodes of p40−/−CD25−/− 
mice, the numbers of leukocytes, including T cells, were sig-
nificantly increased compared to those in control mice (Fig-
ures 3F and G). The CD8:CD4 T cell ratio in the draining lymph 
nodes was also higher in p40−/−CD25−/− mice compared to 
control mice (Figure  3H). Although there was no significant 
difference in the number of B cells, the germinal center re-
sponse in the draining lymph nodes was increased consider-
ably in p40−/−CD25−/− mice compared to control mice (results 
in Supplementary Figures 2D–F [http://onlinelibrary.wiley.com/
doi/10.1002/art.40676/abstract]).

Interestingly, the majority of the infiltrating T lymphocytes 
in the submandibular glands of p40−/−CD25−/− mice, as well as 
control mice, expressed CD69 and CXCR6, with a proportion 
of CD8+ T cells coexpressing CD103 and CD49a (Figure  3I 
and Supplementary Figure 2B [http://onlinelibrary.wiley.com/
doi/10.1002/art.40676/abstract] or data not shown). While 
a comparably large amount of infiltrating CD4+ T cells were 
CD69+, very few were CD69+CD103+ (Figure 3I). Our results 
thus demonstrate that CD8+ T cells, rather than CD4+ T cells, 
are the main infiltrating cells in the submandibular glands of 
these mice and exhibit a Trm phenotype.

http://onlinelibrary.wiley.com/doi/10.1002/art.40676/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40676/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40676/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40676/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40676/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40676/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40676/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40676/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40676/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40676/abstract
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Tissue damage mediated primarily by CD8+ Trm 
cells in murine SS. Knowing that T cells constituted the 
majority of the infiltrating foci in the salivary glands of human 
patients with SS and in our murine model of SS, we crossed 
p40−/−CD25−/− mice with CD4−/− and CD8a−/− mice to examine 
the role of CD4+ and CD8+ T cells in the development of SS. 
The number of infiltrating foci was decreased when either CD4 
or CD8a was knocked out (Figure 4B). There was a diffuse infil-
tration, rather than the classic focal infiltration, in the submandib-
ular glands of p40−/−CD25−/−CD4−/− mice (Figures 4A and B). In 

contrast, when CD8a was knocked out, it completely abrogated 
the development of acinar atrophy, duct damage, and fibrosis, 
whereas knocking out CD4 only mildly alleviated symptoms (Fig-
ure 4B). More importantly, knockout of CD8a, but not of CD4, 
in p40−/−CD25−/− mice restored the secretory function of the sal-
ivary glands (Figure 4C).

The number of leukocytes was significantly decreased 
in both p40−/−CD25−/−CD8a−/− and p40−/−CD25−/−CD4−/− mice 
compared to p40−/−CD25−/− mice, but this decrease was great-
er in mice with knockout of CD8a (Figure  4D). Similarly, the 

Figure 3. CD8+ tissue- resident memory T cells accumulate in the submandibular glands of p40−/−CD25−/− mice. A, C, and F, Numbers of 
total mononuclear cells (MNCs) (A) and B cells, macrophages (Mϕ), and natural killer (NK) cells (C) in the submandibular glands (SGs) and 
numbers of draining lymph node (dLN) MNCs (F) from p40−/−CD25+/− mice (n = 7) and p40−/−CD25−/− mice (n = 14, or n = 6 for macrophages). 
B, Percentages of each cell subset in the submandibular glands from p40−/−CD25+/− mice (n = 5) and p40−/−CD25−/− mice (n = 6). Values in the 
individual slices indicate the percentage of each subset among leukocytes. D and G, Numbers of CD4+ T cells and CD8+ T cells in the SGs (D) 
and dLNs (G) from p40−/−CD25+/− mice (n = 7) and p40−/−CD25−/− mice (n = 14). E and H, Ratio of CD8+ T cells to CD4+ T cells in the SGs (E) 
and dLNs (H) from p40−/−CD25+/− mice (n = 7) and p40−/−CD25−/− mice (n = 14). In A and C–H, symbols represent individual mice; bars show the 
mean ± SD. I, Expression of CD69 and CD103 on CD4+ and CD8+ T cells in the SGs of p40−/−CD25+/− and p40−/−CD25−/− mice. Values were 
derived from at least 3 separate experiments. * = P < 0.05; ** = P < 0.01; *** = P < 0.001. Color figure can be viewed in the online issue, which 
is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40676/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.40676/abstract
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numbers of total draining lymph node mononuclear cells were 
significantly decreased in p40−/−CD25−/−CD8a−/− mice, but not 
in p40−/−CD25−/−CD4−/− mice, compared to p40−/−CD25−/− mice 
(Figure 4E). There were fewer CD4+ T cells in the submandibular 
glands of p40−/−CD25−/−CD8a−/− mice compared to p40−/−CD25−/− 
mice (Figures 4F and G). The number of CD8+ T cells was also 
significantly decreased in the submandibular glands, but in-
creased in the draining lymph nodes, of p40−/−CD25−/−CD4−/− 
mice (Figures 4H and I).

Although tissue damage was significantly alleviated in the 
absence of CD8+ T cells, a high germinal center response was 
still noted (results in Supplementary Figures 3A and B, available 
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40676/abstract). In mice with CD8a 
deficiency, serum levels of IgM, IgG1, and IgG3 were all increased 
in comparison to p40−/−CD25−/− mice (results in Supplementary 
Figure 3C [http://onlinelibrary.wiley.com/doi/10.1002/art.40676/
abstract]). In contrast, knockout of CD4 impaired the germinal 
center response and antibody production in p40−/−CD25−/− mice 
(results in Supplementary Figures 3A and C). Taken together, 
these findings suggest that tissue damage is primarily mediat-
ed by CD8+ T cells, and that CD4+ T cells may be important 
for CD8+ T cell infiltration for specific destruction of the salivary 
duct.

Required presence of IFNγ for CD8+ T cell infil-
tration in the submandibular glands. T cells infiltrat-
ing the submandibular glands and draining lymph nodes of 
p40−/−CD25−/− mice had high IFNγ production (Figures  5A 
and B). Levels of IFNγ messenger RNA (mRNA) were also 
up- regulated in the submandibular gland tissue of these mice  
(Figure  5C). We therefore generated p40−/−CD25−/−IFNγ−/− 
mice to investigate the role of IFNγ in SS. Significantly few-
er leukocytes were found in the submandibular glands of 
p40−/−CD25−/−IFNγ−/− mice compared to p40−/−CD25−/− mice 
(Figure 5D). Whereas knockout of IFNγ in p40−/−CD25−/− mice 
resulted in only a slightly decreased number of infiltrated foci 
and slightly lower scores for duct damage and fibrosis, the 
absence of IFNγ in these mice alleviated the severity of aci-
nar atrophy and restored the secretory function of the salivary 
glands (Figures 5E and F). These data demonstrate the path-
ogenic role of IFNγ in p40−/−CD25−/− mice.

Notably, p40−/−CD25−/− mice with IFNγ knockout had dra-
matically enlarged draining lymph nodes (Figure 5G), which was 
attributable to increased numbers of CD8+ and CD4+ T cells (Fig-
ure 5H). However, in the submandibular glands of p40−/−CD25−/−IF-
Nγ−/− mice, the number of CD8+ T cells was decreased (Figure 5I), 
suggesting that IFNγ may promote CD8+ T cell migration from the 
draining lymph nodes to the submandibular glands.

Figure  4. Tissue damage is mediated primarily by CD8+ tissue- resident memory T cells in murine Sjögren’s syndrome. A, Hematoxylin 
and eosin staining of the submandibular glands (SGs) from a representative p40−/−CD25−/−CD8a−/− and p40−/−CD25−/−CD4−/− mouse. Bars = 
50 μm. B, Numbers of infiltrating lymphocytic foci and histopathologic scores for acinar atrophy, duct damage, and fibrosis in the SGs from 
p40−/−CD25−/−CD8a−/− (n = 11) and p40−/−CD25−/−CD4−/− mice (n = 15). C, Saliva flow rate in p40−/−CD25−/− (n = 9), p40−/−CD25−/−CD8a−/− (n = 8), 
and p40−/−CD25−/−CD4−/− mice (n = 6). D and E, Numbers of total mononuclear cells in the SGs (D) and draining lymph nodes (dLNs) (E) from 
p40−/−CD25−/− (n = 14), p40−/−CD25−/−CD8a−/− (n = 7), and p40−/−CD25−/−CD4−/− mice (n = 11). F and G, Numbers of CD4+ T cells in the SGs (F) 
and dLNs (G) from p40−/−CD25−/− (n = 14) and p40−/−CD25−/−CD8a−/− mice (n = 6). H and I, Numbers of CD8+ T cells in the SGs (H) and dLNs 
(I) from p40−/−CD25−/− (n = 14) and p40−/−CD25−/−CD4−/− mice (n = 7). Symbols represent individual mice; horizontal lines with bars show the 
mean ± SEM in B or bars show the mean ± SD in C–I. Values were derived from at least 3 separate experiments. * = P < 0.05; ** = P < 0.01;  
*** = P < 0.001. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40676/abstract.
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We also observed that the germinal center response in the 
draining lymph nodes was completely abolished after knockout 
of IFNγ in p40−/−CD25−/− mice (results in Supplementary Figure 3D 
[http://onlinelibrary.wiley.com/doi/10.1002/art.40676/abstract]), 
indicating that the absence or presence of IFNγ determined the 
germinal center response.

Considering that previous studies have demonstrat-
ed an effect of IFNγ on the CXCR3–CXCL9/10 axis (26), we 
next measured the expression of CXCR3 on T lymphocytes 
in the draining lymph nodes of mice, and the expression of 
CXCL9/CXCL10 in the mouse submandibular glands. A sig-
nificantly higher frequency of CXCR3+ T lymphocytes, es-
pecially among CD8+ T cells, was observed in the draining 
lymph nodes of p40−/−CD25−/− mice compared to control mice 
(results in Supplementary Figure 4A, available on the Arthri-

tis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40676/abstract). However, knockout of IFNγ 
in p40−/−CD25−/− mice did not decrease the percentage of 
CXCR3+ T lymphocytes in the draining lymph nodes (Supple-
mentary Figure 4A).

Furthermore, the levels of mRNA for Cxcl9 and Cxcl10 were 
each significantly increased in the submandibular glands of both 
p40−/−CD25−/− and p40−/−CD25−/−CD4−/− mice compared to con-
trol mice (results in Supplementary Figure 4B [http://onlinelibrary.
wiley.com/doi/10.1002/art.40676/abstract]). In contrast, mRNA 
expression of these chemokines was significantly decreased in 
p40−/−CD25−/−CD8a−/− and p40−/−CD25−/−IFNγ−/− mice compared 
to p40−/−CD25−/− mice (Supplementary Figure 4B). Our findings 
thus suggest that IFNγ contributes to CD8+ T cell infiltration in the 
submandibular glands through a CXCR3- dependent mechanism.

Figure 5. CD8+ T cell infiltration in the salivary glands requires the presence of interferon- γ (IFNγ). A and B, IFNγ+ T cells in the submandibular 
glands (SGs) (A) and draining lymph nodes (dLNs) (B) from p40−/−CD25+/− mice (n = 4) and p40−/−CD25−/− mice (n = 6). C, Results of quantititative 
polymerase chain reaction showing Ifng gene expression in the SGs from p40−/−CD25+/− mice (n = 6) and p40−/−CD25−/− mice (n = 10). D, 
Numbers of total mononuclear cells in the SGs from p40−/−CD25−/− mice (n = 13) and p40−/−CD25−/−IFNγ−/− mice (n = 5). E, Numbers of infiltrating 
lymphocytic foci and histopathologic scores for acinar atrophy, duct damage, and fibrosis in the SGs from p40−/−CD25−/− mice (n = 14) and 
p40−/−CD25−/−IFNγ−/− mice (n = 9). F, Saliva flow rate in p40−/−CD25−/− mice (n = 9) and p40−/−CD25−/−IFNγ−/− mice (n = 6). G, Microscopic images 
of the dLNs from a representative p40−/−CD25−/− mouse and p40−/−CD25−/−IFNγ−/− mouse. H and I, Numbers of CD4+ and CD8+ T cells in the 
dLNs (H) and SGs (I) from p40−/−CD25−/− mice (n = 13) and p40−/−CD25−/−IFNγ−/− mice (n = 5). Symbols represent individual mice; bars show 
the mean ± SD in B–D, F, H, and I or horizontal lines with bars show the mean ± SEM in E. Values were derived from at least 3 separate 
experiments. * = P < 0.05; ** = P < 0.01; *** = P < 0.001. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.40676/abstract. 
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Alleviation of tissue damage by CD8+ T cell deple-
tion therapy in murine SS. Given that CD8+ T cells con-
tribute to the pathogenesis of SS, we depleted CD8+ T cells 
after disease onset as a therapeutic strategy. We began CD8+ T 
cell–specific antibody treatment in p40−/−CD25−/− mice at age 8 
weeks, when severe lymphocyte infiltration and tissue damage 
had already appeared in the submandibular glands (see Sup-
plementary Figures 5A and B, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40676/abstract). The depletion antibody effectively eliminat-
ed CD8+ T cells in the submandibular glands of mice and in 
the peripheral blood of patients with SS (Figure 6A and Supple-
mentary Figure 5C [http://onlinelibrary.wiley.com/doi/10.1002/
art.40676/abstract]). Furthermore, the number of total mononu-
clear cells in the mouse submandibular glands was significantly 
reduced by the depletion antibody treatment (Figure 6B). The 
number of infiltrated foci as well as the scores for acinar atrophy, 
duct damage, and fibrosis were all decreased after treatment 
with the CD8+ T cell depletion antibody (Figures 6D and E).

More importantly, the secretory function of the mouse sali-
vary glands was restored after antibody therapy (Figure 6F). For 
example, untreated 8- week- old mice secreted more saliva than 

did 12-week- old mice treated with control IgG, but did not show 
as much saliva secretion as mice treated with the anti- CD8a an-
tibody for 4 weeks (Figure 6F). The number of total mononuclear 
cells in the draining lymph nodes was significantly decreased in 
the treated mice but not in the control mice (Figure 6C), but the 
number of B cells and the germinal center response in the drain-
ing lymph nodes were not affected by the antibody treatment 
(results in Supplementary Figures 5D–F [http://onlinelibrary.wiley.
com/doi/10.1002/art.40676/abstract]). There was no difference 
in the serum levels of either anti- M3R antibodies or ANAs be-
tween anti- CD8a depletion antibody–treated mice and control 
mice (results in Supplementary Figures 5G and H [http://onlineli-
brary.wiley.com/doi/10.1002/art.40676/abstract]). Taken togeth-
er, our results demonstrate that an antibody treatment aimed at 
depleting CD8+ T cells can effectively improve the disease mani-
festations of SS, even in animals with established disease.

DISCUSSION

The results of this study show that CD8+ T cells constitute 
the majority of T cells infiltrating the labial salivary glands of pa-

Figure 6. CD8+ T cell depletion therapy alleviates tissue damage in a murine model of Sjögren’s syndrome. A, Expression of T cell subsets in 
the submandibular glands (SGs) from p40−/−CD25−/− mice treated with the CD8+ T cell depletion antibody or control IgG. B and C, Numbers of 
total mononuclear cells in the SGs (B) or draining lymph nodes (dLNs) (C) from p40−/−CD25−/− mice treated with CD8+ T cell depletion antibody 
(n = 5) or control IgG (n = 7). D, Hematoxylin and eosin staining of the SGs from a representative p40−/−CD25−/− mouse treated with CD8+ T 
cell depletion antibody or control IgG. E, Numbers of infiltrating lymphocytic foci and histopathologic scores for acinar atrophy, duct damage, 
and fibrosis in the SGs from p40−/−CD25−/− mice treated with CD8+ T cell depletion antibody (n = 4) or control IgG (n = 5). F, Saliva flow rate 
in untreated 8- week- old p40−/−CD25−/− mice (n = 3), 12- week- old p40−/−CD25−/− mice treated with CD8+ T cell depletion antibody (n = 5), or 
12- week- old p40−/−CD25−/− mice treated with control IgG (n = 5). Symbols represent individual mice; bars show the mean ± SD in B, C, and F or 
horizontal lines with bars show the mean ± SEM in E. Values were derived from at least 3 separate experiments. * = P < 0.05; ** = P < 0.01; *** 
= P < 0.001. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40676/abstract.
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tients with primary SS. Using a mouse model that recapitulates 
many of the features of human SS, we documented a critical role 
of CD8+ T cells in the development of SS. Most importantly, tar-
geted depletion of CD8+ T cells appears to significantly reduce 
tissue damage and restore salivary gland functions even in mice 
with established disease, providing a new therapeutic strategy 
for human SS.

SS is characterized by extensive lymphocytic infiltration in 
the exocrine glands or other epithelial elements, most prominent-
ly in the salivary glands, by CD4+ and CD8+ T cells (10). Howev-
er, the role of CD8+ T cells has not been well studied. A recent 
study using mass flow cytometry demonstrated the presence of 
a large number of activated CD8+ T cells in the labial salivary 
glands of patients with SS (10). A multiomics study with blood 
and tissue samples from patients with SS indicated that cyto-
toxic CD8+ T cells are associated with SS gene signatures (12).

Cytotoxic CD8+ T cells can induce apoptosis and lysis 
of target cells through the Fas/FasL pathway or can induce 
 degranulation and IFNγ production (27). Patients with SS have 
high expression levels of Fas and FasL in acinar and ductal 
epithelial cells and infiltrating cells in their salivary glands (28). 
CD8+ T cells localize around the apoptotic acinar epithelial cells 
in patients with SS (29). Another recent study found that CD8+ 
T cells can promote dacryoadenitis and mediate epithelial cell 
damage in NOD mice (11). In this study, we found that CD8+ 
T cells were dominant both in the labial salivary glands of pa-
tients with SS and in the salivary glands of p40−/−CD25−/− mice. 
However, CD8+ T cell infiltration in the submandibular glands be-
came more diffuse in CD4- knockout mice with SS- like disease, 
suggesting that CD4+ T cells were involved in cell clustering and 
in the formation of infiltrating foci during the pathogenesis of SS.

Trm cells manifest up- regulated expression of CD69, which 
antagonizes the sphingosine 1- phosphate receptor 1 (a recep-
tor for S1P) to maintain tissue- resident features (30–32). CD103, 
also coined αEβ7, is associated with the Trm phenotype and 
can bind to E- cadherin (14,33,34). CD103 expression on Trm 
cell precursors depends on transforming growth factor β (TGFβ) 
(14,33,35,36). Transcripts of Tgfb1–3 are highly expressed in 
the salivary glands, allowing CD8+ T cells infiltrating the salivary 
glands to be activated by TGFβ signaling and express CD103, 
thus becoming CD103+CD8+ Trm cells (37). Indeed, we ob-
served that a large proportion of CD8+ T cells in the labial sal-
ivary glands of patients with SS or in the murine model of SS 
were CD103+CD8+ Trm cells. Acinar cells and salivary duct ep-
ithelial cells both have high E- cadherin expression (38). CD8+ T 
cells can therefore colocalize with acinar cells and salivary duct 
epithelial cells via the interaction between CD103 on CD8+ Trm 
cells and E- cadherin on epithelial cells.

Compared to subjects without SS, the salivary glands 
and saliva from patients with SS exhibit elevated levels of IFNγ 
(39,40). The labial salivary glands from patients with SS exhibit 
a high gene expression of cxcl9 and cxcl10, which are induced 

by IFNγ and encode the ligands of CXCR3 (41). As noted above, 
IFNγ production by infiltrating mononuclear cells was increased 
in the submandibular glands of mice in our murine model of SS. 
Although the presence of IL- 12p40 is critical for IFNγ production, 
the production of IFNγ in CD25−/− mice may occur independent 
of IL- 12 and may be limited by the presence of IL- 23, which 
prevents Th1 responses or inhibits Th1 development (21). Our 
results suggest that increased expression of cxcl9 and cxcl10 
may enable IFNγ to promote CD8+ T cells, displaying a high 
expression of CXCR3 in draining lymph nodes and subsequent 
infiltration into the submandibular glands. Nevertheless, we no-
ticed that infiltrating CD8+ T cells were significantly decreased in 
the submandibular glands of p40−/−CD25−/−CD4−/− mice despite 
their high expression of cxcl9 and cxcl10, which suggests that 
CD4+ T cells recruit CD8+ T cells via a different mechanism dur-
ing SS development.

In addition, increased production of IFNγ can induce the ex-
pression of apoptosis- related molecules, such as Fas, on ductal 
epithelial cells in the salivary glands of patients with SS (42). IFNγ 
can also induce immunoproteasomes and promote the pre-
sentation of class I major histocompatibility complex–associated 
peptides on human salivary gland cells (43), enhancing CD8+ 
T cell–mediated immune responses.

In addition to T cells, activated B cells also infiltrate the sal-
ivary glands of patients with SS (23). Autoantibody production 
can begin at a very early stage, well before the onset of clinical 
manifestations (44). However, autoantibodies do not appear to 
play a direct role in the pathogenesis of SS (45). Rituximab, an 
anti–B cell therapy, was not clinically effective in patients with 
SS (46). IFNγ has been reported to promote autoimmune germi-
nal centers via interaction with the B cell IFNγ receptor (47,48). 
However, knockout of CD8a or deletion of CD8+ T cells did not 
suppress germinal center responses and antibody secretion, 
suggesting that IFNγ derived from other cells is sufficient to 
maintain the autoimmune germinal center response.

In this study, we found that although the germinal center 
response and antibody production were suppressed in CD4- 
knockout or IFNγ- knockout p40−/−CD25−/− mice, tissue damage 
still occurred. Furthermore, CD8+ T cell deficiency did not de-
crease antibody production, despite our observation that it im-
proved the structure and physiologic function of the target  tissue.

In conclusion, CD8+ T cells appear to play a significant role 
in the immunopathology of SS both in this murine model and in 
humans. This study also demonstrates that the majority of infil-
trating CD8+ T cells are Trm cells (as depicted in Supplementary 
Figure 6, available on the Arthritis & Rheumatology web site at 
http://onlinelibrary.wiley.com/doi/10.1002/art.40676/abstract). 
Furthermore, depletion of CD8+ T cells even after the onset of 
disease improves the pathologic manifestations of SS. These 
data collectively enhance our understanding of the pathogenesis 
of SS and suggest a new therapeutic strategy for the manage-
ment of SS in human subjects.
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Salivary Gland Stem Cells Age Prematurely in 
Primary Sjögren’s Syndrome
Sarah Pringle,1 Xiaoyan Wang,1 Gwenny M. P. J. Verstappen,1 Janneke H. Terpstra,1 Clarence K. Zhang,2  
Aiqing He,3 Vishal Patel,3 Rhiannon E. Jones,4 Duncan M. Baird,4  Fred K. L. Spijkervet,1 Arjan Vissink,1  
Hendrika Bootsma,1 Robert P. Coppes,1 and Frans G. M. Kroese1

Objective. A major characteristic of the autoimmune disease primary Sjögren’s syndrome (SS) is salivary gland (SG) 
hypofunction. The inability of resident SG stem cells (SGSCs) to maintain homeostasis and saliva production has never 
been explained and limits our comprehension of mechanisms underlying primary SS. The present study was undertaken 
to investigate the role of salivary gland stem cells in hyposalivation in primary SS.

Methods. SGSCs were isolated from parotid biopsy samples from controls and patients classified as having primary 
SS or incomplete primary SS, according to the American College of Rheumatology/European League Against Rheuma-
tism criteria. Self- renewal and differentiation assays were used to determine SGSC regenerative potential, RNA was ex-
tracted for sequencing analysis, single telomere length analysis was conducted to determine telomere length, and frozen 
tissue samples were used for immunohistochemical analysis.

Results. SGSCs isolated from primary SS parotid gland biopsy samples were regeneratively inferior to healthy control 
specimens. We demonstrated that SGSCs from samples from patients with primary SS are not only lower in number and 
less able to differentiate, but are likely to be senescent, as revealed by telomere length analysis, RNA sequencing, and 
immunostaining. We further found that SGSCs exposed to primary SS–associated proinflammatory cytokines we induced 
to proliferate, express senescence- associated genes, and subsequently differentiate into intercalated duct cells. We also 
localized p16+ senescent cells to the intercalated ducts in primary SS SG tissue, suggesting a block in SGSC differenti-
ation into acinar cells.

Conclusion. This study represents the first characterization of SGSCs in primary SS, and also the first demonstration 
of a linkage between an autoimmune disease and a parenchymal premature- aging phenotype. The knowledge garnered 
in this study indicates that disease- modifying antirheumatic drugs used to treat primary SS are not likely to restore saliva 
production, and should be supplemented with fresh SGSCs to recover saliva production.

INTRODUCTION

Between 0.4 and 3.1 million people in the US have been 
diagnosed as having the autoimmune disease primary Sjögren’s 
syndrome (SS) (1). Presenting clinically predominantly in women 
(9:1 ratio), primary SS is a multifaceted syndrome most often 
associated with production of autoantibodies (SSA/Ro and SSB/
La), infiltration of the salivary glands (SGs) with lymphocytes, and 
hyposalivation (reduced secretory function of the SGs). Other 
symptoms may include neurologic involvement, lung symptoms, 

and chronic fatigue. Lymphocytic infiltration of SGs is charac-
terized and measured clinically by the presence of immune foci, 
defined as a gathering of >50 lymphocytes in the SGs, associ-
ated with the striated ducts. The periductal infiltrates may evolve 
into ectopic lymphoid tissue harboring germinal centers (sites of 
memory B cell formation). In addition, the relative number of IgA 
plasma cells decreases, in parallel with glandular dominance of 
IgG- producing plasma cells. Mucosa- associated lymphoid tis-
sue lymphomas are also frequently observed in the SG tissue of 
patients with  primary SS. These features of salivary gland  infiltration 
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reflect the B cell–dominated phenotype of primary SS (2). Given 
these characteristic lymphocytic infiltrates, the logical conclusion 
is that lymphocytic infiltration of SGs is the causative factor un-
derlying hyposalivation. However, recent detailed research has 
clearly demonstrated that the correlation between salivary flow 
and degree of inflammation is weak (3–11). 

In healthy SGs, homeostasis is maintained by proliferation 
and differentiation of tissue- resident SGSCs. According to one 
of the prevailing views in the field, these cells reside in striat-
ed ducts, from where they differentiate first toward intercalated 
ducts and subsequently to acinar cells (12–16). Other studies 
have identified progenitor cell populations within the acinar cell 
subset, and, alternatively, have suggested that acinar cells them-
selves are capable of maintaining SG homeostasis through self- 
replication (17,18). Regardless of the predominant viewpoints, 
the apparent lack of ability of SGSCs to maintain SG homeosta-
sis in primary SS has never been explained, and likely contrib-
utes to hyposalivation development in primary SS. In this study, 
we used protocols for SGSC isolation recently developed by us 
and others (12–14,16,19) to probe the involvement of SGSCs in 
primary SS. We demonstrate that SGSCs in primary SS are likely 
to be senescent, a phenotype that may be induced by exposure 
to primary SS–associated proinflammatory cytokines.

PATIENTS AND METHODS

Source of SG tissue. For healthy control specimens, biopsy 
samples of parotid SG tissue were obtained from donors (after in-
formed consent and institutional review board [IRB] approval) who 
were treated for a squamous cell carcinoma of the oral cavity. In 
these patients, an elective head and neck dissection procedure 
was performed. During this procedure, a parotid SG is exposed 
and removed. This tissue does not contain malignant cells, as oral 
squamous cell carcinoma does not disseminate to the parotid SG. 
To obtain study samples from patients with primary and incomplete 
primary SS, specimens were obtained during the routine diagnos-
tic evaluation for primary SS. Patients were classified as having 
primary SS if they fulfilled the 2016 American College of Rheuma-
tology (ACR)/European League Against Rheumatism (EULAR) cri-
teria (20). Patients classified as having incomplete primary SS did 
not fulfill these criteria and were not taking hyposalivation- inducing 
medication, but they did demonstrate either objective symptoms 
of dry mouth or SSA autoantibody presence. IRB approval was 
obtained, and all patients with primary SS and incomplete primary 
SS provided informed consent (METc 2016/010).

Stem cell isolation. Parotid SG biopsy samples harvest-
ed from oral squamous cell cancer patients with healthy parotid 
gland tissue and samples obtained from patients with primary 
SS and incomplete primary SS after surgery were processed 
in Hanks’ balanced salt solution (HBSS) containing 1% bovine 
serum albumin (BSA; Invitrogen). Biopsy samples were digest-

ed mechanically using a gentleMACS dissociator (Miltenyi Bio-
tec) or manually with scissors and simultaneously digested in 
HBSS/1% BSA buffer containing 0.63 mg/ml type II collagenase 
(Invitrogen) and 0.5 mg/ml hyaluronidase (Sigma- Aldrich), as well 
as calcium chloride at a final concentration of 6.25 mM, for 30 
minutes at 37°C. Forty milligrams of tissue was processed per 1 
ml buffer volume; total volume was adjusted according to biopsy 
sample weight. Digested cells were collected by centrifugation, 
washed twice in HBSS/1% BSA solution, and passed through 
100- μm cell strainers (BD Biosciences).

The resultant cell suspensions were collected again by cen-
trifugation and resuspended in SGSC medium consisting of 40% 
Dulbecco’s modified Eagle’s medium/F- 12 medium, penicillin/
streptomycin antibiotics (Invitrogen), Glutamax (Invitrogen), 50% 
Wnt- 3a–conditioned medium, 10% R- spondin–conditioned 
medium (derived from the RSPO1 cell line; AMSBIO), 20 ng/
ml epidermal growth factor (Sigma- Aldrich), 20 ng/ml fibroblast 
growth factor 2 (Sigma- Aldrich), N2 (Invitrogen), 10 mg/ml insulin 
(Sigma- Aldrich), 1 mM dexamethasone (Sigma- Aldrich), 10 μM 
Rho kinase inhibitor (Abcam), 5 μM transforming growth factor β 
inhibitor (catalog no. A8301; ToCris Bioscience), and 12.5 ng/ml 
Noggin (PeproTech). A total of 800,000 primary isolate cells were 
resuspended in 25 μl of SGSC medium combined with 50 μl of 
basement membrane Matrigel (BD Biosciences) and deposited 
in the center of 12- well tissue culture plates. After the gels were 
allowed to solidify (20 minutes at 37°C), 1 ml of stem cell me-
dium was added per well. After 3–5 days of culture, the formed 
primary spheres were released from Matrigel by incubation in 
1 mg/ml Dispase (Sigma) (1 hour at 37°C). Primary spheres of 
a minimum size of 50 μM were counted and used to establish 
primary sphere yield per milligram of biopsy material. To correct 
primary sphere yield for the site of biopsy, the primary sphere 
yields for healthy control samples and primary SS samples were 
multiplied by factors of 4.1 and 11.95, respectively. Multiplication 
factors were derived from the yield of primary spheres isolated 
from the SGSC- rich area, as described by van Luijk et al (21).

Cytospot preparation and quantification. A total of 
100 μl of cell suspension obtained after SGSC isolation was 
added into a cytospin funnel, after prewetting of coated mi-
croscope slides with 1% BSA/phosphate buffered saline (PBS) 
solution. After centrifugation at 300 revolutions per minute for 2 
minutes, slides were air dried and fixed with 4% paraformalde-
hyde (PFA) at room temperature for 20 minutes. Hematoxylin 
and eosin staining was then performed according to standard 
protocols. The number of acinar and ductal cells was deter-
mined by capturing images of 3 areas of the cytospot per sam-
ple. The total cell number in each area was determined by count-
ing hematoxylin- stained nuclei. Acinar cells were identified by 
characteristic triangular morphology and predominant hematox-
ylin staining. Ductal cells were identified by heavily eosin- stained 
cytoplasm. The proportion of each cell type was expressed as 
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the percentage of total cells. For CD45+ cell quantification, cy-
tospots were fixed as described above, then permeabilized in 
100% ethanol (20 minutes at −20°C), washed in PBS, and then 
incubated in mouse anti- CD45 antibody (Dako) (1 hour at room 
temperature), diluted 1:100 in 1% BSA containing 0.05% Tween. 
Following PBS washing, Alexa Fluor 488–conjugated goat anti- 
mouse secondary antibody was added onto cytospots at 1:300 
dilution in 1% BSA/0.05 PBS containing Tween and incubated at 
room temperature for 1 hour. Following final PBS washes, nuclei 
were counterstained with DAPI, and cytospots were visualized 
using a Leica 6000 Series microscope.

Flow cytometry and fluorescence- activated cell 
sorting (FACS) of SG isolate. After isolation, cell suspen-
sions were dispersed to single cells. Cells were immunolabeled  
with antibodies against the following human proteins, conjugat-
ed to fluorophores as indicated: eFluor 660–conjugated epithelial 
cell adhesion molecule (EpCAM) (1:20; eBioscience), phycoeryth-
rin (PE)–Cy5–conjugated CD45 (1:50; BioLegend), BUV737- 
conjugated CD19 (1:50; eBioscience), allophycocyanin (APC)– 
eF700–conjugated CD3 (1:50; eBioscience), PE- Cy7–conjugated 
CD56 (1:50; BioLegend), APC- eF780–conjugated CD4 (1:50; 
eBioscience), PE- Cy7–CD24 (1:20; BioLegend), and fluoresce-
in isothiocyanate –conjugated Ki-67 (1:200; ThermoFisher Sci-
entific). For intranuclear staining for Ki- 67, a Foxp3 Transcription 
Factor Buffer Set was used, according to the instructions of the 
manufacturer (eBioscience). Staining for K14 and smooth muscle 
actin (SMA) was performed in 2 steps using rabbit anti- human 
K14 (1:100; Abcam) and mouse anti- human SMA (1:100; Dako) 
and Alexa Fluor 647–conjugated secondary antibody (1:300). An-
tibodies were added in a total volume of 100 μl 0.5% BSA/PBS 
with 2 mM EDTA (staining buffer), containing a maximum of 1 
million cells. Staining was performed for 20 minutes on ice. Cells 
were collected by centrifugation and resuspended in staining 
buffer for analysis with an LSRII flow cytometer (BD Bio science).

Living–dead discrimination was performed using 80 ng/ml 
propidium iodide (ThermoFisher). For FACS sorting of EpCAM+ 
cells from SG isolate, staining was performed as described 
above, with the addition of 0.1M magnesium sulfate and 50 μg/
ml DNase (both from Sigma) into cell suspension to prevent cell 
clumping. Collected CD45+ cells were harvested into stem cell 
medium collected by centrifugation and plated into Matrigel as 
described above. The gating strategy for flow  cytometric analy-
sis and FACS is shown in Supplementary Figure 1, available on 
the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40659/abstract.

Self- renewal. Following the release of primary spheres 
from Matrigel as described above, cells were dispersed to form 
single- cell suspensions using 0.05% trypsin–EDTA (Invitrogen), 
enumerated, and concentrations adjusted to 0.4 × 106 cells per 
ml in SGSC medium. Twenty- five microliters of this cell solu-

tion was combined with 50- μl volumes of basement membrane 
Matrigel and deposited in the center of 12- well tissue culture 
plates. After the Matrigel was solidified for 20 minutes at 37°C, 
gels were covered in stem cell medium as described above. 
Organoids appeared 2–3 days after seeding of single cells in 
Matrigel. Ten days after seeding, Matrigel was dissolved by in-
cubation with Dispase enzyme as described above. Organoids 
>50 μM in diameter were enumerated, cells were processed to a 
single- cell suspension using 0.05% trypsin–EDTA, and cell num-
bers were determined. These data were used to generate the 
organoid formation efficiency and population doublings. Popula-
tion doublings (pds) were calculated according to the following 
formula:

Encapsulation in Matrigel was repeated to generate the next 
passage. This cycle was repeated 4 times (4 passages). At the 
end of each passage, an image of the cells was captured using 
an Olympus CKX53 microscope and DP2- SAL software.

Mature organoid formation assay. For mature orga-
noid formation assays, organoid cultures were supplemented 
with 1 μM isoproterenol. Mature organoid formation was moni-
tored over a 2- week period.

RNA sequencing. Total RNA was extracted from stem 
cells using an Absolutely RNA Miniprep Kit (catalog no. 400800), 
according to the instructions of the manufacturer (Agilent). The 
integrity of RNA was examined with an Agilent 2100 Bioanalyzer.  
Subsequent sequencing was performed using a SMART- Seq 
v4 Ultra Low Input RNA Kit (catalog no. 634890; Clontech) and 
a Nextera XT DNA Library Prep Kit (catalog no. FC- 131- 1096; 
Illumina) according to the instructions of the manufacturers, 
and prepared DNA libraries were sequenced on a HiSeq 2500 
system. Data quality assessment was performed to understand 
the main source of variability, and differential expression analysis 
and visualization were performed in R (packages PVCA, EdgeR, 
and PHeatmap). The MetaCore pathway database was used 
for pathway enrichment analysis; data can be accessed via the 
NCBI Sequence Reads Archive (accession no. PRJNA506620).

Cytokine incubations with SGSCs. Cytokines were 
 purchased as follows: human interleukin- 6 (IL- 6) (catalog 
no.  200- 06A; PeproTech), human interferon- α (IFNα) (cata-
log  no. 11100- 1; R&D Systems), and human tumor necrosis 
factor (TNF) (catalog no. 300- 01A; PeproTech) and reconstitut-
ed according to the instructions of the manufacturers. Dilutions 
for coculture with cytokines were performed in such a manner 
that the volume of cytokine added to the medium was always 

pds=
ln2 (harvested cells/seeded cells)

ln2
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1% of the total medium volume. The medium was refreshed 2 
times within the passage (days 3 and 6), in parallel with control 
cultures.

Whole- mount and tissue immunocytochemistry. Ma-
ture organoids were released from Matrigel using Dispase, collect-
ed in round- bottomed 96- well plates, and fixed in 2% PFA for 10 
minutes. Frozen tissue sections were cut at a thickness of 8 μM 
and fixed in 2% PFA for 5 minutes. Staining for all samples was 
performed from this point, using a Tyramide Signal Amplification Kit 
according to the instructions of the manufacturer (ThermoFisher).  
After hydrogen peroxide blocking and general blocking, primary 
antibodies were incubated with organoids, mature organoids, or 
tissue sections overnight in PBS at 4°C. Dilutions of primary anti-
bodies used for immunostaining were as follows: rabbit anti- human 
amylase (1:100) (catalog no. A2863; Sigma), rabbit anti- human 
aquaporin 5, rabbit anti- human EpCAM, mouse anti- human IL- 6 
receptor (1:100) (clone B- R6; ThermoFisher), mouse anti- human 
TNF receptor type I (clone H398;ThermoFisher), rabbit anti- human 
IFNα receptor (1:100) (catalog no. 62693; Abcam), mouse anti- 
human p16 (1:100) (catalog no. 54210; Abcam), and mouse anti- 
human SMA (1:100) (catalog no. M0851; Dako). Nuclear counter-
staining was performed with Hoechst 33342, at a 1:300 dilution 
from 10 mg/ml stock solution, for 10 minutes at room temperature. 
Immunostainings were visualized using a Leica TCS SP8 confocal 
laser scanning microscope and Leica Application Suite software.

Telomere analysis. DNA was extracted from human 
SGSCs using a QIAamp DNA Micro Kit (Qiagen). Single telomere 
length analysis (STELA) was carried out at the XpYp telomere as 
described previously by Capper et al (22). Briefly, 1 μM Telorette 
2 linker was added to 10 ng of purified genomic DNA in a final 
volume of 40 μl per sample. Multiple polymerase chain reactions 
(PCRs) were performed for each test DNA in 10- μl volumes, in-
corporating 250 pg of DNA, 0.5 μM telomere- adjacent and Tel-
tail primers, 75 mM Tris HCl (pH 8.8), 20 mM (NH

4)2SO4, 0.01% 
Tween 20, 1.5 mM MgCl2, and 0.5 units of a 10:1 mixture of 
Taq (ABgene) and Pwo polymerase (Roche Molecular Biochemi-
cals). The reactions were processed in a Tetrad2 Thermal Cycler 
(Bio- Rad). DNA fragments were resolved by 0.5% Tris–acetate–
EDTA agarose gel electrophoresis and identified by Southern 
hybridization with a random- primed a- 33P- labeled (PerkinElmer) 
TTAGGG repeat probe, together with probes specific for the 1 
kb (Stratagene) and 2.5 kb (Bio- Rad) molecular weight mark-
ers. Hybridized fragments were detected using a Typhoon FLA 
9500 Phosphorimager (GE Healthcare). The molecular weights 
of the DNA fragments were calculated using a Phoretix 1D 
Quantifier (Nonlinear Dynamics).

Quantitative PCR (qPCR). Total RNA was extracted 
from cultured cells using an RNeasy Microkit, including DNase 
incubation, according to the instructions of the manufacturer 

(Qiagen). One microgram of total RNA was reverse transcribed 
to complementary DNA (cDNA) using 0.5 μg of oligo(dT)15-18 
primers, 1.0 mM dNTPs, 1× Reaction Buffer, 20 units of Ri-
boLock, and 200 units of RevertAid reverse transcriptase (all 
from ThermoFisher Scientific) in a total volume of 20 μl per  
reaction. The cDNA product was diluted 10- fold in water and 
used at this concentration for qPCR. Qualitative PCR was per-
formed using SsoAdvanced Universal SYBR Green qPCR Mas-
ter Mix (Bio- Rad), with primers at a final concentration of 500 
nM from a 10 μM stock. Diluted cDNA (2.5 μl) was used per 
reaction, and all reactions were performed in triplicate in a total 
volume of 10 μl. Primer sequences are shown in Supplementary 
Table 1, available on the Arthritis & Rheumatology web site at 
http://onlinelibrary.wiley.com/doi/10.1002/art.40659/abstract. A 
2- step qPCR cycle with a Bio- Rad iCycler qPCR machine was 
used for target amplification, according to the instructions of the 
manufacturer for SSoAdvanced Universal SYBR Green Master 
Mix, and CFX Manager was used for analysis.

RESULTS

Reduced regenerative potential shown by SGSCs 
from patients with primary SS. We began by isolating 
SGSCs from parotid SG biopsy samples from control patients 
with healthy SGs and patients with primary SS fulfilling the ACR/
EULAR classification criteria (20). SGSCs were initially cultured 
from processed biopsy samples as primary spheres in Wnt- 
containing medium. Three to 5 days later, spheres were dis-
persed to single SGSCs and expanded in a “self- renewal assay.” 
The cell suspension generated by the isolation process from pri-
mary SS biopsy samples contained significantly fewer epithelial 
cells than healthy control biopsy samples and significantly more 
CD45+ leukocytes, based on cell morphology and immunostain-
ing on cytospots (Supplementary Figures 2 and 3A–C, available 
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40659/abstract). As previously re-
ported for minor SGs (23), we detected a high proportion of B 
cells and a predominance of CD4+ T cells within the flow cy-
tometry–defined CD45+ fraction of the biopsy isolate (Supple-
mentary Figure 3D and E, available at http://onlinelibrary.wiley.
com/doi/10.1002/art.40659/abstract). SGSCs are EpCAMhigh in 
nature. The number of both spheres generated per EpCAMhigh 
cell and yield of spheres per milligram of biopsy sample was 
significantly lower (a 10- fold difference) in samples from patients 
with primary SS compared to the healthy samples (Figures 1A 
and B, and Supplementary Figure 3F, available at http://onlineli-
brary.wiley.com/doi/10.1002/art.40659/abstract).

 (Data are presented as normalized to milligrams of tissue 
to take into account the larger size of the healthy SG biopsy 
samples obtained.) Primary sphere yield was not correlated with 
focus score (lymphocytic infiltration) (Supplementary Figure 3G,  
available at http://onlinelibrary.wiley.com/doi/10.1002/art.40659/
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abstract), supporting the notion that infiltration does not deter-
mine SG function. We have previously demonstrated that SGSC 
yield decreases with age and that more SGSCs are present 
closest to the facial nerve in the parotid gland (21,24). Neither 
donor age nor biopsy site was responsible for the decreased 
yield of SGSCs from primary SS biopsy samples (Supplemen-
tary Figures 3H and I, available at http://onlinelibrary.wiley.com/
doi/10.1002/art.40659/abstract). Stem cells are classically de-
fined by their ability to proliferate and differentiate. When SGSCs 
from primary SS biopsies were cultured as organoids to assess 
their proliferation capacity, we observed a significantly (up to 5 
times) lower self- renewal capability compared to healthy samples 
(Figures  1C–E) Thus,. FACS selection of EpCAMhigh cells from 
primary SS biopsies, after removal of infiltrating leukocytes, did 
not rescue the self- renewal potential of primary SS SGSCs (Sup-
plementary Figure 3, http://onlinelibrary.wiley.com/doi/10.1002/
art.40659/abstract), indicating that the sole presence of CD45+ 
cells in SGs of patients with primary SS is not responsible for the 
regenerative deficits observed. 

Healthy SGSCs could be induced to proliferate and differ-
entiate from organoids into α- amylase–expressing mature or-

ganoids (Figures 1F and G). The lack of proliferative capabilities 
of SGSCs from primary SS biopsies was reflected also in their 
greatly diminished ability to form mature organoids (Figure 1H). 
These data imply that the relatively few SGSCs present in primary 
SS SGs also harbor defects in differentiation ability.

Extensive replicative history of SGSCs in primary SS.  
In order to elucidate the early events in SG pathology develop-
ment in primary SS that are not influenced by mass lymphocytic 
infiltration, we focused on patients classified as having incom-
plete primary SS. These patients have some hallmarks of pri-
mary SS (outlined in Supplementary Table 2, available on the 
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40659/abstract) but do not have a positive 
lymphocyte focus score. Also, the patients with incomplete pri-
mary SS were not taking medication known to cause dry mouth 
symptoms, they all had recorded symptoms of dry eyes and 
mouth associated with primary SS development, and they did 
not fulfill the ACR/EULAR criteria. We consider these features in-
dicative of early SG pathology development in primary SS. When 
SGSCs were isolated from the patients with incomplete primary 

Figure 1. Salivary gland stem cells (SGSCs) from patients with primary Sjögren’s syndrome (pSS) show reduced regenerative potential. 
A, Microscopy of primary spheres isolated from SGSCs from a healthy control (HC) (left) and a patient with primary SS (right). Arrows show 
organoids. B, Quantification of primary sphere yield per epithelial cell adhesion molecule (EpCAMhigh) cell in SGSC isolates from biopsy 
samples from healthy controls (n = 6) and patients with primary SS (n = 9). * = P < 0.05 by Student’s t- test. C, Microscopy of organoid cultures 
of SGSCs from a healthy control and a patient with primary SS. D, Organoid- forming efficiency of SGSCs in cultures of biopsy tissue from 
healthy controls (n = 27 at passages 1–4) and patients with primary SS (n = 12, 16, 9, and 6 at passages 1–4, respectively). * = P < 0.05; ** 
= P < 0.01 by two- way analysis of variance (ANOVA) with Bonferroni post hoc testing. E, Cumulative population doublings of SGSCs from 
healthy controls (n = 26 at passages 1–3; n = 24 at passage 4) and patients with primary SS (n = 10, 5, 4, and 2 at passages 1–4, respectively).  
** = P < 0.01 by two- way ANOVA with Bonferroni post hoc testing. F, Phase- contrast microscopy of mature organoids formed from SGSCs 
from a healthy control. G, Immunocytochemical staining of acinar cell–associated amylase in a healthy control SG sample–derived mature 
organoid. Inset shows a healthy control SG sample without anti- amylase antibody (a/b) to demonstrate staining specificity. H, Diminished 
ability to form mature organoids from primary SS SGSCs. Values in B, D, and E, are the mean ± SEM.
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SS we observed that the primary sphere yield from a small pro-
portion (2 of 10) of these biopsy samples was markedly greater 
than the median of the healthy control samples (Figure 2A). The 
yield of primary spheres from the remaining biopsy samples was 
comparable to the biopsy yield from the patients with primary SS. 
Reasoning that the 2 (of 10) patients with the high yield represent 
an earlier disease stage (25), we theorized that SGSCs receive 
mitotic stimuli early in primary SS. We performed RNA sequenc-
ing on organoids cultured from patients with incomplete primary 
SS to investigate early events in primary SS, and we observed 

a cohort of 101 significantly up- regulated genes in SGSCs from 
biopsy- negative patients compared to healthy control samples 
(P < 0.01, log10- fold change ≥2) (Figure 2B).

On further examination, we found that 18 of these genes 
were involved in cell cycle progression (both its promotion and 
inhibition) and DNA replication (Figure  2C and Supplementary 
Figure 4, available on the Arthritis & Rheumatology web site at 
http://onlinelibrary.wiley.com/doi/10.1002/art.40659/abstract). 
As shown in Figures 2C and D, the β- galactosidase–like gene 
GLB1L2 was also significantly up- regulated. Beta galactosidase 

Figure 2. Salivary gland stem cells (SGSCs) from patients with primary Sjögren’s syndrome (pSS) are more likely to be senescent. A, Primary 
sphere yield in SGSCs from healthy controls (HC) (n = 73), patients with incomplete (Inc.) primary SS (n = 10), and patients with primary SS (n 
= 18). Symbols represent individual spheres. Yellow circles show SGSCs with unusually high yield. Red lines show the median. The primary 
SS group from Figure 1B is used for comparison. B, Volcano plot resulting from RNA sequencing analysis comparing SGSC transcriptomes 
in biopsy samples from healthy controls and patients with incomplete primary SS. Boxed area denotes genes whose expression is ≥log10 
2- fold higher in primary SS SGSCs. Red line shows P value cutoff threshold (P < 0.01). C, Up- regulation of cell cycle progression promotion 
genes (green) and inhibition genes (red) identified from RNA sequencing, including the β- galactosidase–like gene (GLB1L2) (blue). Broken line 
represents the mean expression level in healthy controls (n = 6 individual samples from healthy controls; n = 3 samples from patients with 
primary SS. D, Raw expression values for GLB1L2. Symbols represent individual samples from healthy controls (n = 6) and patients with primary 
SS) (n = 3). Bars show the mean ± SEM. E, Single telomere length analysis of SGSC telomere lengths in biopsy samples from healthy controls 
and patients with biopsy- proven primary SS, showing outlying small (<4.5 kb) telomeres (red dotted line) in primary SS SGSCs. F, Quantification 
of telomere lengths in SGSCs from healthy controls and patients with primary SS. Red text denotes percentage of telomeres with length <4.5 kb 
(broken line). Symbols represent individual samples. G, Length analysis of lowest 10% of telomeres in SGSCs from healthy controls and patients 
with biopsy- proven primary SS (n = 3 per group). Values are the mean ± SEM. * = P ≤ 0.05 by Student’s t- test.
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expression is associated with cellular senescence and aging. 
Hypothesizing that SGSCs in primary SS disease progression 
become senescent, we examined the telomere lengths of orga-
noids cultured from patients with primary SS with positive SG 

biopsy evaluations (i.e., with lymphocytic infiltration), represent-
ing a later phase of primary SS in terms of SG pathology. STELA 
analysis of telomere length revealed short telomeres of <4.5 kb 
in length in SGSCs from biopsy- positive patients with primary SS 

Figure 3. Parotid salivary gland stem cell (SGSC) organoid cultures proliferate upon exposure to a proinflammatory cytokine cocktail and 
express cell cycle and senescence genes. P16+ senescent cells localize to the intercalated ducts (IDs) in SG tissue from patients with incomplete 
primary Sjögren’s syndrome (pSS) and patients with primary SS. A, Phase- contrast microscopy of SGSCs from a healthy control at passages 
1–4, incubated with (+ Cytokines) and without (Control) the proinflammatory cytokine cocktail. B, Quantification of organoid formation efficiency 
of SGSCs exposed to proinflammatory cytokines compared to control cells; (n = ≥7 separate cell sample isolations at each passage). Bars 
show the mean ± SEM. * = P < 0.05; *** = P < 0.001 by two- way analysis of variance. C, Expression of cell cycle–associated genes in SGSCs 
exposed to proinflammatory cytokines. Cells were harvested at the end of passage 1 for quantitative polymerase chain reaction analysis. Bars 
show the mean ± SEM (n = 2 separate cell sample isolations). D–G, Immunohistochemical staining for p16 senescence marker in SG tissue 
from a patient with incomplete primary SS (D; D inset shown in E), a patient with primary SS (F), and a healthy control (HC) (G), counterstained 
with epithelial growth factor receptor (EGFR) to mark all ductal cells. Inset in G shows SG tissue from a healthy control without antibody (−a/b) 
staining, to demonstrate specificity. Ages of tissue donors were 50, 73, and 31 years for the healthy control, patient with incomplete primary SS, 
and patient with primary SS, respectively, indicating that the increase in p16+ ID cells could not be attributed to the advanced age of the donor.
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(Figures 2E and F(and clinical characteristics shown in Supple-
mentary Table 2, available on the Arthritis & Rheumatology web 
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40659/
abstract). The mean length of the lowest 10% of telomeres in 
the SGSCs of healthy control samples was significantly greater 
(5.58 kb) compared to primary SS SGSCs (3.10 kb) (Figure 2G), 
suggesting that primary SS SGSCs have a more extensive rep-
licative history. The mean ages of healthy control sample donors 
and primary SS SGSC donors in whom telomere analysis was 
performed were 77.3 and 61.5 years, respectively, confirming 
that telomere difference was not due to the advanced age of 
SGSC donors with primary SS.

Proinflammatory cytokines include proliferation 
and differentiation of healthy SGSCs. Primary SS is an 
autoimmune disease associated with the glandular presence of 
classic proinflammatory cytokines, as exemplified by IFNα, TNF, 
and IL- 6 (23). Proinflammatory cytokines within the glandular 
tissue could provide mitotic signals, driving SGSC exhaustion 
in primary SS and leading to a senescent, aging- like pheno-
type and ultimately hyposalivation. Considering the low yield of 
SGSCs from patients with primary SS, and in order to model 
the earliest phases of primary SS, we employed healthy con-
trol SGSC cultures to investigate this hypothesis. Quantitative 
PCR and immunostaining of healthy control SGSC organoids at 
passage 2 demonstrated that healthy control SGSCs express 
receptors for the proinflammatory cytokines IFNα, TNF, and IL- 6 
(see Supplementary Figure 5 and [for primers] Supplementary 
Table 1, available on the Arthritis & Rheumatology web site at 
http://onlinelibrary.wiley.com/doi/10.1002/art.40659/abstract). 
When healthy control SGSCs from passages 1–4 were incubat-
ed with a cocktail of proinflammatory cytokines at concentra-
tions matching those found in the serum of patients with primary 
SS (IFNα 500 pg/ml, TNF 40 pg/ml, and IL- 6 30 pg/ml) (26), 
we observed initially a significant increase in organoid forma-
tion efficiency, followed by a decrease to significantly below the 
levels in control cells (Figures 3A and B). Incubation with single 
cytokines did not induce significant proliferative effects, even at 
higher  doses (see Supplementary Figure 6, available at http://
onlinelibrary.wiley.com/doi/10.1002/art.40659/abstract).

At passage 1 following cytokine exposure, expression of 
genes promoting cell cycle progression (CDK4, CDK6, and 
CDC20), inhibiting cell cycle (E2F1 and CDKN2D), and promot-
ing senescence (p16 and p21) was up- regulated (Figure 3C). 
Through definition of SGSC subsets using cell surface markers 
and costaining with the proliferation marker Ki- 67 (see Sup-
plementary Figures 7A and B, available at http://onlinelibrary.
wiley.com/doi/10.1002/art.40659/abstract), we also showed 
that SGSCs resident in the basal layer of striated ducts (BSD 
cells) were responsible for the proliferation observed (Supple-
mentary Figure 7C, available at http://onlinelibrary.wiley.com/
doi/10.1002/art.40659/abstract). We also suggest that proin-

flammatory cytokines induce differentiation of BSD cells into 
intercalated ducts (ID cells) (Supplementary Figure s 7C and D. 
Finally, p16 immunostaining was performed on sections of SG 
tissue in order to determine where senescent cells were located 
in situ; p16+ cells were found mostly in intercalated ducts in 
incomplete and complete primary SS tissue. In contrast, p16+ 
cells in healthy SGs were found dispersed through the tissue 
(Figures 3D–G), illustrating their full differentiation potential.

DISCUSSION

The origins of hyposalivation development in primary SS 
have never been fully elucidated, although many studies have 
now firmly established that its development cannot be ful-
ly explained by the extent of lymphocytic infiltration (3–9). Us-
ing SGSCs as a tool to probe SG dysfunction in primary SS, 
we showed in the present study that parotid gland biopsy  
samples from patients with primary SS contain fewer SGSCs 
with reduced proliferation, differentiation potential, and short-
ened telomeres. Shortened telo meres imply that the SGSC pool 
has an extensive replicative history, the reason for which we pro-
pose is 2- fold.

First, the parenchymal epithelium, e.g., the non- stem ductal 
cells and saliva- producing acinar cells in primary SS, have been 
demonstrated to undergo enhanced levels of apoptosis, from 
sources intrinsic and extrinsic to the cells themselves. Extrinsi-
cally, the action of cytokines, cytotoxic T cells, and natural kill-
er cells all promote apoptosis (27). Additionally, a disorganized 
extracellular matrix in primary SS SGs may account for acinar 
cell loss by anoikis (28). Epithelial cells have been shown to in-
trinsically express defective levels of the antiinflammatory me-
diator peroxisome proliferator–activated receptor γ, resulting in 
increased activity of the NF- κB and IL- 6 pathways, but also ren-
dering them more susceptible to cell death (29–34). Similarly, 
levels of the ubiquitin- editing protein A20, a negative regulator of 
NF- κB, were down- regulated in SG epithelial cells from patients 
with primary SS compared to healthy subjects (35). Therefore, 
depletion of the parenchymal cell pool via intrinsic and extrinsic 
mechanisms together likely stimulates SGSC proliferation and 
differentiation into acinar cells, in an attempt to maintain the 
saliva- producing capacity of the SGs.

Second, as we have demonstrated here, proinflammatory 
cytokines exert a direct effect on proliferation of SGSCs. In other 
model systems, and most extensively in the well- characterized 
intestinal stem cell niche, proinflammatory cytokines have also 
been shown to exert a proliferative effect, mediated by modulation 
of the stem cell–associated Wnt, Notch, and Yes- associated pro-
tein/transcriptional co- activator with PDZ- binding motif (YAP/TAZ) 
pathways, suggesting that cross- talk between stem cells and the 
 elements of the immune system may underlie many disease man-
ifestations (36–40). Cytokine production in the case of primary 
SS may be derived from neighboring epithelial cells signaling in 
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a paracrine manner. The production and secretion of proinflam-
matory  cytokines by epithelial cells has been demonstrated in 
long- term epithelial culture systems and in situ (32,41–44). Fol-
lowing the release of damage-  and pathogen- associated molecular 
patterns, e.g., molecules such as high mobility group box chromo-
somal protein 1 and viral antigens, pattern recognition receptors 
on epithelial cells may be activated, culminating in epithelial cell 
autonomous NF- κB pathway activity, cytokine production, and 
paracrine signaling to neighboring SGSCs (33,34). Indeed, the 
dysregulated NF- κB pathway seen in primary SS may account 
for the sustained proinflammatory cytokine production by glan-
dular epithelial cells (33,35).

One prevailing theory regarding stem cells dictates that 
under healthy conditions, SGSCs reside in the striated ducts, 
proliferate and differentiate into intercalated ducts, and then fi-
nally into saliva- producing acinar cells. We have demonstrated 
the presence of senescent cells in intercalated ducts of primary 
SS SGs. This presence suggests a blockade in the ability of 
SGSCs to further differentiate into acinar cells, presumably due 
to having reached their regenerative limit, similar to the poor 
mature organoid differentiation potential we demonstrated in 
vitro. Clinically, our data suggest that screening patient SGs or 
saliva for senescence biomarker expression may indicate the 
extent of SGSC exhaustion. We further suggest that clinical 
interventions aimed at preventing hyposalivation development 
need to occur before the appearance of high levels of senes-
cent markers in SGs or saliva. The present study findings also 
suggest, critically, that effective interventions to cure estab-
lished hyposalivation by targeting the inflammatory process are 
not likely to involve only immune signal blockade, but rather 
the replenishment of SGSC stocks in conjunction with resolv-
ing the inflammation. Plausible strategies include the use of 
induced pluripotent stem cell technologies in the manufacture 
of SGSCs. 

In conclusion, we have demonstrated for the first time an 
aging phenotype as a potential causative agent for the lack of 
SG repair in the autoimmune disease primary SS, and link this 
finding to possible future clinical strategies.
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Efficacy and Safety of Febuxostat Extended and Immediate 
Release in Patients With Gout and Renal Impairment:  
A Phase III Placebo- Controlled Study
Kenneth G. Saag,1  Michael A. Becker,2 Andrew Whelton,3 Barbara Hunt,4 Majin Castillo,4 Krisztina Kisfalvi,4 
and Lhanoo Gunawardhana4

Objective. To assess the efficacy and safety of febuxostat extended release (XR) and immediate release (IR) in 
 patients with gout and normal or impaired renal function.

Methods. This was a 3- month, phase III, multicenter, double- blind, placebo- controlled study. Patients (n = 1,790) 
with a history of gout and normal or impaired (mild-to-severe) renal function were randomized to receive placebo, 
febuxostat IR 40 or 80 mg, or febuxostat XR 40 or 80 mg once daily (1:1:1:1:1 ratio). End points included proportions 
of patients with a serum urate (UA) level of <5.0 mg/dl at month 3 (primary end point), a serum UA level of <6.0 mg/
dl at month 3, and ≥1 gout flare requiring treatment over 3 months (secondary end points).

Results. Both febuxostat formulations led to significantly greater proportions of patients achieving a serum UA 
level of <5.0 mg/dl or <6.0 mg/dl at month 3 (P < 0.001 for all comparisons versus placebo). Equivalent doses of 
febuxostat XR and IR had similar treatment effects on serum UA level end points; however, a significantly greater 
proportion of patients achieved a serum UA level of <5.0 mg/dl with XR 40 mg versus IR 40 mg. Similar proportions 
of patients experienced ≥1 gout flare across treatment groups. Rates of treatment- emergent adverse events were 
low and evenly distributed between treatment arms. A preplanned subgroup analysis demonstrated that febuxostat 
formulations were well tolerated and generally effective on serum UA level end points (versus placebo) across all renal 
function subgroups.

Conclusion. Both formulations of febuxostat (XR and IR) were well tolerated and effective in patients with gout 
and normal or impaired renal function, including patients with severe renal impairment.

INTRODUCTION

Gout (urate crystal–induced arthritis) is a chronic disease 
associated with hyperuricemia, affecting approximately 8.3 mil-
lion people in the US (1). Hyperuricemia is strongly linked to renal 
disease (2–7), and impaired renal function is an important risk 
factor for gout (8). It is estimated that approximately one- quarter 
of patients with gout have chronic stage ≥3 kidney disease (de-
fined as an estimated glomerular filtration rate [eGFR] of <60 ml/
minute/1.73 m2) (9). There is a clinical need for a well- tolerated 

and effective treatment for hyperuricemia management in pa-
tients with gout and renal impairment.

Xanthine oxidase inhibitors, such as febuxostat immediate 
release (IR) and allopurinol, have been approved for the treat-
ment of hyperuricemia (defined as serum urate [UA] levels above 
the limit of solubility [~6.8 mg/dl]) in patients with gout (10–13). 
Whereas febuxostat and allopurinol both lower urate levels by 
inhibiting xanthine oxidase, there are key differences in how they 
are metabolized and eliminated from the body in patients with 
renal impairment (10,13,14). Allopurinol and its principal active 
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metabolite (oxypurinol) are primarily removed through renal path-

ways, and concerns relating to high doses and increased risk of 

adverse events (AEs) have been reported (10,14,15).

However, a recent study evaluating allopurinol dose escala-
tion using a treat- to- target approach demonstrated that higher 
doses of allopurinol significantly lowered serum UA levels and 
were well tolerated; dose escalation with allopurinol was not as-
sociated with any differences in renal function change compared 
with maintenance of allopurinol dose (16). Consequently, an initial 
dosage of <100 mg/day, followed by slow titration in line with re-
nal function (to ≥300 mg/day), is suggested in patients with gout 
and moderate- to- severe kidney disease (11). Conversely, febux-
ostat is primarily eliminated via the liver through hepatobiliary 
conjugation, which is not affected by renal impairment (13,17).

The efficacy and tolerability of febuxostat IR 40 mg and 80 
mg once daily are well established in patients with gout who 
have normal renal function or mild- to- moderate renal impairment 
(17–22). Additionally, results from a recent phase II study sug-
gested that febuxostat IR (30 mg twice daily and 40/80 mg once 
daily [dosage based on serum UA level on study day 14: pa-
tients with serum UA <6.0 mg/dl continued on 40 mg once daily 
and those with serum UA ≥6.0 mg/dl received 80 mg once daily 

from month 1]) was well tolerated and associated with signifi-

cant urate lowering, without any significant deterioration in renal 

function, versus placebo in patients with gout and moderate- to- 
severe renal impairment (12). However, further evidence of the  
efficacy and safety of febuxostat in patients with renal impairment 
is needed, especially for patients with severe renal impairment.

To reduce the potential risk of treatment- initiated gout flares 
caused by fluctuations in drug exposure levels with febuxostat 
IR, an extended release (XR) formulation of febuxostat was de-
veloped with the aim of providing comparable or greater urate 

lowering with more stable drug exposure. Results from a phase 

I trial demonstrated that the XR formulation was associated with 

reduced exposure to febuxostat compared with the IR formulation 

(23). It has been hypothesized that the more stable drug exposure 

and reduced variability in daily serum UA levels associated with 
febuxostat XR may reduce the incidence of urate crystal–mediated 
inflammation and development of gout flares. In a phase II trial, 
febuxostat IR 30 mg twice daily (used to mirror the effect of XR 80 
mg once daily) was more effective at lowering serum UA compared 
with placebo in patients with moderate- to- severe renal impairment 
(12). A subsequent phase II proof- of- concept study demonstrated 
that both IR and XR formulations had comparable efficacy on se-
rum UA levels; the only significant treatment difference was a great-
er proportion of patients achieving a serum UA level of <5.0 mg/
dl with febuxostat XR 40 mg versus the IR 40 mg formulation (24).

In this study, we present results from a 3- month, phase III, 
placebo- controlled study to investigate the efficacy and safety of 
febuxostat IR and XR in patients with gout and normal or impaired 
renal function, including a preplanned subgroup analysis of treat-

ment effects in patients stratified by baseline renal function (from 
normal to severely impaired).

PATIENTS AND METHODS

Patients. In this phase III study comparing the efficacy and 
safety of febuxostat IR and XR, methodologies overlapped con-
siderably with the above- mentioned phase II study in patients 
with gout and moderate renal impairment (24). The key differences  
between the 2 studies were a larger number of patients and a much 
broader gout patient population in the current study, including pa-
tients with normal renal function or mild-to-severe renal impairment. 
Eligible patients were age ≥18 years, had a history or presence of 
gout (defined as fulfilling the American Rheumatism Association 
(now the American College of Rheumatology) gout classification cri-
teria) (25), a serum UA level of ≥8.0 mg/dl on the day −4 screening 
visit, and ≥1 gout flare within 12 months prior to screening. Patients 
were required to have an eGFR of ≥15 ml/minute at screening, 
and the protocol specified that ≥30% of enrolled patients should 
have moderate- to- severe renal impairment (eGFR of ≥15–59 ml/
minute), with ≥85 of these patients having severe renal impairment 
(eGFR ≥15–29  ml/minute). Exclusion criteria included secondary 
hyperuricemia, history of xanthuria, and known hypersensitivity to 
febuxostat (for more exclusion criteria details, see Supplementary 
Appendix A, available on the Arthritis & Rheumatology web site at 
http://onlinelibrary.wiley.com/doi/10.1002/art.40685/ abstract).

Study design. This phase III, multicenter, randomized, 
double- blind, placebo- controlled study was conducted at 217 
sites across the US from April 18, 2015 to November 18, 2016. 
The study was conducted in compliance with the principles of 
the Declaration of Helsinki and the International Conference on 
Harmonisation guidelines for Good Clinical Practice, along with 
all applicable local regulations. The study protocol and related 
documents received institutional review board or ethics commit-
tee approval. All participants provided written informed consent 
prior to entering the study. The study design was previously de-
scribed in the report on the related phase II study (24); briefly, the 
study consisted of a 3- week screening/washout period, followed 
by a 3- month double- blind treatment period (Figure 1).

Eligible patients received placebo or febuxostat IR 40 mg, 
XR 40 mg, IR 80 mg, or XR 80 mg orally once daily (ran domized 
in a 1:1:1:1:1 ratio) for 3 months. Patients were randomized 
within 2 population strata based on baseline renal function: pa-
tients with severe renal impairment (eGFR ≥15–29 ml/minute) 
and without severe renal impairment (eGFR ≥30 ml/minute). 
An interactive voice or web- response technology was used for  
randomization and assigning the study drug. The study drug 
was self- administered as previously described (24).

All patients systematically received gout flare prophylaxis 
for the duration of double- blind treatment from day 1 to the end 
of treatment; colchicine 0.6 mg was administered every other 
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day to patients with an eGFR of 15–59 ml/minute or once daily 
in patients with an eGFR of ≥60 ml/minute. However, if colchi-
cine was not tolerated, naproxen 250 mg twice daily with lan-
soprazole 15  mg once daily was permitted in patients with an  
eGFR of ≥50 ml/minute; other nonsteroidal antiinflammatory drugs 
or prednisone were permitted at the discretion of the investigator. 
Beginning on the day −21 screening visit, patients discontinuing 
urate- lowering therapy received 0.6 mg colchicine every other day 
for gout flare prophylaxis until eGFR results were available.

Clinic visits occurred on days 1 and 14, and months 1 and 2; 
the final visit was on month 3 or with early termination. Clinical as-
sessments (including vital signs, concomitant medication usage, 
and laboratory safety tests) were conducted during each of these 
visits, and samples were collected for clinical laboratory tests (in-
cluding serum UA assessments) at all visits, except day 1.

Study end points. Primary and secondary end points 
were the same as those assessed in the related phase II study, 
i.e., the proportion of patients with a serum UA level of <5.0 mg/
dl at month 3 was the primary end point, and the proportion of 
patients with a serum UA level of <6.0 mg/dl at month 3 and the 
proportion of patients with ≥1 gout flare requiring treatment dur-
ing the 3- month treatment period were the secondary efficacy 
end points (24).

Based on the pharmacokinetic and pharmacodynamic 
characteristics of the XR formulation (23), greater serum UA level 
reductions were expected with febuxostat XR than with febux-
ostat IR; therefore, the more difficult-to-achieve target of a serum 
UA level of <5.0 mg/dl was selected for the primary end point to 
compare the efficacy of the XR and IR formulations. The recom-
mended target level to ensure better disease control for patients 
receiving urate- lowering therapy with severe disease and high 
urate burden is a serum UA level of <5.0 mg/dl, and a serum 

UA level of <6.0 mg/dl is the recommended target level for most 
patients with gout (11,26).

Safety and tolerability assessments included incidence of 
treatment- emergent AEs (TEAEs), findings from 12- lead electro-
cardiograms, clinical laboratory assessments, and vital signs. As 
in the related phase II study (24), a TEAE was defined as any AE, 
regardless of its relationship to the study drug, occurring from 
day 1 through 30 days after the last dose of the double- blind 
study drug. TEAEs were identified as reported by the investiga-
tors and summarized using the terminology of the Medical Dic-
tionary for Regulatory Activities (version 18.0). AEs were sum-
marized as any TEAE, treatment- related TEAEs, TEAEs leading 
to discontinuation of the study drug, serious TEAEs, and death.

Statistical analysis. Efficacy outcomes were assessed 
using the full analysis set, which included all patients who were 
randomized for treatment and received ≥1 dose of study drug. 
Notable changes to the original trial protocol are summarized in 
Supplementary Appendix B, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40685/abstract. Efficacy outcomes were compared between 
treatment groups using the Cui, Hung, and Wang Z test statistic 
(see Supplementary Appendix C, available at http://onlinelibrary.
wiley.com/doi/10.1002/art.40685/abstract). A closed testing 
strategy was prespecified for the primary and secondary end 
points to adjust for comparisons between the 2 doses (40 and 
80 mg); only P values less than 0.025 were considered statisti-
cally significant. A gout flare was defined as previously described 
(24). Safety outcomes were evaluated using the safety analysis 
set (all patients who received ≥1 dose of study drug), and pa-
tients were analyzed according to the treatment they received.

A sample size of 1,750 patients (350 per treatment group) 
was targeted to provide ≥90% power to detect a 14% difference 

Figure 1. Study design. Subgroup numbers are from the full analysis set. In the safety analysis set, 1 patient was randomized to receive 
placebo but received febuxostat (FBX) immediate release (IR) 40 mg and so was included in the FBX IR 40 mg group. All patients received 
prophylaxis for gout flares over the 3- month double- blind treatment period. QD = once daily; XR = extended release.

Screening
period Double-blind treatment period/study period for patients who have discontinued study drug

Placebo QD (n=357)
or
FBX IR 40 mg QD (n=357)
or
FBX XR 40 mg QD (n=355)
or
FBX IR 80 mg QD (n=357)
or
FBX XR 80 mg QD (n=357)

Prophylaxis Prophylaxis period for patients taking double-blind study drug

Day –21 Day –4 Day 1 Week 2 Month 1 Month 2 Month 3
Washout Randomization
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between febuxostat XR and the corresponding febuxostat IR 
dose or placebo, using a 2- sided Fisher’s exact test at a signifi-
cance level of 2.5%.

For preplanned subgroup analysis, treatment effects on the 
proportion of patients achieving serum UA level targets and safe-
ty end points were also assessed in patient populations stratified 
by level of renal function at baseline. The classification of renal 
impairment was as follows: normal renal function, eGFR ≥90 ml/
minute; mild renal impairment, eGFR ≥60–89 ml/minute; moder-
ate renal impairment, eGFR ≥30–59 ml/minute; and severe renal 
impairment, eGFR ≥15–29 ml/minute.

RESULTS

Findings in the patient population. Of 3,654 patients 
screened, 1,097 (30.0%) and 767 (21.0%) were not enrolled 
due to screening failure and washout failure, respectively; the  
primary reason was failure to meet the entry criteria (870 of 1,097 

patients [79.3%] and 487 of 767 patients [63.5%], respectively). 
Overall, 1,790 patients (49.0%) were enrolled and randomized to 
treatment (see Supplementary Figure 1, available on the  Arthritis 
& Rheumatology web site at http:// onlinelibrary.wiley.com/
doi/10.1002/art.40685/abstract). A total of 1,783 randomized 
patients (99.6%) received ≥1 dose of study drug (full and safety 
analysis sets). The percentages of early discontinuations were 
similar across treatment groups (14.5–19.0%).

Patient characteristics at baseline were similar across treat-
ment arms (Table  1). The patient cohort was predominantly 
male (88.4%) and white (64.3%), with a mean age of 55.1 years 
(range 24–94 years) and mean ± SD body mass index of 34.3 
± 7.8 kg/m2. The overall mean ± SD serum UA level at baseline 
was 9.61 ± 1.27 mg/dl, and ~65.1% of patients had a baseline 
serum UA level of ≥9.0 mg/dl. Approximately 88% of patients 
had a gout flare within 6 months prior to study enrollment; the 
majority of patients (59.2%) had received prior treatment with 
urate- lowering therapy. The proportion of patients in each base-

Table 1. Demographic information and characteristics of the patients at baseline* 

Placebo 
(n = 357)

FBX IR 40 mg 
(n = 357)

FBX XR 40 mg 
(n = 355)

FBX IR 80 mg 
(n = 357)

FBX XR 80 mg 
(n = 357)

Age, mean ± SD years 54.4 ± 11.6 55.5 ± 11.1 55.1 ± 12.7 54.9 ± 11.3 55.4 ± 11.9
Sex, no. (%)

Men 316 (88.5) 311 (87.1) 312 (87.9) 315 (88.2) 323 (90.5)
Women 41 (11.5) 46 (12.9) 43 (12.1) 42 (11.8) 34 (9.5)

Race, no. (%)†
White 231 (64.7) 235 (65.8) 226 (63.7) 230 (64.4) 225 (63.0)
Black/African Amer-

ican
94 (26.3) 89 (24.9) 100 (28.2) 98 (27.5) 93 (26.1)

BMI, mean ± SD  
kg/m2

34.9 ± 8.3‡ 34.3 ± 8.0 34.3 ± 8.1 33.7 ± 7.5 34.1 ± 7.2

Baseline serum UA, 
mean ± SD mg/dl§

9.7 ± 1.4 9.6 ± 1.2 9.5 ± 1.2 9.6 ± 1.3 9.7 ± 1.3

Approximate gout 
flares during past 
year, no. (%)§
1–3 196 (55.1) 200 (55.9) 213 (60.0) 203 (56.9)‡ 214 (59.9)
4–6 102 (28.7) 97 (27.1) 92 (25.9) 93 (26.1) 85 (23.8)
>6 58 (16.3) 61 (17.0) 50 (14.1) 60 (16.8) 58 (16.2)

Renal function at 
baseline, no. (%)

Severely impaired 18 (5.0) 23 (6.4) 21 (5.9) 20 (5.6) 18 (5.0)
Moderately 

 impaired
93 (26.1) 91 (25.5) 93 (26.2) 106 (29.7) 100 (28.0)

Mildly impaired 194 (54.3) 192 (53.8) 196 (55.2) 185 (51.8) 198 (55.5)
Normal 52 (14.6) 51 (14.3) 45 (12.7) 46 (12.9) 41 (11.5)

* Except where indicated otherwise, data are from the full analysis set. BMI = body mass index; UA = urate.
† The total number (%) of patients classified as American Indian or Alaska Native, Asian, Native Hawaiian or Other Pacific Islander, and Other 
were 7 (0.4), 112 (6.3), 20 (1.1), and 23 (1.3), respectively. 
‡ Data are missing for 1 patient for this variable in this treatment group. 
§ Data are from the safety analysis set: placebo (n = 356), febuxostat (FBX) immediate release (IR) 40 mg (n = 358), FBX extended release (XR)
40 mg (n = 355), FBX IR 80 mg (n = 357), and FBX XR 80 mg (n = 357). 
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line renal function subgroup category was comparable across 

treatment groups (Table 1).

Efficacy. Primary efficacy end point. Significantly greater 
proportions of patients treated with febuxostat (both formula-
tions and doses) had achieved a serum UA level of <5.0 mg/
dl at month 3 compared with patients who received placebo 
(P < 0.001 for all comparisons) (see Figure 2 and Supplemen-
tary Table 1, available on the Arthritis & Rheumatology web 
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40685/
abstract). Febuxostat XR 40 mg was associated with a sig-
nificantly greater proportion of patients achieving a serum UA 
level of <5.0 mg/dl at month 3 versus IR 40 mg (25.9% versus 
15.7%; P = 0.001). Although a numerically greater proportion 
of patients treated with febuxostat XR 80 mg achieved a se-
rum UA level of <5.0 mg/dl at month 3 compared with patients 
treated with IR 80 mg, the difference was not statistically sig-
nificant.

Secondary efficacy end points. Both formulations and 
doses of febuxostat treatment were associated with signifi-
cantly greater proportions of patients achieving a serum UA 
level of <6.0 mg/dl at month 3 versus placebo (P < 0.001 ver-
sus placebo for all comparisons). However, there were no sig-
nificant differences in the treatment effect of equivalent doses 
of XR and IR for this end point. The proportions of patients 
with ≥1 gout flare requiring treatment during the 3- month 
treatment period were similar across treatment groups (Fig-
ure 2 and Supplementary Table 1, available at http://onlineli-
brary.wiley.com/doi/10.1002/art.40685/abstract).

Analysis of serum UA end points in renal function 
subgroups. Febuxostat IR and XR (both doses) were associat-
ed with significantly greater proportions of patients achieving the 
primary end point of a serum UA level of <5.0 mg/dl at month 
3 versus placebo across all renal function subgroups with the 
exception of febuxostat XR 40 mg in patients with severe renal 
impairment (P < 0.05 for all other comparisons) (see Figure 3A 
and Supplementary Table 2, available at http://onlinelibrary.wiley.
com/doi/10.1002/art.40685/abstract). Similarly, both formula-
tions and doses of febuxostat were associated with consistent 
treatment benefits in the proportions of patients achieving a se-
rum UA level of <6.0 mg/dl at month 3 across all renal function 
subgroups versus placebo (P ≤ 0.001 for all comparisons versus 
placebo) (see Figure 3B and Supplementary Table 2, available at 
http://onlinelibrary.wiley.com/doi/10.1002/art.40685/abstract).

Compared with febuxostat IR 40 mg, febuxostat XR 40 mg 
was associated with a significantly greater proportion of patients 
achieving a serum UA level of <5.0 mg/dl in patients with moder-
ate renal impairment (26.9% versus 13.2%; P = 0.02) or mild re-
nal impairment (29.1% versus 16.1%; P = 0.001), as well as with 
a greater proportion of patients achieving a serum UA level of 
<6.0 mg/dl in patients with mild renal impairment (49.5% versus 
38.0%; P = 0.016) (see Figures 3A and B and Supplementary 
Table 2, available at http://onlinelibrary.wiley.com/doi/10.1002/
art.40685/abstract). However, there were no other significant 
differences in the treatment effect of equivalent doses of XR and 
IR on these end points in any other renal function subgroups. 
The proportions of patients with ≥1 gout flare requiring treatment 
during the 3- month treatment period were generally comparable 

Figure 2. Percentage of patients (in full analysis set) who achieved primary and secondary outcomes. Based on multiplicity adjustment, 
the level of significance was set at P < 0.025 for primary comparisons. * = P < 0.001 versus placebo. † = P = 0.001 versus equivalent- dose 
immediate release (IR) formulation. FBX = febuxostat; XR = extended release.
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Figure 3. Renal subgroup analysis, with treatment group comparisons were based on the Cui, Hung, and Wang Z test statistic. A, Percentage 
of patients who achieved a serum urate (sUA) level of <5.0 mg/dl (primary end point) at month 3. * = P < 0.05 versus placebo; † = P < 0.05 
versus equivalent- dose immediate release (IR) formulation. B, Percentage of patients who achieved a serum UA level of <6.0 mg/dl at month 
3. * = P ≤ 0.001 versus placebo; † = P < 0.05 versus equivalent- dose IR formulation. C, Percentage of patients who experienced ≥1 gout flare 
that required treatment over the 3- month study period. * = P < 0.05 versus placebo. Patients were stratified by baseline renal function; normal 
renal function was defined as an estimated glomerular filtration rate (eGFR) of ≥90 ml/minute, mild renal impairment as an eGFR of ≥60–89 ml/
minute, moderate renal impairment as an eGFR of ≥30–59 ml/minute, and severe renal impairment as an eGFR of ≥15–29 ml/minute. FBX = 
febuxostat; XR = extended release.
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across treatment groups within each of the renal function sub-
groups (see Figure 3C and Supplementary Table 2, available at 
http://onlinelibrary.wiley.com/doi/10.1002/art.40685/abstract).

Safety and tolerability. TEAEs, treatment- related  
TEAEs, and serious TEAEs across treatment groups are sum-
marized in Table  2. Overall, 38.8% of patients (691 of 1,783) 
experienced at least 1 TEAE. In most of these patients (633 of 
691 [91.6%]), TEAEs were mild or moderate in intensity, and no 
apparent patterns were observed in relation to the dose level or 
formulation of febuxostat. The incidences of treatment- related 
TEAEs (129 of 1,783 [7.2%]) and serious TEAEs (42 of 1,783 

[2.4%]) were low across all treatment groups.
The most common TEAEs (reported by ≥2% of patients in 

any treatment group) are described in Table 3, with diarrhea, na-
sopharyngitis, and hypertension most commonly experienced by 
patients. The overall incidence of treatment- related TEAEs was 
relatively low; among these, there were 2 cases of renal failure (re-
ported as renal insufficiency or worsening renal insufficiency, with 1 
patient each in the febuxostat XR 40 mg and IR 40 mg treatment 
groups), 1 case of acute kidney injury (reported as acute renal in-
sufficiency [with febuxostat XR 40 mg]), and 1 case of renal im-
pairment (reported as worsening kidney function [with febuxostat 
IR 40 mg]). The incidence of increased blood levels of creatinine 
appeared to be slightly higher with febuxostat IR 80 mg group (2%) 

compared with the other febuxostat treatment groups (0.8%).
The overall incidence of serious TEAEs was low and generally 

similar across treatment groups. Serious TEAEs included 3 fatal 
AEs, 2 of which were considered unrelated to the study drug (1 
fatal cardiac arrest in a patient with severe renal impairment in the 
placebo group and 1 fatal worsening of hypertensive cardiovas-

cular disease in a patient with mild renal impairment in the febux-
ostat XR 40 mg group) and another that was considered to be 
related to the study drug (fatal cardiorespiratory arrest in a patient 
with severe renal impairment in the febuxostat IR 80 mg group). 
Three other patients had nonfatal serious TEAEs that were con-
sidered to be related to the study drug: with febuxostat IR 40 mg 
(severe renal impairment subgroup), 1 patient had serious TEAEs 
of renal impairment and abdominal pain: with febuxostat XR 40 
mg (severe renal impairment subgroup), with 1 patient had acute 
respiratory failure and angioedema; and with febuxostat XR 80 mg 
(mild renal impairment subgroup), 1 patient had peripheral edema.

The medical histories of patients with fatal serious TEAEs and 
serious TEAEs related to treatment are summarized in Supplemen-
tary Table 3 (available on the Arthritis & Rheumatology web site 
at http://onlinelibrary.wiley.com/doi/10.1002/art.40685/abstract). 
The overall incidence of TEAEs leading to discontinuation of the 
study drug (47 of 1,783 [2.6%]) was low and similar across treat-
ment groups (Table 2). The majority of TEAEs leading to discontin-
uation of the study drug were single occurrences and were gener-
ally distributed across treatment groups with no apparent trends.

Analysis of safety and tolerability in renal function 
subgroups. The overall incidence of TEAEs was similar across 
treatment groups within each of the renal function subgroups, as 
was the incidence of treatment- related TEAEs (see Supplementa-
ry Table 4, available at http://onlinelibrary.wiley.com/doi/10.1002/
art.40685/abstract). There were no apparent trends observed be-
tween febuxostat dose or formulation and incidence of TEAEs. The 
incidences of the 5 most commonly reported TEAEs (diarrhea, hy-
pertension, nasopharyngitis, arthralgia, and upper respiratory tract 
infection) were evenly distributed across the renal function sub-

Table 2. Overview of patients experiencing TEAEs, treatment- related TEAEs, and serious TEAEs*

Placebo 
(n = 356)

FBX IR 40 mg 
(n = 358)

FBX XR 40 mg 
(n = 355)

FBX IR 80 mg 
(n = 357)

FBX XR 80 mg 
(n = 357)

Overall TEAEs 134 (37.6) 147 (41.1) 119 (33.5) 143 (40.1) 148 (41.5)
Related to treatment 25 (7.0) 29 (8.1) 21 (5.9) 22 (6.2) 32 (9.0)
Not related to treatment 109 (30.6) 118 (33.0) 98 (27.6) 121 (33.9) 116 (32.5)

TEAEs by severity
Mild 59 (16.6) 70 (19.6) 53 (14.9) 69 (19.3) 84 (23.5)
Moderate 64 (18.0) 61 (17.0) 57 (16.1) 59 (16.5) 57 (16.0)
Severe 11 (3.1) 16 (4.5) 9 (2.5) 15 (4.2) 7 (2.0)

TEAEs leading to study  
drug discontinuation

9 (2.5) 9 (2.5) 10 (2.8) 13 (3.6) 6 (1.7)

Serious TEAEs 8 (2.2) 12 (3.4) 6 (1.7) 8 (2.2) 8 (2.2)
Related to treatment 0 1 (0.3) 1 (0.3) 1 (0.3) 1 (0.3)
Not related to treatment 8 (2.2) 11 (3.1) 5 (1.4) 7 (2.0) 7 (2.0)
Leading to study drug discontinuation 2 (0.6) 3 (0.8) 3 (0.8) 4 (1.1) 1 (0.3)
Deaths 1 (0.3) 0 1 (0.3) 1 (0.3) 0

* Values are the number (%) of patients in the safety analysis set experiencing any treatment- emergent adverse events (TEAEs). One patient 
was randomized to receive placebo but received febuxostat (FBX) immediate release (IR) 40 mg and so was included in the FBX IR 40 mg group.  
XR = extended release. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40685/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40685/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40685/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40685/abstract
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groups (see Supplementary Table 5, available at http://onlinelibrary.
wiley.com/doi/10.1002/art.40685/abstract). Not surprisingly, the 
overall incidence of TEAEs was higher in the severe renal impair-
ment subgroup than in the other renal function subgroups.

DISCUSSION

The febuxostat XR formulations were developed with the 
aim of providing comparable or superior urate- lowering efficacy  
versus their febuxostat IR counterparts, with reductions in 
treatment- initiated flares due to a more stable drug exposure 
profile. The current phase III study assessed the tolerability and 
efficacy of febuxostat IR 40 and 80 mg once daily (currently ap-
proved dosages) compared with XR formulations at the same 
dosages. The inclusion of a placebo arm permitted comparisons 
of the safety and efficacy of all febuxostat treatment regimens 
versus placebo. In addition, preplanned subgroup analyses were 
conducted to evaluate treatment effects in patients stratified by 
baseline renal function.

Several key findings were demonstrated in this phase III 
study. First, both the XR and IR formulations of febuxostat were 
generally well tolerated and were associated with significant re-
ductions in serum UA levels compared with placebo in patients 
with gout and normal or impaired renal function. The incidences 
of renal TEAEs were relatively low and evenly distributed across 
treatment groups, with 1 case of fatal cardiorespiratory arrest 

in a patient with severe renal impairment (febuxostat IR 80 mg 
group) and 1 serious renal TEAE (a case of renal impairment 
in the febuxostat IR 40 mg group) considered to be related to 
febuxostat treatment. Second, the statistically significant treat-
ment benefits in favor of febuxostat (versus placebo) were also 
generally seen across all renal function subgroups, including 
patients with severe renal impairment. Third, analysis of the 
safety data demonstrated that there were no large differences 
in TEAEs across treatment arms in patients with gout stratified 
by baseline renal function. These findings provide further evi-
dence of the tolerability and efficacy of febuxostat in patients 
with gout and normal or impaired renal function, including pa-
tients with severe renal impairment.

The results of this study also indicated that equivalent 
doses of febuxostat XR and IR had similar treatment effects 
on serum UA levels; in the overall population, the only statisti-
cally significant treatment difference between formulations was 
the greater proportion of patients achieving a serum UA lev-
el of <5.0 mg/dl at month 3 seen with febuxostat XR 40 mg 
versus IR 40 mg. It is worth noting that febuxostat IR 80 mg 
was consistently more effective at controlling serum UA levels 
than febuxostat XR 40 mg, suggesting that dose titration from 
febuxostat IR 40 mg to febuxostat IR 80 mg would potential-
ly represent a more effective treatment strategy than switch-
ing to febuxostat XR 40 mg. Febuxostat XR 80 mg was not 
associated with any statistically significant treatment benefits 

Table 3. Most common TEAEs recorded in ≥2% of patients in any treatment group* 

Placebo 
(n = 356)

FBX IR 40 mg 
(n = 358)

FBX XR 40 mg 
(n = 355)

FBX IR 80 mg 
(n = 357)

FBX XR 80 mg 
(n = 357)

Gastrointestinal disorders
Diarrhea 13 (3.7) 9 (2.5) 9 (2.5) 21 (5.9) 9 (2.5)

Infections and infestations
Nasopharyngitis 11 (3.1) 7 (2.0) 7 (2.0) 9 (2.5) 4 (1.1)
Upper respiratory tract  infection 4 (1.1) 6 (1.7) 6 (1.7) 5 (1.4) 8 (2.2)

Laboratory abnormalities
Alanine aminotransferase increased 6 (1.7) 7 (2.0) 8 (2.3) 2 (0.6) 4 (1.1)
Aspartate aminotransferase increased 3 (0.8) 3 (0.8) 7 (2.0) 3 (0.8) 2 (0.6)
Blood creatinine increased 1 (0.3) 3 (0.8) 3 (0.8) 7 (2.0) 3 (0.8)
Gamma glutamyl transferase increased 3 (0.8) 6 (1.7) 6 (1.7) 7 (2.0) 5 (1.4)

Musculoskeletal and  connective tissue disorders
Arthralgia 7 (2.0) 8 (2.2) 5 (1.4) 6 (1.7) 4 (1.1)

Nervous system disorders
Headache 6 (1.7) 6 (1.7) 8 (2.3) 4 (1.1) 4 (1.1)

Respiratory, thoracic, and mediastinal disorders
Cough 5 (1.4) 9 (2.5) 2 (0.6) 3 (0.8) 1 (0.3)

Vascular disorders
Hypertension 10 (2.8) 13 (3.6) 6 (1.7) 8 (2.2) 5 (1.4)

* Values are the number (%) of patients in the safety analysis set reporting any treatment- emergent adverse events (TEAEs; by system organ 
class/preferred term). One patient was randomized to receive placebo but received febuxostat (FBX) immediate release (IR) 40 mg and so 
was  included in the FBX IR 40 mg group. XR = extended release. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40685/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40685/abstract
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on serum UA level <5.0 mg/dl or serum UA level <6.0 mg/dl 
treatment target end points compared with febuxostat IR 80 
mg. In addition, the proportions of patients with ≥1 gout flare 
requiring treatment during the 3- month treatment period were 
similar across active treatment groups, suggesting that the XR 
formulation did not reduce the incidence of treatment- initiated 
gout flares compared with the IR formulation.

These results were similar to those from a 3- month 
phase II study in patients with moderate renal function, which 
demonstrated that treatment with febuxostat XR or IR led to 
significant urate lowering versus placebo, as well as indicat-
ed that equivalent doses of febuxostat XR and IR had similar 
treatment effects on serum UA levels (24). The only significant 
treatment difference between equivalent doses of febuxostat 
XR and IR was the greater proportion of patients achieving a 
serum UA level of <5.0 mg/dl at month 3 with febuxostat XR 
40 mg versus IR 40 mg. Although febuxostat XR 40 mg was 
associated with a numerically lower proportion of patients with 
≥1 gout flare requiring treatment compared with febuxostat 
IR 40 mg during the phase II study, the difference was not 
statistically significant. The absence of any significant treat-
ment benefit in favor of febuxostat XR on the incidence of 
treatment- initiated gout flares is consistent with findings from 
the current phase III study.

The current results do, however, add to the growing evi-
dence supporting the use of febuxostat in the management of 
hyperuricemia in patients with renal impairment. Data from clin-
ical trials have demonstrated that febuxostat IR is effective and 
well tolerated in patients with mild- to- moderate renal impair-
ment (19,20,27,28). Two long- term open- label studies demon-
strated that febuxostat IR not only lowered serum UA levels, 
but was also associated with more stable and even improved 
renal function (27,28). In a 5- year open- label study, febuxostat 
(IR 40, 80, or 120 mg) was well tolerated and effective at re-
ducing serum UA levels in patients with normal and impaired 
renal function (22). Subanalyses of data from a separate 4- 
year open- label trial demonstrated that febuxostat (IR 80 or 
120 mg) consistently reduced serum UA levels from baseline 
by ~50% (28). In post hoc analyses of these long- term trials,  
it was estimated that each 1 mg/dl of sustained reduction of 
serum UA levels brought about by urate- lowering treatment 
could potentially lead to preservation of 1.0–1.15 ml/minute of 
eGFR (27,28).

While substantial evidence supports the efficacy and safe-
ty of febuxostat IR in patients with gout and normal or mildly 
impaired renal function, data regarding the effects of febuxostat 
IR treatment are less robust in patients with gout and mod-
erate renal impairment, and are very limited in patients with 
severe renal impairment (12). Findings from a recent phase II 
study suggested that both febuxostat IR 30 mg twice daily and 
febuxostat IR 40 or 80 mg (depending on a serum UA level of 
<6.0 or ≥6.0 mg/dl on study day 14) once daily significantly 

lowered serum UA levels compared with placebo in patients 
with gout and moderate- to- severe renal impairment (eGFR 
15–50 ml/minute/1.73 m2). Critically, these treatment benefits 
were not associated with any significant deterioration in renal 
function (12). These findings are supported by those from the 
current renal subgroup analysis, which showed that, in general, 
all formulations and doses of febuxostat were effective and well 
tolerated across all renal function subgroups, including patients 
with severe renal impairment.

Treatment options for patients with gout and renal impair-
ment are limited. Despite allopurinol being relatively well tolerat-
ed and effective at reducing serum UA in patients with gout (10), 
its elimination via the kidneys complicates its use in patients with 
impaired renal function. Previous publications have suggested 
that a dose reduction of allopurinol in patients with gout and re-
nal impairment may limit its effectiveness on serum UA treatment 
targets (20,29,30) and potentially lead to suboptimal treatment 
in clinical practice (31). However, a recent study evaluating dose 
escalation with allopurinol suggested that higher doses were ef-
fective in lowering serum UA levels to treatment target in most 
people with gout and were well tolerated (16).

Febuxostat IR 80 mg or IR 120 mg has been shown to be 
more efficacious than allopurinol 300 mg (the most common-
ly used fixed daily dose) in lowering serum UA levels to <6.0  
mg/dl and maintaining this level in patients with gout and mild to 
moderately impaired renal function (18).

The current phase III study has several benefits and limi-
tations. This trial represents the largest investigation of febux-
ostat in patients with renal impairment, including severe renal 
impairment, and the stratification of randomization by renal 
function (severe or not severe) helped to maintain a balanced 
distribution of patients with various degrees of renal impair-
ment across treatment groups at baseline. While the sample 
size was adequate to demonstrate the efficacy of both for-
mulations of febuxostat in the overall patient population and 
across renal function subgroups, the small sample sizes seen 
in the renal function subgroups are associated with great-
er variability, and any significant differences, or lack thereof, 
should therefore be interpreted with caution. It is also impor-
tant to note that the use of gout flare prophylaxis in this study 
is likely to have limited the possibility of detecting any benefits 
of the XR formulation over the IR formulation in reducing the 
incidence of treatment- initiated gout flares.

In conclusion, the results from this phase III study demon-
strated that febuxostat IR and XR formulations were both well 
tolerated and effective in patients with gout and normal renal 
function or mild-to-severe renal impairment. However, the inci-
dence of treatment- initiated gout flares was not reduced with 
the XR formulation compared with the IR formulation. The pres-
ent findings, together with those from recent phase II trials in 
patients with gout and moderate or moderate- to- severe renal 
impairment (12,24), support the view that febuxostat IR has the 
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potential to help address the treatment of gout in patients with 
renal impairment.
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The Risk of Gout Among Patients With Sleep Apnea: A 
Matched Cohort Study
Milica Blagojevic-Bucknall,1  Christian Mallen,1 Sara Muller,1  Richard Hayward,1 Sophie West,2 Hyon Choi,3  
and Edward Roddy1

Objective. Obstructive sleep apnea (OSA) is associated with a range of serious comorbidities. This study was under-
taken to investigate whether people with OSA are more likely to develop gout, in the short and long term, compared to 
those without OSA.

Methods. A matched retrospective cohort study was undertaken using the UK Clinical Practice Research Datalink. 
Individuals age ≥18 years who received a diagnosis of OSA between 1990 and 2010 were identified and matched on age, 
sex, and practice with up to 4 individuals without OSA; follow- up was until the end of 2015. Hazard ratios (HRs) were 
estimated using Cox regression adjusted for general health, lifestyle, and comorbidity characteristics. The risk of develop-
ing gout was assessed at different time points, and the body mass index (BMI) category–specific results were presented.

Results. The study sample included 15,879 patients with OSA and 63,296 without. The median follow- up was 5.8 
years. We found that 4.9% of patients with OSA and 2.6% of patients without the disorder developed gout. The incidence 
rate per 1,000 person- years was 7.83 (95% confidence interval [95% CI] 7.29–8.40) and 4.03 (95% CI 3.84–4.23) among 
those with and without OSA, respectively. The adjusted HR was 1.42 (95% CI 1.29–1.56). The risk of developing gout 
among OSA patients compared to those without was highest 1–2 years after the index date (HR 1.64 [95% CI 1.30–2.06]). 
This finding persisted among those who were overweight and obese. For those with normal BMI, the highest significant 
HR (2.02 [95% CI 1.13–3.62]) was observed at 2–5 years after the index date.

Conclusion. In this study, patients with OSA continued to be at higher risk of developing gout beyond the first year 
following the diagnosis. Our results further indicate that peak incidences of gout vary according to BMI.

INTRODUCTION

Gout is the most prevalent inflammatory arthropathy, affect-
ing 2.5% of adults in the UK in 2012 (1). In addition to being the 
most painful form of acute arthritis, it is associated with consid-
erable comorbidity, including metabolic syndrome, hypertension, 
obesity, insulin resistance, and cardiovascular disease (2–4). Ob-
structive sleep apnea (OSA) is also a common problem in pri-
mary care settings, having a similar prevalence to gout (4–10%) 
(5), although there is evidence that it is underdiagnosed in this 
setting (6). As with gout, OSA is associated with a range of seri-
ous comorbidities (7–9).

Evidence suggests that elevated serum uric acid levels, the 
cause of gout, are also frequently identified in patients with OSA 
(10). However, despite prevalent hyperuricemia in patients with 
OSA, some shared risk factors with gout (obesity and alcohol 
consumption), and research identifying associations between 
gout and other comorbidities, few studies have addressed the 
possibility of an association between OSA and gout.

The intermittent hypoxia present in OSA enhances nucle-
otide turnover, generating purines which are metabolized to 
uric acid (11), providing a biologically plausible mechanism by 
which OSA predisposes patients to hyperuricemia and gout. In 
a small cross- sectional observational study undertaken in a lo-
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cal primary care database, we found an association between 
gout and sleep disorders but the study had insufficient power 
to demonstrate an independent association between gout and 
OSA (12). A single- cohort study undertaken using a UK primary 
care database, The Health Improvement Network, showed that 
patients with OSA had a 50% higher risk of developing gout 
over a 1- year follow- up period than those without the disorder, 
regardless of sex or weight status (13). However, it is unclear 
whether such findings would persist beyond the relatively short 
follow- up period of 1 year, and whether the risk of gout is per-
haps at its highest beyond the first year following the diagnosis 
of OSA. This study aimed to address these shortfalls of previous 
studies by reexamining the association between OSA and the 
subsequent development of gout over a longer follow- up period, 
assessing the risk at different time points after the diagnosis, 
and subgrouping according to body mass index (BMI), using a 
matched retrospective cohort study design in a sample from UK 
general practice.

PATIENTS AND METHODS

Clinical practice research datalink. Primary care is the 
most common first point of entry into the health system in the UK 
for those with a new symptom or illness, such as OSA or gout. 
Therefore, the Clinical Practice Research Datalink (CPRD; http://
www.cprd.com) was chosen as the appropriate data source for 
this study. The CPRD is a large, validated, and extensively used 
ongoing UK database of routinely collected primary care infor-
mation, such as consultations and prescriptions, on ~5.5 million 
registered patients (9% of the UK population) shown to be repre-
sentative of the general UK population (14). General practitioners 
(GPs) enter the data using coding schemes, such as Read codes 
and British National Formulary codes, and practices that con-
tribute data to the CPRD undergo regular cycles of training and 
audit. The data from a particular practice are only eligible for use 
once they have been deemed “up- to- standard.” A systematic 
review of studies investigating the validation of diagnoses in the 
CPRD showed that a high proportion of cases were confirmed 
for >180 different diagnoses, with a median of 89% of Read 
code diagnoses confirmed via different validation methods (15).

OSA exposure. Exposed patients were those age ≤18 
years with a first- ever diagnosis of OSA recorded between Jan-
uary 1, 1990 and December 31, 2010; the date of diagnosis was 
defined as the index date. The unexposed comparison group 
was drawn by matching each patient with OSA to up to 4 in-
dividuals without a diagnosis of OSA at any point (unexposed 
patients). In order to ensure that an adequate number of un-
exposed patients remained, 20 were initially assigned to each 
exposed patient. Unexposed patients were matched to exposed 
patients on the basis of general practice, sex, and year of birth 

(within 3 years). The index date for unexposed patients was the 
date of OSA diagnosis of their matched OSA patient. Patients 
with a gout diagnosis or those prescribed allopurinol or colchi-
cine in the period before the index date were removed from anal-
ysis. All patients were required to have 2 years of up- to- standard 
data prior to the index date.

Furthermore, unexposed patients were required to have 
consulted with the practice within a year of the index date. This 
ensured that those without OSA were active members of the 
practice and eliminated the possibility of artificially inflating any 
association between OSA and gout by comparing OSA patients 
to individuals who had not been seen at the practice in recent 
years.

Outcome measure. The outcome of interest was the time 
from the index date to the first diagnosis of gout, defined using 
relevant Read codes up to the end of March 2015. For those pa-
tients who had no record of gout, the end of study was defined 
as the earliest of the following: date of death, date of transfer 
from practice, date of last collection of records from the practice, 
or March 31, 2015.

Covariates. Covariates believed to potentially confound 
the relationship between OSA and gout were selected based 
on their previously established association with the incidence 
of gout and/or OSA (16–18). These included age and sex 
(largely accounted for through the matched study design), 
type 2 diabetes mellitus, ischemic heart disease, hyperten-
sion, hyperlip idemia, use of diuretic drugs, obesity, and alcohol 
consumption. Information on the presence of comorbidities, 
weight (used to calculate BMI), and alcohol consumption was 
identified in the period prior to the index date and denoted in 
terms of binary presence/absence indicators (assuming that no 
record implies absence of diagnosis) for comorbidities. Height 
measurements were considered valid regardless of the time 
point at which they were obtained. Alcohol consumption was 
categorized as never/ever, and BMI (kg/m2) was categorized as 
normal (<25)/overweight (25–30)/obese (≥30). Weight entries 
of <30 kg or >250 kg and height entries of <1.2m or >2.2m 
were ignored in the calculation of BMI. Categories for missing 
data were defined for alcohol consumption and BMI in order to 
preserve sample size.

The lists of Read codes (used for identifying OSA, gout, dia-
betes, ischemic heart disease, hypertension, and hyperlipidemia) 
and product codes (used for identifying allopurinol, colchicine, 
and diuretic drugs) were compiled by a general practitioner (GP) 
(CM), a rheumatologist (ER), and, for OSA, a respiratory med-
icine consultant and another GP (SW and RH). Any disagree-
ments were resolved by consensus. A list of all such codes used 
may be found in the morbidity section of the medical record data 
research repository at www.keele.ac.uk/mrr.

http://www.cprd.com
http://www.cprd.com
http://www.keele.ac.uk/mrr
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Statistical analysis. Characteristics of the subjects at 
the index date were summarized using descriptive statistics. 
Incidence rates of gout and corresponding 95% confidence in-
tervals (95% CIs) were calculated per 1,000 person- years. Cox 
proportional hazards regression models were used to obtain as-
sociations between OSA status and time to diagnosis of gout 
in terms of hazard ratios (HRs). Corresponding 95% CIs were 
based on robust standard errors to account for any possible 
clustering due to matching. Initially crude HRs were obtained, 
followed by adjustments for age, sex, diabetes mellitus, ischem-
ic heart disease, hypertension, hyperlipidemia, use of diuretic 
drugs, BMI, and alcohol consumption.

It has been previously shown that increased risk of gout due 
to OSA persists across obesity status (13). Therefore, models 
were refit with further adjustment for sleep apnea × BMI inter-
action and stratified effect sizes were obtained via the lincom 
command in Stata, which calculates appropriate linear combi-
nations of coefficients and associated CIs. The association be-
tween OSA and gout was explored over the whole follow- up 
period, as well as 1, 2, 5, and 10 years post–index date, using 
the lincom command.

Assumption of proportionality of hazards was assessed 
using graphical methods and Schoenfeld residuals. If propor-
tionality was not satisfied, interactions of corresponding co-
variates with appropriate functions of time were included in 

the model. Right censoring was assumed noninformative and 
was taken as the earliest date of death, date of transfer from 
practice, date of last collection of records from the practice, or 
March 31, 2015.

All analyses were performed using Stata software, version 
13.1 (19). The study was approved by the CPRD Independent 
Scientific Advisory Committee (project 14- 047).

Sensitivity analyses. The first sensitivity analysis as-
sessed whether our main findings were influenced by the po-
tential presence of unmeasured confounding, using a method 
proposed by Lin and colleagues (20). We assumed a binary un-
measured confounder with an associated HR of 2.5 among both 
exposed and unexposed patients (guided by the strongest asso-
ciation between the assessed covariates and gout, as observed 
in our data), and varied its prevalence among the exposed and 
unexposed patients. The second sensitivity analysis involved 
the assessment of results stemming from complete case anal-
yses, with missing data ignored. Multiple imputations were not 
considered as it was suspected that missing data on BMI and 
alcohol consumption were not missing at random. Finally, we 
assessed whether our main findings were altered by the use of 
available alcohol and weight data recorded at any point rather 
than prior to the index date only. This is a common approach, 
though erroneous in studies of exposure effect, used in CPRD 

Figure 1. Selection of exposed and unexposed patients. CPRD = Clinical Practice Research Datalink; OSA = obstructive sleep apnea; UTS = 
up to standard date; GP = general practitioner; NA = not applicable.

Available denominator in CPRD (13,747,459)

17,198 patients diagnosed with OSA (exposed) 
between January 1, 1990 and December 31, 2010

15,879 exposed patients

341,257 (approximately 20 per exposed in each 
stratum) without OSA diagnosis (unexposed)

185,049 unexposed patients

Randomly select up to 4 unexposed patients per 
exposed: 63,296

Exclusions (in the sequential order as presented)
Exposed Unexposed

- Without 2 years of UTS data                          168            3,276
- Gout and/or colchicine/allopurinol
before baseline                                                   1,147         8,785
- No GP consultation with ± 365 days off
matched OSA patient's diagnosis date           N/A          136,492
- Loss due to strata not having
exposed/unexposed patients                           4               7,655
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analyses involving lifestyle characteristics to minimize the extent 
of missing data.

RESULTS

Analysis sample. We identified 17,198 patients with in-
cident OSA between 1990 and 2010 who were matched at an 
~1:20 ratio to 341,257 patients who had no record of OSA. 
 Following the exclusion of those with an inadequate period of 
up- to- standard data, those prescribed allopurinol or colchicine pri-
or to the index date, the unexposed patients who did not consult 
their practice within a year of their OSA patient’s index date, and 
the patients who were left without a match following these exclu-
sions, 15,879 OSA patients and 185,049 unexposed patients re-
mained. Up to 4 available unexposed patients per OSA patient 
were then chosen at random, resulting in 63,296 unexposed 
patients (Figure 1).

The mean age and sex of the 2 exposure groups were the 
same (mean age 52.2 years and 76% male, in both) as expected 
due to the matched study design. Those with OSA had a higher 
prevalence of each comorbidity assessed, were more likely to 
have been prescribed diuretic medications, and were more like-
ly to be obese and current alcohol drinkers. Furthermore, they 

were less likely to have missing information regarding BMI and 

alcohol use (Table 1).

Risk of gout. During follow- up, 782 OSA patients (4.9%) 
and 1,651 non- OSA patients (2.6%) developed gout, with a me-
dian time to gout diagnosis of 5.66 years (interquartile range [IQR] 
3.58–8.28) and 5.83 years (IQR 3.93–8.55) in the 2 groups, re-
spectively. The incidence rate per 1,000 person- years was 7.83 
among those with OSA and 4.03 among those without OSA 
(unadjusted HR 1.94 [95% CI 1.78–2.12]). On adjustment for 
covariates considered in this study, the effect diminished but the 
statistically significant HR remained (1.42 [95% CI 1.29–1.56]) 

(Table 2).
The interaction between sleep apnea and BMI was statisti-

cally significant (P < 0.001); therefore, results are also presented 
by BMI group (Table 2). The increased risk of gout among pa-
tients with sleep apnea compared to those without sleep apnea 
was noted in all BMI categories, particularly in the normal BMI 
group (adjusted HR 1.76 [95% CI 1.22–2.53]). Corresponding 
HR estimates in the overweight and obese groups were 1.27 
(95% CI 1.06–1.54) and 1.40 (95% CI 1.21–1.61), respectively.

There was also a significant connection between sleep ap-
nea and time. The association between sleep apnea and devel-
opment of gout was substantial across all time periods following 
the index date except for 0–1 years and >10 years post–index 
date, and was the strongest 1–2 years following the index date 
(adjusted HR 1.64 [95% CI 1.30–2.06]). Associations between 
sleep apnea and gout were similar across the 2–5- year and the 

5–10- year period following the index date (Table 3).
In the normal BMI category, the risk of incident gout 2–5 

years after the index date was more than twice as great among 
those with OSA than those without OSA (HR 2.02 [95% CI 
1.13–3.62]); however, no significant differences were found for 
other time periods despite the HR being the highest 1–2 years 
post–index date (Table 3). For subjects who were overweight, 
the HR peaked to 1.73 in the period 1–2 years after the index 
date (95% CI 1.02–2.96), and for those who were obese, signif-
icant HRs were observed 1–2, 2–5, and 5–10 years post–index 
date, being the highest in the 1–2 year- time period (1.70 [95% 
CI 1.18–2.43]).

A sensitivity analysis to assess the effect of unmeasured 
confounding showed that adjustment for a confounder with a 
difference in prevalence of <20% (e.g., as seen in diabetes and 
hypertension) would result in a reduction in the bias of the es-
timated HR, but the significant association between OSA and 
gout would remain. The effect of restricting analyses to those 
with complete data on all covariates (i.e., complete case anal-
ysis) generally had minimal impact on our findings, as did us-
ing data on BMI and alcohol use recorded at any time point. 
Findings of all sensitivity analyses are presented in Supplemen-
tary Tables 1–3 (on the Arthritis & Rheumatology web site at  

Table 1. Patient characteristics (covariates) at the index date* 

Covariate
OSA 

(n = 15,879)
No OSA 

(n = 63,296) P

Age, mean ± SD 
years 

52.2 ±1.2 52.2 ±12.2 0.949

Male 12,108 (76) 48,260 (76) 0.986
BMI <0.001

Normal 1,272 (8) 13,148 (21)
Overweight 3,279 (21) 14,830 (23)
Obese 8,059 (51) 8,857 (14)
Data missing 3,269 (21) 26,461 (42)

BMI, mean ± SD 
kg/m2

34.0 ±8.1 27.4 ±5.1

Alcohol <0.001
No 1,748 (11) 4,968 (8)
Ex- drinker 372 (2) 854 (1)
Current 
drinker

9,841 (62) 31,823 (50)

Data missing 3,918 (25) 25,651 (41)
Diabetes 2,168 (14) 3,669 (6) <0.001
Ischemic heart 
disease 

741 (5) 1,691 (3) <0.001

Hypertension 4,667 (29) 10,299 (16) <0.001
Hyperlipidemia 2,288 (14) 4,942 (8) <0.001
Diuretic use 4,499 (28) 7,587 (12) <0.001

* Except where indicated otherwise, values are the number (%).
OSA = obstructive sleep apnea. 
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http://onlinelibrary.wiley.com/doi/10.1002/art.40662/abstract). 
The proportional hazards assumption was satisfied throughout.

DISCUSSION

The novelty of this study lies in its assessment of both the 
short-  and long- term associations of OSA with incident gout in 
a large primary care–based population. It has previously been 
shown that people with OSA have a higher risk of develop-
ing gout in the first year following an OSA diagnosis (13). We 
showed that this increased risk persists beyond the first year 
after OSA diagnosis, with overall risk peaking 1–2 years after 
the index date. This statistically significant finding was seen in 
patients with normal BMI as well as in patients who were over-
weight or obese; however, the risk of incident gout in patients 
with OSA relative to those without OSA was greater in patients 
with normal BMI than in patients who were overweight or obese.

While there is potential for misclassification of OSA, this di-
agnosis is unlikely to be made solely in primary care and, as 

such, will be entered into the patient’s record only after a diagno-
sis has been made by a respiratory specialist in secondary care. 
Previous studies have shown that when a GP records a diagno-
sis of OSA, this diagnosis is usually correct (6,21,22). Therefore, 
it is likely that those identified as having OSA do indeed have the 
condition; however, OSA may be unrecognized in some patients 
(6,22,23), which could potentially bias our findings toward the 
null. Similarly, there is the possibility of the misclassification of 
gout if the GP diagnosis is not entirely accurate; however, previ-
ous studies have indicated that this is unlikely to occur frequently 
in the CPRD (24,25). Furthermore, a study by Meier and Jick 
showed the positive predictive value of a gout diagnosis in the 
CPRD to be 90% (26). Possible misclassification of confounding 
comorbidities may occur but is expected to occur at random, 
therefore not affecting our findings.

BMI may not be the best correlation with OSA. Neck and 
waist circumference may be better suited, as they take into 
account obesity distribution and are associated with visceral 
obesity, which is associated with the risk of OSA among other 

Table 2. Incidence rate and risk of gout by BMI category* 

Sample (n)
No. of gout 

events OSA No OSA
Unadjusted HR 

(95% CI)
Adjusted HR  

(95% CI)

All (79,175)† 2,433 7.83 (7.29–8.39) 4.03 (3.84–4.23) 1.94 (1.78–2.12)‡ 1.42 (1.29–1.56)‡
BMI§

Normal (14,420) 222 4.16 (2.99–5.80) 2.24 (1.94–2.59) 1.84 (1.28–2.64)¶ 1.76 (1.22–2.53)¶
Overweight (18,109) 608 6.76 (5.74–7.96) 5.00 (4.57–5.48) 1.34 (1.11–1.62)¶ 1.27 (1.06–1.54)#
Obese (16,916) 808 9.77 (8.83–10.61) 6.70 (6.03–7.44) 1.44 (1.25–1.66)‡ 1.40 (1.21–1.61)‡

* Values are the gout incidence rate per 1,000 person-years (95% confidence interval [95% CI]). OSA = obstructive sleep apnea. 
† Hazard ratio (HR) was adjusted for age, sex, body mass index (BMI), alcohol, diabetes mellitus, ischemic heart disease, hypertension, 
 hyperlipidemia, and use of diuretic drugs. 
‡ P < 0.0001. 
§ HR was adjusted for sleep apnea × BMI interaction (P for interaction < 0.001 by Wald’s test) in addition to the factors for which the 
 all- subjects HR was adjusted. 
¶ P < 0.005. 
# P < 0.05. 

Table 3. Adjusted risk of gout at different time points after the index date by BMI category* 

Group

Years after index date

0–1 1–2 2–5 5–10 >10

All† 1.22 (0.97–1.53) 1.64 (1.30–2.06)‡ 1.46 (1.25–1.70)‡ 1.44 (1.22–1.70)‡ 1.27 (0.95–1.70)
BMI§

Normal 1.75 (0.67–4.54) 2.11 (0.71–6.26) 2.02 (1.13–3.62)¶ 1.65 (0.82–3.32) 0.96 (0.29–3.22)
Overweight 1.22 (0.73–2.04) 1.73 (1.02–2.96)¶ 1.05 (0.75–1.48) 1.38 (0.98–1.93) 1.31 (0.77–2.25)
Obese 1.24 (0.88–1.77) 1.70 (1.18–2.43)# 1.42 (1.12–1.79)# 1.41 (1.08–1.85)¶ 0.82 (0.46–1.44)

* Reference category in each case is no obstructive sleep apnea. Values are the hazard ratio (HR) (95% confidence interval). 
† HR was adjusted for sleep apnea × time interaction (P for interaction < 0.001 by Wald’s test), age, sex, body mass index (BMI), alcohol, dia-
betes mellitus, ischemic heart disease, hypertension, hyperlipidemia, and use of diuretic drugs. 
‡ P < 0.0001. 
§ HR was adjusted for three- way sleep apnea × BMI × time interaction (P for interaction < 0.001 by Wald’s test) in addition to the factors for 
which the all- subjects HR was adjusted. 
¶ P < 0.05. 
# P < 0.005. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40662/abstract
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subjects (27,28). However, these measures are not routinely col-
lected in the CPRD.

It is important to know how reliable our estimates are. It 
is possible that the significant adjusted relationship between 
OSA and gout could be a result of residual confounding, due to 
possible exposure misclassification as explained above, and/or 
omission of important confounders such as genetic factors and 
dietary components that may be associated with both OSA and 
gout, but are unmeasurable or are not routinely recorded in pri-
mary care in the UK. We have tested the sensitivity of our overall 
estimated HR to the presence of some unobserved confounder 
(or a selection of confounders subsequently split into binary low/
high risk) strongly associated with gout in both exposure groups, 
and found that it is robust provided that the absolute difference 
in the prevalence of such a confounder between exposed and 
unexposed subjects is approximately <20%. If, however, the 
prevalence among the exposed subjects is much higher, then 
it is possible that adjustment for such a confounder would have 
attenuated the observed association in this study. This should 
not take away from the importance of our findings, but rather 
be seen as a necessary component of any analysis using obser-
vational data, especially when medical record data are involved 
as they may be prone to incomplete and imprecise recording. A 
broad time frame was selected for identifying OSA, namely, from 
January 1, 1990 through December 31, 2010, in order to allow 
sufficient time to detect potential confounders prior to an OSA 
diagnosis and the development of gout after this index date.

Our study confirms the findings of earlier studies that people 
with OSA are at increased risk of incident gout. The most likely 
mechanism to explain this association is that, along with catecho-
lamine surges and sustained hypertension (29), intermittent hypox-
ia increases nucleotide turnover, which enhances endogenous uric 
acid production (11). This raises the question as to whether the 
correction of hypoxia in OSA by treatment with continuous positive 
airways pressure (CPAP) lowers serum uric acid levels. Theoreti-
cally, this could reduce the risk of incident gout and treat existing 
gout. However, while observational studies have suggested that 
CPAP treatment leads to a reduction in serum uric acid levels (30), 
a secondary, although underpowered, analysis of data from a small 
randomized controlled trial of obese men with OSA and type 2 
diabetes mellitus but not gout did not show any beneficial urate- 
lowering effect of CPAP compared to sham CPAP (31).

The risk of incident gout in patients with OSA persisted in 
all 3 BMI strata. However, the risk differed according to BMI, 
with those having normal BMI being at greater risk of develop-
ing gout than those who were overweight or obese. This sug-
gests that the contribution of OSA to the risk of hyperuricemia 
and gout is independent of BMI, and clinicians should consider 
the  possibility of gout in patients with sleep apnea regardless of 
obesity. The effect of CPAP in lowering urate and preventing or 
treating gout in patients with OSA remains unclear, and further 
adequately powered randomized controlled trials are required.
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Interferon- γ–Mediated Immunopathology Potentiated 
by Toll- Like Receptor 9 Activation in a Murine Model of 
Macrophage Activation Syndrome
Lehn K. Weaver, Niansheng Chu, and Edward M. Behrens

Objective. Macrophage activation syndrome (MAS) is a life- threatening cytokine storm syndrome that occurs in pa-
tients with underlying rheumatic diseases. Preclinical and clinical data suggest that interferon- γ (IFNγ) is pathogenic in 
MAS, but how IFNγ may be linked to disease pathogenesis remains unknown. This study was undertaken to determine 
whether IFNγ signals synergize with systemic innate immune responses to drive the cytokine storm in a murine model of 
MAS.

Methods. IFNγ- deficient mice were treated with 5 doses of the Toll- like receptor 9 (TLR- 9) agonist CpG 1826, IFNγ, or 
a combination of the 2 stimuli over the course of 10 days. Immunopathologic features of MAS, including cytopenias, hep-
atitis, hepatosplenomegaly, and induction of inflammatory myelopoiesis, were assessed. Mixed bone marrow chimeras 
were created to determine whether TLR- 9– and IFNγ receptor 1 (IFNγR1)–dependent signals induce enhanced myelopoie-
sis in a cell- intrinsic or cell- extrinsic manner.

Results. IFNγ- deficient mice did not develop features of MAS when treated with repeated doses of either the TLR- 9 
agonist or IFNγ alone. In contrast, IFNγ- deficient mice treated with both the TLR- 9 agonist and IFNγ developed cytopenias, 
hepatitis, and hepatosplenomegaly, reproducing major clinical features of MAS. TLR- 9– and IFNγR1- dependent signals 
synergized to enhance myeloid progenitor cell function and induce myelopoiesis in vivo, which occurred through cell- 
extrinsic mechanisms and correlated with the induction of disease.

Conclusion. These findings demonstrate that TLR- 9–driven signals potentiate the effects of IFNγ to initiate murine 
MAS, and provide evidence that induction of inflammatory myelopoiesis is a common TLR- 9– and IFNγ- dependent path-
way that may contribute to the pathogenesis of MAS.

INTRODUCTION

Macrophage activation syndrome (MAS) is a life- threatening 
clinical syndrome resulting from immune dysregulation and un-
controlled inflammation in patients with rheumatic conditions 
(1). Morbidity and mortality from MAS remain high despite the 
advent of targeted immunosuppressive therapies and improve-
ments in intensive care measures to support failing organs (1). 
The pathogenesis of this rare and devastating condition remains 
poorly defined, which impedes the development of rational and 
targeted therapies to treat patients with MAS.

Results of preclinical and translational studies have sug-
gested that interferon- γ (IFNγ) is pathogenic in MAS (2–4), 
which prompted a clinical trial to study the safety and efficacy 
of IFNγ neutralization in patients with systemic juvenile idiopath-
ic arthritis (JIA) who developed MAS (ClinicalTrials.gov identifier 
NCT03311854). Despite the growing interest in IFNγ as a ther-
apeutic target, the mechanisms leading to IFNγ- mediated im-
munopathology in MAS remain unclear. Furthermore, high- dose 
IFNγ drives anemia and hemophagocytosis in mice, but is insuf-
ficient to recapitulate all of the manifestations of MAS by itself 
(5). These data suggest that additional inflammatory signals in 
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combination with IFNγ are required to induce MAS immunopa-
thology.

Pattern- recognition receptors (PRRs) are expressed by in-
nate immune cells and sense a diverse range of endogenous 
and exogenous danger signals. Toll- like receptors (TLRs) are the 
best- characterized PRRs and are implicated in the development 
of MAS. Preclinical models of disease suggest that chronic or 
exaggerated responses to systemic TLR activation lead to MAS 
in mice (2,6,7). Patients with systemic JIA, the rheumatic disease 
with the greatest predisposition to the development of MAS, 
have an interleukin- 1 (IL- 1) and TLR gene expression signature in 
their peripheral blood mononuclear cells (8). Furthermore, poly-
morphisms in IFN regulatory factor 5 (IRF- 5), a sig naling molecule 
downstream of TLR activation, results in higher IRF-5 gene ex-
pression and a 4- fold higher risk of MAS in patients with systemic 
JIA (9,10). These data suggest that TLRs and their downstream 
signaling pathways could contribute to the pathogenesis of MAS.

Previous investigations have established that repeated TLR- 
9 activation in wild- type mice induces clinical manifestations of 
MAS, including cytopenias, hepatosplenomegaly, hepatitis, and 
hypercytokinemia (2). This model is an IFNγ- dependent model 
of MAS, as neutralization of IFNγ abrogates disease and IFNγ−/− 
mice are protected from TLR- 9–induced immunopathology (2). 
Inflammatory monocytes are the main producers of IL- 12 and 
are key to disease pathogenesis in this model (11), since neu-
tralization of IL- 12 prevents TLR- 9–induced production of IFNγ 
and ameliorates disease (12). Repeated doses of a TLR- 9 ago-
nist are required to induce disease, which leads to heightened 
systemic production of IL- 12 after each dose of TLR- 9 stimulus, 
and drives a feed- forward inflammatory response (11). This feed- 
forward inflammatory response correlates with the induction of 
inflammatory myelopoiesis, which skews the hematopoietic out-
put of the host to accelerate the production of new inflammatory 
monocytes (11). Accumulation of TLR- 9–responsive inflamma-
tory monocytes correlates with heightened cytokine production 
following repeated activation of TLR- 9 in vivo, a mechanism that 
is thought to drive disease (11).

It remains unclear whether repeated TLR- 9 activation is re-
quired simply for the upstream, IL- 12–mediated induction of high 
levels of pathogenic IFNγ or whether IFNγ- independent, TLR- 9–
dependent signals are additionally necessary for the induction 
of murine MAS. To differentiate between these possibilities, we 
stimulated IFNγ- deficient mice with repeated doses of the TLR- 9 
agonist CpG 1826 or IFNγ alone, or with a combination of the 2 
stimuli. Consistent with our hypothesis, IFNγ- deficient mice de-
velop MAS when treated with both the TLR- 9 agonist and IFNγ, 
but not when treated with these inflammatory signals individually. 
We provide evidence that induction of inflammatory myelopoie-
sis requires both TLR- 9– and IFNγ- dependent signals, which 
may contribute to disease by accelerating the production of new 
TLR- 9–responsive monocytes. These findings add to our under-

standing of MAS pathogenesis, and reveal IFNγ- independent 
signals as potential therapeutic targets for the treatment of MAS.

MATERIALS AND METHODS

Vertebrate animals. Mice used in individual experiments 
were age-  and sex- matched. Efforts were made to ensure equal 
use of male and female mice in all experiments. IFNγ- deficient, 
IFNγ receptor 1 (IFNγR1)–deficient, and congenically labeled 
Wild-type CD45.1 SJL C57BL/6 mice were purchased from 
The Jackson Laboratory. TLR- 9–deficient mice were originally 
produced by Shizuo Akira (Osaka University). Mouse breeding, 
animal husbandry, and animal experiments occurred within the 
specific pathogen–free animal facilities at The Children’s Hospital 
of Philadelphia. All animals were cared for according to each 
institution’s animal facility guidelines, and procedures were per-
formed after review and approval for all experiments had been 
obtained from each institution’s ethics board.

Induction of murine MAS. The TLR- 9 agonist and 
class B CpG oligonucleotide CpG 1826 (sequence TCCATG 
ACGTTCCTGACGTT) was synthesized with a  phosphothioate 
 backbone at Integrated DNA Technologies (Coralville, IA). 
 Recombinant murine IFNγ was obtained from PeproTech. 
 Eight- week- old IFNγ- deficient mice were treated with 5 intraperi-
toneal doses of vehicle (phosphate buffered saline [PBS]), 50 μg 
of the TLR- 9 agonist CpG 1826, 10 μg of IFNγ, or a combination 
of CpG 1826 and IFNγ every other day over the course of 10 
days. Mice were killed 24 hours after the last injection. The extent 
of splenomegaly and hepatomegaly was calculated by dividing 
the organ weight by the body weight of the mouse and multiply-
ing by 100. Whole blood was obtained from the cheeks of mice 
for determination of complete blood cell counts on a Sysmex XT- 
2000iV Automated Hematology Analyzer. Whole livers from mice 
were fixed in 10% formaldehyde and embedded in paraffin, and 
individual slides containing hematoxylin and eosin–stained tissue 
were made at the Pathology Core at The Children’s Hospital of 
Philadelphia. All histology images were obtained with the use of 
a Leica DM4000B microscope and SPOT Software version 5.1. 
Foci of >10 inflammatory cells per high- power field were count-
ed using a 20× objective.

Processing of organs, whole blood, and serum. Bone 
marrow cells were flushed from the leg bones of mice using cold 
PBS, and single cell suspensions were generated by mechanical 
disruption through a 70- μm strainer. Whole spleens were digest-
ed with DNase I (Roche) and collagenase (Roche) at 37°C for 
30 minutes prior to the generation of single cell suspensions of 
splenocytes, which was achieved by mechanical disruption of 
the spleen through a 70- μm strainer. Red blood cell lysis was 
performed on all harvested cells using ACK lysis buffer (Lonza). 
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Total cells per organ were counted on a Countess TM Automat-
ed Cell Counter (ThermoFisher Scientific).

Generation of mixed bone marrow chimeras. Wild-
type CD45.1 SJL C57BL/6 mouse hosts were lethally  irradiated 
with 950 rads (cGy) of x- ray irradiation, followed by rescue with 
injection of 2.5–5 × 106 mixed bone marrow cells using 90% 
wild- type cells (from CD45.1 mice) and 10% knockout cells (from 
TLR- 9–deficient or IFNγR1- deficient mice). Mixed bone marrow–
chimeric mice were allowed 4–5 weeks of bone marrow recon-
stitution prior to the induction of murine MAS.

Cellular immunophenotyping. Flow cytometry was 
performed on a Miltenyi MacsQuant, and cell sorting was per-
formed using a BD FACSAria II. Data from fluoresence- activated 
cell sorting were analyzed using FlowJo software. Fluorescently 
labeled cells were gated on forward and side light- scatter pat-
terns to limit the inclusion of dead cells, debris, and doublets. 
Live cells were identified by excluding cells staining positive for 
LIVE/DEAD Fixable Aqua Dead Cell Stain (ThermoFisher Sci-
entific). Fc Block (anti- CD16/32, clone 2.4G2) was used prior 
to staining for all flow cytometry experiments, except for the 
myeloid progenitor panels, which included staining for the Fc 
receptor CD16/32. Inflammatory monocytes were identified 
as Ly- 6G−Ly- 6ChighCD115+ cells. Myeloid progenitors were 
identified as common myeloid progenitors (CMPs) (Lin−c- 
Kit+CD105− CD16/32intermediateCD115−), granulocyte–monocyte 
progenitors (GMPs) (Lin−c- Kit+CD105−CD16/32highCD115−), 
monocyte–dendritic cell progenitors (MDPs) (Lin−c- Kit+CD105−
CD115+Ly- 6C−), and committed monocyte progenitors (cMoPs) 
(Lin−c- Kit+CD105−CD115+Ly- 6C+). The lineage panel included 
antibodies against B220, CD4, CD5, CD8a, CD11b, CD11c, 
CD90.2, CD49b, Ly- 6G, NK1.1, and Ter119.

Myelopoiesis assays. Bone marrow myeloid progeni-
tors were sorted from mice treated with 5 doses of PBS, CpG 
1826, IFNγ, or a combination of both CpG 1826 and IFNγ, as 
described above. Myeloid progenitors (500–2,000 cells per well) 
were cultured in α- minimum essential medium (Gibco) supple-
mented with 20% heat- inactivated fetal bovine serum (Atlanta 
Biologicals) and penicillin–streptomycin–l- glutamine (Cellgro) at 
37°C in 6% CO2. Granulocyte–macrophage colony- stimulating 
factor (GM- CSF), M- CSF, IL- 3, and stem cell factor were ob-
tained from PeproTech and used to stimulate the division and 
differentiation of myeloid progenitor cells in liquid cultures. All 
cytokines were used at a concentration of 5 ng/ml, except GM- 
CSF, which was used at a concentration of 3.3 ng/ml. After 7 
days in culture, myeloid progenitor cell progeny were harvested 
and stained for mature myeloid cell surface markers (Ly- 6G, Ly- 
6C, and CD11b) using the cellular immunophenotyping protocol 
described above. Total myeloid cell counts were enumerated on 

a Miltenyi MacsQuant flow cytometer and gated on individual cell 
populations in FlowJo.

Statistical analysis. The numbers of experimental repli-
cates differed in each experiment. All statistical analyses were 
performed using Prism version 7.0a (GraphPad). The Mann- 
Whitney U test was used for all between- group comparisons. 
Two- way analysis of variance was used to analyze the inter-
action between 2 independent variables on a dependent var-
iable. P values less than or equal to 0.05 were considered 
significant.

RESULTS

IFNγ-driven immunopathology potentiated by 
TLR-9–dependentsignalsinmurineMAS. Studies in mu-
rine models have highlighted the role of TLR- driven chronic and 
exaggerated immune responses as potent inducers of murine 
MAS (2,6,7). In TLR- 9–mediated MAS, high levels of IFNγ are 
stimulated downstream of systemic TLR activation, and induc-
tion of IFNγ is required to drive MAS immunopathology (2). It 
remains unclear whether TLR- 9–driven signals are required sole-
ly for the induction of high levels of IFNγ or whether TLR- 9–de-
pendent signals must act in combination with high levels of IFNγ 
to induce murine MAS. To differentiate between these possibil-
ities, IFNγ- deficient mice were treated with repeated doses of a 
TLR- 9 agonist (CpG 1826) alone, IFNγ alone, or a combination 
of the 2 stimuli over the course of 10 days. The dose of IFNγ 
used in these experiments recapitulates the levels of serum IFNγ 
induced downstream of repeated TLR- 9 activation in wild- type 
mice (mean ~10 ng/ml; Supplementary Figure 1B, available on 
the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40683/abstract) as indicated in a study by 
Behrens et al (2).

IFNγ- deficient mice stimulated with repeated doses of the 
TLR- 9 agonist CpG 1826 or IFNγ alone did not develop clinical 
manifestations of MAS (Figures  1A–G). Importantly, the same 
dose of IFNγ that caused no disease manifestations in IFNγ- 
deficient mice became pathogenic when delivered in the context 
of repeated systemic activation of TLR- 9, as evident in our ex-
periments showing that IFNγ- deficient mice treated with repeat-
ed doses of both the TLR- 9 agonist and IFNγ developed robust 
clinical manifestations of MAS, including cytopenias, hepatos-
plenomegaly, and hepatitis (Figures 1A–G). Increased production 
of ferritin was induced following repeated dosing with CpG 1826, 
and these levels were not further increased in the presence of 
both TLR- 9– and IFNγ- dependent signals (Supplementary Fig-
ure 1A [http://onlinelibrary.wiley.com/doi/10.1002/art.40683/ab-
stract]). These data demonstrate that TLR- 9–dependent signals 
are required to potentiate IFNγ- dependent immunopathology in 
murine MAS.

http://onlinelibrary.wiley.com/doi/10.1002/art.40683/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40683/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40683/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40683/abstract
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Inductionofinflammatorymyelopoiesisbysystem-
ic TLR-9– and IFNγ-dependent signals, in a synergistic
manner. Both TLR- 9– and IFNγ- dependent signals have been 
implicated in the induction of myelopoiesis during systemic in-
flammatory responses (13,14). In TLR- 9–mediated MAS, induc-
tion of enhanced myelopoiesis may be pathogenic, as myeloid 
progenitors (CMPs, GMPs, MDPs, and cMoPs) accumulate in 

the peripheral blood of TLR- 9–activated mice, which correlates 
with the accumulation of TLR- 9–responsive inflammatory mono-
cytes (11). Accumulation of inflammatory monocytes leads to 
heightened cytokine production and MAS immunopathology, 
which occurs downstream of repeated TLR- 9 activation in vivo 
(11). We therefore sought to determine whether TLR- 9– and  
IFNγ- dependent signaling together may induce inflammatory  

Figure  1. Toll- like receptor 9 (TLR- 9)–dependent signals potentiate interferon- γ (IFNγ)–driven immunopathology in murine macrophage 
activation syndrome. IFNγ- deficient mice were treated with 5 doses of phosphate buffered saline (PBS), the TLR- 9 agonist CpG 1826, IFNγ, 
or the combination of CpG 1826 and IFNγ every other day for 10 days. The mice were killed 24 hours after the fifth injection. A–E, Clinical 
manifestations of the cytokine storm were evaluated as peripheral white blood cell (WBC) counts (A), anemia (hemoglobin [Hb] levels) (B), 
thrombocytopenia (C), splenomegaly (D), and hepatomegaly (E). F, Livers from mice were sectioned and stained with hematoxylin and eosin, 
and the hepatic inflammatory foci per high- power field were enumerated. Original magnification × 20. G, Representative images from 1 mouse 
per treatment group show pathologic features of the liver. Arrows point to individual hepatic inflammatory foci. In A–F, symbols represent 
individual mice (n = 8 per group); horizontal lines with bars show the mean ± SD compiled from 3 independent experiments. All statistical 
comparisons were determined by two- way analysis of variance. For interaction within group, ** = P < 0.01 and **** = P < 0.0001. For IFNγ- 
treated mice versus mice not treated with IFNγ, + = P < 0.05; ++ = P < 0.01; +++ = P < 0.001; ++++ = P < 0.0001. For CpG- treated mice 
versus mice not treated with CpG, ### = P < 0.001; #### = P < 0.0001. NS = not significant.
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myelopoiesis to promote immunopathology in murine MAS. 
Treatment with repeated doses of the TLR- 9 agonist alone, IFNγ 
alone, or a combination of the TLR- 9 agonist and IFNγ had mini-
mal effects on the numbers of bone marrow myeloid progenitors 
(Figure 2A). In contrast, in the spleen, treatment of IFNγ- deficient 
mice with repeated doses of both the TLR- 9 agonist and IFNγ 
synergistically induced the accumulation of extramedullary mye-
loid progenitors, whereas treatment with the TLR- 9 agonist alone 
or IFNγ alone failed to have this effect in the spleen (Figure 2B).

Furthermore, individual populations of sorted myeloid pro-
genitor cells (CMPs, GMPs, MDPs, or cMoPs) exhibited en-
hanced output of mature myeloid cells, as determined in ex vivo 

myelopoiesis assays, when the cells were isolated from IFNγ- 
deficient mice treated with both the TLR- 9 agonist and IFNγ, but 
not when the cells were isolated from IFNγ- deficient mice treated 
with the TLR- 9 agonist or IFNγ individually (Figure  2C). These 
data demonstrate that systemic TLR- 9– and IFNγ- dependent 
signals lead to enhanced production of mature myeloid cells 
from myeloid progenitors in vitro, and this effect correlates with 
the accumulation of myeloid progenitors and MAS immunopa-
thology in vivo. Our findings thus support a model that involves 
inflammatory myelopoiesis in the pathogenesis of MAS in which 
both TLR- 9– and IFNγ- dependent signals work in conjunction to 
accelerate the production of new inflammatory monocytes that 

Figure 2. Systemic TLR- 9– and IFNγ-dependent signals synergistically induce inflammatory myelopoiesis. IFNγ- deficient mice were treated 
with 5 doses of PBS, the TLR- 9 agonist CpG 1826, IFNγ, or the combination of CpG 1826 and IFNγ every other day for 10 days. The mice were 
killed 24 hours after the fifth injection. A and B, The numbers of myeloid progenitors were determined in the bone marrow (A) and spleen (B) of 
mice in each treatment group. C, Individual populations of myeloid progenitors were sorted from the bone marrow of mice in each treatment 
group. Sorted myeloid progenitors were cultured in vitro for 7 days in medium containing macrophage colony- stimulating factor, granulocyte–
macrophage colony- stimulating factor, interleukin- 3, and stem cell factor. Mature myeloid cells were enumerated by flow cytometry. In A and 
B, compiled data from 3 independent experiments are shown. Symbols represent individual mice (n = 8 per group); horizontal lines with bars 
show the mean ± SD. In C, compiled data from 2 independent experiments are shown; bars show the mean and SD (n = 4 mice per group). 
All statistical comparisons were determined by two- way analysis of variance. For interaction within group, ** = P < 0.01. For IFNγ- treated mice 
versus mice not treated with IFNγ, ++ = P < 0.01. For CpG- treated mice versus mice not treated with CpG, ### = P < 0.001; #### = P < 
0.0001. See Figure 1 for definitions.
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accumulate in the periphery and heighten systemic immune re-
sponses to repeated TLR- 9 activation in vivo.

Indirect,cell-extrinsicmechanismsfortheinduc-
tionofinflammatorymyelopoiesisbyTLR-9–andIFNγ-
dependent signals in murine MAS. To determine whether 
TLR- 9– and IFNγ- dependent signals either directly or indirectly 
induce inflammatory myelopoiesis, we generated 2 cohorts 

of bone marrow–chimeric mice: 1 cohort injected with mixed 
wild- type:TLR- 9–deficient mouse bone marrow, and 1 cohort 
injected with mixed wild- type:IFNγR1- deficient mouse bone 
marrow. We used a ratio of 90% wild- type and 10% knockout 
mouse bone marrow for the mixed bone marrow–chimeras to 
ensure that robust MAS immunopathology was generated in 
the chimeric mice (Supplementary Figures 2A and B, avail-
able on the Arthritis & Rheumatology web site at http://onlineli-

Figure  3. TLR- 9– and IFNγ- dependent signals indirectly induce inflammatory myelopoiesis in murine macrophage activation syndrome. 
Congenically labeled CD45.1 wild- type (WT) SJL mouse hosts were lethally irradiated and reconstituted with mixed bone marrow (BM) from 
CD45.1 wild- type mice and CD45.2 TLR- 9–deficient mice (A) or CD45.1 wild- type mice and CD45.2 IFNγR1- deficient mice (B) at a ratio of 9:1. 
After 4–5 weeks of bone marrow reconstitution, chimeric mice were treated with 5 doses of PBS or CpG 1826 over the course of 10 days. A and 
B, Left, Peripheral blood (pBlood) leukocyte chimerism was determined before and after treatment. A and B, Right, The numbers of wild- type 
(CD45.1) and TLR- 9– or IFNγR1- deficient (CD45.2) spleen and bone marrow inflammatory monocytes (iMonos) and total myeloid progenitor 
cells (MPCs) were enumerated (top panels), and the percentages of wild- type (CD45.1) and TLR- 9–or IFNγR1- deficient (CD45.2) spleen and 
bone marrow monocytes and total myeloid progenitors were determined (bottom panels). Symbols in right panels represent individual mice   
(n = 9–10 chimeric mice per group); horizontal lines with bars show the mean ± SD. Data were compiled from 2 independent experiments. 
Statistical analyses were performed using Mann- Whitney U test, comparing percentages of TLR- 9–deficient cells (A) or IFNγR1- deficient cells (B) 
between chimeric mice treated with repeated doses of PBS and those treated with repeated doses of CpG. See Figure 1 for other definitions.
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brary.wiley.com/doi/10.1002/art.40683/abstract). Injection of 
TLR- 9–deficient cells contributed to the production of similar 
percentages of myeloid progenitors and inflammatory mono-
cytes in the spleen and bone marrow of mixed bone marrow–
chimeric mice, regardless of whether the mice were treated 
with repeated doses of the TLR- 9 agonist or with the  vehicle 
control (Figure 3A). Similar results were observed in wild- type: 
IFNγR1- deficient mixed bone marrow–chimeric mice (Fig-
ure 3B), suggesting that activation of both TLR- 9 and  IFNγR1 
induces enhanced myelopoiesis through hematopoietic pro-
genitor cell–extrinsic mechanisms. These data imply that both 
TLR- 9– and IFNγ- dependent signals stimulate the production 
of additional inflammatory factors that act indirectly to induce 
 inflammatory myelopoiesis during murine MAS.

DISCUSSION

A growing body of preclinical and translational studies im-
plicates IFNγ as a central mediator of MAS pathogenesis in pa-
tients with systemic JIA (2–4). However, the mechanisms leading 
to IFNγ- mediated immunopathology remain unclear, and obser-
vations from animal models suggest that IFNγ alone is insufficient 
to induce all manifestations of MAS (5). In the present study, 
we have provided evidence that systemic TLR- 9–driven signals 
potentiate IFNγ- mediated immunopathology in a murine model 
of MAS, as removal of either TLR- 9– or IFNγ- dependent signals 
abrogated the manifestations of disease in IFNγ- deficient mice. 
This study adds to our understanding of MAS pathogenesis by 
delineating a role for both TLR-  and IFNγ- dependent processes 
in the induction of disease, and suggests that these independent 
signals may contribute to disease pathogenesis by synergistical-
ly inducing inflammatory myelopoiesis.

IFNγ is known to potently synergize with TLR- dependent 
signals to induce cell- intrinsic proinflammatory macrophage 
functions (15). Induction of enhanced myelopoiesis may be a 
cell- extrinsic correlate that is synergistically induced down-
stream of IFNγ-  and TLR- dependent signals in vivo to drive 
murine MAS. Intriguingly, increased numbers of extramedullary 
myeloid progenitors are correlated with the induction of disease 
in TLR- 9–mediated murine MAS, which both require combined 
IFNγ-  and TLR- dependent signals (11). TLR- 9– and IFNγ- 
dependent signals contribute to the induction of inflammatory 
myelopoiesis through cell- extrinsic mechanisms. These data 
suggest that additional signals produced downstream of TLR- 9 
and IFNγR activation indirectly induce the accumulation of my-
eloid progenitors and potentiate their function in vivo. Future ef-
forts directed at identifying the factors and signaling cascades 
involved in the induction of inflammatory myelopoiesis will be 
crucial to delineate whether targeting this pathway has thera-
peutic potential in MAS.

Thus, the results of this study support a role for both TLR-  
and IFNγ- dependent signals in the pathogenesis of murine MAS, 

and highlight how the induction of inflammatory myelopoiesis 
may be a common pathogenic pathway synergistically induced 
downstream of these inflammatory signals. Future efforts will be 
required to determine the relevance of these findings to patients 
with MAS, and to define the cellular and molecular mechanisms 
that lead to the induction of inflammatory myelopoiesis. Such 
efforts may reveal novel therapeutic targets to ameliorate the 
overwhelming inflammatory cascade that leads to the clinical 
syndrome of MAS.
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Rheumatoid factor reactivity of expanded CD21−/low  
B cells in patients with Sjögren’s syndrome: comment 
on the article by Glauzy et al

To the Editor:

Populations of CD21−/low- expressing memory B cells in 
peripheral blood have been described in conditions involving 
persistent immune activation, such as autoimmune diseases 
including Sjögren’s syndrome (SS), and in chronic infections, 
such as HIV, malaria, tuberculosis, hepatitis C virus (HCV), and 
schistosomiasis (1,2). CD21−/low memory B cells have also been 
designated as atypical or tissue- type memory B cells and have 
been detected in low numbers in peripheral blood of healthy do-
nors and in chronically inflamed tonsils (2). Tissue- type memory 
B cells are characterized by high expression of CD11c and in-
hibitory receptors such as CD22 and CD72, unique patterns of 
chemokine receptors, and low or absent expression of CD21 
and CD27 (1,2).

In a study reported in Arthritis & Rheumatology, Glauzy et al 
(3) showed that the frequency of CD21−/low B cells was increased 
in the peripheral blood of 5 of 8 SS patients. In 3 of these patients 
(patients SS59, SS03, and SS204), this B cell subset harbored 
clonally expanded B cells, which exhibited somatic mutations in 
their immunoglobulin heavy and light chain variable genes. Re-
combinant IgG antibodies derived from these expanded B cell 
clones from 2 of the patients (patients SS59 and SS03) showed 
HEp- 2 reactivity and polyreactivity, with strong reactivity exhib-
ited in the antibody from patient SS59. This result is consistent 
with the authors’ earlier finding that B cell receptors (BCRs) of 
polyclonal CD21−/low memory B cells of SS patients, obtained us-
ing a single B cell cloning approach, frequently displayed poly-
reactivity and self- reactivity (1). However, the IgG derived from 
the clonally expanded B cells of patient SS204 did not show any 
reactivity, including rheumatoid factor (RF) activity (3).

We have previously shown that at least 40% of SS- 
related mucosa- associated lymphoid tissue lymphomas ex-
press stereotypic RFs with high affinity for IgG (4). Stereotypic 
RFs are IgM antibodies encoded by combinations of canon-
ical immunoglobulin heavy chain variable (IGHV) and immu-
noglobulin light chain variable (IGLV) genes with distinct VH 
third complementarity- determining regions (VH-CDR3), which 
is the region that contributes most to the antigenic specificity 
of an Ig.

In light of this association, we also studied expanded B cell 
clones from patients SS59, SS03, and SS204, examining their 
Ig configuration. Interestingly, the memory B cell clone from pa-
tient SS204 expressed the combination of an IGHV1–69/IGHJ4 
heavy chain rearrangement and an IGKV3–20 κ light chain
rearrangement, which is typical for stereotypic V1–69 RFs. More-
over, the SS204 VH-CDR3 was highly homologous with those of 
various V1–69 RFs (Figure 1).

Previously, we identified 4 cases of HCV- associated lym-
phomas, which were originally described by Ng et  al (5), that 
also expressed stereotypic RFs, i.e., V4–59 RFs and V4–59/JH5 
RFs (6). From these lymphomas Ng and colleagues produced 
 recombinant IgG antibodies, in the same system as that used 
by Glauzy et al (3), which were reported to have no in vitro RF 
activity. We also produced these 4 HCV- associated lymphoma- 
derived  antibodies recombinantly—but as IgM, instead of IgG, 
antibodies. These IgM antibodies were not polyreactive in vit-
ro and displayed strong RF activity, with KD values ranging be-
tween 3.9 and 22.5 nM (6). Moreover, Charles and colleagues 
(7) recombinantly produced both IgM and IgG of 3 stereotypic 
V1–69 RFs, which were isolated from single B cells of HCV- 
infected patients with mixed cryoglobulinemia. In that study it 
was also found that the 3 IgM V1–69 RFs strongly bound to 
immobilized IgG while the 3 recombinant IgG V1–69 RFs did not 
(7). The lack of in vitro RF activity of IgG- RFs is most likely ex-
plained by self- binding and formation of IgG complexes, thereby 

Figure 1. VH–third complementarity- determining region (CDR3) amino acid sequence homology of the clonally expanded CD21−/low B cell 
clones from Sjögren’s syndrome patient SS204 with stereotypic V1–69 rheumatoid factors (RFs). Identical amino acids are shown in red; 
homologous amino acids are shown in blue.
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 precluding binding to the coated polyclonal IgG in the enzyme- 
linked immunosorbent assay.

Based on these observations, we expect that the antibody 
from patient SS204, when expressed as IgM, will display in 
vitro RF activity. We and others have shown on several occa-
sions that these stereotypic V1–69 RFs all exhibit RF activity 
when expressed as IgM antibodies (4,6–9). Thus, all clonal-
ly expanded CD21−/low B cells from the 3 SS patients exhibit 
poly-  and/or autoreactivity. These poly/autoreactive CD21−/

low B cells likely will undergo chronic BCR ligation. In addition 
to BCR engagement, CD21 can bind complement fragments 
C3d, C3dg, and iC3b that are covalently bound to antigen or 
immune complexes. As CD21 forms a complex with CD19, 
this costimulation may lead to enhanced BCR signaling (10). 
By lowering CD21 expression and inducing various inhibitory 
receptors such as CD22 and CD72, these CD21−/low B cells 
may counteract the chronic BCR stimulation and enter a state 
of hyporesponsiveness.
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Germinal centers in diagnostic biopsies of patients 
with primary Sjögren’s syndrome are not a risk factor 
for non- Hodgkin’s lymphoma but a reflection of high 
disease activity: comment on the article by Sène et al

To the Editor:
We read with interest the article by Sène et al (1) in which 

ectopic germinal centers (GCs) in labial gland biopsy samples 
from patients with primary Sjögren’s syndrome (SS) were found 
to be predictive for non- Hodgkin’s lymphoma (NHL) develop-
ment later in the disease. In the univariate analysis, the pres-
ence of GCs in these biopsy specimens was not significantly 
different between patients with primary SS who developed NHL 
and those who did not. However, multivariate analysis revealed 
that the presence of GCs in biopsy tissue was an independent 
predictor for NHL development (1). This study adds to the on-
going discussion on whether the presence of ectopic GCs in SS 
diagnostic salivary gland biopsy samples is a risk factor for sub-
sequent NHL development. Theander et al (2) reported that GCs 
in diagnostic labial gland biopsy tissue were predictive for NHL 
development in patients with primary SS, whereas we (3) and 
others (4,5) did not detect such an association. As discussed 
extensively (3,6), a major reason for the apparent discrepancy 
in the different studies was the variation in NHL subtypes that 
were included.

Of note, half of the patients with primary SS in the study 
by Sène et al (1) were male, whereas in other studies that eval-
uated the presence of GCs as risk factors, the majority of pa-
tients (>81%) were female (2–5). Whether the predictive value 
of the presence of GCs in diagnostic biopsy specimens differs 
between male patients and female patients is unknown.

A very unusual observation in the study by Sène and col-
leagues was that all patients with primary SS who developed 
NHL had monoclonal gammopathy. In patients with primary SS, 
in general, the prevalence of monoclonal gammopathy is 4–22% 
(1,7,8). We observed monoclonal gammopathy at the time of 
lymphoma diagnosis in 4 of 8 patients (50%) with primary SS 
and parotid mucosa- associated lymphoid tissue (MALT) lym-
phoma (Haacke EA, et al: unpublished observations). In another 
recent study, only 3 of 7 patients (43%) with primary SS and 
pulmonary MALT lymphoma exhibited monoclonal gammopathy 
(9). The presence of monoclonal gammopathy is known as a risk 
factor for NHL development, but is also associated with higher 
disease activity (8,10). Therefore, the presence of monoclonal 
gammopathy in patients with primary SS prior to development of 
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lymphoma in the study by Sène et al (1) could also be a reflection 
of high disease activity as indicated by the European League 
Against Rheumatism Sjögren’s Syndrome Disease Activity Index 
(ESSDAI) (11), an independent predictor for NHL development 
(12).

The presence of GCs in biopsy tissue is also associated with 
high disease activity (13). Since disease activity, as  measured by 
the ESSDAI, can change over time (14), the time point when the 
diagnostic primary SS biopsy sample is obtained is of crucial im-
portance. If a labial gland biopsy specimen is obtained during a 
period of relatively low disease activity, the likelihood of the pres-
ence of GCs may consequently be low. On the other hand, when 
a diagnostic salivary gland biopsy sample is obtained in a period 
of high SS disease activity, the chance of finding GCs is higher.

Thus, both GCs and monoclonal gammopathy are associ-
ated with higher disease status, but there is no clear indication 
that the presence of ectopic GCs is a prerequisite for MALT lym-
phoma development. There are many patients with primary SS 
and GCs present in their salivary gland biopsy tissue who do not 
develop NHL. Notably, the presence of GCs is usually assessed 
in labial salivary glands, which are not the sites where MALT lym-
phoma preferentially develops.

We conclude that in order to predict which patients with 
 primary SS are at risk for NHL development, clinical and labo-
ratory factors such as low C4, rheumatoid factor positivity, 
the presence of cryoglobulin, high disease activity, purpura, 
 lymphadenopathy and, especially, persistent parotid enlarge-
ment (5,12,15), are more important than the presence of GCs in 
diagnostic salivary gland biopsy samples.
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Reply

To the Editor:
We thank Dr. Haacke and colleagues for their interest in 

our study in which we identified ectopic GC structures in labial 
minor salivary glands as significant predictors of NHL in pa-
tients with primary SS. As discussed in our article, we agree 
that this finding is not consensual, with contradictory reports, 
and we have analyzed the factors that may explain these dis-
crepancies.
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While confirming the already recognized risk factors, in-
cluding cryoglobulin, splenomegaly, and sensorimotor neurop-
athy, we have, for the first time, identified male sex as being a 
risk factor for NHL in primary SS. Contrary to the comments 
made by Haacke et al, only 13% of patients with primary SS 
included in the study were male (consistent with previous stud-
ies), and not 50% as they reported. Half of the patients with 
NHL, however, were male. As discussed, we are  unable to 
 explain this high prevalence. However, we do believe that the 
association between male sex and NHL in primary SS is not 
coincidental or linked to recruitment or selection bias. As noted 
by Haacke and colleagues, the risk of lymphoma is  associated 
with higher disease activity (1,2), consensually assessed by the 
ESSDAI score (2,3). We want to bring to their attention that 
recent analyses of the largest international primary SS cohort, 
which included 9,974 patients, showed that male patients with 
primary SS, compared to female patients, are characterized 
by higher disease activity at diagnosis. This includes a higher 
mean ESSDAI (8.0 versus 5.9; P < 0.001) and clinESSDAI (8.4 
versus 6.1; P < 0.001), and clinically by a higher prevalence of 
lymphadenopathy (P < 0.001) and glandular involvement (P < 
0.001) (4), both manifestations being recognized as predictors 
of NHL in primary SS.

Haacke et  al also pointed out the high prevalence of 
 monoclonal gammopathy in patients with NHL. The  prevalence 
of monoclonal gammopathy in our cohort (13%) was comparable 
to those previously reported (4–22%) (5). However, all 8 patients 
with NHL had monoclonal gammopathy, in contrast to approxi-
mately half of the patients in other studies. This may be explained 
by the presence of type II mixed cryoglobulin, which is charac-
terized by the association of both a monoclonal gamma globulin 
component and polyclonal immunoglobulins in all patients.

To conclude, we agree that the presence of ectopic GCs 
is associated with, and may reflect, more active disease (6). 
The time point when the biopsy is performed may be crucial 
for the detection and the significance of GCs in labial minor 
salivary glands. This is why we do not consider that the pres-
ence of GCs per se is only sufficient to determine all the risk for 
NHL in patients with primary SS.

As reported in Tables 2 and 3 of our article, the other 
consensual risk factors for NHL, such as serum cryoglobu-
lin, splenomega ly, parotid gland enlargement, sensorimotor 
neuropathy, low C4, and leukopenia, yielded higher predictive 
power than GCs. We agree with Haacke et  al that the as-
sessment of the risk of NHL should take into account all rec-
ognized clinical and laboratory risk factors, especially those 
that might be easily and regularly quantifiable throughout the 
patient’s follow- up. All of the following parameters weighed 
heavily in the ESSDAI score: leukopenia, low C4 and C3 lev-
els, rheumatoid factor positivity, the presence of cryoglobulin, 
purpura, sensorimotor neuropathy, lymphadenopathy, sple-
nomegaly, and parotid enlargement (2,3).
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Arthritis prevalence: which case definition should 
be used for surveillance? Comment on the article by 
Jafarzadeh and Felson

To the Editor:
We read with interest the article by Jafarzadeh and  Felson 

in which they presented an alternative estimate of arthritis prev-
alence (1). Specifically, using a new case definition for arthritis 
and applying Bayesian methods to correct misclassification, 
 Jafarzadeh and Felson analyzed National Health Interview Sur-
vey (NHIS) data and estimated that in 2015, 91.2 million US 
adults had arthritis. In contrast, the Centers for Disease Con-
trol and Prevention (CDC) had estimated from the 2013–2015 
NHIS that 54.4 million US adults had doctor- diagnosed arthritis 
(2). In this letter, we make 2 observations about their methods 
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and discuss implications for the public health surveillance of 
arthritis.

We believe that the primary difference between the authors’ 
and CDC’s prevalence estimates is attributable to the use of 
different case definitions. Compared with use of different case 
definitions, the effects of “correcting” for misclassification are 
quite minor. The CDC reported estimates for doctor- diagnosed 
arthritis based on the NHIS question, “Have you ever been told 
by a doctor or other health professional that you have some form 
of arthritis, rheumatoid arthritis, gout, lupus, or fibromyalgia?” 
Jafarzadeh and Felson added 2 more elements to this case 
definition: recent joint symptoms (case finding question: “During 
the past 30 days, have you had any symptoms of pain, aching, 
or stiffness in or around a joint?”) and/or joint symptoms last-
ing more than 30 days (case finding question: “Did your joint 
symptoms first begin more than 3 months ago?”). An affirmative 
response to any of these 3 questions qualifies as a countable 
case of arthritis, according to Jafarzadeh and Felson. Whereas 
previous studies on case definitions that include joint symptoms 
(3–5) defined chronic joint symptoms as a positive response to 
both of the joint symptom questions above, the case definition 
used by the authors allows the inclusion of individuals with acute 
joint symptoms only (e.g., as a result of an acute injury).

Interestingly, when we simply, without any corrections, re-
calculated arthritis prevalence for 2015 from the NHIS using 
doctor- diagnosed arthritis and/or chronic joint symptoms based 
on positive responses to both joint symptom questions, the 
prevalence was 88.6 million (95% confidence interval [95% CI] 
85.9–91.3) (2). The difference between this and Jafarzadeh and 
Felson’s estimate is just under 3% (2.6 million people).

The sensitivity and specificity estimates used to correct the 
NHIS estimates in the authors’ Bayesian analysis were obtained 
from a single validation study conducted in 2003, comprising 
389 individuals from Massachusetts age ≥45 years who were 
predominantly white (97–98%) (4). This study’s ethnic and ra-
cial homogeneity does not reflect the diversity of the US popu-
lation or those with arthritis (2). For example, a validation study 
of doctor- diagnosed arthritis and chronic joint symptoms by 
Bombard et  al (5), in which 41% of the study population was 
black, showed racial differences in specificity: compared with 
white participants, the odds of a false- positive report of arthritis 
among black participants were 60% lower (odds ratio 0.4 [95% 
CI 0.2–0.9]). Thus, the correction factors used in Jafarzadeh and 
Felson’s study may be inappropriate when applied to a diverse 
population like that of the entire US.

The overarching purpose of public health surveillance is to fa-
cilitate the prevention or control of a health- related problem (6). For 
arthritis, a surveillance system should indicate the number of indi-
viduals in need of strategies to control arthritis and reduce  adverse 
effects, such as pain, functional limitations, and depression.

The CDC Arthritis Program included chronic joint symptoms in 
its case definition of arthritis during its early years of surveillance. For 

example, the CDC reported that 69.9 million US adults had doctor- 
diagnosed arthritis and/or chronic joint symptoms in 2001 (7).

However, the CDC eliminated chronic joint symptoms from 
prevalence estimates after a series of studies showed that those 
with reported chronic joint symptoms only (i.e., without doctor- 
diagnosed arthritis), were unlikely to have arthritis or be a fruitful 
target group for arthritis control efforts. A study of adults age 
≥45 years with chronic joint symptoms only showed that many 
individuals did not report an arthritis diagnosis because they 
had not sought medical attention for symptoms that were mild 
and ignorable (Aeffect Inc.: personal communication). Another 
study indicated that individuals with arthritis took action (e.g., by 
seeking medical care and participating in interventions) only after 
arthritis symptoms began to affect their daily activities (8). While 
the validation study of a very homogeneous group by Sacks et al 
showed that 1 in 3 individuals age ≥45 years with chronic joint 
symptoms only have arthritis (4), a population- based study of 
adults age ≥18 years by the CDC showed something different 
(7). Among those who reported having seen their health care 
provider about their joint symptoms, only 6.3% of those with 
chronic joint symptoms only had been diagnosed by their health 
care provider as having arthritis (3).

These results, based on a larger, population- based, racially 
and ethnically diverse sample of adults of all ages, suggest that 
including those with chronic joint symptoms only in a surveillance 
case definition results in a dramatic overestimate of  arthritis prev-
alence (many false- positives). Thus, the evidence that those with 
chronic joint symptoms only do not take action on their symptoms 
indicates that inclusion of this group in prevalence estimates, which 
in turn is used to inform arthritis control efforts, would undermine 
the ability of the surveillance system to enumerate those ready for 
control efforts and potentially misdirect efforts and resources.

As of 2019, neither of the national and state surveillance 
surveys recommended for generating arthritis prevalence esti-
mates will include questions about joint symptoms: the NHIS is 
eliminating the 2 questions related to joint symptoms starting in 
2019 (9), and these questions were dropped from the state- level 
Behavioral Risk Factor Surveillance Survey (BRFSS) in 2005. 
Thus, Jafarzadeh and Felson’s approach will not be possible in 
analyses of future BRFSS and NHIS data.

Jafarzadeh and Felson recommended that their methods 
be used for other studies, and specifically mentioned studies ex-
amining the cost of arthritis. While they did not provide details on 
how to implement these methods, we question their suggestion. 
A recent study of national medical expenditures and earnings 
losses for 2013 used multi- stage regression models and an 
International Classification of Diseases, Ninth Revision, Clinical 
Modification (ICD- 9- CM)–based arthritis definition, in which na-
tional estimates were the product of the number of individuals 
with arthritis and the average cost per person as ascertained 
from a single data source—the Medical Expenditure Panel Sur-
vey (MEPS) (10). Multiplying the average cost per person for 



LETTERS 174    |

those with ICD- 9- CM–based arthritis from the MEPS by a preva-
lence estimate, derived from a different case definition and NHIS 
data, is likely to introduce its own biases (11).

Jafarzadeh and Felson also recommended changes to the 
doctor- diagnosed arthritis case- finding question. Specifically, 
they suggested that osteoarthritis (OA) be added to, and fibro-
myalgia be removed from, the list of conditions mentioned in the 
question. Evidence from studies examining the accuracy of self- 
reported OA suggests that most people with OA simply report 
what they have as arthritis, or misreport it as rheumatoid arthritis 
or a nonspecific type of arthritis (12,13). In 1994, the National 
Arthritis Data Workgroup expert panel recommended that fibro-
myalgia be included in standard arthritis surveillance because it 
is commonly treated by rheumatologists and its symptoms re-
semble those of arthritis (14).

We agree with Jafarzadeh and Felson that the CDC’s NHIS- 
based estimate of 54.4 million US adults with arthritis is likely con-
servative (2). Individuals may be more likely to recall their arthritis 
diagnosis with increasing inquiries and/or if they are symptomatic 
at the time of the survey (4,15). The annual prevalence of arthritis 
in the 2011–12 MEPS was 26.1% (99% CI 25.0–27.2), compared 
with 23.5% (99% CI 22.9–24.1) in the 2011–12 NHIS (15). One 
reason for this difference may be that MEPS respon dents were 
asked whether they had been diagnosed as having arthritis multi-
ple times over a year, compared with only once in NHIS.

In conclusion, the crux of the issue seems to be how we de-
fine a case of arthritis for surveillance (i.e., whether to include joint 
symptoms), and not correction for misclassification. For all the 
reasons described above, we believe that the case definition and 
approach used by Jafarzadeh and Felson are not appropriate 
for the public health surveillance of arthritis. The CDC estimate, 
based on a conservative yet credible case definition, is more de-
fensible than a broader definition whose estimate captures an 
additional 36.8 million individuals about whom little is known, in-
cluding whether they have arthritis. Nevertheless, we share the 
desire expressed by Jafarzadeh and Felson and by Katz, in an 
editorial accompanying their article (16), to increase awareness 
of the prevalence and impact of arthritis. Despite the different 
perspectives on how to conduct arthritis surveillance, we believe 
there is a consensus that there is a very large number of adults 
with arthritis in the US who require strategies to reduce its ad-
verse effects and improve their quality of life in a meaningful way.

We thank Dr. Lawrence Barker for his assistance in interpreting the 
study’s statistical methods and implications, and for his review of a draft 
of this letter.
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Reply

To the Editor:
We thank Dr. Murphy et al for their interest in our study on 

arthritis prevalence. Murphy and colleagues asserted that 1 sur-
vey question asking participants whether they recall an arthritis 
diagnosis by a health professional is sufficient to accurately char-
acterize the prevalence of arthritis. However, we used 3 survey 
questions, i.e., their question and 2 questions on joint pain, to 
increase the accuracy of arthritis prevalence estimation. Murphy 
et al also asserted that in our study, a positive response to any of 
the 3 arthritis- related questions in the NHIS qualified as a case of 
arthritis, and this is incorrect.

Our approach begins with the assumption that, using a sur-
vey alone, it is not possible to accurately characterize a person’s 
arthritis status. When the true disease status of individuals is 
unknown, latent class methods offer an unbiased estimation of 
prevalence in the population. The methods are based on calcu-
lating true-  and false- positive fractions for each or a combination 
of survey responses. Given the imperfect sensitivity and speci-
ficity of the questions used to screen for arthritis, the CDC’s ap-
proach, which assumes that those who report doctor- diagnosed 
arthritis have arthritis, is fundamentally flawed. In this situation, 
the only method to provide accurate prevalence estimates is one 
that adjusts for misclassification. We briefly described how prev-
alence can be calculated from an imperfect screening instrument 
(e.g., a test, survey question, etc.), followed by a note on using 
multiple survey questions simultaneously to estimate prevalence. 
We will note some fundamental flaws in arguments presented by 
Murphy et al, describe how our approach was misunderstood, 
and conclude with comments and suggestions.

When the sensitivity and specificity of an imperfect instru-
ment such as a single question to estimate arthritis prevalence 
are known, an unbiased estimate for prevalence can be calcu-
lated from apparent prevalence (i.e., the proportion who test-
ed positive) by summing true-  and false- positive fractions, i.e., 
Pr(T+) = Prev Se + ([1 – Prev] × [1 – Sp]), where Pr(T+) = pro-
portion tested positive, Prev = true prevalence, Se = sensitivity, 
and Sp = specificity (1). Besides sensitivity and specificity, the 
only extra input required for unbiased estimation of prevalence 
is the proportion who tested positive. Unless a perfect instru-

ment with both 100% sensitivity and 100% specificity is used, 
the proportion who tested positive produces a biased estimate 
of true prevalence, and this bias can be substantial when sen-
sitivity and/or specificity is poor. Unfortunately, the survey ques-
tion (self- reported recall of doctor- diagnosed arthritis) used by 
the CDC to derive national estimates of arthritis prevalence has 
consistently been shown to have poor sensitivity (2,3). This is 
exemplified by the validation study by Sacks et al (4) in which 
these questions were administered to a mixed group of patients 
who were then examined by trained rheumatology nurses asked 
to identify patients with treatable arthritis. Furthermore, while that 
study showed that the sensitivity of the “doctor- diagnosed ar-
thritis” question was only 53% for persons ages 45–64, our own 
estimates (Table 3 in our article) suggested a sensitivity of 22% 
and 34% in men and women, respectively, implying that using 
this single question for arthritis surveillance would miss nearly 
65–80% of persons with arthritis in this age group.

An estimate of apparent prevalence based on the propor-
tion who tested positive by any screening instrument or survey 
question, which is the CDC’s approach, should not be taken as 
an unbiased estimate of prevalence (5). For future studies, we 
encourage the use of adjusted estimates by, for example, appli-
cation of the Rogan and Gladen formula (6) that accommodates 
true-  and false- positive fractions.

Murphy and colleagues criticized the generalizability of the 
sensitivity and specificity reported by Sacks et al (4) for survey 
questions used in the NHIS. We agree that more comprehen-
sive validation studies of arthritis- related survey questions are 
needed to provide assurance of surveillance instrument validity. 
However, we used estimates of sensitivity and specificity from 
the study by Sacks and colleagues only as guidance to con-
struct prior probabilities for accuracy parameters. This means 
that we used this validation study to define a “distribution” of 
probable values for sensitivity and specificity (7), rather than us-
ing the exact values provided in the report. This distinguishes 
our Bayesian approach from a frequentist method in estimating 
arthritis prevalence.

When 3 tests (e.g., survey questions) are available, true-  
and false- positive fractions for all realizations of outcomes can 
be calculated in the same manner as the 1- test scenario. For 
example, one realization of survey outcomes could be the pro-
portion who responded positively to all 3 arthritis- related NHIS 
questions, i.e., Pr(T

1+, T2+, T3+, where T1+ is a positive response 
to the first survey question). Using corresponding sensitivity and 
specificity, an unbiased estimate of prevalence can be derived 
from true-  and false- positive fractions through Pr(T1+, T2+, T3+) =  
Prev Se1, Se2, Se3 + ([1- Prev] × [1- Sp1] × [1- Sp2] × [1- Sp3]). As 
mentioned in our article, the observed frequency of each pos-
sible realization is modeled as a multinomial sampling distribu-
tion without the need to know the true disease status of each 
participant (8). Both models (the one with 1 test and the other 
with 3 tests) target the same parameter (i.e., arthritis prevalence). 
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We referred to this multiple testing technique as an expanded 
“surveillance definition” in our article. While we cannot know the 
arthritis status of each individual from survey questions, it is pos-
sible to provide an unbiased estimate of prevalence in the popu-
lation by using all realizations of responses to survey questions, 
along with their corresponding sensitivity and specificity.

Although arthritis prevalence can be accurately estimated 
using 1 question adjusted for misclassification, there are two 
reasons the use of 3 questions about arthritis and joint pain is 
preferable. First, the misclassification of arthritis cases is less 
likely when multiple, overlapping questions about arthritis and 
its symptoms are used so that adjusting for misclassification 
produces a more accurate assessment of arthritis prevalence. 
Second, we are concerned about another public health con-
sequence of the CDC’s approach that identifies arthritis only in 
people who recall having been seen by a health practitioner and 
given an arthritis diagnosis. At a time when many in our society 
remain outside the medical care system, this approach will make 
it impossible to know whether a substantial number of people 
are living with undiagnosed arthritis.

Last, Murphy et al opposed our suggestion to improve NHIS 
questions by including osteoarthritis, the most common form of 
arthritis, and excluding fibromyalgia from the doctor- diagnosed 
arthritis question. We maintain our belief that NHIS questions, 
which aim to estimate the burden of arthritis, should not include 
questions about non- arthritis conditions. Regardless, the impact 
of this shortcoming can be minimized if techniques to adjust for 
misclassification bias are implemented.

In conclusion, we believe that reporting the proportion who 
responded positively to 1 survey question on doctor- diagnosed 
arthritis does not produce accurate national estimates of arthritis 

prevalence, and the consequence has been to grossly underes-
timate its prevalence. Furthermore, regardless of how many and 
which survey instruments are used, providing estimates that are 
adjusted for misclassification bias is essential to produce cred-
ible estimates that could guide efficient planning at federal and 
local levels and could be used to measure the burden of arthritis.

S. Reza Jafarzadeh, DVM, MPVM, PhD
David T. Felson, MD, MPH
Boston University School of Medicine
Boston, MA
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ACR Open Rheumatology Accepting Submissions and 
Publishing Soon

The American College of Rheumatology will be publishing the 

fi rst issue of its third offi cial journal, ACR Open  Rheumatology (ACROR), 

in early 2019. Editors-in-Chief Drs. Patricia P. Katz and Edward H. Yelin, 

and Clinical and Basic Science Deputy  Editors Drs. David I. Daikh and 

Bruce N. Cronstein, will be heading  ACROR’s editorial team.

ACROR will publish manuscripts describing potentially im-

portant fi ndings of rigorously conducted studies in all aspects of 

rheumatology. As an open access journal, immediate access to full 

content of ACROR will be available to all readers. The electronic-only 

format of the journal, as well as other aspects of the review and pro-

duction processes, will allow for faster review and publication, and 

liberal sharing of articles. The projected article publication fee (APC) 

for ACROR will be $2,500 with a discounted rate of $2,000 for articles 

in which the fi rst or  corresponding author is an ACR/ARP member. 

In addition, there will be waivers of the APC for all articles submitted 

through March 31, 2019.

For additional information, visit www.acropenrheum.org.

New Division Name

Rheumatology is truly a people specialty: We often develop 

lifelong relationships with our patients as well as our colleagues. We 

increasingly recognize that providing the best rheumatologic care 

requires a team effort. The collegial nature of our specialty is refl ected in 

the ACR’s mission statement: To empower rheumatology professionals 

to excel in their specialty.

In keeping with this mission, we are pleased to announce 

that our health professionals’ membership division is changing its 

name to Association of Rheumatology Professionals (ARP). This 

name change highlights the dedication of the ACR to serve the 

entire rheumatology community. It also reflects our broadened 

base of interprofessional members (administrators, advanced 

practice nurses, health educators, nurses, occupational therapists, 

pharmacists, physical therapists, physician assistants, research 

teams, and more).

The name is new, but our commitment and promise remain 

the same: We are here for you, so you can be there for your patients.

ACR State-of-the-Art Clinical Symposium

The 2019 State-of-the-Art Clinical Symposium (SOTA), to be 

held April 5–7 in Chicago, Illinois, offers high-impact rheumatology 

education over the course of a single weekend. The symposium will 

provide more than 10 hours of nonconcurrent sessions with an emphasis 

on clinical application to rheumatology practice. Attendees will hear key 

opinion leaders speak on a range of content in areas such as therapeutic 

developments, recent research fi ndings, and scientifi c advances. The 

program will include breakfast and lunch roundtable discussions to allow 

for personal interactions with experts. 

The Fellows-in-Training (FIT) Educational Session at SOTA will 

be offered as a presymposium session encouraging FITs to explore 

career opportunities and participate in hands-on workshops designed to 

further their understanding of essential rheumatologic areas. (FIT travel 

scholarship recipients are required to attend this session.) 

In addition, the presymposium program Rheumatology 

Documentation and Coding will provide guidance from expert coders 

on the changes to the 2019 payment policies and insight into diffi cult 

E&M coding situations. Be sure to register by the early-bird deadline 

of February 6 and book your hotel room by March 15. For additional 

information and to register, visit www.rheumatology.org/Learning-Center/

Educational-Activities.
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