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

Relatives of Patients with Rheumatoid Arthritis Have Anti-CCP in Sputum 
Previous research has suggested that 
rheumatoid arthritis (RA)–related 
autoimmunity is initiated at a mucosal site. 

However, the factors 
associated with the 
mucosal generation of 

autoimmunity remain unknown, and studies 
in individuals who are at risk of future RA are 
particularly lacking. In this issue, Demoruelle 
et al build upon their previous research on 
sputum RA-related antibodies in patients with 
RA. In this study, the investigators sought to 
better understand the factors associated with 
the earliest steps of the formation of isotype-
specifi c antibodies to citrullinated proteins/
peptides (ACPAs). They focused their efforts 
on RA-free, fi rst-degree relatives (FDRs) of 

patients with RA, since these individuals carry 
a known elevated risk of developing ACPAs. 

The researchers report that anti–cyclic 
citrullinated peptide (anti-CCP) is elevated 
in the sputum of FDRs of patients with RA. 
Specifi cally, 70% of patients with RA and 
25% of FDRs had sputum that was positive 
for IgA and/or IgG anti-CCP. Moreover, 
antibodies were present in the sputum of some 
FDRs, even though the serum of FDRs tested 
negative. The investigators concluded that the 
lung may be a site of anti-CCP generation in 
a portion of FDRs. IgA anti-CCP was also 
associated with a history of smoking and/or 
elevated levels of sputum citrulline.

Further analysis revealed that 
elevations of sputum IgA and IgG 

p.  1165

anti-CCP in FDRs were associated with 
elevated sputum cell counts and neutrophil 
extracellular trap (NET) complex levels. 
This is particularly interesting because 
elevated NETosis has been associated with 
established RA. The authors explained 
that the association is also consistent 
with the hypothesis that local airway 
inflammation and NET formation in 
FDRs drives anti-CCP production in the 
lung. Airway infl ammation might thus 
be said to promote the early stages of 
the development of RA. The researchers 
call for longitudinal studies to follow the 
evolution of these immunologic processes 
relative to the development of systemic 
autoimmunity and articular RA.

Osteoarthritis (OA) has both mechanical and 
infl ammatory pathologic features. Research 
aimed at understanding the pathology of OA 

has revealed synovial fl uid uric 
acid (UA) to be a potential 
biomarker for OA.    Although 

some researchers believe that elevated UA 
levels may refl ect chondrocyte damage, others 
propose that the elevated UA levels actually 
contribute to and promote the cartilage 
damage. Still others have countered that UA 
levels and OA progression might refl ect a 
common predisposing factor, rather than a 
causal relationship.

In this issue, Krasnokutsky et al report 
on their investigation of whether serum UA 
levels predict OA progression in a knee OA 
population without gout. They found that serum UA levels 
do predict future JSN in non-gout patients with knee OA.  
Specifi cally, they report that not only did UA levels correlate 
with JSN values, but there was a signifi cant difference in mean 
JSN after dichotomization at a serum UA cut point of 6.8 mg/
dl (the solubility point for serum urate).

In their study, the investigators found that baseline serum 
UA levels were able to distinguish between progressors and 
nonprogressors. In addition, serum UA levels correlated with 
synovial volume (a possible biomarker of JSN).  The investigators 
noted, however, that the correlation did not persist once they 
controlled for age, sex, and body mass index.  They concluded that 
serum UA could serve as a biomarker for OA progression.

p.  1213

Serum Urate Levels Predict Joint Space Narrowing in 
Knee Osteoarthritis Patients Without Gout 

Figure 1. Association of baseline serum uric acid (sUA) levels with joint space narrowing (JSN) at 24 
months, as shown by A, Pearson’s correlation (scatterplot), and B, quartile groups, with designated serum 
UA ranges. Values are the mean ± SEM.
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Tocilizumab Does Not Appear to Increase Cardiovascular Risk in 
Rheumatoid Arthritis
A number of studies have found that tocil-
izumab (TCZ) increases low-density lipo-
protein (LDL) cholesterol levels. It remains 

unclear whether TCZ in-
creases cardiovascular risk 
in patients with rheumatoid 

arthritis (RA). In this issue, Kim et al report the 
results of their comparison of the cardiovascu-
lar risk associated with receiving TCZ versus 
tumor necrosis factor inhibitors (TNFi). 

The investigators performed a multi-
database, population-based cohort study of 
9,218 patients with RA who started treatment 
with TCZ. Using a variable ratio propensi-
ty score matching method, the investigators 

matched the TCZ initiators to 18,810 TNFi 
initiators from 3 different databases. All pa-
tients had previously taken a different TNFi, 
abatacept, or tofacitinib. The mean age of the 
patients was 72 years in the Medicare data-
base, 51 years in the PharMetrics database, 
and 53 years in the MarketScan database. The 
study’s primary outcome was a composite 
cardiovascular end point of hospitalization 
for myocardial infarction or stroke. The in-
vestigators found that, at baseline, cardiovas-
cular disease was present in 14.3% of TCZ 
initiators and 13.5% of TNFi initiators. 

During the study period, the researchers 
documented 125 composite cardiovascular 

Symptomatic hand osteoarthritis (OA) is common, and its effect is 
most pronounced on hand strength and function.  Not surprisingly, 
therefore, hand OA can cause disability in some activities of daily 

living.  Although prior studies have estimated 
the lifetime risk of symptomatic knee OA at 
45% and hip OA at 25%, up until now, there has 

not been an estimate of the lifetime risk of symptomatic hand OA.
In this issue, Qin et al report their estimate of the overall 

lifetime risk of symptomatic hand OA, as well as the stratifi ed 
lifetime risk according to potential risk factors.  They evaluated data 
from 2,218 adult subjects in the Johnston County Osteoarthritis 
Project, a population-based prospective cohort of residents of 
North Carolina.  Data were collected from 1999 to 2004 and from 
2005 to 2010.  The researchers defi ned symptomatic hand OA as 
the presence of both self-reported symptoms and radiographic 
OA in the same hand.

The investigators calculated lifetime risk estimates with the 
hope that an individual might fi nd such estimates to be informative 
and useful.  They determined that 40% of adults who live to the 
age of 85 years will develop symptomatic hand OA. The risk was 
particularly high for women (47%) as opposed to men (25%).  This 
is consistent with previous epidemiologic studies that have found 
that women are at higher risk of OA than men. 

The burden of hand OA is especially pronounced in specific 
sociodemographic and clinical subgroups. In particular, the 
researchers estimated race-specific symptomatic hand OA risk 
to be 41% among whites and 29% among African Americans.  
The lifetime risk of symptomatic hand OA for individuals with 
obesity was 11 percentage points higher than that for individuals 
who were not obese.  The authors concluded that public health 
and clinical interventions are necessary to address the impact 
of hand OA.

Figure 1. Cumulative risk curves by age for subgroups stratifi ed by sex (men versus women) (A), race (white versus African American) (B), and body mass index (obese [≥30 
kg/m2] versus nonobese) (C). The shaded bands represent the 95% confi dence intervals for the estimated cumulative risks.

Lifetime Risk of Symptomatic Hand Osteoarthritis 

p. 1154

p. 1204

events, which translated into an incidence 
rate of 0.52 per 100 person-years for 
TCZ initiators and 0.59 per 100 person-
years for TNFi initiators. They thus found 
no evidence that patients with RA who 
switched from a different biologic drug 
or tofacitinib to TCZ, versus switching to 
TNFi had increased cardiovascular risk. 
The results suggest that while patients 
treated with TCZ have elevated lipid levels, 
the increases do not appear to be associated 
with an increased risk of cardiovascular 
events. These data should help physicians 
with their clinical decision-making in the 
management of RA.
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Clinical Connections
Treatment of Tumor Necrosis Factor–Transgenic 
Mice With Anti–Tumor Necrosis Factor Restores 
Lymphatic Contractions, Repairs Lymphatic Vessels, 
and May Increase Monocyte/Macrophage Egress 
Bouta et al, Arthritis Rheumatol 2017;69:1187-1193.

CORRESPONDENCE
Edward M. Schwarz, PhD:  Edward_Schwarz@URMC.Rochester.edu.

SUMMARY  
Joint homeostasis is maintained by contraction of 
the lymphatic vessels to transport immune cells and 
interstitial fluid back to the circulation. In a murine 
model of advanced erosive inflammatory arthritis, 
lymphatic vessels stop contracting following damage 
to lymphatic endothelial cells (LECs) and lymphatic 
muscle cells (LMCs), which halts the migration of 
inflammatory cells and mediators from arthritic 
joints in the lower limb to the popliteal lymph 
nodes (PLNs) and inguinal lymph nodes (ILNs). This 
also contributes to B cell clogging of the lymphatic 
sinuses in the lymph nodes.  Bouta et al found that 
treatment with antibodies against tumor necrosis 
factor (anti-TNF) promotes lymphatic vessel 
repair, recovery of contractions, and restoration 
of leukocyte transport. These findings suggest that 
anti-TNF therapy ameliorates erosive inflammatory 
arthritis, in part, via restoration of lymphatic vessel 
contractions that facilitate egress of inflammatory 
cells from inflamed synovial tissue and fluid.

KEY POINTS 
•  Mice with chronic erosive inflammatory arthritis have damaged lymphatic vessels that fail to contract and significantly 

reduced inflammatory cell egress from arthritic joints. 

•  Anti-TNF treatment promotes lymphatic vessel repair and restores lymphatic contractions.

•  Restoration of lymphatic contractions is associated with increased inflammatory cell transport from the joint and 
amelioration of inflammatory arthritis.
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Clinical Connections

Pathogenesis of Diffuse Alveolar Hemorrhage in 
Murine Lupus  
Zhuang et al, Arthritis Rheumatol 2017;69:1280-1293.

CORRESPONDENCE 
Haoyang Zhuang, PhD:  haoyang.zhuang@medicine.ufl.edu
Westley H. Reeves, MD:  whreeves@ufl.edu

SUMMARY  
Diffuse alveolar hemorrhage (DAH) is an often fatal complication 
of lupus.  Zhuang et al report that the pathogenesis of DAH in mice 
with pristane-induced lupus may involve 3 steps.  First, migration of 
pristane from the peritoneum to the lung initiates lung inflammation 
and death of endothelial and/or alveolar epithelial cells.  In systemic 
lupus erythematosus patients, inflammation and cell death may be 
initiated by pulmonary infection.  Second, chemokines and vasoactive 
mediators released during the initial inflammatory response increase 
vascular permeability and promote monocyte transmigration into 
the interstitial space, followed by differentiation into inflammatory 
macrophages and the onset of pulmonary vasculitis.  The dead cells 
are opsonized by natural IgM and complement component C3.  
Third, opsonized apoptotic cells are recognized by complement 
receptor 3 (CR3; CD11b/CD18) on the surface of inflammatory 
macrophages, releasing additional inflammatory mediators.  The 
antiinflammatory cytokine interleukin-10 (IL-10) limits this step.  The 
inflammatory mediators disrupt endothelial and alveolar epithelial 
integrity, resulting in leakage of red blood cells (RBCs) into the 
alveolar spaces (alveolar hemorrhage). 

KEY POINTS 
•  The pathogenesis of DAH in the pristane-induced 

lupus model involves an inflammatory response 
to dead cells opsonized by “natural” IgM autoanti-
bodies and complement component C3, followed 
by the engagement of CR3 on macrophages. 
DAH can be prevented by inhibiting complement 
activation or depleting immunoglobulin.

•  Inflammatory macrophages (rather than 
neutrophils) play a central role in the 
pathogenesis of DAH and small vessel vasculitis 
(capillaritis), a feature of DAH in murine and 
human lupus. Both DAH and vasculitis are 
prevented by macrophage depletion.

•  The inflammatory response is independent of 
Toll-like receptors, type I interferon, tumor 
necrosis factor, inflammasomes, and inducible 
nitric oxide, but is limited by IL-10.

•  Inhibition of complement and/or 
macrophage activation or administration of 
IL-10 may be strategies worth testing for the 
treatment of DAH.
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EDITORIAL

“Weighing in” on the Framingham Osteoarthritis Study: Measuring Biomechanical
and Metabolic Contributions to Osteoarthritis

C. Thomas Appleton,1 Gillian A. Hawker,2 Catherine L. Hill,3 and Janet E. Pope1

Thirty years ago, Altman et al told us that osteoar-
thritis (OA) is not a single disease (1). That 1986 descrip-
tion of OA as “a heterogeneous group of conditions that
lead to joint symptoms and signs. . .” remains true today.
But the simple recognition of OA as a group of related but
distinct joint disorders among clinicians and researchers is
hampered by the lack of a clearly accepted set of criteria to
distinguish independent clinical OA phenotypes. More-
over, the description of these clinical OA phenotypes in
molecular, anatomic, and physiologic domains remains a
formidable, yet fundamental task before us in the field of
OA research. Notwithstanding, the blanket term “OA”
should no longer be used in isolation to describe the typical
joint pathology and symptoms of the most common form
of arthritis in humans. An effort should be made in all OA
cases to apply accompanying adjectives to at least describe
the context in which the joint disease arose. Candidate
clinical phenotypes include OA related to joint trauma
(posttraumatic OA), advanced age at disease onset (age-
related/senescent OA), strong family history (inherited/
genetic OA), pain sensitization, inflammatory features,
and metabolic syndrome (metabolic OA) (2). Given that
;25% of the world’s adult population develops metabolic
syndrome (3), the association of metabolic syndrome with
OA is especially alarming.

Metabolic syndrome consists of 4 core features,
variably defined, including hypertension, atherogenic dys-
lipidemias, visceral obesity, and insulin resistance. The
most recent metabolic syndrome definitions from the US
National Cholesterol Education Program Adult Treatment
Panel III and the International Diabetes Federation were
presented in 2005. Regardless of the definition of meta-
bolic syndrome, a clear link between metabolic syndrome
and OA has been established in many different studies.
Analyses of Third National Health and Nutrition Examina-
tion Survey (NHANES-III) data show that metabolic syn-
drome prevalence is higher among people with OA than
those without OA (59% versus 23%, respectively) and that
this form of OA occurs in younger age groups (ages
45–65 years) than age-related OA (4). The individual com-
ponents of metabolic syndrome are also associated with
excess OA risk. For example, in the Japanese Research on
Osteoarthritis Against Disability (ROAD) study, the risk
of OA increased with each additional component of meta-
bolic syndrome (5), although that was a cross-sectional
analysis without adjustment for body mass index (BMI).

The nature of the interaction between metabolic
syndrome and OA remains unresolved. It is unclear
whether the most important link is due to an influence of
OA on metabolic syndrome (e.g., decreased mobility due
to OA leads to obesity and therefore metabolic syndrome),
vice versa (abnormal joint loading—with or without meta-
bolic derangement—fuels OA pathophysiology), or if a
common set of risk factors exist which drive both condi-
tions in parallel. A shared etiology in the latter case would
suggest that metabolic OA is an underrecognized fifth (or
sixth) feature of metabolic syndrome rather than a separate
condition per se, as some have suggested (6). As is often
the case, the answer may lie in a combination of these pos-
sibilities. But the reliance on prevalence data and cross-
sectional analyses in most OA/metabolic syndrome studies
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makes it difficult to resolve such “chicken-or-the-egg”
questions. Nevertheless, the balance of the literature sug-
gests that metabolic syndrome and increased BMI or body
weight are each associated with an increased risk of inci-
dent knee OA especially. Increased BMI or body weight
and metabolic syndrome (given that BMI is a core compo-
nent) clearly cause increased or abnormal knee joint load-
ing (7). Therefore, the fundamental question that remains
is whether metabolic syndrome increases incident OA risk
purely driven by the biomechanical consequences of
increased body weight, or if metabolic derangement (e.g.,
from increased visceral fat–driven systemic inflammation
or other mechanisms yet to be confirmed) confers additive
risk beyond that explained by biomechanics alone.

In this issue of Arthritis & Rheumatology, Niu et al
(8) present longitudinal data from the Framingham OA
Study, demonstrating an association of preexisting meta-
bolic syndrome and its components with an increased risk
of incident radiographic and symptomatic knee OA over 10
years of follow-up. A dose-response relationship was also
seen for the association of the number of metabolic syn-
drome components with incident radiographic OA. The
assessment of metabolic syndrome occurred a year or so
before the OA examination. The prospective study design
and inclusion of incident OA outcomes allowed for risk
factors to be determined, in contrast to previous studies
that showed only correlations or associations. The unique
statistical approach for examining the various contributions
to OA development due to BMI versus body weight versus
waist circumference suggested a very high correlation
among these measures, which is useful methodologically
for future studies.

The incidence data presented by Niu et al are partic-
ularly noteworthy, since they show that preexisting meta-
bolic syndrome and its components are risk factors for
subsequent symptomatic OA and not just radiographic
OA. Their study also provides circumstantial evidence
supporting the hypothesis that at least one or more of the
metabolic syndrome components may cause OA. Of course,
the increased risk may alternately belie the existence of
common risk factors for both metabolic syndrome and OA,
where OA may be a later-occurring additional component
of metabolic syndrome. However, we feel it is most appro-
priate to consider metabolic OA as a complication of meta-
bolic syndrome, similar to cardiovascular disease.

Understanding how metabolic syndrome underlies
the manifestation of metabolic OA is confounded further
by the duality of pathobiology and biomechanics impelling
OA pathophysiology. Obesity is the only metabolic syn-
drome component that is consistently associated with OA
across most studies, suggesting that increased weight plays
a role in OA development through increased joint loading.

However, increased joint loading may not fully explain the
effects of metabolic syndrome on all aspects of metabolic
OA, since hand OA is also associated with obesity with or
without other metabolic syndrome components (9) and is
independent of abnormal joint loading. It should be noted,
though, that the hypothesis that hand OA is related to obe-
sity remains a subject of controversy, in part due to the
cross-sectional design of the studies in which a significant
association was found. Nevertheless, failure to adjust for
any contribution of increased joint loading in knee OA due
to increased body weight in metabolic syndrome will over-
estimate the contribution of metabolic processes to meta-
bolic OA.

Teasing out the relative contributions of abnormal
biomechanics versus metabolic derangement to the devel-
opment of metabolic OA is an essential step that we must
achieve to realize the best approaches to treatment. Niu
et al astutely raise this issue in the Framingham OA analy-
sis and attempt to isolate the contribution of metabolic
derangement due to metabolic syndrome from abnormal
joint loading by adjusting for BMI or body weight. Such
adjustment nullified the association between incident
radiographic OA and symptomatic OA with metabolic syn-
drome and each of the metabolic syndrome components,
with the exception of diastolic blood pressure, which
remained significantly associated with symptomatic OA.
Associations between metabolic syndrome components
and knee OA after adjustment for BMI were also nullified
in the Korean National Health and Nutrition Examination
Survey (10), among others.

Unfortunately, BMI and body weight are not ideal
surrogates for joint loading, especially in metabolic syn-
drome, due to a close correlation with central obesity.
Indeed, the correlation of BMI and body weight with cen-
tral obesity is strong (Niu et al calculate a Pearson’s corre-
lation coefficient of 0.84–0.88). Measurement of body
composition, which better delineates the contribution of
fat and muscle to body mass, has led to interesting findings
in knee OA. A recent study has suggested that the effect of
BMI in asymptomatic knee OA is predominantly mediated
by fat mass (and not lean mass), suggesting that differenti-
ating between fat mass and weight may also be beneficial
in predicting incident OA (11). Moreover, adjustment for
body composition rather than BMI or body weight may be
a better approach in future studies, which will be required
to determine if a significant contribution to incident OA
risk from fat mass–driven metabolic derangement truly
does exist beyond biomechanics.

In addition to adding to body weight, central (vis-
ceral) obesity is strongly linked to important metabolic
functions. For example, beginning with the discovery of
leptin in 1994 (12), adipose tissue has been identified as
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having an important endocrine function through the secre-
tion of adipokines. In the Invecchiare in Chianti (Aging in
the Chianti area; InCHIANTI) study, high leptin levels
were associated with metabolic syndrome in obese and
nonobese patients (13), and high levels of leptin were asso-
ciated with incident radiographic knee OA in the Ameri-
can Study of Women’s Health Across the Nation (SWAN)
(14). Central obesity is also tied to the development of
metabolic syndrome components, including dyslipidemia
and insulin resistance. So, while central obesity contributes
to abnormal joint loading via increased body weight, it may
also influence joint homeostasis via systemic metabolic
derangements. Since BMI/weight (which captures central
obesity) encompasses both metabolic and mechanical
loading variables, it follows that adjustment for BMI or
body weight in studies may simultaneously adjust for both
joint loading and metabolic factors associated with central
obesity. Even though the intention is to adjust for abnor-
mal joint loading in isolation, this strategy limits the ability
to draw conclusions about the relative contributions of
abnormal joint loading versus metabolic syndrome (or its
components) with incident OA. Inventively, Niu et al try to
address this issue with residuals of waist circumference
after removing variation caused by BMI and body weight,
but this also negated any associations with incident OA.

What is needed is an alternative factor for adjust-
ment that more precisely estimates the magnitude of
abnormal joint loading without encompassing any meta-
bolic effects of adipose tissue. An ideal measure would be
to quantify knee joint load directly, but this is quite diffi-
cult to measure externally, and force-measuring joint
implants are expensive, are invasive, and would not be fea-
sible for incident radiographic OA or symptomatic OA
studies. Knee adduction moment (KAM) is a close surro-
gate of medial tibiofemoral compartment force, especially
components of KAM such as peak KAM. Changes in
peak KAM in obese patients are due to weight and not
obesity distribution, making this a suitable alternative
measure to use for adjustment of joint loading (7). Future
studies exploring associations between metabolic syn-
drome and OA could include and adjust for KAM and
compare with adjustment for BMI and body weight.

There are some limitations to the study by Niu et al.
Despite the large sample size, incident OA was rare, so the
borderline effect of blood pressure on incident OA may
have been due to the study not having adequate power to
detect a more robust effect. Moreover, all knee OA was
combined (medial, lateral, and patellofemoral). The latter
may have been a limitation since perhaps medial OA is
affected more by metabolic syndrome than patellofemoral
OA. The numbers of different subsets with incident OA
were too small to allow for subset calculations for robust

answers regarding associations with metabolic syndrome.
The date of onset of OA could not be precisely determined
since subjects were only examined at fixed dates. Since OA
symptoms might motivate participants to make lifestyle
changes (e.g., to lose weight), future studies need to care-
fully consider how to take such prior exposures into
account for adjustment. There was a protective effect of
glucose (after adjustment for BMI), which warrants further
research since this could be real or spurious due to the use
of numerous statistical tests.

Considering the likely confounding of body weight
between mechanical and metabolic processes, the fact that
any component of metabolic syndrome remained signifi-
cantly associated with symptomatic OA after adjusting for
BMI and body weight argues strongly for a metabolic
driver of OA pathophysiology. A 2012 cross-sectional
study in 352 OA patients showed that 60% of patients with
prevalent OA had hypertension after correcting for age
and BMI (15). In NHANES-III, 77% of subjects with OA
had hypertension versus 30% of those without OA (4).
Again, this does not help us to sort out whether it’s the
chicken (OA-related loss of mobility causing hypertension)
or the egg (hypertension leading to OA). Mechanistically,
subchondral ischemia is the best described hypothesis for
hypertension contributing directly to OA pathogenesis.
Narrowing of subchondral vessels may reduce nutrient
exchange and devitalize the overlying articular cartilage
(16) or stimulate apoptosis of osteocytes and subsequent
osteoclast activation and subchondral bone remodeling
(17). Much work is left to be done in this area to delineate
the mechanisms involved, but clinical studies investigating
the impact of antihypertensive therapy in patients with
hypertension and comorbid metabolic OA would offer
insights.

Metabolic OA should be considered and studied
separately from other types of OA. The development or
updating of classification criteria would aid significantly in
defining metabolic OA. While such a task is best suited to a
classification criteria committee, possible minimum criteria
to consider might include a) the presence of metabolic syn-
drome according to an accepted definition, b) symptomatic
OA and/or radiographic OA, and c) exclusion of alternative
etiologies such as prior joint trauma, family history of
genetic OA, advanced age at onset (e.g., .75 years), and
underlying comorbid risks (e.g., inflammatory arthritis,
hemochromatosis, calcium pyrophosphate deposition dis-
ease, etc.). Adjustment for confounders is a key issue in
clinical studies, but biomechanics are especially important
in OA and musculoskeletal diseases. Thus, working with
our expert colleagues in OA biomechanics research con-
tinues to be a vital collaboration in our field. OA and meta-
bolic syndrome are complex diseases with an unresolved
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etiology, but the work presented by Niu et al further
emphasizes the link between these conditions.

Whether metabolic OA should be considered a
component of metabolic syndrome is still open for debate,
but Niu et al have provided data on incident OA in the set-
ting of preexisting metabolic syndrome, the Framingham
OA Study, suggesting that OA may be a consequence of
metabolic syndrome rather than the reverse. Carefully
designed future studies are still required to determine the
relative impact of increased body mass in metabolic syn-
drome on joint loading versus metabolic derangements
(including systemic inflammation). Such future studies
should be a top priority for our field. Studies employing a
life course approach including past history of elevated BMI
(e.g., obesity during childhood and early adulthood) are
also needed. Ruling in or out a clinically important impact
of altered metabolism on incident OA risk independent of
biomechanics would be a significant breakthrough in our
understanding of metabolic OA and other OA phenotypes.
It would also provide a strong foundation for the develop-
ment of rational treatment approaches for this pervasive
and disabling disease.
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EDITORIAL

Choosing New Targets for Rheumatoid Arthritis Therapeutics: Too Interesting
to Fail?

Iain B. McInnes, Duncan Porter, and Stefan Siebert

Progress in the treatment of rheumatoid arthritis
(RA) in the last 2 decades has been remarkable, leading
to substantial improvements in the quality of life for many
patients. This has arisen from 2 fundamental develop-
ments. First, the advent of pathogenesis-led therapeutics
has generated a growing armamentarium of effective
medicines available to the practitioner (1). The introduc-
tion of tumor necrosis factor (TNF) inhibition arose
from a careful in vitro cellular immunology and in vivo
murine arthritis model program that generated sufficient
preclinical validation to encourage successful testing in
RA of TNF inhibitors in clinical studies. Subsequently, other
therapies emerged that antagonize proinflammatory cyto-
kines (for example, interleukin-6 [IL-6]), inhibit T cell
costimulatory activation, or deplete CD20-positive B cells
(1). More recently, a small-molecule inhibitor of intracellular
signaling in the form of the JAK-1/JAK-3 inhibitor tofacitinib
has heralded a new era of targeted synthetic disease-
modifying antirheumatic drugs.

A second substantial development has arisen
from the advent of “strategically smart” approaches,
encapsulated in “treat early” and “treat to target”
approaches (1). Together, these developments have sig-
nificantly improved the prognosis of patients with RA,
leading to reductions in joint damage, functional dis-
ability, comorbidity, and mortality. Moreover, these

therapeutic developments have brought about the pos-
sibility of remission induction and maintenance of
response in the treatment of RA, concepts that, even 2
decades ago, were inconceivable.

In the midst of such excitement, it is salutary to
consider briefly the cost of this journey of improvement
and learn lessons to inform further progress. In particu-
lar, there have been numerous clinical targets selected
on the basis of robust data sets that have failed to meet
success in phase II or phase III trials. This attrition rate
may not be sustainable for either the pharmaceutical
industry or the clinical trial community. This is pertinent
since, in our view, there remains significant unmet clini-
cal need in RA. True remission is still achieved only in a
minority of patients and usually requires ongoing treat-
ment, with its attendant risks and significant financial
cost. Moreover, there is a group of patients who become
refractory to all existing therapies or who never respond
in the first place. Against this background of unmet clini-
cal need in RA and rising drug development costs yet
burgeoning knowledge about the disease pathobiology,
it is timely to reconsider the methodology that might
lead to the accurate identification of novel immune tar-
gets for use in the treatment of RA.

In this issue of Arthritis & Rheumatology, Blanco
and colleagues present the findings from a very interest-
ing phase III clinical trial evaluating the use of an IL-
17A inhibitor, secukinumab, in patients with active RA
who have previously had an inadequate response to TNF
inhibitors (2). The authors and editors alike are to be
congratulated for bringing these data into the public
domain—publishing such data represents a significant
step forward in planning for success in the future. The
trial examined the therapeutic impact of 2 doses of
secukinumab compared with either abatacept or pla-
cebo. While the primary outcome, the American College
of Rheumatology 20% improvement response at week
24 (3), was met at the predetermined statistically signifi-
cant level in patients who received the higher dose of
150 mg of secukinumab, this was achieved by only a
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modest proportion of patients, and significant improve-
ment in key secondary end points was not achieved.
Overall, the study demonstrates, at best, only modest
superiority for secukinumab over placebo, with a
response that was probably inferior to that seen with
abatacept and does not support further development of
secukinumab for use in patients with RA in whom TNF
inhibitors have previously failed.

The study by Blanco et al should be considered in
the wider context of discouraging findings from other
studies of IL-17 inhibition in RA. Thus, an IL-17 recep-
tor inhibitor, brodalumab, which blocks IL-17 receptor
A and thus all IL-17 family cytokine signaling, failed
to show any effect in patients with RA (4), and modest
benefit, at best, was elicited upon treatment with
ixekizumab, another IL-17A inhibitor (5). From this
therapeutic trial set, we may conclude that IL-17A inhi-
bition as monotherapy does not represent a satisfactory
target for the treatment of RA.

It is worth considering the experimental narrative
that brought us to the present phase III clinical trial. IL-
17A is a member of a large cytokine family that contains
both pro- and antiinflammatory members. It exhibits
highly plausible biologic effector functions, working
either alone or, especially, in synergy with other inflam-
matory cytokines such as TNF and IL-1, to promote
synovial fibroblast activation, neutrophil activation and
recruitment, B cell activation and antibody production,
and a variety of prodestructive effects via osteoclast mat-
uration and effector function (6). Results of in vivo
experiments in relevant inflammatory arthritis models
have suggested that IL-17A occupies a position of hier-
archical primacy, rendering it an attractive therapeutic
target. The concept that Th17 cells have dominant roles
in a range of murine models of autoimmunity is now
well-established and, together with the demonstration of
IL-17A expression in human tissue types of clinical rele-
vance, has led to the adoption of IL-17A as a therapeutic
target in a range of cutaneous, gastrointestinal, neuro-
logic, and articular immune-mediated diseases (6).

These observations have translated into rather
mixed clinical results when appropriate human clinical
trials have been performed (7). Thus, IL-17A blockade
in psoriasis has yielded remarkable clinical responses,
with close to 50% of participants achieving complete
clearance of skin disease, as represented by Psoriasis
Area and Severity Index 100% improvement (8). Suc-
cessful trials of IL-17A blockade have been conducted in
patients with psoriatic arthritis (9–11) and those with
ankylosing spondylitis (12), but with less spectacular
musculoskeletal responses when compared to those
achieved in the skin (13). In contrast, no benefit accrued

in patients with Crohn’s disease upon receipt of
secukinumab (14).

From these studies, we draw a number of conclu-
sions. First, the emerging group of IL-17A inhibitors
represents a new class of medicines with viable pharma-
cologic and pharmacodynamic properties. Second,
secukinumab, and indeed other IL-17 inhibitors, can be
highly effective when used to treat disease states in which
IL-17A enjoys functional hierarchical supremacy, such
as cutaneous psoriasis. Third, we have learned again
from these studies that simply identifying an inflamma-
tory cytokine as a potential target through documenta-
tion of its presence in clinical tissues of relevance and
postulating plausible biologic effector functions is not
sufficient to guarantee future therapeutic success. More-
over, we have learned once again that animal models of
arthritis, although helpful in allowing us to dissect intact
immune systems, have distinct translational limitations.
Finally, the data suggest the value in building a compen-
dium of trial outcomes across different inflammatory
immune targets and immune-mediated diseases to drive
us toward a molecular taxonomy for inflammation medi-
cine that could eventually complement the clinical
phenotyping upon which current clinical trials are based.

Where does this leave us in terms of current clini-
cal target selections in RA? Happily, the field continues
to progress with targets selected across a range of
immune pathways. These include agents designed to
inhibit innate immune activation, for example, those tar-
geting Toll-like receptors and the intracellular molecular
machinery that allows innate immune activation, such as
the inflammasome. There are ongoing efforts to develop
new effector cytokine inhibitors, including “look alike”
agents targeting both the IL-6 receptor and IL-6 ligand
and novel agents targeting granulocyte–macrophage
colony-stimulating factor or its receptor a subunit. Other
JAK inhibitors are emerging, including baricitinib, a
JAK-1/2 inhibitor (15,16), and filgotinib, a JAK-1 inhibi-
tor (17,18). There is also interest in developing novel
small-molecule inhibitors of cellular signaling pathways,
for example, inhibitors of the phosphatidylinositol 3-
kinase family and Bruton’s tyrosine kinase, and also
some interesting studies looking at epigenetic modifiers.

The search for immunologic homeostasis con-
tinues. It is worth noting the development of cellular ther-
apies, including the transfer of tolerogenic dendritic cells
and also immune therapeutics that are designed to
achieve the same effect in vivo using, for example, drug-
loaded liposomes. Rather innovative approaches, such as
those targeting the peptidylarginine deiminase enzyme
system, those stimulating the vagal nerve, and those mod-
ulating the neuroendocrine inflammatory system using
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gonadotropin-releasing hormone antagonists (for exam-
ple, cetrorelix), have offered provisional evidence of bene-
fit. This plethora of potential targets may well yield new
opportunities. However, what marks all of them is the
absence of definitive, consistently applied discovery path-
ways that can give high levels of confidence a priori that
they will either target a hierarchically sufficiently promi-
nent molecule or a particularly vulnerable point in the
inflammatory cascade (19).

How then could we change our approach to the
development of new therapeutic agents while celebrating
the successes annotated above? It is important to recall
the failure of clinical trials in RA that targeted, for exam-
ple, CD4, CD5, IL-1, IL-12, IL-20, and IL-23. These clin-
ical trial development programs all arose from rational
and plausible preclinical biologic packages and, although
there were subtle differences between the weight of
evidence and the nature of the experimental systems
employed, few could be considered to be rash develop-
ment decisions based on the knowledge of that time. Per-
haps it is now appropriate to consider a systems-based
approach to the development and validation of targets.
We currently possess unparalleled access to digital infor-
mation and computational power. If this could be com-
bined with the depth of biologic experimentation
possible at the molecular and cellular level to generate a
high volume and high quality of data, it would offer
intriguing and powerful possibilities. Specifically, it may
be possible to interrogate potential future therapeutic
targets using in silico models of the rheumatic disease
state, reflecting the accumulation of knowledge from
preclinical biology studies, many clinical trials, and ex
vivo biomarker programs, regardless of whether they are
successful.

Comprehensive data sets can be generated that
describe the genome, epigenome, transcriptome, prote-
ome, and metabolome from a range of biologic samples—
the so-called “polyome.” Bioinformatics algorithms capa-
ble of integrating the discrete information contained
across the polyome are emerging. Such data can be
obtained from in vivo animal model studies in which path-
ways have been specifically targeted, together with in vitro
leukocyte and synovial biology studies in which complex
cellular contributions can be explored along with the sig-
nal pathways that subserve such biology. This should per-
mit the creation of computational models that mimic RA
pathways of inflammation and damage accrual that, in
turn, can be targeted in silico to estimate the likely out-
comes of novel interventions. In parallel, mode of action
studies could be conducted in RA patients, in which blood
and synovial responses to interventions should be manda-
tory parameters so as to gather new ex vivo data sets that

could be fed into the models to offer refinement on an
ongoing basis.

This systems approach to target discovery and
validation could be usefully coupled with an increasing
move toward stratification of the clinical and molecular
phenotype of RA to improve success rates in the longer
term. We should give greater deference to the stage of
disease for which a drug is to be developed—it is proba-
bly reasonable to assume that the immune system will
adapt over time as articular damage accrues in RA, and
our approaches should be amended accordingly. Models
of early disease will therefore be required, but models of
late disease may equally be required as we consider
development of agents for refractory RA. For the latter,
we especially need to understand the mechanisms that
underpin therapeutic failure and acquired loss of
response. As we come to recognize the molecular het-
erogeneity of RA, so we will recognize the value of
enriching the likelihood of responses to a given target by
appropriate clinical selection of patients for trial entry.
Similarly, adaptive trial designs may allow us to more
quickly discard ineffective therapies and direct patients
within the trial to those agents to which they are more
likely to respond. In this respect, it is likely that impor-
tant lessons can be learned, and adapted, from the rap-
idly expanding use of immunotherapies and innovative
trial designs emerging in the treatment of cancer. Taken
together, if we are more prepared to learn from unsuccess-
ful trials and to perform detailed mechanistic analysis, not
only of why studies have succeeded but also of why others
have failed, we will enrich the possibilities for future
generations as they meet the challenges of the “RA dis-
ease” that we will bequeath to them.
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REVIEW

Cytokine Storm Syndrome

Looking Toward the Precision Medicine Era

Edward M. Behrens1 and Gary A. Koretzky2

Introduction

“Cytokine storm syndrome” is a diverse set of con-
ditions unified by a clinical phenotype of systemic inflam-
mation, multi-organ failure, hyperferritinemia, and, if
untreated, often death. This clinical constellation is caused
by the elaboration of extreme amounts of inflammatory
mediators resulting from unchecked feedforward immune
activation and amplification. The initiating factors leading
to the end state of cytokine storm are heterogeneous and
derive from rheumatologic, oncologic, and infectious
origins.

The first member of the cytokine storm family to
be recognized by physicians was sepsis. The appreciation
that the consequences of sepsis are a result not of the path-
ogen, but rather the immune response to the pathogen,
dates back to observations made by William Osler in 1904
in his book, The Evolution of Modern Medicine. Accord-
ingly, the idea that sepsis might be most effectively treated
by immunomodulation is not new. With the identification
of tumor necrosis factor (TNF) and interleukin-1b (IL-1b)
as major inflammatory cytokines in models of sepsis in the
last part of the twentieth century, trials were undertaken
to block these cytokines to treat septic cytokine storm.
The failure of blockade of these molecules to improve
outcomes in sepsis (1–3) dampened enthusiasm for this

approach for many years. In addition to the timing of
therapeutic intervention (i.e., patients were typically not
enrolled in the clinical trials at an early enough time point
for immunomodulation therapy to potentially be success-
ful), these trials likely failed because the situation is more
complicated than Osler first recognized, with complex
host–pathogen interactions playing a role beyond the sim-
ple notion that sepsis is due solely to an excessive immune
response.

Further complicating matters, cytokine storm cannot
be considered a disease itself, but rather the common end
point of different initial insults: infectious, autoimmune/
inflammatory, and iatrogenic. Even within those broad cate-
gories significant differences exist, making the landscape
unlikely to be amenable to a “one-size-fits-all” therapy.
Quite the opposite, we are approaching the beginning of a
new era of precision medicine for cytokine storm, in which
understanding of the immunologic derangement of each
individual trigger, and perhaps in each individual patient,
will inform the choice of intervention.

Success in personalization of therapy will require
the practitioner to consider the similarities and differences
in a wide array of conditions under the moniker of
“cytokine storm.” Common to the cytokine storm syn-
drome, and exemplified by all of the diseases discussed
here, is a loss of negative feedback on the immune system,
resulting in the overproduction of inflammatory cytokines.
In turn, these inflammatory cytokines drive a positive feed-
back on their own production, begetting the common syn-
drome of exponentially growing inflammation and multi-
organ failure. Commonly, but not exclusively, the main
effector cytokine in these syndromes is interferon-g
(IFNg). In contrast, distinguishing these diverse syn-
dromes are the initial triggers that set off this chain of
events, as well as the individual cytokines responsible for
the loss of negative feedback and gain of positive feedback
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leading to the amplified response. In this review, we will
outline the advances made in basic investigation into path-
ogenesis of cytokine storm syndromes of genetic, auto-
immune/inflammatory, and iatrogenic causes and then
discuss how such advances have informed therapy, moving
from empiricism to the more finely tuned “precision”
approaches.

Pathogenesis of cytokine storm syndromes

Monogenic cytokine storm syndrome. The most
progress in understanding of cytokine storm has been
made in familial hemophagocytic lymphohistiocytosis
(FHLH), a genetic syndrome caused by deficiency in cyto-
toxic cell function. Deficiency in perforin or in molecules
essential for perforin vesicular transport and release
results in infection-triggered cytokine release and the
resultant multi-organ inflammation and other pathology
characteristic of cytokine storm. The monogenic nature of
FHLH makes it amenable for study in animal models
using targeted mice with deletions in genes discovered in
humans. This work has identified IFNg as a causative
cytokine in generating the multi-organ pathology leading
to mortality in this disorder (4,5). In FHLH, IFNg is pro-
duced in excessive amounts by cytotoxic CD81 T cells
that are unable to kill infected target cells due to the
absence of perforin activity or delayed cytolytic granule
depolarization (6). This in turn results in prolonged con-
tact with target cells (7) and subsequent inability to elimi-
nate them (ultimately preventing the signal for producing
IFNg from being terminated), and release of excessive
amounts of cytokine. This IFNg release is not due to the
inability to clear the pathogen itself, but rather is the
result of altered antigen presentation due to the inability
of cytotoxic cells to prune the antigen-presenting cell pop-
ulations correctly (8). Both neutralization of IFNg and
depletion of CD81 T cells have been shown to ameliorate
disease in murine models (4,5).

Given the strong evidence of a central role of
IFNg in FHLH, it has been tempting to speculate that
this cytokine has a role in all cytokine storm syndromes.
Both in patients and in animal models of disease, how-
ever, multiple scenarios have been observed in which fea-
tures of cytokine storm syndrome develop in the absence
of IFNg or its receptor (9–11), indicating that the causes
are more complex that just this single cytokine. It has also
been argued that similar mechanisms of ineffective cyto-
toxic cell killing are responsible for cytokine storm in non-
FHLH settings (12–14). However, the diverse array of
rheumatologic conditions that can lead to cytokine storm,
not necessarily associated with defects in perforin func-
tion, make such a simple model unlikely.

Autoimmune/inflammatory cytokine storm syn-
drome. Among rheumatic diseases, systemic juvenile idio-
pathic arthritis (JIA) and its adult analog, adult-onset
Still’s disease (AOSD), have the highest association with
cytokine storm. In this context, cytokine storm is often
called macrophage activation syndrome (MAS), a refer-
ence to activated macrophages often seen on tissue biopsy,
despite lack of evidence that these cells cause the syndrome
(although they do, at least under some circumstances, pro-
duce inflammatory cytokines) (15). The cause of MAS in
systemic JIA and AOSD remains unclear. Some work sug-
gests that, at least in a subset of patients, there are defects
in perforin function, although not of the same magnitude
as seen in FHLH (14,16). These data are confounded by
inflammatory activity (17) and treatment effect, both of
which alter cytotoxic cell killing, particularly when mea-
sured with standard natural killer cell cytotoxicity assays.
Whole exome analysis has suggested that patients with sys-
temic JIA, and in particular those who have had an MAS
episode, are more likely to have a variant in FHLH-
associated genes (12). Nonetheless, such findings represent
only ;35% of patients with systemic JIA–MAS, indicating
that the majority do not have alterations in genes known to
be associated with FHLH. Although this percentage may
in fact be shown to be higher as additional genes are identi-
fied and noncoding mutations are accounted for, recent
data call into question whether there is any defect at all in
natural killer cell cytotoxic function in systemic JIA (18).

While the pathogenesis of systemic JIA and associ-
ated MAS has not been elucidated, a role of cytokines in at
least some patients has been established. In a report pub-
lished in 2005, IL-1b was identified as being dysregulated
in systemic JIA, leading to the successful use of anakinra,
an IL-1 receptor antagonist, as therapy (19). Subsequent
randomized controlled clinical trials have shown efficacy of
IL-1 blockade in large populations of patients with sys-
temic JIA (20). IL-6 was additionally recognized as a
potential target, with large trials showing efficacy of block-
ade of its receptor (21). However, neither IL-1b nor IL-6
has been directly linked to the development of MAS.
Rather, elevated IL-18 levels have been associated with the
predisposition to MAS development in patients with sys-
temic JIA (22,23), as well as with MAS from various sec-
ondary causes (24). IL-18 blockade improved some
parameters of organ dysfunction in an FHLH mouse
model, though ultimately not reducing mortality (25).
Intriguingly, IL-18 receptor signaling has been shown to be
defective in systemic JIA (26), although this phenomenon
has not been studied in great detail in patients who have
had MAS. It is therefore difficult to resolve precisely how
IL-18 might contribute to MAS associated with systemic
JIA, given this apparent conflict between elevated IL-18
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levels in MAS and defective IL-18 receptor signaling. One
possibility is that suppressed IL-18 receptor signaling in
systemic JIA is a compensatory mechanism that prevents
progression to MAS; when this mechanism fails, and there
is a large amount of IL-18 present, MAS ensues.

Additional evidence supporting the notion that
IL-18 has a role in autoinflammatory MAS comes from
the recently described NLRC4-MAS syndrome (27,28).
NLRC4-MAS is caused by an activating mutation in
the NLRC4 inflammasome. Unlike patients with
inflammasomopathies not associated with MAS, such as
activating NLRP3 mutations, patients with NLRC4-MAS
develop high levels of serum IL-18, suggesting a potential
causal link. NLRC4-MAS is anticipated to be an excellent
genetic model to provide additional insights into possible
etiologies of cytokine storm, as studies of patients with this
genetic defect exhibit no concomitant abnormalities in per-
forin function or cytotoxicity. Placing IL-18 into the patho-
genic model of systemic JIA–MAS remains consistent with
the established pathogenic role of IFNg in cytokine storm,
given that IL-18 is well known to result in IFNg production
by many cells. Thus, pathogenic IFNg may arise either
from a more proximal defect in perforin cytotoxicity as in
the case of FHLH, from overproduction of IL-18 in autoin-
flammatory conditions, or from yet-to-be-defined defects
in immune regulation in other settings. Recent evidence of
elevated levels of IFNg and IFNg-responsive genes in sys-
temic JIA with MAS is consistent with the notion of the
importance of IFNg, even in systemic JIA–MAS (29).

MAS has been associated with other rheumatic dis-
eases, including systemic lupus erythematosus (SLE) (30),
Kawasaki disease (31), spondyloarthritis (32), and juvenile
dermatomyositis (DM) (33). As these are rarer disorders
than systemic JIA–associated MAS, reports are scarce and
systematic studies are limited. There are presumably multi-
ple different underlying mechanisms across this diverse
range of diseases, although systemic inflammation remains
a common link. The development of lupus pancreatitis
appears to be associated with risk of MAS (34), although a
causal link has not been established. In the case of SLE-
associated MAS, serum TNF levels have been reported to
be elevated with normal serum levels of IL-18, suggesting a
qualitatively distinct cytokine pattern from that in systemic
JIA–MAS and therefore, a distinct pathogenic mechanism.
On the other hand, the same activating polymorphism
of IFN regulatory factor 5 that has been associated with
risk of SLE conferred a 4-fold increased risk of MAS de-
velopment in patients with systemic JIA (35), suggesting
common pathogenic links. In the case of juvenile DM–asso-
ciated MAS, serum IL-6 and IL-18 concentrations were
reported to be elevated, declining as disease improved, also
suggesting some common features with systemic JIA–MAS

(36). To comprehensively compare and contrast these
MAS phenotypes in different rheumatic diseases, prospec-
tive multicenter efforts with collection and study of larger
numbers of specimens will be necessary.

Iatrogenic cytokine storm syndrome. Iatrogenic
causes of cytokine storm can also be informative as these
cases are, in a sense, controlled experiments from which
mechanistic insights can be gained. The entire list of iatro-
genic causes of cytokine storm is too extensive to enumer-
ate, but they range from pharmacologic, as in the case
of rituximab therapy (37), to procedural, such as cardiac
bypass (38). The recent use of chimeric antigen receptor
(CAR) T cells for the treatment of CD191 B cell malig-
nancy is a striking example in which patients develop a
cytokine storm referred to as cytokine release syndrome
(CRS) (39). A detailed dissection of the mechanisms by
which CAR T cells induce CRS is beyond the scope of this
review. Studies suggest a few key points related to the
mechanism of CRS following immunotherapy (39–42): 1)
lysis of sufficient targets is required, whether they be tumor
or normal endogenous B cells; 2) diverse targets may be
sufficient for CRS, as 2 distinct antigenic CAR T cell–
directed therapies have been shown to cause CRS; and 3)
both macrophages and IL-6 appear related to the develop-
ment of CRS. The extent to which the mechanisms of CRS
may relate to FHLH or MAS is unknown, and further
work to test these mechanisms should be undertaken.

Treatment of cytokine storm syndromes

Put in simplest terms, treatment of cytokine storm
syndromes consists of immunosuppression accompanied
by attempts to control the underlying trigger or disease. In
the case of genetically defined syndromes in which replace-
ment of the hematopoietic system with genetically normal
bone marrow would be “curative,” allogeneic bone marrow
transplant also plays an important role. In rheumatic
disease–associated cytokine storm, treatment of the under-
lying disease is essential. Clearly, antimicrobial agents are
warranted for any patient with an infectious trigger. With
increased understanding of disease mechanisms and the
ever-expanding armamentarium of biologic agents and
other treatments that inhibit specific pathways, targeted
therapy for the various cytokine storm syndromes is becom-
ing a reality.

A discussion of the management of every cyto-
kine storm variant is beyond the scope of this review.
Rather, we will review the evidence, from both human
studies and animal models, for various classes of
immunomodulating therapies, underscoring the value of
structured mechanistic investigations to inform a ratio-
nal treatment approach. We note both the “blunt tools”
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originally used empirically for their general ability to
suppress the immune system and the “sharper tools” of
rationally selected immunomodulators that have begun
to herald an era of “precision medicine” for cytokine
storm. As this approach continues to advance, it is worth
remembering that the terms “MAS” and “cytokine
storm” refer to a common end point of multiple different
underlying conditions, rather than a single disease. We
therefore call attention, where it exists, to evidence for
each therapy for use in specific subsets of cytokine storm
(Table 1). Investigators conducting future trials should
bear in mind this heterogeneity and test therapies in
select subsets, rather than in MAS as a whole.

Corticosteroids. As with most inflammatory dis-
ease, cytokine storm can be treated effectively with cor-
ticosteroids. The specific choice of agent often varies
between syndromes and disciplines. Methylprednisolone,
used in most rheumatic diseases, has been the most widely
reported in treatment of MAS, whether associated with
systemic JIA or with SLE. In contrast, dexamethasone is
often used in the treatment of FHLH and is the recom-
mended agent in the widely used FHLH treatment proto-
col (43). It has been argued that dexamethasone has
better central nervous system penetration than other
corticosteroids and is therefore preferred in FHLH.
However, consideration should also be given to effective
corticosteroid equivalency of the various regimens, as the
reported methylprednisolone-based regimens are often
20-fold more potent than the reported dexamethasone-
based regimens. The side effect profile of corticosteroids
is well known, and much effort has been—and continues
to be—dedicated to finding other agents that can spare
the need for extended periods of high-dose steroid
treatment.

Cytoablation. The oldest approach to steroid
sparing is cytoablative therapy, which is aimed at remov-
ing the specific cells that may be driving cytokine storm.

In reports of systemic JIA– and SLE-associated MAS,
cyclophosphamide was noted to have potential efficacy
(30,44). Likewise, in FHLH, etoposide has been a main-
stay of therapy for .20 years (43). More recently, studies
of animal models of FHLH demonstrated that these
drugs work by selectively destroying activated CD81 T
cells (45), consistent with the central role of these T cells
as IFN producers in FHLH pathogenesis. No such data
exist for other cytokine storm syndromes, and the fact
that these drugs are capable of eliminating multiple
immune populations likely contributes to their wide-
spread use and efficacy in treating cytokine storm of
multiple etiologies and association with a spectrum of
underlying diseases.

B cell ablation with rituximab has been observed
to have efficacy in Epstein-Barr virus (EBV)–associated
HLH (46). The proposed mechanism is reduction in the
reservoir of cells for EBV infection and replication,
thereby reducing viral load. It should be noted, however,
that EBV has tropism for other immune cells, including
natural killer cells and T cells, particularly in EBV-HLH
and chronic active EBV (47). As a case in point, one of us
has had personal experience with an EBV-HLH patient
who had an initial reduction in viral load with rituximab
therapy, only to have a rebound in viremia shortly there-
after. Flow cytometric sorting of various immune popula-
tions revealed that the virus had indeed infected non–B
cell populations, thereby escaping the rituximab therapy
(Behrens EM, Teachey DT: unpublished observations).

T cell ablation with antithymocyte globulin has
been reported both in the treatment phase and in the con-
ditioning for bone marrow transplant phase of FHLH
therapy, as well as in MAS (48). In the case of FHLH,
depletion of the pathogenic CD81 T cells presumably
contributes to the effectiveness of T cell ablation. A formal
trial of antithymocyte globulin in combination with etopo-
side and dexamethasone (the Hybrid Immunotherapy for

Table 1. Cytokine storm syndromes*

Syndrome Pathologic effectors Potential precision therapy

FHLH CD81 T cells, IFNg, IL-33 T cell inhibitors, IFNg neutralization,
IL-33 receptor blockade

EBV-HLH Viremia, IFNg B cell–depleting therapy
Systemic JIA–MAS IL-1b, myeloid cell

autoinflammation, IFNg
IL-1b blockade, IFNg neutralization

NLRC4-MAS IL-18, IL-18–induced IFNg IL-18 binding protein, IFNg neutralization
Non–systemic

JIA–MAS
Unknown Unknown

CRS IL-6, macrophages IL-6 receptor blockade, IL-6 neutralization
Sepsis Heterogeneous and multifactorial More precise geno- and phenotyping required

* FHLH 5 familial hemophagocytic lymphohistiocytosis; IFNg 5 interferon-g; IL-33 5 interleukin-33; EBV-
HLH 5 Epstein-Barr virus–associated HLH; systemic JIA–MAS 5 systemic juvenile idiopathic arthritis–associ-
ated macrophage activation syndrome; CRS 5 cytokine release syndrome.
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HLH [HIT-HLH]) trial has recently been completed in
FHLH, and results are forthcoming.

Alemtuzumab has also been reported to be effec-
tive in both FHLH (49) and SLE-associated MAS (50).
Alemtuzumab is a monoclonal antibody that depletes cells
bearing the CD52 marker, which includes all lymphocytes
as well as some myeloid cells, such as monocytes and den-
dritic cells. It is therefore potentially more potent than
more lineage-specific cytoablative antibodies, but at the
cost of more potent immunosuppression and infection risk.

T cell–directed immunomodulation. Given the
central role of CD81 T cells in FHLH, nonablative inhibi-
tors of T cell function are also attractive therapeutic choices
in this subset of cytokine storm. Cyclosporine and other cal-
cineurin inhibitors work by blocking key signaling pathways
downstream of the T cell antigen receptor, thereby pre-
venting the production of IL-2, a cytokine that is essential
for T cell survival and proliferation. Thus, cyclosporine
blunts the magnitude of T cell responses, making it a ratio-
nal choice for treatment of T cell–mediated diseases. It has
been a part of FHLH therapy for .20 years (43) and has
also been used in MAS associated with a number of rheu-
matic diseases (30,51), although no formal trials have been
conducted in this population.

Abatacept, an Fc fusion protein designed to bind
and inhibit CD28 signaling of T cells, is another potentially
attractive approach. CD28 is critical for providing the
“second signal” for robust T cell activation. A small case
series of 4 patients with systemic JIA, including 2 with
“mild MAS” with disease refractory to standard interven-
tion (including IL-1b blockade), demonstrated responsive-
ness to the addition of abatacept to the treatment regimen
(52). This finding suggests that abatacept therapy may be
efficacious, perhaps in combination with IL-1b blockade;
however, more formal study is needed to validate its use in
this condition. Enthusiasm may be tempered by the report
of a rheumatoid arthritis patient in whom EBV-HLH actu-
ally developed while the patient was receiving abatacept
therapy (53). Notably, virtually every medication used to
treat MAS has also been reported to cause MAS. In these
MAS cases, it is difficult to determine precisely whether
the drug or the underlying rheumatic disease was the true
trigger; thus, caution must be applied when interpreting
such reports.

IFNg blockade. Targeted cytokine therapy has
resulted in a dramatic change in the landscape of treatment
of immune disorders. With the identification of IFNg as a
necessary cytokine for the development of FHLH in
murine models (4,5), there has been much excitement
about the use of agents to block this cytokine for the treat-
ment of human disease. Further enthusiasm has been gen-
erated by a recent report of elevated IFNg signals in

patients with systemic JIA–MAS (29). At the time of prep-
aration of this manuscript, a trial is underway to test IFNg-
neutralizing therapy in FHLH. Results are not currently
available, but individual patient outcomes reported in
abstracts suggest promise for this approach (54). Safety
concerns are always important and may be informed, in
part, by reports of naturally occurring IFNg-neutralizing
autoantibodies in some patients (55). Serious mycobacte-
rial infections occur in such patients, suggesting that long-
term treatment with IFNg-neutralizing antibodies may be
limited by such complications. Pending the results of the
ongoing trials, IFNg blockade may indeed become a ra-
tional therapeutic modality.

Blockade of IL-1 family member cytokines. The
IL-1 family cytokines are composed of related proteins,
including IL-1b, IL-18, and IL-33, all of which are of inter-
est in cytokine storm syndromes. IL-1b has received the
most attention, as approved drugs have been available to
block this cytokine. There have been numerous published
case reports and case series supporting the use of IL-1b

blockade in MAS associated with various rheumatic dis-
eases (56,57). At least in the case of systemic JIA, use of
IL-1b blockade in MAS may reflect the principle of
treating the underlying disease as a trigger. Consistent with
this, multiple authors have suggested an “occult MAS”
phenotype in systemic JIA (58,59); that is, patients with
systemic JIA may have elements of MAS without the full
severe MAS phenotype. If MAS is indeed along the spec-
trum of severity of systemic JIA disease activity, it should
logically follow that therapies known to treat systemic JIA
should also treat MAS. Contrary to this notion is the
observation that ongoing treatment of systemic JIA with
IL-1b blockade does not appear to prevent the onset of
MAS, despite the efficacy of IL-1b blockade in reducing
disease activity (60). However, because those trials were
not powered to detect prevention of MAS and revealed a
trend toward protection that did not reach statistical sig-
nificance, this question remains open.

At a minimum, there are at least some patients
in whom IL-1b blockade does not prevent MAS.
Ascertaining why this subpopulation is different at the
immunologic level could prove enlightening with regard
to both pathogenesis and treatment approaches. In some
patients, increasing the dosage of anakinra was effective
in controlling previously refractory MAS (61,62), sug-
gesting that perhaps in some cases it is actually tachyphy-
laxis to IL-1b blockade that results in the apparent lack
of efficacy. Alternatively, it is possible that the ability of
anakinra to block IL-1a is important for its efficacy at
higher doses. This would have important implications
with regard to the use of canakinumab to treat or pre-
vent MAS, since this drug is selective only for IL-1b. To
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date, IL-1 blockade remains untested in FHLH, but
given the likely differences in pathogenesis between sys-
temic JIA–MAS and FHLH, there is no specific reason
to suspect that IL-1 blockade may have efficacy in this
disorder.

As discussed above, IL-18 levels are elevated in
patients with systemic JIA who are prone to MAS. IL-18
exists in equilibrium with IL-18 binding protein, in which
bound IL-18 is inactive and free IL-18 is active. Measure-
ments of free IL-18 have not been reported in patients
with systemic JIA–MAS. However, a pediatric patient with
NLRC4-MAS and highly elevated serum levels of free IL-
18 was recently reported (63). The child had been treated
unsuccessfully with numerous therapies, including IL-1b

and TNF blockade. Treatment with compassionate-use
recombinant IL-18 binding protein (tadekinig alfa)
resulted in complete resolution of symptoms and normali-
zation of laboratory values, even after withdrawal of other
medications including steroids. Although this was only a
single-patient experience, the dramatic response suggests
that cytokine storm syndromes characterized by elevated
levels of free IL-18 might benefit from such a therapy, and
this warrants further investigation.

Although IL-33 is also an IL-1 family member, it is
distinguished by not being a product of the inflammasome,
but rather is an alarmin, a molecule that is constitutively
expressed but released only upon necrotic cell death.
Based on its role in driving “type 2 immune responses”
characterized by Th2 CD41 T cells, eosinophils, and the
cytokines IL-4, IL-5, and IL-13, most clinical focus on IL-
33 has been on atopic disease, with trials in asthma under-
way. However, a role of IL-33 in IFNg production by
CD81 T cells was recently reported (64) and, likely related
to this, blockade of IL-33 protects against mortality and
morbidity in a murine model of FHLH (65). The safety
risks of IL-33 blockade may not be as serious as those of
IFNg blockade, making this an attractive therapeutic strat-
egy for human disease. Just as the murine model has pro-
vided preclinical rationale for ongoing trials of IFNg

neutralization in FHLH, IL-33 may also be an important
target for FHLH. Furthermore, a report of patients de-
veloping FHLH-like syndromes despite having genetic
mutations that result in the absence of the IFNg receptor
(11) suggests that it will be important to develop other
therapeutic targets beyond IFNg.

IL-6 blockade. Paralleling the logic behind the
use of IL-1b blockade in systemic JIA–MAS, the efficacy
of IL-6 blockade with the IL-6 receptor–blocking antibody
tocilizumab in systemic JIA might also make this an attrac-
tive target for MAS. Unfortunately, as in the case of IL-1b

blockade, IL-6 blockade does not seem to prevent the
development of MAS in systemic JIA. Other authors have

suggested that while IL-6 receptor blockade does not pre-
vent MAS, it may mask its appearance by subduing the lab-
oratory changes that normally occur in MAS (66), creating
a greater challenge for the treating physician by confusing
the clinical picture. Distinguishing “masked MAS” from
“partially treated MAS” is somewhat arbitrary and diffi-
cult, though, and an alternate explanation is that IL-6
blockade has an incomplete ability to treat MAS. Further
investigation will be needed to clarify this point. However,
it is clear that IL-6 is not the central cytokine in systemic
JIA–MAS, even if blocking it has a partial effect.

In complete contradistinction to systemic JIA–
MAS, the CRS associated with CAR T cell therapy appears
to be completely dependent on IL-6. Using tocilizumab to
treat patients with CAR T cell therapy–induced CRS
results in a dramatic reversal of the syndrome and has
become part of the protocol for its management (67). This
serves to further highlight that, while clinical end point pre-
sentations of cytokine storm syndromes may be similar, the
driving forces in their initiation and propagation may differ
dramatically.

TNF blockade. TNF initially appeared to be an
attractive target for cytokine storm of sepsis, despite its
failure in actual clinical trials. Undoubtedly, TNF blockade
is an important therapeutic modality for treatment of
inflammation associated with a number of rheumatic dis-
eases, and so the possibility remains that, as with IL-6,
selection of the correct subpopulation of cytokine storms
may be critical. Case reports describing patients in whom
TNF blockade successfully treated—as well as reports
describing patients in whom it caused—systemic JIA–
MAS can be found (68–70). There have been no system-
atic investigations into the use of TNF blockade in MAS or
FHLH, and, given that other targets currently seem more
promising, further investigation of TNF blockade in cyto-
kine storm will likely be of lower priority.

JAK inhibition. JAK/STAT signaling is a com-
mon mechanism used by many different cytokine recep-
tors, including IFNg. With the recent clinical availability of
inhibitors of JAK signaling for rheumatoid arthritis, con-
sideration of repurposing these drugs for treatment of cyto-
kine storm seems natural. Studies by 2 different groups
showed efficacy of JAK inhibition in murine models of
FHLH and MAS (71,72), providing important preclinical
evidence supporting this approach. Whether the effects of
JAK inhibition can be accounted for solely by IFNg block-
ade has not been resolved. The attraction of inhibition of
JAK signaling is that multiple cytokine–receptor pairs can
be targeted simultaneously, obviating the need to know the
specific cytokines essential in any particular scenario. Fur-
thermore, the oral bioavailability of these small-molecule
drugs makes their use in long-term therapy more tolerable
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to patients than injectable medications. However, the obvi-
ous tradeoff of the first benefit is the greater possibility for
on-target, but deleterious, side effects due to the blockade
of multiple pathways at once, as opposed to targeting of
a single cytokine or receptor. Indeed, plasmapheresis,
another modality that can remove multiple cytokines con-
currently, has also been reported as a successful modality
in treating cytokine storm (73), providing additional sup-
port for this approach.

Conclusions

Much progress has been made in understanding the
mechanisms that initiate and propagate cytokine storm.
Data from animal models have informed the development
and deployment of novel cytokine-blocking strategies in
humans and have ushered in the possibility of repurposing
existing drugs to treat cytokine storm. Continued focus on
fundamental mechanisms, coupled with human observa-
tional and interventional studies, will allow us to more pre-
cisely define in which populations and in which phase of
their disease these therapies will be most effective. Indeed,
returning to Osler’s original observation about the role of
the immune system in sepsis, the results of the original
“failed” trial of IL-1b blockade in sepsis were recently re-
analyzed to focus only on the subgroup with elevated levels
of ferritin, akin to FHLH/MAS (74). In this subgroup,
IL-1b blockade had a beneficial effect that had been lost
in the analysis of the entire cohort. Undoubtedly, such
post hoc analyses are fraught with potential confounders
(75); however, the findings in that study emphasize that the
time is ripe to reconsider immune-directed therapy for
even this “oldest” of cytokine storms. A precision medicine
approach, achieved by understanding the immune mecha-
nisms that lead to cytokine storm in subpopulations, and
perhaps even individual patients, is likely to yield benefits
in other heterogeneous groups of patients with cytokine
storm, such as those with systemic JIA or SLE. Continued
basic, translational, and clinical investigation will be needed
to make such an approach possible. Fortunately, the pace
at which new investigations are being conducted and
reported suggests that if support for these efforts continues,
we can succeed at achieving this.
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Secukinumab in Active Rheumatoid Arthritis

A Phase III Randomized, Double-Blind, Active Comparator– and
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Mats Andersson,6 Susanne Rohrer,6 and Hanno Richards6

Objective. To evaluate the efficacy and safety of
secukinumab in patients with active rheumatoid arthri-
tis (RA) who had an inadequate response to or intoler-
ance of tumor necrosis factor (TNF) inhibitors.

Methods. In this phase III study, 551 patients were
randomized (1:1:1:1) to receive intravenous secukinumab
at a dose of 10 mg/kg (at baseline and weeks 2 and 4) fol-
lowed by subcutaneous secukinumab at a dose of either
150 mg or 75 mg every 4 weeks or, alternatively, abatacept
or placebo on the same dosing schedule. The primary end
point was the proportion of patients achieving 20%
improvement in disease activity according to the Ameri-
can College of Rheumatology response criteria (ACR20)
at week 24 in the secukinumab 150 mg or 75 mg treatment
groups as compared with placebo. Key secondary end
points included change from baseline to week 24 in the
Disease Activity Score in 28 joints using C-reactive pro-
tein level (DAS28-CRP) and the Health Assessment Ques-
tionnaire disability index (HAQ DI), as well as the ACR
50% improvement (ACR50) response rate at week 24.

Results. The primary efficacy end point was met in
patients receiving 150 mg secukinumab, in whom the
ACR20 response rate at week 24 was significantly higher
than that in the placebo group. The ACR20 response rates
at week 24 were 30.7% in patients receiving 150 mg
secukinumab (P 5 0.0305), 28.3% in those receiving
75 mg secukinumab (P 5 0.0916), and 42.8% in those
receiving abatacept, compared with 18.1% in the placebo
group. A significant reduction in the DAS28-CRP was
seen in patients treated with 150 mg secukinumab
(P 5 0.0495), but not in patients treated with 75 mg
secukinumab. Improvements in the HAQ DI and ACR50
response rates were not significant in the 2 secukinumab
dose groups compared with the placebo group. The over-
all safety profile was similar across all treatment groups.

Conclusion. Secukinumab at a dose of 150 mg
resulted in improvement in signs and symptoms and
reduced disease activity in patients with active RA who
had an inadequate response to TNF inhibitors. Improve-
ments observed with abatacept were numerically higher
than with secukinumab. There were no new or unex-
pected safety signals with secukinumab in this study.

Rheumatoid arthritis (RA) is a chronic inflamma-
tory autoimmune disease characterized by progressive
synovial inflammation and destruction of joint cartilage
and bone (1). RA affects ;0.5–1.0% of the population
worldwide and is associated with decline in functional sta-
tus, significant morbidity, reduced health-related quality of
life, and premature mortality (2,3). Current guidelines rec-
ommend treatment with nonsteroidal antiinflammatory
drugs (NSAIDs) or conventional synthetic disease-
modifying antirheumatic drug (csDMARD) therapy with
or without concomitant glucocorticoid therapy as the first
line of treatment (4).
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Tumor necrosis factor (TNF) inhibitors are consid-
ered the initial choice for patients in whom NSAIDs and
csDMARDs are ineffective and/or for whom toxicity is a
concern (4). However, alternatives to anti-TNF therapies
are needed, since some patients treated with anti-TNF
agents may have an inadequate treatment response or the
medication may have unacceptable toxicity. Abatacept is
one of the biologic DMARDs with proven efficacy in
patients with RA who have an inadequate response to
TNF inhibitors (5). Abatacept selectively modulates a
CD28-mediated costimulation required for full T cell acti-
vation (6).

Interleukin-17A (IL-17A) has been considered a
potential therapeutic target for the treatment of RA (7–13).
IL-17A, the principal effector cytokine of Th17 cells identi-
fied as being prominent in the pathogenesis of RA (14,15),
has been implicated in the promotion of osteoclastogenesis
(16), cartilage breakdown (17), and bone erosion (7).
Although IL-17A is elevated in the synovium of patients
with RA (18), the exact role of IL-17 in comparison with
other relevant inflammation pathways (19) in RA has not
yet been studied in a large phase III trial.

Secukinumab is a high-affinity, fully human IgG1
monoclonal antibody that selectively binds to and

neutralizes IL-17A. Secukinumab is approved for the
treatment of moderate-to-severe psoriasis, psoriatic arthri-
tis (PsA), and ankylosing spondylitis (AS) (20). Findings
from a proof-of-concept trial and 3 phase II dose-finding
trials have suggested that secukinumab may provide bene-
fit for RA patients, although efficacy was variable between
the different study populations (10,21,22).

The present study evaluated the efficacy and safety
of secukinumab compared with abatacept and placebo
from a pivotal phase III active comparator– and placebo-
controlled study in RA patients who had an inadequate
response to or intolerance of TNF inhibitors. Data from a
respective extension trial are also included in this report.
However, due to early closure of the extension trial, only
safety data are reported.

PATIENTS AND METHODS

Study design. This double-blind, double-dummy, ran-
domized, parallel-group, active comparator– and placebo-
controlled study was conducted across 121 centers in 15 coun-
tries. The study assessed efficacy at 24 weeks and up to 1 year in
patients with active RA who had an inadequate response to TNF
inhibitors. The study design is shown in Figure 1. Patients who
received secukinumab and who completed 1 year of treatment
were eligible to join an extension study with a planned follow-up

Figure 1. Study design. BSL 5 baseline; i.v. 5 intravenous; s.c. 5 subcutaneous; NR 5 nonresponder; TJC 5 tender joint count; SJC 5 swollen joint count.
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of a total of 5 years, although the mean total follow-up was 1.4
years due to early closure of the extension trial.

After a 4-week screening period, patients were ran-
domly assigned (randomization ratio 1:1:1:1) to receive intrave-
nous (IV) secukinumab at a dose of 10 mg/kg (at baseline and
weeks 2 and 4) followed by subcutaneous (SC) secukinumab at
a dose of either 150 mg or 75 mg every 4 weeks up to week 48
or, alternatively, abatacept (IV loading followed by monthly IV
dosing: 500 mg for ,60 kg body weight, 750 mg for 60–100 kg
body weight, and 1,000 mg for .100 kg body weight) or placebo
on the same IV and SC dosing schedule (Figure 1).

At week 16, patients receiving placebo who were non-
responders (response defined as $20% improvement from
baseline in both the tender joint count and swollen joint count)
were rerandomized (1:1) to receive secukinumab at 150 mg SC
or 75 mg SC every 4 weeks. Patients who were placebo respond-
ers at week 16 were rerandomized (1:1) to receive secukinumab
at 75 mg SC or 150 mg SC every 4 weeks starting at week 24.
Patients receiving abatacept who were nonresponders at week
16 were rerandomized (1:1) to receive secukinumab at 150 mg
SC or 75 mg SC every 4 weeks starting at week 24, after an 8-
week washout period during which they received placebo,
administered in a blinded manner, at weeks 16 and 20.

A double-dummy design was used throughout the study,
as the study treatments differed in their forms and routes of
administration (Figure 1). IV infusion bags with reconstituted
secukinumab/placebo or abatacept/placebo solutions identical in
appearance were used in the 52-week core study. At each treat-
ment time point starting at week 8, 2 SC injections in the form of
prefilled syringes (PFS) were administered, as secukinumab was
available in either 0.5 ml (75 mg) PFS or 1.0 ml (150 mg) PFS.
Placebo was also available in 0.5 ml and 1.0 ml PFS to match the
active drug. Only patients who received secukinumab during the
52-week core study were eligible to participate in the extension
study, during which they received the same dose of secukinumab
as they had received in the core study.

Efficacy data are presented for the core study (placebo-
controlled up to week 24). Safety information is presented from
the entire core study and includes all available data from the
extension study.

Patients. Patients at least 18 years of age who had been
diagnosed at least 3 months before screening as having RA using
the American College of Rheumatology/European League
Against Rheumatism 2010 revised criteria for RA (23) were eligi-
ble for the study. Patients were also required to have active dis-
ease at baseline, defined as the presence of $6 tender joints (of
68 total) and $6 swollen joints (of 66 total), together with a posi-
tive result on either the anti–cyclic citrullinated peptide antibody
test or the rheumatoid factor test, and either a high-sensitivity C-
reactive protein (hsCRP) level of $10 mg/liter or erythrocyte
sedimentation rate (ESR) of $28 mm/first hour at screening.
Patients had to have been receiving methotrexate (dosage of 7.5–
25 mg/week) or any other DMARD for at least 3 months before
randomization, and the DMARD should have been adminis-
tered in a stable dose for at least 4 weeks before randomization.
For any patients who were taking more than 1 DMARD, study
participation was allowed after an appropriate washout period.
Patients also had to have received at least 1 TNF inhibitor for at
least 3 months before randomization and to have experienced an
inadequate response to or intolerance of at least 1 dose of the
anti-TNF agent. Patients may have been receiving more than 1

TNF inhibitor. The major exclusion criteria included ongoing
rheumatic or inflammatory joint diseases other than RA, evi-
dence of malignancy or infection seen on chest radiography,
active tuberculosis infection, or previous use of biologic
immunomodulating agents except for those targeting TNF.

The study protocol and all amendments were reviewed
by the Independent Ethics Committee or Institutional Review
Board for each center. The study was conducted in accordance
with the ethics principles of the Declaration of Helsinki, and
patients provided written informed consent before enrollment
for the core study and separately for the extension study.

Outcome measures. The primary end point was the
efficacy of secukinumab (administered at a dose of 150 mg or
75 mg) compared with placebo at week 24. Efficacy was
measured as the proportion of patients achieving 20% improve-
ment in disease activity based on the American College of
Rheumatology response criteria (ACR20) (24).

The key secondary efficacy outcome measures were the
change from baseline in the Disease Activity Score in 28 joints
(25) using C-reactive protein level (DAS28-CRP) and the Health
Assessment Questionnaire disability index (HAQ DI) (26) as
well as the proportion of patients achieving an ACR 50%
improvement response (ACR50) at week 24. Other secondary
efficacy end points included the ACR20, ACR50, and ACR70
(70% improvement) response rates and the change from base-
line in the DAS28-CRP, the DAS28 using ESR (DAS28-ESR),
and the HAQ DI at time points other than week 24. Subgroup
analyses were conducted for a limited number of parameters,
including baseline CRP level and change from baseline in the
DAS28-CRP.

Safety was assessed throughout the core and extension
periods by evaluation of all treatment-emergent adverse events
(AEs) and serious AEs (SAEs), laboratory assessments, and
assessment of immunogenicity (antisecukinumab antibodies).
Safety analysis was performed separately for the initial period (up
to week 16) and the entire treatment period including all available
data from the extension study. Use of data up to and including
week 16 provided an unbiased comparison between secukinumab,
placebo, and abatacept, since, up to week 16, there was no switch
in any treatment arm (see study design in Figure 1). Data collected
beyond week 16 were included in analyses that summarized the
entire treatment period, including the extension study.

Statistical analysis. Sample size calculations were per-
formed using Fisher’s exact test assuming an ACR20 response
rate of 20% in the placebo group and 50% in the secukinumab
dose groups at week 24. Including 137 patients per group with a
Type I error rate of 2.5% provided 99% power to detect a differ-
ence between the secukinumab and placebo groups. The range of
power for the secondary end points was between 89% and 99%.

The primary end point was analyzed via logistic regression
analysis, with treatment as a factor and weight as a covariate. Odds
ratios were computed for comparisons of the secukinumab
regimens with the placebo regimen, utilizing a fitted logistic regres-
sion model. For patients meeting the criteria for early escape at
week 16, their ACR20 response rate was set to nonresponse at week
24. This applied for all 4 treatment regimens in order to minimize
bias. A hierarchical testing strategy was used to analyze the primary
and secondary efficacy end points in order to maintain a family-wise
error rate of 5% across the secukinumab groups and end points.

Binary variables up to week 24 were analyzed via a logistic
regression model that included treatment as a factor and weight as
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a covariate. Missing values, including those due to discontinuation
of the study treatment, were imputed as nonresponses through
week 24 (nonresponder imputation). Between-group differences
in continuous variables up to week 24 were evaluated with the use
of a mixed-effects model repeated-measures approach. Weight
and baseline value of the outcome variable were included in the
model as continuous covariates. Treatment by analysis visit and
baseline score by analysis visit were included as interaction terms
in the model.

The analyses of efficacy variables were performed in
all patients who were randomized and to whom study treat-
ment had been assigned (full analysis set). The safety set com-
prised all patients who received at least 1 dose of the study
drug during the treatment period. Up to week 16, safety group
assignments were those determined by the randomization
schedule (secukinumab, abatacept, or placebo); beyond week
16, safety is reported on the basis of the treatment assigned.

RESULTS

Characteristics of the patients. In total, 551
patients with RA were randomized to 1 of the 4 treatment
groups, of whom 390 (70.8%) completed 52 weeks of treat-
ment. Details of the disposition of patients and the reasons
for discontinuation are shown in Figure 2. The maximum

exposure time for any secukinumab dose in the period
including the extension study was 184 weeks, with a mean
exposure of 537 days and a median exposure of 478 days.

The patients’ demographic and baseline clinical
characteristics were comparable across the treatment
groups (Table 1). The mean age ranged from 51.6 years to
55.9 years across the treatment groups. The majority of
patients were female (77.5–86.2% across the treatment
groups) and at least 70% in each group were white. Fur-
thermore, 122 patients reported a previous exposure to
more than 1 TNF inhibitor, and 52.2–62.8% of patients
across the groups reported concomitant use of glucocorti-
coids. Between 5.8% and 13.0% of patients were taking
methotrexate, and between 16.7% and 23.4% of patients
were taking leflunomide. Baseline values for the mean
tender joint count ranged between 24.1 and 25.6, while the
mean swollen joint count was between 15.8 and 17.0. More-
over, the mean DAS28-CRP was between 5.7 and 5.9, and
the median hsCRP level was between 9.3 and 10.8 mg/liter.

Efficacy. Primary efficacy outcomes. At week 24,
the ACR20 response rates were 30.7% among patients
receiving 150 mg secukinumab, 28.3% among those

Screened n=882

Randomized n=551

Secukinumab 75 mg n=138 Secukinumab 150 mg n=137 Abatacept n=138 Placebo n=138

Completed treatment at 
Week 52: n=97 

Discontinued (n=41):

Adverse events
Lack of efficacy
Patient decision
Other
Death

8 (5.8%) 
16 (11.6%) 
11 (8.0%) 
13 (9.4%)
1 (0.7%)

Completed treatment at 
Week 52: n=90 

Discontinued (n=47):  

Adverse events

Lack of efficacy
Patient decision

Other
Death

10 (7.3%) 

19 (13.9%) 
17 (12.4%) 

0 (0.0%) 
1 (0.7%)

aCompleted  treatment at 
Week 52: n=112

Discontinued (n=26): 

Adverse events 

Lack of efficacy 
Patient decision 

Other 
Death

8 (5.8%) 

5 (3.6%) 
7 (5.1%) 

6 (4.3%) 
0 (0.0%)

bCompleted treatment at 
Week 52: n=91 

Discontinued (n=47):  

Adverse events 

Lack of efficacy
Patient decision 

Other
Death

8 (5.8%) 

18 (13.0%) 
16 (11.6%) 

4 (2.8%)
1 (0.7%)

Randomized 
at week 16

Re-randomized beyond 
week 16 

W16 non-responders 
re-randomized (1:1):
     sec 75 mg (n=18) 
     sec150 mg (n=19)
1st dose at W24

W16 non-responders 
re-randomized (1:1):
     sec 75 mg (n=39) 
     sec 150 mg (n=39)
1st dose at W16

W16 responders 
re-randomized (1:1):
     sec 75 mg (n=23) 
     sec 150 mg (n=22)
1st dose at W24

Figure 2. Disposition of patients. Patients were classified as responders or nonresponders at week 16 (W16) and were rerandomized to receive
75 mg secukinumab (sec) subcutaneously (SC) or 150 mg secukinumab SC. Only patients receving secukinumab at week 52 were eligible to enter
the extension study. a 5 All of the patients in the abatacept group who completed treatment from week 1 to week 52 irrespective of
rerandomization. b 5 All of the patients in the placebo group who completed treatment from week 1 to week 52. Groups in the boxes with bro-
ken outlines are rerandomized groups.
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receiving 75 mg secukinumab, and 42.8% among those
receiving abatacept, compared with 18.1% in the placebo
group (Table 2 and Figure 3A). The primary end point of
the ACR20 response rate at week 24 was met in patients
receiving 150 mg secukinumab, whose ACR20 response
rates were statistically significantly higher than those in
the placebo group, as determined using the predefined
statistical testing hierarchy (adjusted P 5 0.0305). For the
secukinumab 75 mg group, the primary end point was not
met (adjusted P 5 0.0916).

Key secondary efficacy results. The first key sec-
ondary end point, change in the DAS28-CRP from baseline
to week 24, was met in the secukinumab 150 mg group,
whose DAS28-CRP showed a statistically significant reduc-
tion at week 24, as determined using the predefined statisti-
cal testing hierarchy (adjusted P 5 0.0495) (Figure 3B).
None of the other key secondary end points (HAQ DI and
ACR50 response rates) were met in the secukinumab

150 mg group at week 24. In the secukinumab 75 mg group,
none of the key secondary end points were met.

The least squares mean (LSM) change in the
DAS28-CRP from baseline to week 24 was 21.47 in both
secukinumab dose groups, 22.07 in the abatacept group,
and 21.02 in the placebo group. The LSM change in the
HAQ DI from baseline to week 24 was 20.39 in the
secukinumab 150 mg group, 20.30 in the secukinumab
75 mg group, 20.61 in the abatacept group, and 20.26 in
the placebo group. The ACR50 response rates at week 24
were 16.8% in those receiving 150 mg secukinumab,
11.6% in those receiving 75 mg secukinumab, 27.5% in
those receiving abatacept, and 9.4% in those receiving pla-
cebo (Table 2).

Other secondary efficacy results. The trends in the
ACR50 and ACR70 response rates were similar to those
in the ACR20 response rate up to week 24 (Table 2).
Patients who received secukinumab showed numerically

Table 1. Demographic and baseline clinical characteristics of the patients in each randomized group*

Secukinumab
150 mg

(n 5 137)

Secukinumab
75 mg

(n 5 138)
Abatacept
(n 5 138)

Placebo
(n 5 138)

Age, mean 6 SD years 55.9 6 12.3 54.9 6 11.3 51.6 6 12.4 55.5 6 12.1
Female, no. (%) 109 (79.6) 119 (86.2) 107 (77.5) 115 (83.3)
Weight, mean 6 SD kg 76.0 6 19.8 76.8 6 19.4 77.6 6 18.9 77.5 6 19.7
Race, no. (%)

White 101 (73.7) 107 (77.5) 105 (76.1) 97 (70.3)
Black 3 (2.2) 4 (2.9) 4 (2.9) 7 (5.1)
Asian 2 (1.5) 2 (1.4) 0 (0.0) 1 (0.7)
Other 31 (22.6) 25 (18.1) 29 (21.0) 33 (23.9)

68-joint TJC, mean 6 SD 25.5 6 14.2 25.6 6 15.4 24.1 6 14.1 24.4 6 15.0
66-joint SJC, mean 6 SD 17.0 6 8.9 17.0 6 9.1 15.8 6 8.8 16.4 6 9.1
Duration of RA, mean 6 SD years 9.5 6 8.0 10.2 6 8.7 10.2 6 8.1 10.3 6 7.7
DAS28-CRP, mean 6 SD 5.9 6 0.9 5.7 6 1.0 5.7 6 1.0 5.8 6 0.9
DAS28-ESR, mean 6 SD 6.8 6 0.9 6.6 6 1.0 6.6 6 1.0 6.6 6 0.9
hsCRP, mg/liter

Level .10 mg/liter, no. (%) 70 (51) 67 (49) 64 (46) 71 (51)
Median (range) 10.8 (0.1–264.1) 9.6 (0.1–300) 9.3 (0.2–142.3) 10.8 (0.3–100.8)

Positive for RF, no. (%)† 131 (94.9) 131 (95.6) 130 (94.2) 133 (96.4)
Positive for anti-CCP, no. (%) 115 (83.9) 115 (83.3) 114 (82.6) 121 (87.7)
HAQ DI, mean 6 SD 1.7 6 0.6 1.7 6 0.6 1.7 6 0.6 1.8 6 0.6
TNF-naive patients, no. (%)‡ 1 (0.7) 1 (0.7) 0 (0.0) 0 (0.0)
Prior use of other biologic DMARD, no. (%)§ 1 (0.7) 1 (0.7) 1 (0.7) 2 (1.4)
Use of oral DMARDs at randomization, no. (%) 117 (85.4) 116 (84.1) 121 (87.7) 112 (81.2)

Methotrexate 11 (8.0) 15 (10.9) 8 (5.8) 18 (13.0)
Leflunomide 32 (23.4) 30 (21.7) 26 (18.8) 23 (16.7)
Other 1 (0.7) 1 (0.7) 1 (0.7) 2 (1.4)

Dosage of MTX at randomization,
mean 6 SD mg/week

15.4 6 4.8 15.7 6 5.2 15.2 6 4.9 16.4 6 9.8

Systemic glucocorticoids use, no. (%) 86 (62.8) 72 (52.2) 73 (52.9) 80 (58.0)

* TJC 5 tender joint count; SJC 5 swollen joint count; RA 5 rheumatoid arthritis; DAS28-CRP 5 Disease Activity
Score in 28 joints using C-reactive protein level; DAS28-ESR 5 DAS28 using erythrocyte sedimentation rate;
hsCRP 5 high-sensitivity C-reactive protein; anti-CCP 5 anti–cyclic citrullinated peptide; HAQ DI 5 Health Assess-
ment Questionnaire disability index; MTX 5 methotrexate.
† Negative was defined as a rheumatoid factor (RF) titer of ,14 units/ml.
‡ These patients who had not previously taken anti–tumor necrosis factor (anti-TNF) agents were protocol deviators.
§ These patients who previously took other biologic disease-modifying antirheumatic drugs (DMARDs) were protocol
deviators.
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higher response rates at week 24, both with the ACR50 (in
both secukinumab dose groups) and the ACR70 (only in
the secukinumab 150 mg group), as compared with
patients who received placebo. The ACR50 and ACR70
responses were higher in the abatacept dose group com-
pared with both secukinumab dose groups. ACR20,
ACR50, and ACR70 responses achieved at week 24 were

sustained up to week 52 in both secukinumab dose groups
(Table 2).

Reductions in the mean DAS28-CRP from base-
line up to week 24 were greater in patients receiving either
of the secukinumab regimens compared with those receiv-
ing placebo. DAS28-CRP response rates were sustained
from week 8 through week 52 in both secukinumab dose

Table 2. Summary of primary and secondary end points at weeks 24 and 52

End point, week

Secukinumab
150 mg

(n 5 137)

Secukinumab
75 mg

(n 5 138)
Abatacept
(n 5 138)

Placebo
(n 5 138)

ACR20*
Week 24 42 (30.7)† 39 (28.3) 59 (42.8)† 25 (18.1)
Week 52 55 (62.5) 52 (56.5) 59 (74.7) NA‡

DAS28-CRP§
Week 24 21.5 6 0.1† 21.5 6 0.1 22.1 6 0.1† 21.0 6 0.2
Week 52 22.1 6 1.4 21.8 6 1.4 22.7 6 1.4 NA

HAQ DI§
Week 24 20.4 6 0.1 20.3 6 0.5 20.6 6 0.1† 20.3 6 0.1
Week 52 20.5 6 0.6 20.3 6 0.5 20.8 6 0.7 NA

ACR50 response rate*
Week 24 23 (16.8) 16 (11.6) 38 (27.5)† 13 (9.4)
Week 52 40 (45.5) 24 (26.1) 41 (51.9) NA

ACR70 response rate*
Week 24 14 (10.2) 7 (5.1) 17 (12.3)† 7 (5.1)
Week 52 17 (19.3) 6 (6.5) 18 (22.8) NA

DAS28-ESR§
Week 24 21.7 6 0.1† 21.7 6 0.1† 22.3 6 0.1† 21.2 6 0.2
Week 52 22.5 6 1.3 22.1 6 1.4 23.0 6 1.4 NA

* Values for the American College of Rheumatology 20% (ACR20), 50% (ACR50), and 70% (ACR70)
improvement response rates are the number (%) of patients, based on nonresponder imputation data at week
24 and observed data at week 52.
† P , 0.05 versus placebo, adjusted for multiplicity of testing.
‡ NA 5 not applicable.
§ Values for the Disease Activity Score in 28 joints using C-reactive protein level (DAS28-CRP), Health
Assessment Questionnaire disability index (HAQ DI), and DAS28 using erythrocyte sedimentation rate
(DAS28-ESR) are the mixed-effects model repeated-measures least squares mean 6 SEM change from base-
line at week 24 and least squares mean 6 SD change from baseline at week 52.

Figure 3. A, Rates of 20% improvement in disease activity according to the American College of Rheumatology response criteria (ACR20) over
the first 24 weeks of treatment, using data from nonresponder imputation. B, Change from baseline through week 24 in the Disease Activity
Score in 28 joints using C-reactive protein level (DAS28-CRP). All footnote symbols above the lines indicate significant differences versus pla-
cebo at P # 0.05. P values are adjusted for multiplicity of testing for secukinumab 150 mg and secukinumab 75 mg versus placebo. The broken
vertical line at week 16 indicates that patients receiving placebo could escape to active treatment at week 16 if they did not respond to treatment
based on 20% improvement in the tender and swollen joint counts. Values next to lines indicate the number of subjects randomized.
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groups. A larger reduction in the DAS28-CRP from base-
line was seen in patients with a baseline hsCRP level of
.10 mg/liter compared with those with a baseline hsCRP
level of #10 mg/liter. At week 24, in the subgroup of
patients with a baseline hsCRP level of #10 mg/liter, the
LSM changes from baseline in the DAS28-CRP were
21.32 in the secukinumab 150 mg group (P 5 0.0304),
21.37 in the secukinumab 75 mg group (P 5 0.0171), and
21.86 in the abatacept group (P 5 0.0001), as compared
with an LSM change of 20.70 in the placebo group. In the
subgroup of patients with a baseline hsCRP level of
.10 mg/liter, the LSM changes from baseline in the
DAS28-CRP were 21.64 in those receiving 150 mg
secukinumab (P 5 0.3878), 21.57 in those receiving 75 mg
secukinumab (P 5 0.5443), and 22.32 in those receiving
abatacept (P 5 0.0021), as compared with 21.39 in those
receiving placebo.

With regard to the DAS28-ESR, the LSM change
from baseline was greater in both secukinumab dose groups
compared with the placebo group at all time points up to
week 24. Specifically, at week 24, the DAS28-ESR LSM
changes from baseline were 21.73 in the secukinumab
150 mg group (P 5 0.0232), 21.68 in the secukinumab
75 mg group (P 5 0.0385), and 22.31 in the abatacept
group (P , 0.0001), as compared with 21.23 in the placebo
group. The improvement in the DAS28-ESR achieved at
week 24 was sustained through week 52 (Table 2).

The improvements in the HAQ DI score achieved
at week 24 were sustained up to week 52 in both
secukinumab dose groups. In addition, further improve-
ments in the HAQ DI were seen in the abatacept group
during this period (Table 2).

Safety. Initial 16-week period. As shown in Table
3, treatment-emergent AEs were reported to occur in a
higher proportion of patients in the secukinumab and abata-
cept groups compared with the placebo group in the initial
16-week period. The most frequently reported treatment-
emergent AEs, by system organ class, were infections and
infestations (Table 3). Within that class, the most commonly
reported AEs were influenza, upper respiratory tract infec-
tion, and nasopharyngitis. Musculoskeletal and connective
tissue disorders as well as gastrointestinal disorders occurred
at comparable rates in patients in both secukinumab dose
groups and the abatacept group (Table 3).

During the initial 16-week period, the most com-
monly reported AEs, by preferred term, in the
secukinumab group were diarrhea, headache, hyperten-
sion, and influenza (Table 3). The majority of AEs reported
up to week 16 were mild or moderate in severity. During
the initial 16-week period, 14 patients discontinued the
study treatment due to an AE: 5 in each of the

secukinumab groups, 3 in the abatacept group, and 1 in the
placebo group (Table 3).

The incidence of SAEs was low and comparable
between the groups during the initial 16-week period
(Table 3). The incidence of AEs of special interest, which
included major adverse cardiac events (MACEs), Candida
infection, and neutropenia, was low during the initial 16-
week period, including 3 cases of MACEs (all in the
secukinumab 150 mg group), 7 cases of esophageal candi-
diasis, and 9 cases of neutropenia. One death was reported
during the 16-week period, in the secukinumab 150 mg
group. This was attributed to fulminant pulmonary artery
embolism.

Entire treatment period. Treatment-emergent AEs
were reported in a higher proportion of patients in the
secukinumab and abatacept groups compared with the pla-
cebo group over the entire treatment period (Table 3). The
most frequently reported treatment-emergent AEs, by sys-
tem organ class, were infections and infestations (Table 3).
Within that class, the most commonly reported AEs were
nasopharyngitis and upper respiratory tract infection.

During the entire study period, rheumatoid arthri-
tis, nasopharyngitis, upper respiratory tract infection,
arthralgia, and hypertension were the most frequently
reported AEs, by preferred term, in the secukinumab
groups (Table 3). Most of the AEs reported over the entire
treatment period were mild or moderate in severity. Dur-
ing the entire study period, 43 patients discontinued the
study treatment due to an AE (38 in the secukinumab
groups and 5 in the abatacept group) (Table 3).

SAEs over the entire study period were reported
at a rate of 9.7 per 100 patient-years (13.4%) in the
secukinumab groups and 7.7 per 100 patient-years (6.6%)
in the abatacept group (Table 3). Among these SAEs, the
most frequently affected system organ classes were muscu-
loskeletal and connective tissue disorders, which occurred
in 11 patients (5.1%) who received 150 mg secukinumab,
9 patients (4.1%) who received 75 mg secukinumab, and 1
patient (0.7%) who received abatacept.

In terms of AEs of special interest, the overall
exposure-adjusted incidence rate (EAIR) of MACEs was
0.8 per 100 patient-years in the secukinumab groups and
0 per 100 patient-years in the abatacept group (Table 3).
For esophageal candidiasis and neutropenia, the EAIRs
were low and similar between the active treatment groups
(Table 3). No cases of tuberculosis were reported.

Three deaths occurred during the entire treat-
ment period after week 16. All of the deaths occurred in
the secukinumab 75 mg group (1 of unknown cause and
2 due to cardiac insufficiency).

Treatment-emergent antisecukinumab antibodies
(developing after secukinumab treatment in patients
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negative for these antibodies at baseline) were detected in
7 patients in the secukinumab groups. Antisecukinumab
titers were measured and were low. Neutralizing anti-
bodies were not detected.

DISCUSSION

Several phase II studies of secukinumab (12) and
other IL-17A inhibitor molecules, such as ixekizumab,
have demonstrated preliminary efficacy in the treatment of
patients with RA (13,27). This is the first report to com-
pare the efficacy of an IL-17A inhibitor with that of abata-
cept in a phase III randomized, double-blinded study of
patients with RA in whom TNF inhibitor therapy has
failed.

Secukinumab at a dose of 150 mg was statistically
superior to placebo at week 24 in the treatment of
patients with RA, and thus the primary end point of the
study was achieved. A statistically significant change in
the DAS28-CRP at week 24 was met only in the
secukinumab 150 mg group, whereas none of the other
key secondary end points, including the HAQ DI and the
ACR50 response rate, were met. For the secukinumab
75 mg group, neither the primary end point nor any of the
key secondary end points were met. Although this trial
was not powered for intergroup statistical comparisons, it
is noteworthy that the response to abatacept, as measured
using the ACR20, ACR50, and ACR70 response rates,
the DAS28-CRP, and the HAQ DI, indicated numerically
larger responses in the abatacept group compared with
the 2 secukinumab dose groups at most time points from
week 8 through week 24 and up to week 52. Efficacy
responses for abatacept were similar to those observed in
other trials of this compound in patients in whom TNF
inhibitor therapy has failed. The ACR50 response rate in
patients receiving abatacept in this study (27.5% at week
24) was similar to the efficacy previously observed in phase
III trials of abatacept in patients with an inadequate
response to TNF inhibitors (20.3% at week 24) (5).

Other second-line therapies, including anti–IL-6
therapies such as tocilizumab (28) and B cell–targeting
therapies such as rituximab (29), have demonstrated good
efficacy in RA patients in whom treatment with TNF
inhibitors has failed. Indirect comparisons of efficacy from
such agents, in conjunction with the results of the direct
comparison against abatacept in this trial, suggest that
inhibition of IL-17A with secukinumab proffers no addi-
tional benefit to RA patients with an inadequate response
to TNF inhibitors over currently approved therapies.
Thus, the extension period of this trial was closed early.

Safety data from this trial confirmed the safety
profile of secukinumab as previously reported in phase

III trials in patients with psoriasis, PsA, or AS, and these
data allow for a comparison with abatacept in terms of
common events such as infectious, gastrointestinal, and
musculoskeletal AEs. With respect to rare events such
as MACEs and deaths, no such events occurred in the
abatacept and placebo groups, and therefore direct
comparisons of EAIRs for these events were not possi-
ble in this trial. However, the EAIRs for MACEs and
deaths are comparable to those observed for other bio-
logic agents in patients with RA (30,31).

In conclusion, in this study, secukinumab at a dose
of 150 mg demonstrated efficacy for the treatment of
patients with active RA who had an inadequate response
to TNF inhibitors. However, no incremental benefit of
IL-17A inhibition was seen over other agents currently
approved for use in patients in whom TNF inhibitors
have failed. These data, along with the findings from
phase II studies (11,12) and data related to the use of
other anti–IL-17A agents (13,27), suggest that IL-17A
plays a lesser role in the pathogenesis of RA. Thus, block-
ade of IL-17A alone may not add to the armamentarium
for clinicians in the treatment of patients with RA in
whom anti-TNF therapy has failed. This stands in contrast
to the results seen in patients with spondyloarthropathies,
including PsA and AS, in whom inhibition of IL-17A with
secukinumab has demonstrated robust efficacy. The safety
profile of secukinumab in this study of patients with RA
was comparable to the safety profile of secukinumab in
PsA and AS.
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Cardiovascular Safety of Tocilizumab Versus
Tumor Necrosis Factor Inhibitors in Patients With

Rheumatoid Arthritis

A Multi-Database Cohort Study

Seoyoung C. Kim,1 Daniel H. Solomon,1 James R. Rogers,1 Sara Gale,2 Micki Klearman,2

Khaled Sarsour,2 and Sebastian Schneeweiss1

Objective. While tocilizumab (TCZ) is known to
increase low-density lipoprotein (LDL) cholesterol levels,
it is unclear whether TCZ increases cardiovascular risk in
patients with rheumatoid arthritis (RA). This study was
undertaken to compare the cardiovascular risk associated
with receiving TCZ versus tumor necrosis factor inhibitors
(TNFi).

Methods. To examine comparative cardiovascular
safety, we conducted a cohort study of RA patients who
newly started TCZ or TNFi using claims data from Medi-
care, IMS PharMetrics, and MarketScan. All patients
were required to have previously used a different TNFi,
abatacept, or tofacitinib. The primary outcome measure
was a composite cardiovascular end point of hospitaliza-
tion for myocardial infarction or stroke. TCZ initiators

were propensity score matched to TNFi initiators with a
variable ratio of 1:3 within each database, controlling for
>65 baseline characteristics. A fixed-effects model com-
bined database-specific hazard ratios (HRs).

Results. We included 9,218 TCZ initiators propen-
sity score matched to 18,810 TNFi initiators across all 3
databases. The mean age was 72 years in Medicare, 51 in
PharMetrics, and 53 in MarketScan. Cardiovascular dis-
ease was present at baseline in 14.3% of TCZ initiators and
13.5% of TNFi initiators. During the study period (mean 6
SD 0.9 6 0.7 years; maximum 4.5 years), 125 composite
cardiovascular events occurred, resulting in an incidence
rate of 0.52 per 100 person-years for TCZ initiators and
0.59 per 100 person-years for TNFi initiators. The risk of
cardiovascular events associated with TCZ use versus
TNFi use was similar across all 3 databases, with a com-
bined HR of 0.84 (95% confidence interval 0.56–1.26).

Conclusion. This multi-database population-based
cohort study showed no evidence of an increased cardio-
vascular risk among RA patients who switched from a dif-
ferent biologic drug or tofacitinib to TCZ versus to a
TNFi.

Epidemiologic studies of patients with rheumatoid
arthritis (RA) have shown a 1.5–2.0 times increased risk of
cardiovascular morbidity and mortality (1,2). This excess
cardiovascular risk is thought to be the result of not only
traditional cardiovascular risk factors but also RA severity
or active systemic inflammation (3,4). The 2015 American
College of Rheumatology guidelines for the treatment of
RA recommend a treat-to-target strategy to better control
disease activity in both early and established RA (5). Use
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of tumor necrosis factor inhibitors (TNFi) or other bio-
logic agents is recommended for patients who have
moderate-to-high disease activity while taking a traditional
disease-modifying antirheumatic drug (DMARD) (5).
Over the past decade, a number of studies have suggested
potential cardiovascular benefits of using DMARDs in
patients with RA (6). In particular, a number of cohort
studies showed that treatment with TNFi may be associ-
ated with a decreased cardiovascular risk, probably related
to a reduction in systemic inflammation (7–9), although
some studies did not find a beneficial effect on cardiovas-
cular risk in patients receiving TNFi compared with
patients receiving DMARDs (10,11).

Tocilizumab (TCZ), an interleukin-6 receptor
antagonist, is an effective biologic agent that reduces
inflammatory disease activity in RA. In several clinical
trials in humans, elevations in serum lipid levels were
noted among subjects receiving TCZ (12–14). In a head-
to-head randomized controlled trial (RCT) of TCZ mono-
therapy versus adalimumab monotherapy in 325 patients
with RA, TCZ was superior to adalimumab for the reduc-
tion of signs and symptoms of RA, but more patients in
the TCZ group had increased low-density lipoprotein
(LDL) cholesterol levels than in the adalimumab group
(15,16). Post hoc analyses of clinical trials and extension
studies of TCZ suggest that RA disease activity, but not
changes in lipid levels during treatment, may be indepen-
dently associated with cardiovascular risk in RA patients
treated with TCZ (17). Nonetheless, whether increases in
lipid levels with TCZ treatment compared with treatment
with other biologic agents leads to an excess cardiovascular
risk has not been determined, although the ENTRACTE
trial (ClinicalTrials.gov identifier: NCT01331837), a post-
marketing open-label RCT that has just been completed,
focused on evaluating the risk of cardiovascular events
with TCZ versus etanercept in RA patients with elevated
cardiovascular risk at baseline.

The main objective of this study was to compare
the risk of cardiovascular events, including myocardial
infarction (MI) and stroke, in patients who newly started
TCZ versus those who newly started TNFi in a multi-
database population-based cohort of RA patients. The sec-
ondary aim was to compare the risk of other cardiovascular
events, such as coronary revascularization, acute coronary
syndrome (ACS), heart failure, and all-cause deaths, in
TCZ initiators compared with TNFi initiators.

PATIENTS AND METHODS

Data sources. We conducted a cohort study using data
from 3 large US health care claims databases: Medicare (Parts A/
B/D 2010–2013), IMS PharMetrics Plus (2011–2014), and Truven

MarketScan (2011–June 2015). Medicare is a federally funded
program and provides health care coverage for nearly all legal
residents of the US age 65 and older and some disabled patients
younger than 65. Briefly, Medicare Part A is generally for inpa-
tient care, Part B for outpatient medical services including some
drugs given in a physician’s office or clinic, and Part D for outpa-
tient prescription drug coverage (18). The PharMetrics and
MarketScan databases contain longitudinal medical and phar-
macy claims from a number of different managed care plans and
are representative of a national commercially insured population
in the US (10,19,20). All 3 databases include data from all 50 US
states. The Institutional Review Board of the Brigham and
Women’s Hospital approved the study protocol and privacy pre-
cautions. The study protocol is registered at www.encepp.eu
(EUPAS11327).

Study cohort and design. Adults age 18 years or older
with at least 2 outpatient visits 7–365 days apart, or 1 inpatient
visit, coded with the International Classification of Diseases,
Ninth Revision, Clinical Modification (ICD-9-CM) code 714.x
for RA were identified. Of these RA patients, we defined 2 mutu-
ally exclusive groups of biologic DMARD initiators, TCZ
initiators and TNFi initiators, based on either Healthcare Com-
mon Procedure Coding System codes or National Drug Codes.
Because TCZ is largely used as a second-line biologic agent for
RA, we required patients in both groups to have previously used
at least 1 other biologic agent (i.e., TNFi or abatacept) or tar-
geted synthetic DMARD (i.e., tofacitinib). The cohort entry date
(i.e., index date) was defined as the date of starting TCZ or TNFi
after $365 days of continuous enrollment in the health plan to
ensure that we identified study patients with a complete claims
history for medical services and prescription dispensing in order
to identify new users and control for baseline confounding appro-
priately. New users of TCZ were defined as those who had not
received TCZ within the last 12 months. TNFi initiators had not
received a specific TNFi within the last 12 months (Figure 1). At
the index date, all of the patients included in this study were
required to have had at least 1 inpatient or 2 outpatient visits for
RA and at least 2 prescriptions filled for a biologic DMARD or
tofacitinib (one for the prior biologic DMARD or tofacitinib and
the other for TCZ or TNFi). A previous study showed that RA
patients can be accurately identified using a combination of diag-
nosis codes for RA and any DMARD prescriptions in claims
data with a positive predictive value of .86% (21).

We excluded nursing home residents, patients with HIV/
AIDS, patients with malignancy other than nonmelanoma skin
cancer, and those who had end-stage renal disease or had under-
gone dialysis or renal transplant prior to the index date. Patients
who received rituximab were excluded to minimize confounding
by indication and misclassification bias since rituximab is often
given to patients with malignancy. We further excluded patients
with hospitalizations for MI, stroke, ACS, or heart failure in the
90 days prior to the index date.

For the primary as-treated analysis, follow-up time
started the day after the index date and ended on the day of treat-
ment discontinuation plus 30 days, outcome occurrence, dis-
enrollment, death, or the end of study period, whichever
occurred first. For the secondary intent-to-treat (ITT 365-day)
analysis, follow-up time ended on the 365th day of follow-up, out-
come occurrence, disenrollment, death, or the end of study
period, whichever occurred first. Patients were only allowed to
enter the study cohort once.
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Outcome definition. The primary outcome measure
was a composite cardiovascular end point of MI and stroke. MI
was identified with a hospital discharge diagnosis code of acute MI
(ICD-9 code 410.x excluding 410.x2) in the primary or secondary
position. The length of hospitalization for MI was required to be 3–
180 days, unless the patient died during the first 3 days of hospitali-
zation (22). Stroke was defined with a hospital discharge diagnosis
code of ischemic or hemorrhagic stroke (ICD-9-CM 430, 431,
433.x1, 434.x1, and 436) in the principal position. These claims-
based algorithms have been validated and found to have a positive
predictive value of .92% (22–24). The secondary definition of the
composite cardiovascular event was based on a hospital discharge
diagnosis code of MI in the primary or secondary position for any
length of hospitalization or a hospital discharge diagnosis code of
ischemic or hemorrhagic stroke in the primary position. This defi-
nition also had a positive predictive value of .92% (22).

Other secondary outcomes were the individual cardiovas-
cular end points of MI and stroke, coronary revascularization,
hospitalization for ACS, any cardiovascular events including MI,
stroke, coronary revascularization, or ACS, and hospitalization
for heart failure and all-cause mortality.

Covariate assessment. During the 12-month baseline
period, we measured .90 predefined variables potentially related
to RA severity or activity or development of cardiovascular events
in each database. We assessed the cohort entry year, demo-
graphic characteristics, regions, comorbid conditions, use of other

prescription drugs, and markers of health care utilization inten-
sity. To assess RA-related covariates for confounding control, we
determined patients’ history of DMARD use during all available
days before the cohort entry date, including both the 365 days
prior to the index date and any other available days prior to the
pre-index 365 days. While we did not have information on RA
duration or disease activity, we used the previously validated
claims-based index for RA severity (25). We also calculated
the combined Comorbidity Score that included 47 conditions
(26). Physician orders of outpatient laboratory tests (Table 1
and Supplementary Table 1, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40084/abstract) were included because these labora-
tory tests may be selectively ordered depending on patients’
risk factors corresponding to current practice patterns and
treatment guidelines (27).

Statistical analysis. For each database, we compared
the baseline characteristics of the patients in the TCZ and
TNFi groups. To control for .65 potential confounders,
including demographics (age, sex, region, race/ethnicity [only
available in the Medicare data]), prior DMARD use, cardio-
vascular comorbidities, other chronic diseases, cardiovascular
medications, other long-term medications, and markers of
health care utilization intensity, we used propensity score
matching within each database (28). The propensity score was
defined as the predicted probability of a patient starting TCZ

Figure 1. Study design overview. Patients with rheumatoid arthritis (RA) who had not received tocilizumab (TCZ) or tumor necrosis factor
inhibitors (TNFi) in the previous 365 days were enrolled in the TCZ cohort or TNFi cohort, respectively. The index date was defined as the
date of first TCZ dispensing or the date of switching to a new TNFi after being treated with at least 1 other biologic drug (i.e., abatacept, TNFi,
or tofacitinib). Dx 5 diagnosis; Rx 5 prescription.
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versus a TNFi given patient characteristics at baseline. For
each data set, we estimated the propensity score using multi-
variable logistic regression that included all of the aforemen-
tioned covariates (Table 1) and the cohort entry calendar year.
In order to increase study power, we implemented sequential
propensity score matching with a variable ratio of up to 1:3
based on a matching caliper of 0.02 on the propensity score
scale (29,30). The propensity score balance achieved within

each database was inspected by tabulating all patient charac-
teristics by treatment status and by examining the standardized
differences (30,31).

After propensity score matching, we estimated incidence
rates (IRs) of the primary and secondary outcomes in the TCZ
group compared with the TNFi group separately in each data-
base. Kaplan-Meier plots were used to inspect proportionality of
hazards, and the follow-up time between treatment groups was

Table 1. Selected characteristics of the RA patients in the 365 days before study entry*

Medicare
(n 5 7,397)

PharMetrics
(n 5 8,119)

MarketScan
(n 5 12,512)

TCZ
(n 5 2,531)

TNFi
(n 5 4,866)

TCZ
(n 5 2,614)

TNFi
(n 5 5,505)

TCZ
(n 5 4,073)

TNFi
(n 5 8,439)

Demographic characteristics
Age, mean 6 SD years 72.2 6 6.2 72.0 6 6.1 51.3 6 11.9 51.0 6 11.5 53.2 6 12.5 52.7 6 12.4
Male 15.4 15.3 18.3 18.9 16.8 18.1
Comorbidities

Atrial fibrillation 10.3 9.8 2.1 1.8 2.7 2.3
Myocardial infarction 1.7 1.6 0.3 0.5 0.5 0.5
Acute/subacute CAD 5.9 5.8 1.5 1.6 1.9 1.8
Chronic CAD 8.3 8.3 1.4 1.5 1.3 1.1
Atherosclerosis 24.5 24.4 6.0 5.9 6.9 6.4
Heart failure 11.2 11.2 1.8 1.9 2.6 2.0
Stroke 3.4 3.2 1.1 0.8 0.9 0.9
TIA 3.2 2.7 1.0 0.9 1.0 0.9
Peripheral vascular disease 11.2 11.8 2.1 2.1 2.5 2.4
Hypertension 83.9 83.5 50.3 49.3 47.7 46.1
Diabetes 30.2 31.0 14.2 13.9 16.0 15.0
Hyperlipidemia 67.2 65.5 36.0 34.6 34.2 32.6
Chronic kidney disease 12.9 12.6 3.8 3.8 4.2 3.9
Comorbidity Index, mean 6 SD 1.3 6 2.0 1.3 6 2.0 0.4 6 1.2 0.4 6 1.2 0.4 6 1.2 0.4 6 1.2
CIRAS, mean 6 SD 5.9 6 1.3 5.8 6 1.3 6.7 6 1.7 6.6 6 1.7 6.5 6 1.9 6.5 6 1.8

RA-related treatment
No. of prior DMARDs

1 25.8 30.9 20.1 24.3 26.6 30.8
2 35.8 36.7 27.7 31.9 31.6 35.1
$3 38.4 32.4 52.1 43.8 41.8 34.1

Methotrexate, any use† 72.1 71.6 73.1 72.9 66.2 67.2
Steroids, any use† 74.2 72.4 71.9 71.0 67.5 67.1
Steroids, recent use‡ 32.5 32.0 33.3 32.4 30.5 29.7
NSAIDs 34.3 34.9 39.9 40.7 39.7 40.9
COX-2 inhibitors 9.7 10.2 10.2 10.1 9.3 9.2
Opioids 74.8 73.4 67.6 66.6 66.3 66.9

Other medications
Nitrates 6.5 6.4 1.8 1.6 2.1 2.1
Statins 45.1 44.3 21.0 20.0 22.4 22.6
Non-statin lipid-lowering drugs 7.7 7.8 4.0 4.3 4.6 4.8
Insulin 6.4 6.3 3.6 3.4 4.2 3.9
Beta blockers 39.2 38.4 16.5 15.9 18.2 18.0
Calcium channel blockers 28.1 28.1 10.3 10.5 12.4 12.2

Health care utilization, mean 6 SD
No. of lipid tests ordered 1.5 6 1.3 1.4 6 1.4 1.1 6 1.4 0.9 6 1.6 1.0 6 1.7 0.8 6 1.6
No. of PCP visits 5.0 6 5.1 5.0 6 5.0 2.9 6 5.9 2.9 6 7.6 3.1 6 6.4 3.0 6 5.6
No. of cardiology visits 0.8 6 1.8 0.8 6 1.9 0.6 6 1.8 0.6 6 2.0 0.7 6 2.2 0.6 6 2.1
No. of ED visits 0.6 6 1.1 0.6 6 1.2 0.6 6 1.2 0.6 6 1.5 0.3 6 1.5 0.2 6 1.6

* The tocilizumab (TCZ) and tumor necrosis factor inhibitor (TNFi) cohorts were propensity score matched with a 1:3 vari-
able ratio. Except where indicated otherwise, values are the percent of patients. RA 5 rheumatoid arthritis; CAD 5 coronary
artery disease; TIA 5 transient ischemic attack; CIRAS 5 claims-based index for RA severity; DMARDs 5 disease-
modifying antirheumatic drugs; NSAIDs 5 nonsteroidal antiinflammatory drugs; COX-2 5 cyclooxygenase 2; PCP 5 primary
care physician; ED 5 emergency department.
† Any time before the cohort entry date.
‡ In the 30 days before the cohort entry date.
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compared in each database. Cox proportional hazards models
conditioning on the matching set were fitted to estimate hazard
ratios (HRs) and 95% confidence intervals (95% CIs) (32,33).
HRs from the 3 propensity score–matched cohorts were then
combined using an inverse variance-weighted, fixed-effects
model. We also conducted a further analysis to correct variance
for potential overlaps in person-time between the 2 commercial
cohorts by 10% or 20% (34).

Protocol-specified subgroup analyses were performed by
age group (i.e., younger than 60 years or 60 years or older), the
presence of preexisting cardiovascular disease or diabetes, and
concomitant use of methotrexate. In addition, we conducted sub-
group analysis according to baseline use of oral steroids and stat-
ins. Within each of these subgroups, TCZ and TNFi initiators
were propensity score–matched with a variable ratio of 1:3. All
analyses, reports, and audit trails were conducted using the
Aetion platform including R version 2.1.2. The Medicare data
were additionally analyzed with SAS version 9.4, yielding the
same results.

RESULTS

Cohort selection. There were 88,375 RA patients
who started either TCZ or a TNFi with prior use of

biologic agents or targeted synthetic DMARDs in the
study databases. After applying exclusion criteria, our
study cohort included a total of 40,119 RA patients starting
either TCZ (n 5 9,917) or TNFi (n 5 30,202). After
performing propensity score matching with a variable ratio
of 1:3, the final cohort comprised a total of 28,028 RA
patients, including 9,218 TCZ and 18,810 TNFi initiators
(Figure 2). On average, each TCZ initiator was matched to
2 TNFi initiators across the 3 databases.

Patient characteristics. Table 1 shows selected
baseline characteristics of the propensity score–matched
cohorts in each database. As expected with the difference
in the demographic characteristics of enrollees in Medicare
versus the commercial health plans, the mean 6 SD age
was 72 6 6 years in the Medicare database versus 51 6 11
years in the PharMetrics database and 53 6 12 years in the
MarketScan database. Similarly, cardiovascular comorbidi-
ties were more common in patients enrolled in Medicare
than in those enrolled in the commercial health plans. For
example, 2% of TCZ or TNFi initiators in the Medicare
database had a history of MI at baseline, whereas ,1% of

Figure 2. Selection of the study cohort. After the inclusion and exclusion criteria were applied, the study cohort included a total of 40,119
patients with rheumatoid arthritis (RA) who started treatment with tocilizumab (TCZ) or a tumor necrosis factor inhibitor (TNFi), including
9,146 from the Medicare database, 12,826 from the PharMetrics database, and 18,147 from the MarketScan database. After propensity score
(PS) matching with a variable ratio of up to 1:3, the final cohort consisted of 28,028 patients, including 9,218 TCZ initiators and 18,810 TNFi
initiators. Dx 5 diagnosis.
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Table 2. IRs and HRs of cardiovascular events in RA patients treated with TCZ versus those treated with TNFi*

TCZ TNFi

No. of
subjects

No. of
events

Person-
years

IR
(95% CI)†

HR
(95% CI)

No. of
subjects

No. of
events

Person-
years

IR
(95% CI)† HR

As-treated analysis
Composite

cardiovascular events
Medicare 2,531 17 1,841 0.92

(0.56–1.44)
0.70

(0.40–1.24)
4,866 50 3,954 1.27

(0.95–1.65)
1.0

PharMetrics 2,614 10 2,061 0.49
(0.25–0.86)

1.00
(0.45–2.22)

5,505 20 4,465 0.45
(0.28–0.68)

1.0

MarketScan 4,073 9 2,999 0.30
(0.15–0.55)

1.03
(0.46–2.34)

8,439 19 6,726 0.28
(0.18–-0.43)

1.0

Combined 9,218 36 6,901 0.52
(0.37–0.71)

0.84
(0.56–1.26)‡

18,810 89 15,145 0.59
(0.47–0.72)

1.0

MI requiring
hospitalization $3 days§

Medicare 2,531 NR NR NR 0.64
(0.25–1.65)

4,866 20 3,965 0.50
(0.32–0.77)

1.0

PharMetrics 2,614 3 2,063 0.15
(0.04–0.40)

0.74
(0.19–2.89)

5,505 9 4,472 0.20
(0.10–0.37)

1.0

MarketScan 4,073 4 3,001 0.13
(0.04–0.32)

0.77
(0.24–2.44)

8,439 12 6,729 0.18
(0.10–0.30)

1.0

Combined 9,218 NR NR NR 0.70
(0.37–1.34)‡

18,810 41 15,166 0.27
(0.20–0.36)

1.0

Stroke
Medicare 2,531 11 1,843 0.60

(0.31–1.04)
0.74

(0.36–1.51)
4,866 30 3,964 0.76

(0.52–1.07)
1.0

PharMetrics 2,614 7 2,062 0.34
(0.15–0.67)

1.18
(0.43–3.22)

5,505 11 4,468 0.25
(0.13–-0.43)

1.0

MarketScan 4,073 5 3,001 0.17
(0.06–0.37)

1.33
(0.41–4.25)

8,439 8 6,730 0.12
(0.05–0.23)

1.0

Combined 9,218 23 6,906 0.33
(0.21–0.49)

0.94
(0.56–1.59)‡

18,810 49 15,162 0.32
(0.24–0.42)

1.0

Secondary definition of
composite cardiovascular
events¶

Medicare 2,531 28 1,831 1.53
(1.04–2.18)

0.79
(0.51–1.24)

4,866 73 3,944 1.85
(1.46–2.31)

1.0

PharMetrics 2,614 12 2,060 0.58
(0.32–0.99)

0.79
(0.40–1.58)

5,505 32 4,460 0.72
(0.50–1.00)

1.0

MarketScan 4,073 11 2,998 0.37
(0.19–0.64)

1.13
(0.53–2.41)

8,439 21 6,726 0.31
(0.20–0.47)

1.0

Combined 9,218 51 6,889 0.74
(0.56–0.97)

0.85
(0.61–1.19)‡

18,810 126 15,130 0.83
(0.70–0.99)

1.0

Intent-to-treat analysis up to
365 days#

Composite cardiovascular
events

Medicare 2,531 21 2,009 1.05
(0.66–1.57)

0.72
(0.43–1.21)

4,866 54 3,991 1.35
(1.03–1.75)

1.0

PharMetrics 2,614 12 2,080 0.58
(0.31–0.98)

0.85
(0.42–1.75)

5,505 23 4,338 0.53
(0.34–0.78)

1.0

MarketScan 4,037 10 3,147 0.32
(0.16–0.57)

0.79
(0.37–1.66)

8,439 26 6,447 0.40
(0.27–0.58)

1.0

Combined 9,218 43 7,236 0.59
(0.44–0.79)

0.77
(0.53–1.11)‡

18,810 103 14,776 0.70
(0.57–0.84)

1.0

* Cohorts were propensity score–matched with a 1:3 variable ratio. Propensity score models included .90 covariates, including demographics, prior
disease-modifying antirheumatic drug use, cardiovascular comorbidities, medications, and health care utilization. IR 5 incidence rate; HR 5 hazard
ratio; RA 5 rheumatoid arthritis; TCZ 5 tocilizumab; TNFi 5 tumor necrosis factor inhibitors; 95% CI 5 95% confidence interval.
† Per 100 person-years.
‡ Combined using an inverse variance-weighted, fixed-effects model.
§ Not reported (NR) for the Medicare population due to the small size (,11) of the data cell and other cells that could indirectly be used to
calculate the small cell count based on the data use agreement with the Centers for Medicare & Medicaid Services.
¶ Defined as a discharge diagnosis of myocardial infarction (MI) in the principal position for any length of hospitalization or a hospital discharge
diagnosis of ischemic or hemorrhagic stroke in the principal position.
# Exposure status at cohort entry was carried forward until day 365 of follow-up.
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TCZ or TNFi initiators in the PharMetrics or MarketScan
databases did. Within each database, all of the baseline
covariates were well-balanced between TCZ and TNFi
initiators, with a standardized difference of ,10% (30). At
baseline, 14.3% of TCZ initiators and 13.5% of TNFi
initiators had cardiovascular disease.

Baseline characteristics of the study cohort for
each database before propensity score matching are
presented in Supplementary Table 2, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40084/abstract. In general, even
before propensity score matching, the 2 groups, TCZ and
TNFi initiators, were similar with regard to cardiovascu-
lar comorbidities, comorbidity index, medication use, and
health care utilization patterns. TCZ initiators used a
greater number of prior DMARDs and more steroids
and opioids at baseline compared with TNFi initiators.
Statin use at baseline was also greater in TCZ initiators
versus TNFi initiators in the Medicare and PharMetrics
databases.

Cardiovascular risk associated with TCZ. Dur-
ing a mean 6 SD followup of 0.9 6 0.7 years and a maxi-
mum observational period of 4.5 years for the primary
as-treated analysis, in the 1:3 variable ratio propensity
score–matched cohort, a total of 125 composite cardiovas-
cular events of MI or stroke (36 in TCZ initiators and 89 in
TNFi initiators) were recorded in the 3 databases (Table
2). The overall IR of composite cardiovascular events was
0.52 per 100 person-years in the TCZ group and 0.59 per
100 person-years in the TNFi group. The database-specific
IR ranged from 0.3 per 100 person-years (MarketScan) to
0.9 per 100 person-years (Medicare) in the TCZ group
and 0.3 per 100 person-years (MarketScan) to 1.3 per 100
person-years (Medicare) in the TNFi group. In general,

the IR was 2–3 times higher in the older Medicare popula-
tion compared with the population in the PharMetrics or
MarketScan databases.

The HR for composite cardiovascular events asso-
ciated with TCZ versus TNFi use was 0.70 (95% CI 0.40–
1.24) in the Medicare database, 1.00 (95% CI 0.45–2.22) in
the PharMetrics database, and 1.03 (95% CI 0.46–2.34) in
the MarketScan database, with a combined HR of 0.84
(95% CI 0.56–1.26, P for heterogeneity 5 0.7). After
accounting for potential overlap between the PharMetrics
and MarketScan populations, the 95% CI for the com-
bined HR for composite cardiovascular events associated
with TCZ use versus TNFi became slightly wider (com-
bined HR 0.84 [95% CI 0.56–1.27 for 10% overlap and
0.55–1.28 for 20% overlap]). The Kaplan-Meier plots con-
firmed that there were no differences in rates of composite
cardiovascular events between the TCZ and TNFi groups
(Supplementary Figure 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40084/abstract).

The combined HR (Table 2) for MI associated
with TCZ versus TNFi was 0.70 (95% CI 0.37–1.34; P for
heterogeneity 5 1.0), and the HR for stroke was 0.94 (95%
CI 0.56–1.59; P for heterogeneity 5 0.6). Using the second-
ary definition of composite cardiovascular event (i.e., MI
in the principal position for any length of hospitalization or
a hospital discharge diagnosis code of ischemic or hemor-
rhagic stroke), there were a total of 177 composite cardio-
vascular events (51 in TCZ initiators and 126 in TNFi
initiators) in the 3 databases (Table 2). The HR for com-
posite cardiovascular events associated with TCZ versus
TNFi use was 0.79 (95% CI 0.51–1.24) in Medicare, 0.79
(95% CI 0.40–1.58) in PharMetrics, and 1.13 (95% CI
0.53–2.41) in MarketScan, with a combined HR of 0.85

Figure 3. Secondary end points in a 1:3 variable ratio propensity score–matched as-treated analysis of rheumatoid arthritis patients starting
treatment with tocilizumab (TCZ) or a tumor necrosis factor inhibitor (TNFi). Hazard ratios (HRs) were combined using an inverse variance-
weighted, fixed-effects model. A “secondary definition of cardiovascular (CV) event” refers to a discharge diagnosis of myocardial infarction in
the principal position for any length of hospitalization or a hospital discharge diagnosis of ischemic or hemorrhagic stroke in the principal posi-
tion. “Any CV event” includes myocardial infarction, stroke, coronary revascularization, or acute coronary syndrome. 95% CI 5 95% confidence
interval.
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(95% CI 0.61–1.19; P for heterogeneity 5 0.71). With
adjustment for potential overlap between the PharMetrics
and MarketScan populations, the combined HR for the
secondary definition of composite cardiovascular events
was 0.84 (combined HR 0.77 [95% CI 0.53–1.12 for 10%
overlap and 0.52–1.13 for 20% overlap]).

The secondary ITT 365-day analysis also showed
similar results (Table 2), with a combined HR of 0.77 for
composite cardiovascular events associated with TCZ ver-
sus TNFi (95% CI 0.53–1.11; P for heterogeneity 5 0.9).
After accounting for potential overlap between the
PharMetrics and MarketScan populations, the 95% CI for
the combined HR for composite cardiovascular events
became slightly wider, but the inference remained the
same (combined HR 0.77 [95% CI 0.53–1.12 for 10%
overlap and 0.52–1.13 for 20% overlap]). Results from the
as-treated analysis for the secondary outcomes also
showed no increased risk of various individual cardiovascu-
lar end points in the TCZ group compared with the TNFi
group (Figure 3). The combined HR for all-cause deaths
was 0.84 in the TCZ group versus the TNFi group (95%
CI 0.58–1.20; P for heterogeneity 5 0.2).

Figure 4 summarizes the results from subgroup
analyses. TCZ use versus TNFi use was not associated
with a greater risk of composite cardiovascular events in a
subgroup of patients age ,60 years or $60 years, or those
with baseline cardiovascular disease or diabetes, although

the 95% CIs were wide. No association was found between
TCZ use and cardiovascular risk in patients who were
receiving methotrexate at baseline (combined HR 0.89
[95% CI 0.39–2.03]) or those who were not receiving meth-
otrexate at baseline (combined HR 1.07 [95% CI 0.64–
1.78]). The combined HR associated with TCZ versus
TNFi was 0.90 (95% CI 0.55–1.47) in patients who were
taking oral steroids at baseline and 0.81 (95% CI 0.39–
1.67) in those who were not taking oral steroids at baseline.
Among patients who were taking statins at baseline, the
combined HR associated with TCZ versus TNFi was 0.77
(95% CI 0.42–1.39) for the primary cardiovascular end
point, which was similar to the combined HR of 0.83 (95%
CI 0.47–1.46) in patients who were not taking statins at
baseline.

DISCUSSION

In a number of RCTs and observational studies,
TCZ has been shown to increase LDL cholesterol levels.
However, the effect of TCZ on clinical cardiovascular risk
has not been fully understood. Since RA patients have a
nearly 2-fold increased risk of cardiovascular disease and
cardiovascular mortality compared with the general popu-
lation (1,2), increases in LDL cholesterol levels with TCZ
have been a concern. In this large US population-based
multi-database cohort study of 28,028 patients with RA

Figure 4. Subgroup analysis in a 1:3 variable ratio propensity score–matched as-treated analysis of rheumatoid arthritis patients starting treat-
ment with tocilizumab (TCZ) or a tumor necrosis factor inhibitor (TNFi). Hazard ratios (HRs) were combined by an inverse variance-weighted,
fixed-effects model. For the age ,60 subgroup, only PharMetrics and MarketScan data were used since there were no cardiovascular events in
the age ,60 Medicare population. CVD 5 cardiovascular disease; 95% CI 5 95% confidence interval.
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who had previously received at least 1 biologic drug, we
found no increase in the risk of a composite cardiovascular
end point of MI or stroke between TCZ initiators and
TNFi initiators. In fact, we found a numeric decrease in
risk and ruled out a risk increase of .26% based on the
upper limit of the 95% CI for the combined HR. We also
did not find an increased risk of secondary end points,
including the individual end points of MI, stroke, ACS,
coronary revascularization, heart failure, and all-cause
mortality, in TCZ initiators compared with TNFi initiators.
Furthermore, in patients with a history of cardiovascular
disease or diabetes or those who were receiving steroids,
statins, or methotrexate at baseline, we consistently found
no association of TCZ treatment with increased cardiovas-
cular risk.

This study has important clinical implications.
While elevations in lipid levels occur in patients treated
with TCZ (12–14), such increases do not appear to be
associated with an increased risk of clinical cardiovascular
events. Rao et al reported that the risk of major cardiovas-
cular events in patients with RA who were receiving TCZ
was associated with control of RA disease activity but not
changes in lipid levels based on post hoc analyses of clinical
trials and extension studies of TCZ (17). Several studies
demonstrated a similar complex relationship between cho-
lesterol levels, disease activity/systemic inflammation, and
cardiovascular risk in patients with RA and showed no
clear association between LDL cholesterol levels and car-
diovascular risk (35–38). In patients with active systemic
inflammation such as sepsis or RA, LDL levels tend to be
low (37). In other words, generally, systemic inflammation
has lipid-lowering effects. Therefore, it may not be surpris-
ing to observe elevated levels of total cholesterol or LDL
cholesterol with treatment with powerful antiinflammatory
biologic drugs such as TCZ. There are also some reports
of a significant increase in total cholesterol levels after
TNFi treatment, correlating with lower RA disease activity
(37,39). Our finding that there was no increased cardiovas-
cular risk with TCZ versus TNFi use is reassuring, particu-
larly given the potential beneficial cardiovascular effects of
TNFi seen in several cohort studies (7–9).

This population-based comparative safety study
provides much needed data for clinical decision making in
the management of RA. Furthermore, a prior cohort study
that showed comparative cardiovascular safety of different
biologic agents, including TCZ versus abatacept, in
patients with RA did not show an elevated risk of incident
MI or composite coronary heart disease (40). With the
completion of the ENTRACTE study, a postmarketing
open-label RCT that examines the risk of cardiovascular
events in RA patients treated with TCZ compared with

those treated with etanercept, more head-to-head safety
data will be available soon.

The main strength of this study is its large size and
generalizability, since the study cohort is based on 3 large
population-representative insurance databases in the US.
Since TCZ is a relatively new therapy, using multiple data-
bases was necessary to achieve an adequate study size.
Combining the results from 3 databases, we were able to
include a total of 9,218 TCZ initiators after propensity
score matching. This study was planned to have at least
80% power to refute a 30% increase in the risk of the pri-
mary end point in TCZ initiators versus TNFi initiators.
The upper limit of the 95% confidence interval of HR for
the primary end point was 1.26. Unlike enrollees in clinical
trials, our study cohort is representative of older adults
(Medicare) and the working population and their
dependents (PharMetrics and MarketScan) in the US.
Detailed longitudinal information on patients’ drug use in
pharmacy claims data linked to comprehensive medical
claims is another advantage of the study data sources.

To yield findings with high validity, this study used
rigorous pharmacoepidemiologic approaches, such as the
inclusion of study drug initiators (i.e., new user design),
specific outcome definition, use of an active comparator,
and propensity score matching with a variable ratio to per-
form appropriate statistical control for a large number of
confounders and to minimize confounding by indication
and immortal time bias (41,42). We required a relatively
long baseline period to define “new users” of either TCZ
or TNFi and assess patients’ baseline characteristics for
confounding control. Because TCZ is mostly used as a
second-line treatment for RA in routine practice, the
requirement of prior biologic or targeted synthetic use in
both TCZ and TNFi initiators likely further reduced the
degree of confounding by RA duration or severity between
the 2 groups. Given known differences in patient
demographics and other characteristics across the 3 data-
bases, we used a prespecified analysis plan in each data set
separately and combined the results using a meta-analysis
technique. Finally, the null association between TCZ use
and cardiovascular risk, compared with TNFi use, was con-
sistently observed in all of the prespecified secondary and
subgroup analyses.

This study has several limitations. First, since we
relied on claims data, we had no data on RA disease dura-
tion or activity, seropositivity, systemic inflammation, lipid
levels, blood pressure, family history of cardiovascular dis-
ease, use of over-the-counter drugs such as aspirin or some
nonsteroidal antiinflammatory drugs, smoking, or body
mass index, although we captured many proxies of these
clinical covariates. Second, while we adjusted for .65
baseline variables potentially related to cardiovascular risk
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using propensity score matching, residual confounding
cannot be ruled out. Third, there is a potential for outcome
misclassification since outcomes were identified with
claims-based definitions, although we used validated algo-
rithms with high specificity. Fourth, there is a potential for
duplicate person-years between the PharMetrics and
MarketScan databases. While the exact degree of overlap
between the 2 data sets is unknown, it does not appear to
have a substantial impact on our estimates based on a sen-
sitivity analysis accounting for 10–20% overlap. Finally,
since the mean follow-up was ,1 year for the majority of
the study population, the long-term cardiovascular effect
of TCZ or TNFi may need to be further examined. How-
ever, 7,142 patients (25% of the study cohort) were fol-
lowed up for .1 year, and 2,271 (8%) were followed up
for .2 years in the study. The maximum observational
period was 4.5 years in both exposure groups.

In conclusion, this multi-database population-
representative cohort study showed no evidence of an
increased risk of cardiovascular events in patients with RA
who switched from a biologic or targeted synthetic
DMARD to TCZ compared with those who switched to a
different TNFi. Our results were consistent in secondary
and clinically important subgroup analyses.
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Anti–Citrullinated Protein Antibodies Are Associated
With Neutrophil Extracellular Traps in the Sputum

in Relatives of Rheumatoid Arthritis Patients

M. Kristen Demoruelle,1 Kylie K. Harrall,1 Linh Ho,1 Monica M. Purmalek,2 Nickie L. Seto,2

Heather M. Rothfuss,3 Michael H. Weisman,4 Joshua J. Solomon,5 Aryeh Fischer,1

Yuko Okamoto,1 Lindsay B. Kelmenson,1 Mark C. Parish,1 Marie Feser,1 Chelsie Fleischer,1

Courtney Anderson,1 Michael Mahler,6 Jill M. Norris,1 Mariana J. Kaplan,2

Brian D. Cherrington,3 V. Michael Holers,1 and Kevin D. Deane1

Objective. Studies suggest that rheumatoid arthri-
tis (RA)–related autoimmunity is initiated at a mucosal
site. However, the factors associated with the mucosal
generation of this autoimmunity are unknown, especially
in individuals who are at risk of future RA. Therefore,
we tested anti–cyclic citrullinated peptide (anti-CCP)
antibodies in the sputum of RA-free first-degree rel-
atives (FDRs) of RA patients and patients with clas-
sifiable RA.

Methods. We evaluated induced sputum and
serum samples from 67 FDRs and 20 RA patients for
IgA anti-CCP and IgG anti-CCP, with cutoff levels for
positivity determined in a control population. Sputum
was also evaluated for cell counts, neutrophil extracel-
lular traps (NETs) using sandwich enzyme-linked
immunosorbent assays for protein/nucleic acid com-
plexes, and total citrulline.

Results. Sputum was positive for IgA and/or IgG
anti-CCP in 14 of 20 RA patients (70%) and 17 of 67
FDRs (25%), including a portion of FDRs who were
serum anti-CCP negative. In the FDRs, elevations of
sputum IgA and IgG anti-CCP were associated with ele-
vated sputum cell counts and NET levels. IgA anti-CCP
was associated with ever smoking and with elevated
sputum citrulline levels.

Conclusion. Anti-CCP is elevated in the sputum
of FDRs, including seronegative FDRs, suggesting that
the lung may be a site of anti-CCP generation in this
population. The association of anti-CCP with elevated
cell counts and NET levels in FDRs supports a hypothe-
sis that local airway inflammation and NET formation
may drive anti-CCP production in the lung and may
promote the early stages of RA development. Longitudi-
nal studies are needed to follow the evolution of these
processes relative to the development of systemic auto-
immunity and articular RA.

Seropositive rheumatoid arthritis (RA) is charac-
terized by disease-associated autoantibodies, including

The contents of this article are solely the responsibility of the
authors and do not necessarily represent the official views of the
National Institutes of Health.

Supported by the NIH (National Institute of Arthritis and
Musculoskeletal and Skin Diseases [NIAMS] grant AR-066712,
National Institute of Allergy and Infectious Diseases grants AI-101990
and AI-103023, Office of Research on Women’s Health grant HD-
057022, National Center for Advancing Translational Sciences grant
TR-001082, and NIAMS Intramural Research Program project
ZIAAR-041199), the Rheumatology Research Foundation (Scientist
Development Awards to Drs. Demoruelle and Kelmenson and a Dis-
ease-Targeted Research Initiative award to Dr. Holers), and the Walter
S. and Lucienne Driskill Foundation.

1M. Kristen Demoruelle, MD, Kylie K. Harrall, MS, Linh Ho,
BS, Aryeh Fischer, MD, Yuko Okamoto, MD, Lindsay B. Kelmenson,
MD, Mark C. Parish, BS, Marie Feser, MPH, Chelsie Fleischer, MA,
Courtney Anderson, BS, Jill M. Norris, PhD, V. Michael Holers, MD,
Kevin D. Deane, MD, PhD: University of Colorado Denver at Aurora;
2Monica M. Purmalek, BA, Nickie L. Seto, BS, Mariana J. Kaplan,
MD: NIH, Bethesda, Maryland; 3Heather M. Rothfuss, PhD, Brian D.

Cherrington, PhD: University of Wyoming, Laramie; 4Michael H.
Weisman, MD: Cedars-Sinai Medical Center, Los Angeles, California;
5Joshua J. Solomon, MD: National Jewish Health, Denver, Colorado;
6Michael Mahler, PhD: Inova Diagnostics, San Diego, California.

Drs. Holers and Deane are co-holders of a patent owned by
Stanford University related to the use of biomarkers to predict rheu-
matoid arthritis development.

Address correspondence to M. Kristen Demoruelle, MD,
University of Colorado School of Medicine, Division of Rheumatol-
ogy, 1775 Aurora Court, Mail Stop B-115, Aurora, CO 80045. E-mail:
Kristen.Demoruelle@UCDenver.edu.

Submitted for publication September 27, 2016; accepted in
revised form February 2, 2017.

1165



antibodies to citrullinated proteins/peptides (ACPAs)
that are commonly measured using anti–cyclic citrul-
linated peptide (anti-CCP) assays. In established RA,
ACPA isotypes, including IgA and IgG, are prevalent,
specific, and associated with higher levels of disease
activity, suggesting that they play an important role in
the pathogenesis of RA (1–4). Understanding the devel-
opment of ACPA isotypes could therefore provide fur-
ther insight into the cause of RA.

It is well established that ACPAs can be present
for years prior to the onset of inflammatory arthritis,
during a period of systemic autoimmunity associated
with RA that can be called preclinical RA and can be
defined as the presence of circulating RA-related auto-
antibodies prior to the onset of clinically apparent syno-
vitis (2–10). Importantly, individuals without classifiable
RA who have circulating ACPAs do not exhibit synovi-
tis, as assessed by physical examination (5,11), imaging
with ultrasound or magnetic resonance (5,11–13), or
synovial biopsy (12,13). These findings strongly suggest
that in order to understand the initial steps in the gener-
ation of ACPAs, studies must examine individuals who
have not yet developed clinically apparent synovitis and
classifiable RA. These data also indicate that ACPAs
originate at a site outside the joint.

As to where that site is, emerging data support
the hypothesis that ACPAs may be initially generated at
a mucosal surface (2–5,14–20). For example, serum lev-
els of IgA ACPAs are elevated in populations who are
at risk of developing RA, including first-degree relatives
(FDRs) of RA patients (2–4). The strong association
between smoking, lung disease, and ACPA-positive RA
further support the idea that the lung mucosa may be a
particularly relevant site of ACPA generation (17–19). In
addition, our group previously demonstrated that circu-
lating RA-related autoantibodies were associated with
airway abnormalities in the absence of inflammatory
arthritis (5), and ACPAs were detectable in the lung of a
portion of inflammatory arthritis–free FDRs, as deter-
mined by testing of induced sputum samples (14).

While these data are intriguing, the mechanisms
that trigger local ACPA production in the lung are
unknown. However, understanding the factors that may
drive the initial development of ACPAs and IgA
ACPAs in particular, given the role of IgA in mucosal
immunity, may ultimately lead to novel approaches to
the prediction, treatment, and prevention of RA.

Several candidates may be potential factors asso-
ciated with ACPA formation at the mucosal surface,
including exposure to environmental agents such as
smoking and local inflammation, which can lead to cit-
rullination. In addition, multiple studies have suggested

a role of neutrophil extracellular trap (NET) formation
(or, NETosis) in RA. NETosis is a peptidylarginine
deiminase type 4 (PAD4)–mediated process by which
neutrophils decondense and externalize their DNA in
complex with neutrophil cytoplasmic granule proteins,
such as myeloperoxidase (MPO) and neutrophil elastase
(NE) (21–23). Enhanced NETosis has been associated
with ACPAs peripherally and in the joints of patients
with established RA (24–26). While NET formation in
sputum has been associated with lung disease (27–29), it
is unknown whether NETs are associated with ACPAs
in the lung of subjects at risk of developing RA.

In order to explore factors associated with the
generation of APCAs in the lung, we evaluated inflam-
matory arthritis–free FDRs of RA patients, who are at
higher risk of developing RA. We investigated levels of
isotype-specific anti-CCP as well as a variety of factors,
including demographic features, environmental expo-
sures, genetic factors, and sputum biomarkers including
cell counts, total citrullination, and markers of NETosis,
in induced sputum samples from FDRs.

PATIENTS AND METHODS

Study subjects. Subjects were recruited from the
Studies of the Etiology of RA (SERA) cohort, which is
described in detail elsewhere (30,31). Briefly, SERA evaluates
in a prospective manner the FDRs of RA patients, with these
FDRs being at elevated risk of RA based on their family his-
tory of disease (32,33), making them a reasonable group in
which to evaluate the earliest stages of RA. For this study,
SERA subjects were recruited from the Denver, CO, study
site between January 2011 and October 2015.

FDRs. We recruited SERA FDRs who had no evi-
dence of inflammatory arthritis. FDRs were not selected based
on serum anti-CCP status, but as our group and others have
reported, inflammatory arthritis–free FDRs have a higher prev-
alence of serum anti-CCP positivity compared to the general
population, including 9.5% positivity for the commercially avail-
able anti–CCP-3.1 antibody (IgG/IgA; Inova Diagnostics) (3,6).

Patients with early RA. We recruited patients who
had classifiable RA that had been diagnosed within the past 1
year and were seropositive for anti–CCP-3.1. RA patients
were recruited sequentially from rheumatology clinics or
from SERA research study visits if a subject developed inci-
dent inflammatory arthritis that met classification criteria
during prospective follow-up. RA was confirmed by medical
chart review, and all patients met the American College of
Rheumatology/European League Against Rheumatism 2010
classification criteria (34).

Healthy control subjects. In order to determine cutoff
levels for anti-CCP isotype positivity, we recruited healthy control
subjects from the community through local advertisements, seek-
ing those who were serum anti–CCP-3.1 negative, did not have
RA or inflammatory arthritis, and did not have an FDR with RA.
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All study procedures were approved by the Colorado
Multiple Institutional Review Board. Informed consent was
obtained from all study subjects.

Study visit. All study subjects underwent collection of
paired samples of blood and sputum on the same day, except
for 3 subjects, who had sputum collected within 2 weeks of
blood samples. Subjects without RA underwent a joint-focused
interview and examination of 66 joints by a trained rheumatolo-
gist (MKD, LBK, or KDD) to assure that there was no clinically
evident inflammatory arthritis. Standardized questionnaires
were used to obtain demographic information and self-reported
histories of smoking and chronic lung disease.

Genetic testing. Blood was tested for the presence of
alleles containing the shared epitope (SE) using previously
described methods (30). The following alleles were considered
to contain the SE: DRB1*04:01, 04:04, 04:05, 04:08, 04:09,
04:10, and DR1 01:01 and 01:02.

Sputum collection. Induced sputum was collected
and processed using established protocols, which are described
in detail elsewhere (14). Briefly, sputum samples were col-
lected over 15 minutes using hypertonic nebulized saline. The
entire sputum sample was diluted with phosphate buffered
saline (PBS), followed by syringe-based mechanical homogeni-
zation. Samples collected after September 2013 underwent
manual cell counts, with differential cell counts performed
using a hemocytometer and cytocentrifugation. Cell counts
were reported as the number 3 104/ml. To minimize salivary
contamination of sputum samples, subjects underwent oral
wash prior to sputum collection. In addition, per established
methods, subjects were asked to spit any saliva during the spu-
tum collection into a separate plastic container, and they were
instructed to only use the sputum collection cup when produc-
ing a sputum sample from coughing (35). Only samples that
were consistent with lower airways origin, as demonstrated by
,10 squamous epithelial cells/high-power field on light
microscopy or ,80% squamous epithelial cells on cell differ-
ential (35,36), were used for the analyses.

After homogenization, samples were centrifuged
and proteinase inhibitors (phenylmethylsulfonyl fluoride) and
EDTA were added to the supernatant. A mucolytic agent, such
as dithiothreitol, was not used so as to avoid the destruction of
disulfide bonds that could affect antibody structure and confor-
mation. All sputum biomarker testing was performed on the
cell-free supernatants, except for the cell count and differential
cell count, which were performed prior to centrifugation.
Because sputum testing was performed on diluted samples, all
sputum results reported herein have been multiplied by the
sample’s dilution factor, which was calculated based on the
amount of PBS added and the original weight of the sample.

Serum and sputum testing for IgA and IgG anti-CCP.
Serum and sputum samples underwent enzyme-linked
immunosorbent assay (ELISA) for IgA anti-CCP and IgG anti-
CCP at the University of Colorado Division of Rheumatology
Clinical Research Laboratory, using a CCP-3 plate and the
respective conjugate (for research only; Inova Diagnostics).
A positive control sample was provided by the manufacturer for
each isotype. The levels in sputum and serum are reported
as relative units based on the optical density (OD) of the test
sample divided by the OD of the positive control. This
approach allowed us to account for any plate-to-plate varia-
tion. Cutoff levels for positivity of the anti-CCP isotypes were
set at a level that was present in ,5% of our healthy control

subjects, thereby corresponding to a level at or above the
95th percentile in controls. Of note, anti-CCP isotype cutoff
levels for both serum and sputum were set using the same
control group.

In this study, serum and sputum anti-CCP levels were
measured in duplicate wells. For sputum, the mean coefficient
of variation between wells was 4.8% for IgA anti-CCP and
5.3% for IgG anti-CCP. To further validate the anti-CCP iso-
type assays, we tested serum from 6 subjects without RA, 3 of
whom were previously found to have high anti-CCP isotype
levels and 3 had low levels. We determined intraassay variabil-
ity for each isotype by testing serum from each subject in 10
wells each. The mean coefficient of variation was 8.4% for IgA
anti-CCP and 8.0% for IgG anti-CCP.

Total Ig testing. In subjects with adequate sputum vol-
ume available after anti-CCP testing, the levels of total IgA
and IgG (in mg/dl) were also tested in the sputum (Siemens BN
II nephelometry cerebrospinal fluid assessment system) and
serum (Beckman-Coulter Synchron nephelometry system).

NET levels. In samples collected prior to January
2015 that had adequate sputum volume following anti-CCP
and Ig testing, the level of NETosis was measured as NET
remnants in cell-free supernatant of sputum. Specifically,
NET-associated protein–nucleic acid complexes were quanti-
fied using a sandwich ELISA that detects complexes of DNA–
MPO and DNA–NE, as previously described (37), and as
follows: for DNA–MPO complexes, high-binding 96-well
ELISA microplates were incubated overnight at 48C with
mouse anti-human MPO (clone 4A4; AbD Serotec) in coating
buffer from a Cell Death Detection ELISA kit (Roche). After
blocking with 1% bovine serum albumin, plates were incu-
bated overnight at 48C with 10% sputum in blocking buffer,
washed and peroxidase-conjugated anti-DNA (Roche) was
added for 1.5 hours at room temperature. Tetramethylbenzi-
dine substrate (Sigma) was then added, and absorbance was
measured at 450 nm after addition of stop reagent (Sigma).

The methods for the DNA–NE complexes were similar
as those for the DNA–MPO complexes. The antibody used to
coat plates was rabbit anti-human NE (Calbiochem). After
overnight incubation with sputum, plates were incubated for 1
hour at room temperature with mouse anti–double-stranded
DNA monoclonal antibody (Millipore), followed by horseradish
peroxidase–conjugated anti-mouse IgG (Bio-Rad). The proce-
dure was then completed as for the DNA–MPO complexes.

Total citrulline content. In sputum samples that were
tested for NETs, the total citrulline level was quantified (in
nmoles/ml) using the detection step of the Color Development
Reagent assay and quantified as previously described (38–40).
To avoid detection of urea and methylurea with this assay, a
20-fold excess of urease was added to each sputum sample for
15 minutes at 258C prior to testing.

Statistical analysis. Prevalence of positivity was com-
pared between groups using chi-square/Fisher’s exact test and
within groups using McNemar’s test. Because of a non-normal
distribution of anti-CCP isotype levels, nonparametric testing
was used to compare anti-CCP levels across groups (Mann-
Whitney U test) and to perform correlation analyses between
anti-CCP levels and other factors (Spearman’s correlation
coefficient). In addition, linear regression was used to evaluate
the relationship between sputum anti-CCP levels and sputum
cell counts as well as between NET and citrulline levels,
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accounting for adjustment variables when necessary. We
report the T statistic and P value for each relationship. In
these linear models, sputum anti-CCP levels and cell counts
were log-transformed to meet the assumption of normality for
linear regression. The potential confounders of age, sex, ever
smoking, SE positivity, and citrulline level were included in
the models and were removed at a level of a . 0.10.

Analyses were performed using SPSS (version 23) and
SAS (version 9.4). Figures were generated in GraphPad Prism
(version 7).

RESULTS

Characteristics of the study subjects. We eval-
uated 67 FDRs, 20 RA patients, and 70 healthy control
subjects. The characteristics of these subjects are shown
in Table 1. There was no statistically significant differ-
ence in age, sex, presence of $1 SE allele, history of
ever smoking, or chronic lung disease between the
FDRs and the RA patients. RA patients were more
likely to be current smokers and less likely to be non-
Hispanic white. Compared to the FDRs and RA
patients, the controls were younger, less likely to be
smokers, and less likely to be SE positive.

Sputum IgA and IgG anti-CCP positivity in
FDRs and RA patients. Seventeen of the 67 FDRs
(25.4%) had IgA anti-CCP and/or IgG anti-CCP in their
sputum (Table 2). Among the FDR group, there was a
nonsignificant trend toward greater prevalence of sputum
IgA anti-CCP positivity than IgG anti-CCP positivity (16

of 67 [23.9%] versus 11 of 67 [16.4%]; P 5 0.13). Data on
the controls are included in Figure 1, and because this
group was used to establish cutoff values, these subjects
were not studied relative to the FDR or RA populations.

Table 1. Characteristics of the study subjects

FDRs of
RA patients

(n 5 67)*

RA
patients

(n 5 20)†

Healthy
controls
(n 5 70)

Age, median (range) years 52 (23–77) 54 (33–66) 36 (20–71)‡
Female, no. (%) 47 (70) 13 (65) 56 (80)
Non-Hispanic white, no. (%) 48 (72) 9 (45)§ 49 (70)
Ever smoker, no. (%) 24 (36) 9 (45) 19 (27)
Current smoker, no. (%) 5 (8) 7 (35)¶ 0 (0)‡
Shared epitope ($1 allele), no. (%)# 42 (63) 10 (59) 24 (35)‡
History of chronic lung disease, no. (%)** 14 (21) 3 (15) 8 (11)

* Sera from 7 of the 67 rheumatoid arthritis (RA)–free first-degree relatives (FDRs) (10%) were posi-
tive for anti–cyclic citrullinated peptide 3.1 (anti–CCP-3.1). There was no significant difference in age,
sex, race, history of smoking, shared epitope positivity, or chronic lung disease between the CCP-3.1–
seropositive and the CCP-3.1–seronegative groups.
† Thirteen of the 20 RA patients (65%) were taking nonbiologic disease-modifying antirheumatic drugs.
‡ P , 0.01 versus the FDR and RA groups, as determined by Kruskal-Wallis test for age and by
chi-square or Fisher’s exact test for the other features.
§ P 5 0.03 versus the FDR group, as determined by chi-square test.
¶ P , 0.01 versus the FDR group, as determined by Fisher’s exact test.
# Blood for shared epitope testing was available from only 17 of the 20 RA patients and 69 of the 70
controls.
** The presence of chronic lung disease was determined by self-report using a questionnaire that asked
whether subjects had a health care provider–diagnosed history of asthma, emphysema, chronic bronchi-
tis, bronchiectasis, interstitial lung disease, lung cancer, pulmonary artery hypertension, obstructive sleep
apnea, or other chronic lung disease.

Table 2. Sputum and serum anti-CCP positivity in RA patients
and FDRs

FDRs of
RA patients

(n 5 67)

RA
patients
(n 5 20)

Sputum anti-CCP isotype, no. (%)
IgA1 and/or IgG1* 17 (25) 14 (70)†
IgA1/IgG1 10 (15) 8 (40)‡
IgA1/IgG– 6 (9) 0 (0)
IgA–/IgG1 1 (1) 6 (30)†
IgA–/IgG– 50 (75) 6 (30)†

Serum anti-CCP isotype, no. (%)
IgA1 and/or IgG1§ 12 (18) 20 (100)†
IgA1/IgG1 2 (3) 12 (60)†
IgA1/IgG– 8 (12) 1 (5)
IgA–/IgG1 2 (3) 7 (35)†
IgA–/IgG– 55 (82) 0 (0)†

* For sputum, the rheumatoid arthritis (RA)–free first-degree
relatives (FDRs) more often had IgA than IgG anti–cyclic citrullinated
peptide (anti-CCP) (P 5 0.13 by McNemar’s test), whereas the RA
patients more often had IgG than IgA anti-CCP (P 5 0.03 by
McNemar’s test).
† P , 0.01 for the prevalence of positivity versus the FDR group, as
determined by chi-square test.
‡ P 5 0.03 for the prevalence of positivity versus the FDR group, as
determined by chi-square test.
§ For serum, the FDRs more often had IgA than IgG anti-CCP
(P 5 0.11 by McNemar’s test), whereas the RA patients more often
had IgG than IgA anti-CCP (P 5 0.07 by McNemar’s test).
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Fourteen of 20 RA patients (70.0%) were posi-
tive for IgA anti-CCP and/or IgG anti-CCP in sputum,
which was significantly higher than in the FDRs (70.0%
versus 25.4%; P , 0.01). RA patients also demonstrated
higher rates of positivity for sputum IgG anti-CCP com-
pared to the FDRs (14 of 20 [70.0%] versus 11 of 67
[16.4%]; P , 0.01), whereas sputum IgA anti-CCP posi-
tivity was not significantly higher in RA patients as com-
pared to FDRs (8 of 20 [40.0%] versus 16 of 67 [23.9%];
P 5 0.26). In addition, sputum IgA and IgG anti-CCP
levels were highest in the RA patients (Figures 1A and B).

When comparing rates of autoantibody positivity
within groups, the rates of sputum IgG anti-CCP posi-
tivity were higher than IgA anti-CCP in the RA patients
(14 of 20 [70.0%] versus 8 of 20 [40.0%]; P 5 0.03). In
the FDRs, IgG anti-CCP was not significantly more pos-
itive than IgA anti-CCP (11 of 67 [16.4%] versus 16 of
67 [23.9%]; P 5 0.13).

Comparison of sputum and serum anti-CCP.
To evaluate the relationship between sputum and serum
anti-CCP positivity, we stratified the FDRs based on
their serum anti-CCP isotype status. Overall, 12 of the
67 FDRs (17.9%) and 20 of the 20 RA patients (100%)
were positive for serum IgA and/or IgG anti-CCP.

Among the FDRs, 10 were serum IgA anti-CCP
positive, of whom 5 (50%) were also sputum IgA anti-
CCP positive. There were 57 serum IgA anti-CCP nega-
tive FDRs, of whom 11 (19%) were sputum IgA anti-
CCP positive (Supplementary Figure 1A, available on
the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40066/abstract).
Furthermore, there were 4 serum IgG anti-CCP–positive
FDRs, of whom 1 (25%) was also sputum IgG anti-CCP
positive, and there were 63 serum IgG anti-CCP–
negative FDRs, of whom 10 (16%) were sputum IgG
anti-CCP positive (Supplementary Figure 1B). Among

Figure 1. Distribution of sputum IgA and IgG anti–cyclic citrullinated peptide (anti-CCP) levels in all study subjects and in rheumatoid arthritis
(RA)–free first-degree relatives (FDRs) stratified by smoking status. A and B, Distribution of sputum IgA anti-CCP (A) and IgG anti-CCP (B)
in healthy control subjects, FDRs, and RA patients. C and D, Distribution of sputum IgA anti-CCP (C) and IgG anti-CCP (D) in FDRs strati-
fied by history of smoking (ever smoked versus never smoked). P values were determined by nonparametric testing. Open symbols represent
serum anti-CCP–negative subjects and solid symbols represent serum anti-CCP–positive subjects; horizontal lines show the median. Broken line
indicates the cutoff level for anti-CCP positivity.
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the RA patients, 13 were serum IgA anti-CCP positive,
of whom 8 (62%) were also sputum IgA anti-CCP posi-
tive, and 7 were serum IgA anti-CCP negative, of whom
none were sputum IgA anti-CCP positive (Supplemen-
tary Figure 1C). In addition, there were 19 serum IgG
anti-CCP–positive RA patients, of whom 13 (68%) were
also sputum IgG anti-CCP positive, and there was 1
serum IgG anti-CCP–negative RA patient who was spu-
tum IgG anti-CCP positive (Supplementary Figure 1D).

To evaluate the potential for translocation of
anti-CCP from serum to sputum, we compared the
ratios of anti-CCP to total Ig levels for each isotype in
sputum and serum, with the rationale that a higher ratio
at one site supports the idea that the antibody is gener-
ated at that site (41,42). In the sputum anti-CCP–
positive FDRs, 11 of 14 (79%) had a higher ratio of IgA
anti-CCP to total IgA in the sputum compared to the
serum, and 9 of 10 (90%) had a higher ratio of IgG anti-
CCP to total IgG in the sputum, which supports the
notion that the anti-CCP was generated in the lung in
the majority of these subjects. In the sputum anti-CCP–
positive RA patients, 3 of 8 (38%) had a higher ratio of
IgA anti-CCP to total IgA in the sputum, and 11 of 13
(85%) had a higher ratio of IgG anti-CCP to total IgG
in the sputum. In addition, the median total IgA and
IgG levels in sputum did not differ between the FDRs
and the RA patients, but the total sputum IgA levels in
both groups was higher than that in the controls (Sup-
plementary Figure 2, available at http://onlinelibrary.
wiley.com/doi/10.1002/art.40066/abstract).

Comparison of subject characteristics and spu-
tum anti-CCP isotypes. Because smoking has been
associated with an increased risk of serum anti-CCP–
positive RA and is relevant in sputum studies (17), we
analyzed subjects stratified by smoking history. In the
FDRs, sputum IgA, but not IgG, anti-CCP positivity
was significantly higher in ever smokers compared to
never smokers (Figures 1C and D). A similar, but not sig-
nificant, association was seen in the RA patients

(Supplementary Figure 3, available at http://
onlinelibrary.wiley.com/doi/10.1002/art.40066/abstract).

In the FDRs, there were no associations between
sputum IgA or IgG anti-CCP positivity and sex, race,
$1 SE allele, or history of lung disease (data not
shown). Correlation analysis did not identify a signifi-
cant correlation between age and sputum anti-CCP iso-
type levels.

Similarly, in RA patients and control subjects, there
were no significant correlations or associations between
sputum anti-CCP isotypes and age, sex, race, SE positivity,
or history of lung disease (data not shown).

Sputum cell counts and sputum anti-CCP iso-
types. The known predominant cell types in sputum
are neutrophils and macrophages (35,36), and we
focused our analyses on these cell types. In the FDRs,
there was a median of 12.3 3 104/ml neutrophils (inter-
quartile range [IQR] 4.3–26.3 3 104/ml) and 17.5 3 104/
ml macrophages (IQR 8.2–47.1 3 104/ml). In the RA
patients, there was a median of 24.7 3 104/ml neutro-
phils (IQR 6.5–44.0 3 104/ml) and 12.7 3 104/ml
macrophages (IQR 4.6–27.2 3 104/ml).

Using regression analyses, we evaluated the asso-
ciation of anti-CCP levels with signs of airway inflamma-
tion as measured by sputum total cell counts (excluding
squamous epithelial cells), and neutrophil and macro-
phage counts. In the FDRs, sputum IgA anti-CCP
was significantly associated with total (t 5 3.5,
P 5 0.001), neutrophil (t 5 3.2, P 5 0.003), and macro-
phage (t 5 2.9, P 5 0.006) counts (Figure 2). Similar
associations were demonstrated for sputum IgG anti-
CCP and total (t 5 1.8, P 5 0.080), neutrophil (t 5 2.5,
P 5 0.018), and macrophage (t 5 2.0, P 5 0.048) counts
in this group of subjects (Figure 3). In RA patients, spu-
tum IgA anti-CCP was significantly associated with the
total cell count (t 5 2.3, P 5 0.039), but no other signifi-
cant associations were seen between sputum IgA or IgG
anti-CCP levels and cell counts in these patients (data
not shown).

Figure 2. Relationship between sputum IgA anti–cyclic citrullinated peptide (anti-CCP) levels and sputum cell counts in rheumatoid arthritis–
free first-degree relatives. Log-transformed levels of the sputum total cell count (A), total neutrophil count (B), and total macrophage count (C)
are plotted against the log-transformed levels of sputum IgA anti-CCP. P values were calculated using linear regression.
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Sputum neutrophil and macrophage counts were
higher in sputum anti-CCP isotype–positive FDRs com-
pared to sputum anti-CCP isotype–negative healthy con-
trols, with a median neutrophil count of 43.8 3 104/ml
(IQR 7.6–85.5 3 104/ml) versus 9.2 3 104/ml (IQR 3.9–
31.8 3 104/ml) (P 5 0.14) and a median macrophage

count of 56.9 3 104/ml (IQR 20.5–240.5 3 104/ml)
versus 17.2 3 104/ml (IQR 6.7–41.5 3 104/ml)
(P , 0.01). However, sputum levels of neutrophils and
macrophages were similar in sputum anti-CCP isotype–
negative FDRs and controls (P 5 0.69 and P 5 0.58,
respectively).

Figure 4. Associations of sputum anti–cyclic citrullinated peptide (anti-CCP) isotypes and sputum neutrophil extracellular trap (NET) levels in
rheumatoid arthritis–free first-degree relatives. Log-transformed sputum NET levels, as measured by DNA–myeloperoxidase (MPO) complexes (A

and C) and DNA–neutrophil elastase (NE) complexes (B and D), are plotted against the log-transformed levels of sputum IgA (A and B) and
IgG (C and D) anti-CCP. P values were calculated using linear regression.

Figure 3. Relationship between sputum IgG anti–cyclic citrullinated peptide (anti-CCP) levels and sputum cell counts in rheumatoid arthritis–
free first-degree relatives. Log-transformed levels of the sputum total cell count (A), total neutrophil count (B), and total macrophage count (C)
are plotted against the log-transformed levels of sputum IgG anti-CCP. P values were calculated using linear regression.
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Sputum NET levels and sputum anti-CCP iso-
types. We next studied the association between sputum
levels of anti-CCP and NETs. Using log-transformed anti-
CCP levels, sputum levels of IgA and IgG anti-CCP in the
FDRs were significantly associated with sputum levels of
NETs, as determined by measuring DNA–MPO and
DNA–NE complexes (Figure 4). In analyses adjusting for
ever smoking and citrulline levels, the association between
sputum IgA anti-CCP and NET levels in the FDRs
remained significant (by DNA–MPO complexes, t 5 3.75,
P , 0.01; by DNA–NE complexes, t 5 2.10, P 5 0.04). In
particular, for every 1-unit increase in NET level as mea-
sured by DNA–MPO complexes, there was an increase of
1.20 (95% confidence interval [95% CI] 1.09–1.33) in spu-
tum IgA anti-CCP levels and 1.13 (95% CI 1.07–1.18) in
sputum IgG anti-CCP. Similarly, for every 1-unit increase
in NET level as measured by DNA–NE complexes, there
was an increase of 1.17 (95% CI 1.01–1.37) in sputum
IgA anti-CCP and 1.09 (95% CI 1.00–1.18) in sputum
IgG anti-CCP. No significant associations between spu-
tum IgA or IgG anti-CCP levels and NET levels were
found in RA patients (data not shown).

Sputum citrulline levels and sputum anti-CCP
isotypes. In the FDRs, there was a significant associa-
tion between sputum citrulline and sputum IgA anti-
CCP levels (t 5 3.2, P , 0.01), but not between sputum
citrulline and sputum IgG anti-CCP (t 5 0.7, P 5 0.50).
Sputum citrulline levels were higher in ever smokers
compared to never smokers, but in analyses adjusted for
ever smoking, sputum IgA anti-CCP remained signifi-
cantly associated with the total citrulline level (t 5 2.7,
P , 0.01). In the RA patients, there were no significant
associations between sputum IgA or IgG anti-CCP lev-
els and total citrulline levels (data not shown).

Of note, as presented in Supplementary Figure 4
(available at http://onlinelibrary.wiley.com/doi/10.1002/
art.40066/abstract), due to sample volume restrictions, a
subset of 51 FDRs and 9 RA patients had sufficient spu-
tum volume available for testing of NET and citrulline
levels. To ensure that there was no selection bias in the
subjects who had larger volumes of sputum, we com-
pared FDRs and RA patients who did and did not
undergo NET and citrulline testing. In these analyses,
we found no significant difference in age, sex, race, SE
positivity, history of ever smoking, serum anti-CCP posi-
tivity, or sputum anti-CCP positivity.

DISCUSSION

Similar to our previous work (14) but studying an
expanded cohort and newly discriminating isotype-
specific ACPA reactivity, we found that elevations of

ACPA levels in the lung/sputum, as characterized by
anti-CCP isotypes, is prevalent in a portion of FDRs
(25%) and RA patients (70%). Of particular interest,
this study is the first to demonstrate IgA anti-CCP in
sputum, and we determined that IgA and IgG anti-CCP
are associated with increased sputum cell counts and
NET remnants in FDRs. Importantly, these findings
provide support for the conclusion that sputum ACPA
elevations are associated with local airway inflamma-
tion. This study also provides the first evidence that
NET formation is associated with ACPAs in the lung,
suggesting that NETosis may drive ACPA production
locally in FDRs who are at an elevated risk of develop-
ing RA.

The relationship between ACPA elevations and
NET formation in FDRs is of particular interest for sev-
eral reasons. Elevated NETosis has been associated
with established RA, can expose citrullinated proteins
to the immune system, including RA-associated proteins
such as citrullinated histone H3, and can release PAD4,
which could citrullinate other local proteins (24–26,43).
Although it is possible that NET formation could have
been induced in our study during sputum collection
or processing, this is less likely given that all samples
underwent the same protocols, while elevated NET
remnants were identified only in a subset. In addition,
previous studies have applied immunostaining tech-
niques that visually demonstrate the formation of NETs
from sputum neutrophils (28,29). It will be important to
understand the mechanisms contributing to higher spu-
tum NETosis levels in these FDRs. Specific questions to
be addressed are whether neutrophils from FDRs are
more likely than those from non-FDRs to undergo
NETosis and whether increased NETosis in the sputum
can be generated by another source (e.g., microbiota,
inflammatory cytokines, or ACPAs triggered by another
mechanism). A recent study showed that microbial
factors may affect neutrophil-related citrullination
through pore-forming mechanisms (44); therefore,
other mechanisms aside from NETosis by which neutro-
phils or other factors may contribute to mucosal citrulli-
nation need to be explored.

Because we wanted to study factors associated
with the earliest steps of ACPA formation and in order
to enhance our ability to find RA-related autoimmunity,
we focused on FDRs as a population that is known to be
at elevated risk of developing ACPAs (2,3,6). It is worth
noting, however, that we did not find associations
between sputum ACPA isotypes and cell counts or NET
levels in the RA patients. This lack of association could
be due to the small number of RA patients studied or
their use of immunosuppressive medications. However,
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it could also be that the mechanisms that drive ACPAs
change during the evolution of disease or after the onset
of synovitis in RA. For example, only after arthritis is
present in RA have ACPAs been identified in synovial
tissues (42,45). This will need to be explored in prospec-
tive evaluations of the evolution of sputum and serum
ACPAs and other biomarkers in individuals who
develop classifiable RA.

Citrullination in the lung has been associated
with smoking and inflammation (16,20). In the present
study, we demonstrated that sputum IgA, but not IgG,
ACPAs were associated with smoking and increased cit-
rulline levels. Although the Color Development Reagent
assay quantifies ureido groups that can include citrul-
linated as well as homocitrullinated peptides, this finding
suggests that perhaps IgA ACPA is more likely than IgG
ACPA to be formed in response to nonspecific inflamma-
tion in the lung and that other factors may be required to
drive IgG ACPA formation. This finding also highlights
the fact that different ACPA isotypes may play different
roles in the pathogenesis of RA. Previous studies demon-
strated that serum IgG ACPA positivity is higher in
patients with established RA as compared to unaffected
FDRs, who were more often serum IgA ACPA positive
(2,3). In our study, we found similar associations in serum
as well as sputum. Although prospective studies are
needed, this finding raises the question as to whether the
development of IgG ACPA is an important step in the
transition from preclinical RA to clinically apparent
arthritis.

We also found that a subset of FDRs demon-
strated sputum ACPA isotype positivity in the absence
of serum ACPA positivity. This finding further validates
our previous work showing that the lung may be a site
where ACPAs originate, and indeed, we have demon-
strated in subset analyses that sputum IgA anti-CCP
does not appear to be from a salivary source (see Sup-
plementary Materials, available at http://onlinelibrary.
wiley.com/doi/10.1002/art.40066/abstract). However, we
also found some FDRs who were serum ACPA positive
in the absence of sputum ACPA positivity, which sug-
gests that in some FDRs, ACPAs may have originated at
a site outside the lung. This underscores the importance
of comprehensively examining additional mucosal
surfaces as potential sites of initiation of RA-related
autoimmunity.

While FDRs are at increased risk of developing
RA-related autoimmunity, it is clear that the number of
FDRs demonstrating sputum ACPA positivity exceeds
the number that statistically will develop classifiable
RA. This suggests that local ACPA formation may
be necessary but not sufficient to progress to systemic

RA-related autoimmunity and eventually arthritis. In
addition, sputum ACPAs could have been translocated
from the serum in the FDRs. We believe this is unlikely
because many FDRs were ACPA positive only in spu-
tum, and the ratios of Ig to anti-CCP were higher in spu-
tum as compared to serum for the majority of FDRs.
Furthermore, the primary goal in the selection of our
control population was to set cutoff levels for sputum
ACPA positivity. Our control subjects were younger
than the FDRs or RA patients. Because there was not
an association between age and ACPA level, this differ-
ence was unlikely to influence the establishment of a
positive cutoff level.

Additional longitudinal studies of the prevalence
and evolution of sputum ACPAs in individuals who
develop classifiable RA and in carefully matched con-
trols will be needed to better understand these issues.
Specifically, studies should be conducted to validate the
diagnostic accuracy of sputum ACPA isotypes for ulti-
mate progression to classifiable RA, as well as to
explore the mechanisms by which ACPA generation at a
mucosal surface may occur in broader populations, per-
haps as a natural response to mucosal inflammation.
These latter studies are especially important if the
detection of sputum autoantibodies becomes a method
by which to identify subjects who may be at risk of devel-
oping RA.

Emerging data suggest that antibody reactivity to
native or noncitrullinated/arginine peptides may play a
role in the early development of autoimmunity in RA
(19,46,47). Older studies have demonstrated that in
non-RA populations, serum ACPA reactivity can be
nonspecific or cross-reactive with arginine peptides
(48). While our study only tested antibody reactivity to
the citrullinated CCP-3 plate substrate, based on these
other studies, it would be expected that a portion of our
subjects could have antibodies to native proteins. Fur-
ther studies are needed to address whether antibodies to
native proteins precede the development of ACPAs in
FDRs, whether FDRs demonstrate simultaneous genera-
tion of antibodies to citrullinated and noncitrullinated
targets, and whether sputum ACPAs in FDRs are less
specific and cross-react with noncitrullinated antigens.

In conclusion, ACPA isotypes as measured by
anti-CCP are present in the sputum of a portion of
FDRs and subjects with early classifiable disease. In
FDRs, sputum ACPA is associated with elevated cell
counts and NET remnants, which supports the idea that
the lung plays an important role in the early phases of
RA-related autoimmunity. Longitudinal and additional
mechanism-based studies in broader populations are
needed to further investigate this relationship.
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Objective. In rheumatoid arthritis (RA), autoreac-
tive B cells are pathogenic drivers and sources of anti–
citrullinated protein antibodies (ACPAs) that are a diag-
nostic biomarker and predictor of worse long-term progno-
sis. Yet, the immunobiologic significance of persistent
ACPA production at the cellular level is poorly understood.
This study was undertaken to investigate the representation
of ACPA-expressing switched-memory B cells in RA.

Methods. In a cross-sectional study of RA patients,
we investigated the presence of continued defects in
immune homeostasis as a function of disease activity.
Using an enzyme-linked immunosorbent assay (ELISA)
and a sensitive multiplex bead-based immunoassay, we
characterized fine binding antibody specificities in sera,
synovial fluid (SF), and B cell culture supernatants. In
this manner, we determined the frequency and epitope
reactivity patterns of ACPAs produced by SF B cells and

switched-memory blood B cells and compared the latter
to serum ACPA levels and disease activity scores.

Results. Cultured B cells from SF were shown to
spontaneously secrete ACPAs, while constitutive IgG
autoantibody production by peripheral blood mononu-
clear cells (PBMCs) was substantially less frequent. After
in vitro stimulation, PBMCs secreted IgG ACPA that was
overwhelmingly from switched-memory B cells, across all
patient groups treated with methotrexate and/or a tumor
necrosis factor inhibitor. Intriguingly, the frequencies of
ACPA-expressing switched-memory B cells significantly
correlated with serum IgG anti–cyclic citrullinated pep-
tide 3 (r 5 0.57, P 5 0.003). Moreover, treatment-induced
clinical remission had little or no effect on the circulating
burden of switched-memory ACPA-expressing B cells, in
part explaining the continued dysregulation of humoral
immunity.

Conclusion. Our findings rationalize why thera-
peutic cessation most often results in disease reactivation
and clinical flare. Hence, a clinical disease activity score
is not a reliable indicator of the resolution of pathologic
recirculating B cell autoimmunity.

Rheumatoid arthritis (RA) is a chronic inflamma-
tory disease affecting ;1–2% of Western populations that
can lead to joint destruction, disability, and early mortality
(1,2). Disease is postulated to be initiated by an inflamma-
tory response in periodontal tissue, pulmonary airways,
and/or the intestine (3–6). Progression to tissue injury is
linked to a specific breach in immunologic tolerance to
autoantigens generated by a posttranslational enzymatic
process, citrullination, that modifies the side chains of
arginine residues. In fact, circulating anti–citrullinated
protein antibodies (ACPAs), which recognize a progres-
sively expanding number of citrullinated protein epi-
topes, may arise years before symptomatic joint
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involvement (7,8). ACPAs themselves and ACPA-
containing immune complexes have been postulated to be
directly pathogenic (9). Moreover, B lymphocytes, which
infiltrate the inflamed synovial membranes of affected
joints and locally produce ACPAs and rheumatoid factor
(RF), also contribute to pathogenesis through antigen pre-
sentation, costimulation of CD41 T cells, and secretion of
chemokines and cytokines such as interleukin-6 (IL-6),
tumor necrosis factor (TNF), and RANKL (10–13).

The presence of serum ACPAs, as detected by a
cyclic citrullinated peptide (CCP) assay, both serves as a
diagnostic biomarker and predicts a worse prognosis for
progressive joint damage (14). At clinical onset, RA
patients also have expansions of memory B cell subset(s)
that correlate with worse long-term clinical outcomes (15).
Importantly, even though treat-to-target strategies can
more dependably induce low disease activity and clinical
remission, serum ACPAs nonetheless generally persist.
The immunobiologic basis for this persistence remains
obscure, since ACPA production in ectopic synovial lym-
phoid tissue is presumably diminished with disease remis-
sion. It can be postulated that ACPAs continue to be
spontaneously produced by long-lived plasma cells in the
bone marrow or other sites, which have become discon-
nected from a previous pathogenic synovial process. We
decided to test this model by determining whether
disease-associated autoreactive peripheral B cells dis-
appeared or persisted in patients in treatment-induced
clinical remission.

Herein, we have compared the binding specificities
of serum antibodies and peripheral blood B cells, with spe-
cial focus on the representation of ACPA-expressing
switched-memory B cells, which require additional stimuli
to secrete antibodies. We have also characterized the fine
binding specificities of these memory B cells, and enumer-
ated their frequencies in the peripheral blood. Impor-
tantly, to better understand the effect of treatment on the
underlying autoimmune process, we assessed relationships
with clinical disease activity (16). Our findings show that
recirculating ACPA-expressing memory B cells generally
persist despite treatment with conventional disease-
modifying antirheumatic drugs or TNF inhibition. Thus,
the dysregulation of systemic autoimmunity in RA persists,
even with remission of clinically relevant disease, which
likely accounts for the failure of most treatment regimens
to induce drug-free remission.

PATIENTS AND METHODS

Study design, human subjects, and sample procure-
ment. All patients fulfilled the 2010 American College of
Rheumatology/European League Against Rheumatism criteria

for RA (17) (see Supplementary Table 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40053/abstract). For initial classification,
patients were defined as “seropositive” or “seronegative” based
on the CCP2 clinical test (Axis-Shield) (18). Patients were rec-
ruited at New York University and as part of the Rheumatoid
Arthritis Comparative Effectiveness Research (RACER) trial
at the University of Pittsburgh. All patients and healthy donors
provided written informed consent in accordance with protocols
approved by the Human Subjects Institutional Review Board of
the New York University School of Medicine and the University
of Pittsburgh.

Enzyme-linked immunosorbent assay (ELISA) and
multiplex bead-based assays. In a central laboratory, serum
samples from all donors were tested for IgM-RF and IgG CCP3
(Inova Diagnostics) (19) (Supplementary Table 1). Samples with
high activity were further evaluated at multiple dilutions for accu-
rate activity assignment. Reactivity patterns for autocyclizing bio-
tinylated peptides (20–28) (see Supplementary Table 2, available
on the Arthritis & Rheumatology http://onlinelibrary.wiley.com/
doi/10.1002/art.40053/abstract, for citrullinated and native
peptides) were then defined (see Supplementary Figure 1, avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40053/abstract). Using a
panel of avidin-coated microspheres and the same peptides/pro-
teins, we also refined a multiplex bead-based array (Luminex),
which has enhancements compared to methods described in a
recent report (29). Signal strength was quantified according to
the median fluorescence intensity from .35 beads for each ana-
lyte per well. During assay development, an additive (SurModics)
was included to limit the potential influence of RF in a sample.
A recombinant human IgG1 antibody to citrullinated fibrinogen
(clone 1F11; ModiQuest) was used as a positive control.

Synovial fluid mononuclear cell (SFMC) culture.
Briefly, after joint aspiration, an aliquot of SF was cleared by
centrifugation and then treated with hyaluronidase (20 units/
ml). Cells were recovered by Ficoll separation, washed, assessed
for viability, and cultured in RPMI 1640 with 10% fetal bovine
serum (FBS), 10 mM HEPES, 0.1% 2-mercaptoethanol,
penicillin/streptomycin/glutamine with or without CpG 2006,
IL-21, and the CD40L-expressing feeder line, MS40L (30).

Detection of antigen-specific or IgG-secreting cells
(ISCs). To determine the frequencies of total IgG and
antigen-specific IgG-secreting B cells, we adapted methodology
for enzyme-linked immunospot (ELISpot) detection (31,32).
Peripheral blood mononuclear cells (PBMCs), cultured with or
without stimulants, were added at 2 3 105/well to 96-well
PVDF membrane plates (Millipore) coated with anti-human
IgG Fc-specific F(ab0)2 (Jackson ImmunoResearch) to capture
ISC products. To detect specificity, we added biotinylated CCP3,
biotinylated cyclic glutamine–containing peptide 3 (CQP3), bio-
tinylated tetanus toxoid (TT), or anti-human IgG antibody. To
develop, we used streptavidin-HRP80 (RDI; Fitzgerald) and
aminoethylcarbazole substrate. The enumeration of antigen-
specific ISCs was normalized per 106 PBMCs.

PBMC cultures. To assess the capacity for in vitro anti-
body secretion, PBMCs were isolated and cryopreserved, and
later cultured at 106 cells per well for 6 days in 1 ml of RPMI com-
plete media with 10% FBS, with or without CpG 2006 (6 mg/ml),
IL-21 (50 ng/ml), and soluble CD40L (500 ng/ml), adapting previ-
ously reported conditions (31). We used fluorescence-activated
cell sorting to isolate four B cell subpopulations: CD271IgD–,
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CD271IgD1, CD27–IgD–, and CD27–IgD1 (see Supplemen-
tary Figure 2, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40053/abstract).

Statistical analysis. We assessed nonparametric paired-
sample comparisons by Spearman’s correlation using Prism
software version 6.0e (GraphPad). P values less than 0.05 were
considered significant.

RESULTS

Patient cohorts and the development of citrulline-
specific immunoassays. Given our goal of investigating
the contributions of circulating ACPA-specific B lympho-
cytes to RA pathogenesis, we first assembled cohorts of
well-characterized patients. A cross-sectional cohort was
established at New York University that included patients
with new-onset RA and patients with established RA
(Supplementary Table 1). Assays for IgG CCP3 demon-
strated nearly complete concordance with the IgG CCP2
results obtained at enrollment (data not shown).

Development of a bead-based multiplex ACPA
assay. To evaluate patterns of antibody reactivity with
citrulline-containing proteins and autocyclizing synthetic
peptides, we first independently evaluated reactivity by
ELISA (Supplementary Figure 1). These same peptides
and proteins were then adapted to a multiplex bead-based
array using a panel of avidin-coated microspheres, and we
found significant correlations between results obtained

with ELISA and our custom bead-based multiplex assays
(see Supplementary Figure 3, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40053/abstract).

To better assess the limits of detection, we evalu-
ated the binding reactivity pattern of a recombinant
human antibody to citrullinated fibrinogen, 1F11. This
IgG1 antibody demonstrated a dose-dependent hierar-
chy of reactivity with a range of citrulline-containing
antigenic ligands; with the most active antigenic ligands,
reactivity was detectable at 0.1 ng/ml (data not shown).

With this multiplex assay, we characterized the
circulating autoantibody fine specificity of sera from
seropositive and seronegative RA patients (Figure 1a).
The strongest IgG binding reactivity was generally with
the CCP3 peptide, while only infrequent and, at best,
weak reactivity was observed for the CQP3 peptide
(which contains the neutral side chain of glutamine resi-
dues instead of charged arginine residues). Otherwise,
RA patient sera displayed great heterogeneity in the
fine specificities of the ACPAs when tested with a range
of citrulline-containing antigens (Figures 1a and b).

We also evaluated ACPA responses in the sera of
RA patients who had received different treatment
regimens (i.e., patient groups receiving oral MTX and/or a
TNF inhibitor [TNFi]). We observed no major differences
between these groups with respect to ACPA fine binding

Figure 1. Serum IgG from cyclic citrullinated peptide 3 (CCP3)–positive (seropositive) rheumatoid arthritis (RA) patients reacts with citrul-
linated, but not native, cyclized peptide epitopes in a multiplex bead-based array. a, Serum samples from seropositive RA patients (n 5 24) and
seronegative RA patients (n 5 6) were diluted 1:1,000 and assessed for IgG anti–citrullinated protein antibody (ACPA) reactivity by multiplex
bead-based array. b, A custom multiplex bead-based antigen array was used to assess ACPAs in serum from RA patients receiving different
treatments. Samples from seropositive RA patients treated with methotrexate (MTX; n 5 20), seropositive RA patients treated with MTX and
tumor necrosis factor inhibitor (TNFi; n 5 20), and seronegative RA patients treated with MTX (n 5 10) were analyzed for IgG ACPA fine
specificities. Similar epitope specificity patterns were detected in the different treatment groups. Data are presented as the median fluorescence
intensity (MFI). Cit hFibrinogen 5 citrullinated human fibrinogen; CitFibA 5 Cit-fibrinogen A; CQP3 5 cyclic glutamine-containing peptide 3;
pneumo ps2 5 pneumococcal capsular polysaccharide 2; BSA 5 bovine serum albumin; anti-hIgG 5 anti-human IgG.
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specificity, qualitatively or quantitatively, although we
again found that seropositive RA patients were highly het-
erogeneous with respect to their IgG ACPA epitope speci-
ficity profiles (Figure 1b). Samples from seronegative RA
patients, as defined by CCP2 and CCP3 assays, were gen-
erally nonreactive with other citrulline-containing anti-
gens, since our multiplex assay detected infrequent (0–
4%) recognition, as assessed by IgG binding of Cit-
peptides/proteins, and then with only weak reactivity (Fig-
ure 1), which is consistent with prior findings (33,34).

To further evaluate the clinical specificity of our
assay, we tested sera from healthy subjects and patients
with other rheumatic diseases, including osteoarthritis,
systemic lupus erythematosus, psoriatic arthritis, and
Sj€ogren’s syndrome (see Supplementary Table 3, avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40053/abstract).

Our findings confirmed that the detection of IgG anti-
citrulline antigen reactivity with our assay was highly
specific for patients with RA, since among these 87
disease-specific controls, we found that IgG reactivity
with the CCP3 peptide or other citrullinated antigens
was distinctly uncommon.

Specificity and frequency of disease-associated
autoreactive B cells at the site of disease. To evaluate
ACPAs produced at the site of disease, we assessed the
capacity of our multiplex assay to detect ACPAs in SF
samples from 2 seropositive RA patients. Substantial levels
of CCP31 IgG were present, while no reactivity with the
CQP3 control ligand was seen (Figure 2). Despite similar
levels of CCP3 reactivity in these 2 SF samples, there were
notable differences in the detection of IgG ACPA fine
binding specificities with the other citrulline-containing
peptides in the assay.

Figure 2. ACPA-reactive B cells are common in RA synovial fluid (SF), and SF mononuclear cell (SFMC) culture supernatant epitope reactivity
patterns mirror those in autologous SF. SF was obtained from 2 RA patients, and SFMCs were isolated. SFMCs (1,000 or 10,000 per well) were
cultured for 12 days with or without 3,000 MS40L cells/well and CpG 2006 and interleukin-21 (stim). Culture supernatants were analyzed using
an enzyme-linked immunosorbent assay (ELISA) to detect IgG anti-CCP3, followed by a multiplex assay for epitope specificity of all positive
and some negative wells. SF was tested at 1:100 and 1:1,000 dilutions by ELISA and multiplex assay. “Fresh” indicates directly ex vivo–cultured
cells, and “cryo” indicates previously cryopreserved, thawed cells. RU 5 relative units (see Figure 1 for other definitions).
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These SF mononuclear cell (SFMC) samples con-
tained a substantial representation of lymphocytes with
the surface phenotype of switched-memory B cells (data
not shown). SFMCs were cultured in media supplemented
with IL-21/CpG 2006, in the presence of the MS40L
feeder cell line that enables in vitro clonal expansion of
preactivated B cells (30), which also induced 20-fold
higher total IgG levels compared to unstimulated cultures
(data not shown). IgG ACPAs were commonly detected
in wells with 10,000 SFMCs, but were infrequent at 1,000
SFMCs/well, and never detected at 100 SFMCs/well. In
each well, IgG ACPA fine specificity was heterogeneous,
with the most common secreted ACPA epitope reactivities
reiterating the same immunodominant ACPA specificities
found in SF (Figure 2). While these studies document the
high frequency of ACPA-expressing B cells at the site of
disease, blood samples from these particular donors were,
unfortunately, not available for comparison.

Detection of circulating antigen-specific peripheral
B cells by ELISpot assay. To investigate the representa-
tion of circulating autoreactive B cells, we adapted ELISpot
methods to evaluate the representation of ACPA-
expressing B cells capable of constitutive ex vivo secretion
(i.e., plasma cells/blasts) and B cells that required in vitro
stimulation for IgG ACPA production (i.e., memory B
cells) (31,32). Without in vitro stimulation, we detected only
a very low frequency of spontaneous total ISCs (range 200–
321/106 PBMCs), and by this method, we detected neither
ACPA reactivity nor other TT-specific antibodies (data not
shown). In stimulated PBMCs from seropositive RA
patients, we found CCP3-reactive IgG spots in a mean 6

SEM of 41.3 6 0.5 ISCs/106 PBMCs (range 0–205), repre-
senting 0.13% of all ISCs (Figure 3a). Only background
levels were detected with the control peptide CQP3
(mean 6 SEM 1.9 6 0.6 ISCs/106 PBMCs). In contrast, for
seronegative RA patients and healthy adults, CCP3 and
CQP3 ISCs were below the limit of detection. These results
confirmed that only RA patients have disease-specific circu-
lating B cells capable of secreting IgG ACPAs.

As an internal control, we found that almost all
RA patients and healthy subjects had detectable circulat-
ing IgG-expressing memory B cells reactive with the con-
trol bacterial antigen TT from the preventative vaccine
that has been given to almost every adult. RA patients
had a mean 6 SEM of 71.1 6 2.6 IgG anti-TT ISCs
(range 0–205) and healthy adults had 65.4 6 1.2 anti-TT
ISCs/106 PBMCs (range 0–220) (Figure 3a), with no sig-
nificant difference between the 2 groups. Notably, these
experiments showed that the frequencies of recirculating
anti-TT memory B cells overlap with the frequencies of
ACPA-specific B cells in seropositive RA patients. Al-
though these ELISpot assays were informative, we sought

to develop a more efficient means of illuminating the
broader range of fine binding autospecificities expressed
by peripheral B cells in a donor.

Figure 3. ACPA-expressing B cells are present in the circulation of
seropositive RA patients, and peripheral blood mononuclear cell
(PBMC) cultures from seropositive RA patients secrete IgG ACPAs
with epitope reactivity patterns that recapitulate ACPA patterns in
serum. a, Day 6 PBMC cultures (with or without CpG 2006,
interleukin-21, and CD40L) from seropositive RA patients (n 5 19), a
seronegative (SN) RA patient, and healthy controls (HC; n 5 5) were
assessed by enzyme-linked immunospot assay for antigen-specific B cells
using 200,000 cells per well after overnight culture. ISCs 5 Ig-secreting
cells; TetTox 5 tetanus toxoid. b, PBMCs from healthy controls
(n 5 11), seronegative RA patients (n 5 5), and seropositive RA patients
(n 5 33) were isolated and cultured with or without stimulation (stim),
adapting previously described conditions (31). Culture supernatants
were assayed for antibody content by multiplex antigen bead assay using
anti-human IgG (Fc-specific) R-phycoerythrin (eBioscience). Data are
presented as the MFI. See Figure 1 for other definitions.
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ACPA production by PBMCs from RA patients.
To investigate the fine binding specificity of circulating
citrulline antigen–reactive B cells, the PBMC culture con-
ditions described above were used to induce B cell differ-
entiation and antibody production, which we evaluated
by multiplex bead array. Indeed, without stimulation, we
detected only low levels of IgG (mean 0.16 mg/ml [range
0.01–0.56 mg/ml]), while with 6 days of stimulation, IgG
levels were greatly increased (mean 7.65 mg/ml [range
1.85–20.95 mg/ml]). Based on IgG CCP3 reactivity,
ACPAs were found in 15 of 33 supernatants (45.5%)
from stimulated seropositive RA PBMCs (Figure 3b). In
general, wells that contained IgG anti-CCP3 antibodies
also displayed a range of reactivities for other citrulline-
containing epitopes (but not arginine-containing analogs)
that greatly varied between different RA donors. Taken
together with the ELISpot results described above, these
findings confirmed that seropositive RA patients com-
monly have circulating citrulline epitope–specific B cells.

Overall, IgG ACPAs were only detected in cul-
tures of PBMCs from seropositive RA patients, and in
most cases, only after 4–6 days of in vitro stimulation.
ACPAs were infrequently detected in wells with
unstimulated cells (i.e., 7 of 29 [24.1%] of seropositive
RA patients) (Figure 3b). Furthermore, the autoreac-
tive blood B cell clones in different donors appeared to
vary broadly by fine specificity for citrulline-containing
self-antigen variants. These findings support the notion
that RA patients have quiescent switched-memory B

cells that can express ACPAs in their blood, while circu-
lating constitutively IgG-secreting cells (i.e., plasma
cells/plasmablasts) are much less commonly detected.

The relationship between the fine specificity of
serum ACPAs and of the stimulated circulating ACPA-
expressing memory B cells within the PBMCs was evalu-
ated. Intriguingly, we found significant correlations
between the serum IgG reactivities and in vitro secreted
autoantibodies to CCP3 (P , 0.0001), Cit-filaggrin cfc6
(P 5 0.0001), and 7 other citrullinated antigens that were
tested (see Supplementary Figure 4, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40053/abstract). Correlations for
serum and in vitro–produced anti-TT antibody responses
were also observed (P 5 0.03). These results strongly sup-
port the notion that there is a connection between
epitope-specific ACPAs in serum and the fine specificities
of circulating autoreactive B cells. However, clinical dis-
ease activity, based on the Disease Activity Score in 28
joints (DAS28) (35), correlated with neither the level nor
the ACPA specificity in serum or supernatant (data not
shown).

Evaluation of sorted peripheral blood B cells
by multiplex assay. To directly determine which B cell
subsets in the peripheral blood are the source of RA
disease-associated ACPAs, we used flow cytometry to
isolate CD3–CD14–CD191 B cells from PBMCs into 4
subpopulations: CD271IgD– cells, CD271IgD1 cells,
CD27–IgD– cells, and CD27–IgD1 cells. The MS40L

Table 1. RA patient data for memory B cell studies*

All RA
patients
(n 5 24)

Patients
receiving MTX

(n 5 12)

Patients receiving TNFi
with or without MTX

(n 5 12)†

Healthy
controls
(n 5 5)

Sex, no. (%) female/male 20 (83.3)/4 (16.7) 10 (83.3)/2 (16.7) 10 (83.3)/2 (16.7) 2 (40)/3 (60)
Age, years 53.5 6 11.5 (27–82) 51.1 6 13.5 (27–82) 56.0 6 9.1 (42–72) 36.6 6 12.6 (25–58)
DAS28 3.0 6 1.8 (1.1–7.2) 3.1 6 2.0 (1.3–7.2) 3.0 6 1.7 (1.1–6.8)
Anti-CCP3 IgG, RU‡ 1,675.3 6 1,906.7

(49.2–7,725.9)
1,192.9 6 1,105.4
(104.8–3,424.3)

2,157.6 6 2,423.2
(49.2–7,725.9)

2.9 6 1.1
(2.1–4.8)

ACPA-expressing switched-
memory B cells, % wells

1.4 6 2.3 (0–7.7) 0.86 6 2.2 (0–7.7) 1.9 6 2.4 (0–7.7) 0

ACPA-expressing switched-
memory B cells/1 3 104

switched-memory B cells

2.8 6 4.6 (0–15.4) 1.7 6 4.4 (0–15.4) 3.8 6 4.8 (0–15.4) 0

Disease duration, days 4,200.5 6 4,243.9
(226–16,342)

2,379.2 6 1,830.5
(239–6,022)

6,187.5 6 5,254.9
(315–16,342)

–

Duration of MTX
treatment, days

1,711.3 6 2,854.1
(119–11,204)

1,061.9 6 1,490.5
(119–3,878)

2,360.7 6 3,760.2
(148–11,204)

–

Duration of TNFi
treatment, days

– – 866.1 6 1,301.2
(148–3,584)

–

* Except where indicated otherwise, values are the mean 6 SD (range). RA 5 rheumatoid arthritis; DAS28 5 Disease
Activity Score in 28 joints; RU 5 relative units; ACPA 5 anti–citrullinated protein antibody.
† Eleven patients received methotrexate (MTX) and tumor necrosis factor inhibitor (TNFi), and 1 patient received
TNFi only.
‡ The anti–cyclic citrullinated peptide 3 (anti-CCP3) test (Inova) was performed using sera diluted 1:1,616.
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cell line was then used for in vitro expansion of each sorted B
cell subset of defined surface phenotype (30). Sorted B cell
subsets from 10 RA patients and 5 healthy individuals (see
Supplementary Figure 2 for strategy) were separately cul-
tured at 50 viable B cells per well. In a multiplex assay and
confirmed by ELISA, only low or undetectable IgG levels
were present after 0–2 days of in vitro culture, and ACPA
reactivity was not detectable. Following culture of
switched-memory B cells with stimulants for 12 days, we
detected 10-fold greater levels of total IgG (mean 6 SD
3.2 6 2.4 mg/ml) than was associated with any other defined
B cell subset.

Cultured switched-memory B cells (CD271IgD–)
most consistently produced high levels of IgG ACPAs.
Otherwise, ACPAs were only infrequently detected in
wells from “double-negative” B cells (CD27–IgD–).
Other sorted subsets had no detectable ACPA activity
(data not shown), since IgG ACPAs were never detected
among preswitched-memory B cells (CD271IgD1) or
naive/transitional B cells (CD27–IgD1).

Overall, these data document that IgG ACPAs
primarily derive from switched-memory B cells (i.e.,
ACPA-expressing memory B cells) in the circulation of
RA patients (Table 1). Moreover, ACPA-expressing
memory B cells were detected in the circulation of sero-
positive RA patients in both treatment groups tested
(MTX or TNFi), with detection most frequently based
on reactivity with the CCP3 ligand, while there was much
greater heterogeneity with other individual citrulline-
containing peptides, but neither had detectable reactivity
with B cells from seronegative RA patients or unaffected
control subjects. We also surveyed for IgM autoantibodies,
but every case of IgM reactivity with citrulline-containing
ligands was associated with high polyreactivity with other
antigens as well (data not shown), and therefore, no truly
monospecific IgM ACPAs were detected.

Correlation of the burden of circulating ACPA-
expressing B cells with serum levels of ACPAs. Based
on evidence that seropositive RA patients commonly have
circulating B cells that are capable of secreting IgG

Figure 4. A high burden of ACPA-expressing switched-memory B cells (mBc) correlates with a high serum ACPA level, and epitope specificities
largely recapitulate those in circulating serum ACPAs in the same subject. Peripheral blood mononuclear cells (PBMCs) from seropositive RA
patients were stained, and switched-memory (CD191IgD–CD271) B cells were separated by fluorescence-activated cell sorting and cultured for 12
days at 50 cells/well with MS40L cells plus CpG 2006 and interleukin-21. Wells that were determined to be positive for CCP3 by enzyme-linked
immunosorbent assay prescreening were subjected to multiplex analysis for citrullinated epitope reactivity. Multiplex wells were counted as positive
if reactivity of a citrullinated peptide (based on MFI) was .50 MFI and $2-fold that of the native peptide. a, For samples from patients with sero-
positive RA who were receiving a TNFi (n 5 12) or MTX (n 5 12), ACPA-positive wells were counted, since these were assumed to contain 1 or
more ACPA-expressing memory B cells per well. Data were converted to switched-memory B cells per 10,000 memory B cells cultured, and then
plotted against serum IgG anti-CCP3 (with relative units [RU]/ml determined by IgG CCP3 clinical test and with additional serum dilutions per-
formed when required). b, Representative multiplex data for samples from 5 seropositive RA patients, depicting serum (diluted 1:1,000) and super-
natant (diluted 1:2) IgG ACPA reactivity, are shown. ** 5 P for Spearman’s correlation # 0.01. See Figure 1 for other definitions.
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ACPAs, we wondered whether there was a relationship
between the levels of these autoantibody-expressing mem-
ory B cells and their serum IgG ACPA levels. We there-
fore performed surveys on samples from a cross-sectional
study of RA patients.

Overall, we found ACPA secretion in a mean of
1.4% of wells containing 50 viable switched-memory B cells
(CD191CD271IgD–) (range 0–7.7%), while IgG ACPA-
expressing B cells were never detected in healthy donors
(Table 1). Considering the number of B cells that were
tested, we estimated that ACPA reactivity was expressed by
a mean 6 SD of 0.03 6 0.04% of switched-memory B cells
in a seropositive RA patient (range 0–0.15%). Notably, we
found a significant direct correlation between the propor-
tion of wells with detectable IgG ACPAs and serum levels
of IgG anti-CCP3 (Spearman’s correlation r 5 0.57,
P 5 0.003) (Figure 4a). In general, ACPA-expressing B
cells in individual wells exhibited great heterogeneity in
their recognition of multiple autoantigenic determinants
(Figure 4b). Taken together, the data indicate that there is
a biologic link between the frequencies of recirculating anti-
citrulline memory B cells and serum ACPA levels.

Lack of correlation of levels of circulating
ACPA-expressing B cells with disease activity. Over
the past 2 decades, there have been remarkable advances
in the efficacy of treatment regimens, and in our capacity
to accurately gauge overall disease activity in individual
RA patients. Neither total blood levels of memory B cells
nor IgG CCP3 antibody levels correlated with disease
activity (data not shown). We therefore next sought to
determine whether we could find relationships between
RA clinical disease activity and levels of recirculating cit-
rulline antigen–reactive memory B cells. Our cross-
sectional studies were performed on patients who dis-
played a wide range of serum IgG anti-CCP3 levels, and
based on the DAS28 (36), disease activity ranged from
high (DAS28 .5.1) in some patients to clinical remission
(DAS28 ,2.6) in others. ACPA switched-memory B cells
were found in the majority of seropositive RA patients (16
of 24 [66.7%]) (Figures 4 and 5). Yet, from quantitation
of the frequency of wells with detectable ACPAs, we found
only a nonsignificant trend toward a higher frequency of
ACPA-expressing blood memory B cells in patients with
higher DAS28 scores (Figure 5). Further analyses in subsets
of patients who received treatment with either methotrexate
(MTX) or a biologic agent (TNFi) also failed to show a signif-
icant correlation. Most importantly, ACPA-expressing mem-
ory B cells were detected in most seropositive RA patients in
clinical remission (8 of 14), based on DAS28 scores of ,2.6
(Figure 5).

In summary, treatment with standard of care
regimens, while sufficient to reduce disease activity and, in

some patients, to attain clinical remission, was not suffi-
cient to eliminate ACPA-expressing memory B cells from
the peripheral circulation, regardless of the DAS28 score
(Figure 5). A subset of RA patients had very high frequen-
cies of circulating ACPA-expressing memory B cells, with
a variety of ACPA epitope reactivity patterns in individual
patients (Figure 4b). Serum IgG CCP3 was also detected
in the patient subsets with high, moderate, and low disease
activity, as well as those in remission according to the
DAS28, although this association was not significant (data
not shown). Taken together, our results suggest that the
presence of a high burden of circulating ACPA-expressing
memory B cells may persist despite seemingly effective
therapeutic interventions and is not reflected by standard
measures of disease activity.

DISCUSSION

We found that seropositive RA patients, but not
seronegative RA patients or healthy adults, have substan-
tial levels of circulating anticitrullinated epitope-specific B

Figure 5. High burdens of circulating anti–citrullinated protein anti-
body (ACPA) switched-memory B cells (mBc) can be detected in the
circulation of treated rheumatoid arthritis (RA) patients, including
those whose disease is in clinical remission. For samples from patients
with seropositive RA who were receiving tumor necrosis factor inhibi-
tor (TNFi) therapy (n 5 12) or methotrexate (MTX; n 5 12), ACPA-
positive switched-memory B cells (per 10,000 switched-memory B cells
cultured) were quantified as described in Figure 4, plotted against the
Disease Activity Score in 28 joints (DAS28), and analyzed by
Spearman’s correlation. The DAS28 using the C-reactive protein level
(DAS28-CRP) was used in 21 patients, and the DAS28 using the
erythrocyte sedimentation rate (DAS28-ESR) was used in 3 patients
for whom CRP data were not available. Levels of ACPA-expressing
switched-memory B cells did not correlate significantly with DAS28
scores. Results of correlation analyses with DAS28-CRP and DAS28-
ESR were equivalent. NS 5 not significant.
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cells, at frequencies akin to those for an antigen-specific
protective B cell response. Circulating RA-associated
ACPA-expressing B cells were predominantly switched-
memory (i.e., CD271IgD–) B cells (37–39) that do not
spontaneously secrete ACPAs without in vitro activation.
These B cells displayed a range of binding autospecificities
for different citrullinated epitopes and were also cross-
reactive with the synthetic CCP3 peptide widely used to
confirm the clinical diagnosis of RA, while they did not
recognize native arginine-containing self–protein/peptide
analogs.

Our surveys of a cross-sectional cohort of adult RA
patients also revealed that the frequency of activatable cit-
rullinated antigen–reactive B cells in a subject was directly
proportional to serum IgG ACPA levels. While the range
of IgG ACPA specificities expressed varied greatly between
individual patients, for an individual RA patient the serum
ACPA binding reactivity pattern was very similar to that
induced by in vitro stimulation of disease-associated mem-
ory B cells. Whereas it has been argued that serum auto-
antibodies may be primarily produced by antibody-
secreting B lineage cells that infiltrate affected synovial
linings (20,40) and/or the bone marrow (41), our findings
suggest that the same clonal sets may be represented
among the memory B cells in the bloodstream.

Progressive advances in our understanding of RA
pathogenesis have led to the introduction of therapeutic
agents that often provide high-hurdle clinical benefits, and
biopsy/rebiopsy studies have shown this is generally par-
alleled by resolution of the pathogenic lymphocytic and
myeloid synovial infiltrates in affected joints (42–44). Yet
despite these therapeutic advancements, such treatments
are generally associated with only modest decreases in cir-
culating IgM-RF or IgG ACPA/CCP, and very rarely do
these serologic disease markers become undetectable.

In this study, we demonstrated that therapeutic
interventions (MTX and/or TNFi) did not dependably
abolish the recirculating autoantigen-targeted memory
B cells that reflect the disease-associated defect in B cell
immunologic tolerance, even in patients who attained
clinical remission. Our findings therefore confirm that,
despite the capacity of TNF inhibition to apparently dis-
engage autoreactive B cells from the inflammatory
destructive effector pathways in the rheumatoid synovial
apparently disease process, these treatments do not
appear to substantially impact the underlying patho-
genic autoimmunity (as recently discussed [15]).

Our integrated technical approach provided
insights that complement other cutting-edge methods for
the isolation and characterization of individual B cells in
the RA autoimmune response. Recombinant monoclonal
antibodies have been recovered and expressed from

single synovium-infiltrating B cells, and RA B cell recep-
tor repertoire studies have also provided the molecular
characterization of ACPA binding specificity, B cell
clonal relatedness, and immunogenetic origins (39,45).
Tetramer technology for flow cytometric sorting has also
been adapted for the study of autoantigen-specific B cells
from RA patients (39). While these approaches provide
important perspectives, single B cell analyses enable
detailed examinations of individual antigen-reactive lym-
phocytes (akin to the in-depth study of “individual
trees”), while the latter approaches provide broad surveys
of disease-associated B cell lineage “forests.” Our
approach provided an informative middle ground since it
was designed to quantitate memory B cells and also eluci-
date autoantibody fine specificity and cross-reactivity in
groups of patients. Our approach may require larger
blood samples to derive more-accurate frequencies when
in vivo levels of ACPA-expressing B cells among periph-
eral B cells are low. In the future, we would like to apply
our now validated methods to longitudinal studies of
individuals before and after starting a new agent.

Our investigations have provided direct evidence
that memory B cells are not eradicated in peripheral
blood following therapeutic attainment of clinical remis-
sion. Therefore, the regimens that we examined are
insufficient for induction of long-term immune remission.
In fact, patients with high serum IgG anti-CCP3 levels
were significantly more likely to have high frequencies of
ACPA-expressing switched-memory B cells, suggesting
there are likely ongoing roles for these cells in the pro-
duction of serum ACPAs. Our findings also suggest that
serum ACPA levels are closely intertwined with the per-
sistence of circulating ACPA-expressing memory B cells.
We therefore wonder about the relationship between
memory B cells and long-lived plasma cells, as our
findings are consistent with a model in which memory B
cells are required to replenish ACPA-secreting plasma
cells in the bone marrow and potentially at other sites.

The contributions of B cells to RA pathogenesis
have been best documented by the clinical efficacy of
rituximab, the prototypical anti-CD20 antibody, which
induces efficient eradication of B cells from the blood.
However, the impact at other sites may not be accurately
reflected in the bloodstream levels. In treated RA patients
with clinical benefits, when in vivo therapeutic anti-CD20
levels later wane, the return of detectable levels of blood B
cells is often associated with an overall reduction in the
levels of different CD271 B cell subsets that can persist
for years (46). Yet, to the best of our knowledge, the pro-
portions of these posttreatment recovery memory B cells
linked to host immune defenses versus disease-associated
autoimmunity have not been investigated.
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In conclusion, our results highlight the fact that
commonly used treatment regimens are deficient in affect-
ing the underlying pathologic autoimmune disease pro-
cess. These findings therefore help to rationalize the
outcome of 2 large trials in which cessation of therapy in
RA patients in clinical remission led to relapse in the great
majority of RA patients within the first year (47–49).
Indeed, these regimens fail to provide an effective cure for
RA because they do not have the capacity to target the
reservoirs of pathogenic autoreactive B cells (as well as T
cells).

We therefore propose that the next phase in the
development of RA therapy should have a goal of delet-
ing pathologic memory cells and reversing the defect in
immune tolerance. Progress toward this goal will
require the adoption of a new standard for differentiat-
ing clinical remission from true immune remission,
which includes an assessment of cellular autoimmune
players that will otherwise be responsible for disease
reactivation and clinical relapse. Our technical approach
for assessing the autoimmune B cell burden in RA
patients may therefore provide this essential tool for
assessing the capacity of treatment regimens to target
and eliminate disease-specific autoimmunity, as well as
for making better and more informed treatment deci-
sions in daily clinical practice.
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BRIEF REPORT

Treatment of Tumor Necrosis Factor–Transgenic Mice With
Anti–Tumor Necrosis Factor Restores Lymphatic Contractions, Repairs
Lymphatic Vessels, and May Increase Monocyte/Macrophage Egress

Echoe M. Bouta,1 Igor Kuzin,2 Karen de Mesy Bentley,1 Ronald W. Wood,1 Homaira Rahimi,1 Rui-Cheng Ji,3

Christopher T. Ritchlin,1 Andrea Bottaro,2 Lianping Xing,1 and Edward M. Schwarz1

Objective. Recent studies have demonstrated that
there is an inverse relationship between lymphatic egress
and inflammatory arthritis in affected joints. As a model,
tumor necrosis factor (TNF)–transgenic mice develop
advanced arthritis following draining lymph node (LN)
collapse, and loss of lymphatic contractions downstream
of inflamed joints. It is unknown if these lymphatic
deficits are reversible. This study was undertaken to test
the hypothesis that anti-TNF therapy reduces advanced
erosive inflammatory arthritis, associated with restora-
tion of lymphatic contractions, repair of damaged lym-
phatic vessels, and evidence of increased monocyte egress.

Methods. TNF-transgenic mice with advanced
arthritis and collapsed popliteal LNs were treated with
anti-TNF monoclonal antibody (10 mg/kg weekly) or pla-
cebo for 6 weeks, and effects on knee synovitis, lymphatic
vessel ultrastructure and function, and popliteal LN
cellularity were assessed by ultrasound, histology, trans-
mission electron microscopy (TEM), near-infrared in-
docyanine green imaging, and flow cytometry.

Results. Anti-TNF therapy significantly decreased
synovitis (~5-fold; P < 0.05 versus placebo), restored lym-
phatic contractions, and significantly increased the num-
ber of popliteal LN monocyte/macrophages (~2-fold;
P < 0.05 versus placebo). TEM demonstrated large

activated macrophages attached to damaged lymphatic
endothelium in mice with early arthritis, extensively dam-
aged lymphatic vessels in placebo-treated mice with
advanced arthritis, and rolling leukocytes in repaired
lymphatic vessels in mice responsive to anti-TNF therapy.

Conclusion. These findings support the concept
that anti-TNF therapy ameliorates erosive inflammatory
arthritis, in part via restoration of lymphatic vessel con-
tractions and potential enhancement of inflammatory cell
egress.

Despite the establishment of tumor necrosis factor
(TNF) inhibitors as standard of care for rheumatoid arthri-
tis (RA), the mechanisms by which they ameliorate synovi-
tis in inflamed joints remain incompletely understood.
Specifically, how an anti-TNF agent reduces synovial mac-
rophage numbers independent of apoptosis (1,2), and
alters monocyte influx into the synovium (3), remains an
open question. One possible explanation is that TNF inhi-
bition increases the efflux of monocyte/macrophages from
the synovium, which is supported by studies demonstrating
that anti-TNF increases lymphangiogenesis in murine
inflammatory arthritis and in RA patients (4,5). However,
anti-TNF–induced cellular egress from joints during flare
has yet to be formally demonstrated.

Previously, we demonstrated that progression of
arthritis in the knee joints of TNF-transgenic mice is par-
alleled by dramatic changes in the draining lymph nodes
(LNs) (6–8). Those longitudinal imaging studies combin-
ing contrast-enhanced magnetic resonance imaging (CE-
MRI) of the synovium and popliteal LNs (6) with quanti-
tation of lymphatic drainage via near-infrared (NIR)
imaging of an injected dye (indocyanine green [ICG]) (9)
demonstrated that prior to detectable synovial hyperplasia
in the knee, the adjacent popliteal LN expands due to
increased lymphangiogenesis, lymphatic fluid accumula-
tion, CD11b1 macrophage infiltration, and the expansion
of a unique subset of CD231/CD21high B cells in inflamed
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nodes (5,9–14). This asymptomatic “expansion” phase is
followed by a sudden “collapse” of the popliteal LN, which
is identified by CE-MRI or power Doppler imaging of the
popliteal LN (6,15). This collapse, which occurs at variable
time intervals in ;80% of TNF-transgenic mice, is associ-
ated with the translocation of CD231/CD21high B cells in
inflamed nodes from the follicles to lymphatic vessel
endothelial hyaluronan receptor 1–positive lymphatic ves-
sels of the paracortical sinuses, and a reduction in LN vol-
ume and increase in popliteal LN fluid pressure (6,8,16).
Thereafter, lymphatic drainage declines significantly due
to loss of intrisic lymphatic contractions and passive flow
(7,8,10,13).

It has also been demonstrated that B cell depletion
therapy with anti-CD20 antibodies ameliorated knee flare
afferent to collapsed popliteal LNs by clearing the LN si-
nuses and restoring passive lymphatic flow in the absence
of lymphatic contractions (8). However, whether agents
that target the underlying etiology of inflammatory arthri-
tis can restore lymphatic vessel contractions during the
collapsed phase of the disease remains unknown. To this
end, we evaluated the effects of anti-TNF treatment on
advanced knee arthritis in TNF-transgenic mice to deter-
mine if lymphatic contraction can be restored.

MATERIALS AND METHODS

Animals and treatment. All animal research was con-
ducted using protocols approved by the University of Rochester
Institutional Animal Care and Use Committee. TNF-transgenic
mice (3647 line) (17) were originally acquired from Dr. G.
Kollias (Alexander Fleming Institute, Athens, Greece), and
were maintained as heterozygotes on a C57BL/6 background.
For all imaging, mice were anesthetized with 1.5 – 2% isoflurane.
Male TNF-transgenic mice (8–10 months old) with collapsed
popliteal LNs were treated with anti-TNF (provided by Janssen
Pharmaceuticals) or nonspecific IgG1 isotype placebo control
monoclonal antibodies (CNTO12 and CNTO151; Janssen)
10 mg/kg per week intraperitoneally, as previously described (6).

CE-MRI acquisition and analysis. MRI and analysis
were performed as previously described (6,10,11). Briefly, TNF-
transgenic mice were anesthetized and the knee and ankle were
inserted into a customized coil and imaged in a Siemens Trio 3T
scanner. After a precontrast scan, 0.5 ml/kg of gadolinium
diethylenetriaminepentaacetic acid (Gd-DTPA) contrast agent
(Omniscan; Amersham Health) was injected into the orbital
venous plexus. The postcontrast scan was started 5 minutes after
injection to allow for circulation of Gd-DTPA.

Histologic analysis. For histologic analysis, mouse knees
were harvested and fixed in 10% neutral buffered formalin. The
joints were then decalcified in 14% EDTA at room temperature
for 21 days. Joints were then embedded in paraffin and cut into 5-
mm sections. Sections were deparaffinized and stained with Alcian
blue–hematoxylin/orange G, tartrate-resistant acid phosphatase, or
F4/80 (AbD Serotec) as previously described (6,10,11).

Power Doppler ultrasound (PDUS). The popliteal
LNs of TNF-transgenic mice were phenotyped and classified as

collapsed using PDUS as previously described (15). PDUS was
also performed on the mouse knee joints as previously described
(18). Each joint was imaged with a high-resolution small-animal
ultrasound system (VisualSonics 770) using a 704b scanhead.

NIR ICG imaging. Mice were placed on a heated sur-
face (Indus Instruments), hair was removed with a depilatory
cream, and the footpad was injected with 10 ml of 0.1% ICG
(Akorn) as previously described (8). The imaging system was
composed of a lens (Zoom 7000; Navitar), ICG filter set
(Semrock), and camera (Prosilica GT1380; Allied Vision Tech-
nologies). ICG was excited with a tungsten halogen bulb (IT
9596ER; Illumination Technologies) through a ring illuminator
(Schott). Imaging settings and recordings were obtained using a
custom-built LabVIEW program (National Instruments). Real-
time NIR imaging was performed for 60 minutes after ICG injec-
tion into the footpad to quantify the lymphatic contraction fre-
quency, and mice were imaged 24 hours later to quantify percent
ICG clearance as previously described (8).

Flow cytometric analysis. Single-cell suspensions were
prepared from LNs by mechanical disruption and stained with a
mixture of fluorochrome-conjugated monoclonal antibodies: CD3
(clone 17A2), CD11b (clone M1/70), major histocompatibility com-
plex class II (clone M5/114.15.2), and Gr1 (clone RB6-8C5) (all
from BioLegend), CD19 (clone 1D3) and CD11c (clone HL3)
(both from BD PharMingen), and F4/80 (BM8; eBioscience), as
previously described (13). All of the samples were stained for dead
cell exclusion using a Live/Dead Fixable Violet Dead Cell Stain kit
(Invitrogen) and fixed in 1% formaldehyde before running on the
instrument. Samples were run on a 12-color LSRII flow cytometer
(BD PharMingen) and analyzed using FlowJo software (Tree Star).

Transmission electron microscopy (TEM). The lym-
phatic vessel afferent to the popliteal LN was identified by
injecting Evans blue into the mouse footpad and was then excised
and immersion-fixed at 48C using a combination fixative of 2.5%
glutaraldehyde and 4.0% paraformaldehyde in 0.1M sodium cac-
odylate buffer for 24 hours. The specimens were rinsed in 0.1M
sodium cacodylate buffer and postfixed with buffered 1% osmium
tetroxide. The tissue was dehydrated in a graded series of ethanol
to 100%, transitioned into propylene oxide, and infiltrated with
Epon–Araldite epoxy resin, followed by embedding in fresh resin
and polymerization for 2 days at 608C. To identify the lymphatic
vessel in the specimen, the epoxy-embedded block was cut serially
into 1m slices and stained with toluidine blue. The lymphatic ves-
sel was then trimmed of excess surrounding tissue and thin sec-
tioned at 70 nm using a diamond knife and ultramicrotome. The
thin sections were placed onto Formvar/carbon slot nickel grids
and stained with uranyl acetate and lead citrate. A Hitachi
7650 transmission electron microscope with an 11-megapixel
Erlangshen digital camera (Gatan) was used to image the grids.

Statistical analysis. Significance was determined by Mann-
Whitney test for non-normally distributed data or t-test for nor-
mally distributed data. Normality was tested using a Shapiro-Wilk
normality test. Longitudinal data were analyzed using two-way
analysis of variance with multiple comparisons corrected for by
controlling the false discovery rate or Bonferroni post hoc test.
P values less than 0.05 were considered significant.

RESULTS

Consistent with our prior studies (10), anti-TNF
therapy significantly decreased mouse knee synovial volume
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versus placebo as assessed by CE-MRI (Supplementary
Figure 1, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40047/
abstract). Anti-TNF therapy reduced joint inflammation,
bone erosion, and osteoclast numbers as assessed by histol-
ogy (Supplementary Figures 2A–D, available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.

com/doi/10.1002/art.40047/abstract). Furthermore, immu-
nohistochemistry demonstrated that numbers of F4/801

macrophages in knee synovium were markedly reduced
in anti-TNF–treated mice versus placebo-treated mice
(Supplementary Figures 2E and F). We also performed
PD volume measurements in the mouse knee joint space
as an additional assessment of synovial vascularity and

Figure 1. Restoration of lymphatic contractions in anti–tumor necrosis factor (anti-TNF)–treated TNF-transgenic mice with advanced arthritis.
Male TNF-transgenic mice (n 5 6) were randomized to receive IgG placebo or anti-TNF treatment following power Doppler ultrasound to con-
firm popliteal lymph node collapse and baseline near-infrared (NIR) indocyanine green (ICG) imaging to confirm loss of lymphatic contractions.
After beginning therapy, the mice underwent NIR ICG imaging every 2 weeks for 6 weeks to assess recovery of lymphatic contractions. A and B,

Representative NIR images of the lower limb obtained 1 hour after ICG injection in mice treated for 6 weeks with placebo or anti-TNF. Note
that ICG-filled lymphatic vessels are most apparent in the anti-TNF–treated mouse (arrow in B). C, Representative examples of the raw signal
intensity data used to quantify lymphatic contractions. Recovery was observed at 6 weeks in the anti-TNF–treated mice, while no contractions
were observed in the placebo-treated mice. D and E, Representative NIR images of the injected foot obtained 24 hours after ICG injection in
mice treated for 6 weeks with placebo or anti-TNF. Note that residual ICG is greater in the foot of the placebo-treated mouse. F, Quantification
of the frequency of lymphatic contractions in placebo-treated and anti-TNF–treated mice. Values are the mean 6 SEM. * 5 P 5 0.01 by two-way
analysis of variance with multiple comparisons corrected for by controlling the false discovery rate. G, Percent ICG clearance in placebo-treated
and anti-TNF–treated mice after 6 weeks of treatment. Values are the mean 6 SEM. * 5 P , 0.05 by Mann-Whitney test. Color figure can be
viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40047/abstract.

Table 1. Increased monocyte and granulocyte numbers in anti-TNF–treated arthritic TNF-transgenic
mice*

IgG-treated
mice

Anti-TNF–treated
mice P†

B cells (CD191) 1.4 6 0.3 2.4 6 0.8 NS
T cells (CD31) 0.5 6 0.09 2.0 6 0.7 NS
Non–B/non–T cells (CD192, CD32) 1.8 6 0.3 5.2 6 1.0 0.009
Monocyte/macrophages (CD3–, CD19–,

CD11b1, CD11c2, F4/801)
0.8 6 0.1 1.7 6 0.4 0.047

Granulocytes (CD3–, CD19–, CD11b1,
CD11c2, F4/802, Gr11)

0.7 6 0.09 2.0 6 0.05 0.024

* Popliteal lymph nodes (LNs) from the tumor necrosis factor (TNF)–transgenic mice described in Fig-
ure 1 were harvested after 6 weeks of treatment and analyzed by flow cytometry to quantify cells per
popliteal LN. Values are the mean 6 SEM 3106 cells per popliteal LN. NS 5 not significant.
† By unpaired t-test.
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inflammation. After 6 weeks of treatment, a higher PD
signal was obvious in the placebo group, compared to the
anti-TNF treatment group (Supplementary Figures 2G
and H). Longitudinally, US showed a dramatic and con-
tinual increase in PD volume in the placebo group, while
anti-TNF prevented an increase in joint inflammation
(Supplementary Figure 2I).

Longitudinal NIR ICG imaging demonstrated a
remarkable increase in lymphatic transport in anti-TNF–
treated mice compared to placebo-treated mice, in which
ICG uptake was low or absent at 6 weeks (Figure 1).
Quantification of the frequency of lymphatic contractions
confirmed that the anti-TNF effects were due in part to
active transport (Figures 1C and F), which resulted in

increased lymphatic clearance (Figure 1G). Notably, anti-
TNF–treated mice showed consistent, regular lymphatic
contractions that were significantly increased versus
placebo-treated mice, and equivalent to findings in wild-
type mice (;2 contractions/minute), similar to previous
studies (8). Moreover, this is the first demonstration that
lymphatic contractions can be recovered after popliteal
LN collapse in this model.

To further dissect the mechanisms of action of anti-
TNF therapy, we assessed drug effects on the cellular com-
position of the popliteal LNs by flow cytometry. The
results showed that the increased cellular egress from
inflamed joints following anti-TNF treatment was accom-
panied by higher total cell numbers in the collapsed

Figure 2. Ultrastructural evidence of lymphatic vessel repair and rolling leukocytes in anti–tumor necrosis factor (anti-TNF)–treated TNF-transgenic
mice that recovered lymphatic vessel contractions. Wild-type and TNF-transgenic mice (n 5 3 per group) underwent transmission electron microscopy
imaging as described in Materials and Methods. Low-magnification imaging was used to identify lymphatic vessels. After the lymphatic vessel was
identified, vessel walls were imaged at 10,0003 magnification. A, Representative low-magnification image of lymphatic vessels in a wild-type mouse.
Original magnification 3 2,500. B, Representative image of the vessel wall in a wild-type mouse. Note the absence of cells in the lumen (L). C, Repre-
sentative image of the vessel wall in an untreated TNF-transgenic mouse with expanding popliteal lymph nodes (LNs). Note the activated macrophage
(Mf) with initial pseudopod attachment to endothelial cells (EC) afferent to the expanded popliteal LNs. D, Representative image of the vessel wall
in an untreated TNF-transgenic mouse with collapsed popliteal LNs. Note the complete macrophage attachment to ECs afferent to collapsed popliteal
LNs. E, Representative image of the vessel wall in a placebo (IgG)–treated TNF-transgenic mouse with collapsed popliteal LNs. Note the exacerbated
destruction of the lymphatic vessel as evidenced by vacuole formation in ECs (arrows). F, Representative image of the vessel wall in an anti-TNF–
treated TNF-transgenic mouse with collapsed popliteal LNs. Note the mononucleated leukocytes that appear to be rolling along the endothelium
(asterisks), indicative of restored cellular egress. SMC 5 smooth muscle cell. Original magnification 3 10,000 in B–F.
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popliteal LNs of TNF-transgenic mice (Table 1). Although
our cellular subset analysis displayed trends suggesting
increased numbers of B cells and T cells in anti-TNF–
treated mice, the only significant changes observed in the
popliteal LN populations in mice treated with anti-TNF
therapy were a 2.1-fold increase in monocyte/macrophages
(CD32CD192CD11b1) and a 2.9-fold increase in granulo-
cytes (CD32CD192CD11b1CD11c2F4/802Gr11).
Taken together, these findings support a model in which
anti-TNF therapy ameliorates synovitis potentially by
enhancing cellular egress from the joint via active lymphatic
transport through the draining LNs.

To corroborate our finding of anti-TNF–induced
monocyte/macrophage egress, we performed TEM on the
lymphatic vessels afferent to popliteal LNs. Wild-type
mouse lymphatic vessels showed intact lymphatic endothe-
lial and muscle cells (Figures 2A and B) with lumens
devoid of cells. Vessels afferent to expanding popliteal
LNs showed initial, and what appeared as weak, luminal
attachment of large (.5 mm) macrophages to the endothe-
lial cells (Figure 2C), while vessels afferent to collapsed
popliteal LNs showed these activated macrophages firmly
attached to the endothelial cells, indicated by the increased
surface area of macrophage attachment (Figure 2D). TEM
images of lymphatic vessels from placebo-treated mice dis-
played extensive tissue destruction as evidenced by large
vacuoles in endothelial cells and degenerated muscle cells
(Figure 2E). Notably, mice with collapsed popliteal LNs
treated with anti-TNF showed evidence of restored cellular
egress; TEM revealed small (,2 mm) leukocytes with a
rolling cell morphology on the luminal endothelium (Fig-
ure 2F). In particular, we did not observe cytoplasmic
vacuoles in endothelial cells, a finding associated with dam-
aged lymphatic vessels, providing additional support to
explain the recovery of lymphatic contraction (15).

DISCUSSION

Advances in drug development over the last 2
decades have provided an array of treatment options in
RA (19,20). Despite this progress, major unmet clinical
needs remain for a significant proportion of RA patients
(;40%) who are partial responders, or whose disease is
refractory to all currently available therapies including
anti-TNF. There is also a larger group of RA patients who
experience periodic arthritis flares. Thus, new therapeutic
strategies are needed, which requires formal elucidation of
the mechanisms of action of drugs currently in use. To this
end, we have focused on lymphatic changes during arthritis
progression and flare (6,8,10,13,21) and the effects of inter-
ventions that specifically target lymphatic contractions,
whose physiologic importance in supporting lymphatic

drainage and subsequent onset of lymphedema have been
established in preclinical and clinical studies (22,23).

It is well known that monocyte/macrophages (type
A synoviocytes) are the most abundant cell type in RA
inflamed synovium, and that these cells are a major source
of inflammatory mediators and catabolic factors in pan-
nus tissue (24). Moreover, results from RA trials with var-
ious drug therapies have shown that clinical efficacy
directly correlates with an observed decrease in CD681

synovial sublining macrophages (25,26). Many studies
have addressed the mechanisms responsible for the
reduction in RA monocyte/macrophages in response to
anti-TNF treatment, but the findings have been inconclu-
sive and contradictory. For example, while anti-TNF–
induced apoptosis of synoviocytes in RA has been
reported (27), other studies failed to show these effects
(1,2). Other investigations demonstrated that anti-TNF
therapy reduced the generation of osteoclasts and bone
erosion (28). In contrast, we found that anti-TNF
decreases macrophage/monocyte numbers in the joint by
increasing lymphatic transport and potentially cell egress
from inflamed joints. These findings are further
supported by previous studies demonstrating that anti-
TNF therapy increased lymphangiogenesis both in a
murine model and in RA patients (4).

Our data demonstrate that reduction in joint
inflammation (Supplementary Figures 1 and 2, avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40047/abstract)
is accompanied by an increase in lymphatic contraction
frequency and lymphatic clearance (Figure 1), and a signif-
icant increase in the number of CD11b1 cells in the
draining LNs (Table 1). Previously, we have shown that
CD11b1 cells migrate in lymphatic vessels afferent to
expanding popliteal LNs, and are immobile within these
lymphatic vessels during the popliteal LN collapsed phase
(8). Therefore, the best explanation for the concomitant
decrease in myeloid synoviocytes and increased CD11b1

cells in the popliteal LNs after 6 weeks of anti-TNF ther-
apy is increased cell egress through the lymphatic system,
as evidenced by the rolling leukocytes in lymphatic vessels
(Figure 2F). However, important points that were not
addressed in the present study include the possibility that
CD11b1 cells enter the popliteal LNs through high endo-
thelial venules and a potential increase in T cells and B
cells. Therefore, formal histology studies to determine the
temporal and spatial increases in distinct myeloid and lym-
phocytic populations in the popliteal LNs following anti-
TNF therapy are planned. It may also be possible to assess
increased lymphatic clearance following anti-TNF treat-
ment of RA patients using new NIR ICG imaging methods
(21).
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In addition to our studies of anti-TNF treatment of
TNF-transgenic mice described here and elsewhere
(6,10,11), we have assessed the effects of anti-CD20 in this
RA model (8,13). Although head-to-head efficacy studies
have yet to be performed, there were several general
findings that highlight distinct drug mechanisms of action
on joint inflammation and lymphatic clearance. The first is
that anti-TNF therapy ameliorates arthritis in both ankle
and knee joints, while anti-CD20 and genetic B cell deple-
tion affect only knee arthritis (8). This may be due to anti-
TNF effects on both tenosynovitis, which drives ankle
arthritis in this model (29), and knee flare triggered by the
loss of lymphatic drainage (Supplementary Figure 1), while
anti-CD20 affects only the latter (8,13). Second, anti-CD20
efficacy appears to be due to “unclogging” of lymphatic
vessels to restore passive lymphatic flow, as evidenced by a
dramatic increase in popliteal LN contrast enhancement
on CE-MRI and loss of CD231/CD21high B cells in
inflamed nodes without lymphatic contractions (8), while
anti-TNF targets the underling etiology in this model to
decrease inflammation and restore lymphatic contractions
(Figure 1) without decreasing popliteal LN B cell numbers
(Table 1).

In summary, these data show that in a murine
model of arthritis, TNF inhibition is followed by increased
lymphatic drainage from the joint, providing a possible
clearance mechanism for inflammatory cells. More impor-
tantly, we demonstrate for the first time that a therapeutic
agent can restore steady normal lymphatic contractions
subsequent to arthritic flare associated with collapsed
draining LNs and the loss of lymphatic contractions. Thus,
drugs specifically designed to facilitate lymphatic vessel
repair and return of lymphatic contractions remain intrigu-
ing and novel treatments for additional exploration.
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Clinical Images: Arytenoid chondritis

The patient, a 50-year-old woman, was admitted with a 2-week history of fever (398C) and antinuclear antibody positivity. Physical
examination revealed oral ulcers, malar rash, and poly-lymphadenopathy. Inflammation of the cartilage of the nose and auricles was
also detected. Based on these findings, along with laboratory results of lymphopenia and anti-Sm antibody positivity, relapsing poly-
chondritis (RP) related to systemic lupus erythematosus (SLE) was diagnosed. On the second day of admission, she reported hoarse-
ness. Although contrast computed tomography did not reveal cricoiditis or bronchial stents, otorhinolaryngologic examination
demonstrated arytenoid chondritis (A). She was treated with prednisone (25 mg every other day) and her symptoms were alleviated.
Follow-up otorhinolaryngologic examination showed resolution of the arytenoid chondritis (B). RP is an autoimmune disorder with
chondritis as a prominent clinical feature. It has been found to coexist in some patients with SLE (1). Airway involvement is one of
the critical symptoms and a risk factor for intensive care unit admission (2). It is therefore necessary to detect and treat arytenoid
chondritis early.
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Clinical Images: Arytenoid chondritis

The patient, a 50-year-old woman, was admitted with a 2-week history of fever (398C) and antinuclear antibody positivity. Physical
examination revealed oral ulcers, malar rash, and poly-lymphadenopathy. Inflammation of the cartilage of the nose and auricles was
also detected. Based on these findings, along with laboratory results of lymphopenia and anti-Sm antibody positivity, relapsing poly-
chondritis (RP) related to systemic lupus erythematosus (SLE) was diagnosed. On the second day of admission, she reported hoarse-
ness. Although contrast computed tomography did not reveal cricoiditis or bronchial stents, otorhinolaryngologic examination
demonstrated arytenoid chondritis (A). She was treated with prednisone (25 mg every other day) and her symptoms were alleviated.
Follow-up otorhinolaryngologic examination showed resolution of the arytenoid chondritis (B). RP is an autoimmune disorder with
chondritis as a prominent clinical feature. It has been found to coexist in some patients with SLE (1). Airway involvement is one of
the critical symptoms and a risk factor for intensive care unit admission (2). It is therefore necessary to detect and treat arytenoid
chondritis early.
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Metabolic Syndrome, Its Components, and Knee Osteoarthritis

The Framingham Osteoarthritis Study

Jingbo Niu,1 Margaret Clancy,1 Piran Aliabadi,2 Ramachandran Vasan,1 and David T. Felson3

Objective. Previous studies have suggested that
metabolic syndrome is associated with osteoarthritis
(OA). However, analyses have often not included adjust-
ment for body mass index (BMI) and have not addressed
whether levels of individual metabolic syndrome compo-
nents are related to OA. This study was undertaken to
examine the relationship of metabolic syndrome and its
components with radiographic and symptomatic knee OA.

Methods. Framingham Study subjects were assessed
for OA in 1992–1995 and again in 2002–2005. Near the
baseline visit, subjects had components of metabolic
syndrome assessed. We defined incident radiographic
OA as present when a knee without radiographic OA at
baseline had a Kellgren/Lawrence grade of ‡2 at follow-
up, and defined incident symptomatic OA as present
when a knee developed the new combination of radio-
graphic OA and knee pain. After excluding knees with
prevalent OA at baseline, we tested the relationship of
metabolic syndrome according to the National Choles-
terol Education Program Adult Treatment Panel III cri-
teria and its components with the risk of incident
radiographic OA and symptomatic OA before and after
adjusting for BMI using the risk ratio from a binary
regression with generalized estimating equations.

Results. A total of 991 subjects (55.1% women)
with a mean age of 54.2 years were studied, and 26.7%

of men and 22.9% of women had metabolic syndrome.
Metabolic syndrome and many of its components were
associated with both incident radiographic OA and
symptomatic OA, but after adjustment for BMI, almost
all of these associations became weak and nonsignifi-
cant. An association of high blood pressure, especially
diastolic pressure, with OA outcomes persisted in both
men and women.

Conclusion. After adjustment for BMI, neither
metabolic syndrome nor its components were associated
with incident OA. There may be an association between
OA and high blood pressure that needs further study.

Metabolic syndrome (1,2), whose elements
include central obesity, dyslipidemia, impaired fasting
glucose, and hypertension, increases the risk of cardio-
vascular disease (3) and mortality (4). Recent work has
focused on identifying the relationship of particular
components of metabolic syndrome with diseases to bet-
ter understand its influence on disease pathogenesis (3).

In the musculoskeletal field, there has been
considerable interest in the association of metabolic syn-
drome with osteoarthritis (OA). Central obesity, a com-
ponent of metabolic syndrome, is related to body mass
index (BMI), a well-known risk factor for knee OA (5).
Other components of metabolic syndrome may affect
the occurrence of OA through low-grade inflammation,
by altering the microvasculature of subchondral bone,
or by causing neuromuscular impairment (6,7).

Previous studies have suggested a strong and
consistent relationship of metabolic syndrome with an
increase in knee OA before adjustment for BMI (8–13).
After adjusting for BMI or body weight, especially as a
continuous variable, most of the positive findings on
metabolic syndrome and OA have weakened (8,11,12),
while some, especially findings regarding the number of
metabolic syndrome components and OA, have per-
sisted (9,14). In studies of individual components of
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metabolic syndrome, central obesity has been the
component most frequently associated with knee OA
(8,10–12,14,15), and in some studies, this relationship
has persisted even after adjusting for BMI (11,13).
Hypertension, especially high diastolic blood pressure,
was related to knee OA in some studies (9,10,13,16) but
not others (8,11).

BMI (and body weight) confer a loading effect
both directly on the joint and by causing an increase in
muscle force across the joint to accommodate this
increased load (5). In animal models, increased weight
and other causes of increased focal load across the joint
(malalignment; meniscal tear) all strongly increase OA
risk (17). Thus, some measure of obesity-related load
must be adjusted for when evaluating the effect of meta-
bolic syndrome and its components. Further, there is a
strong relationship between central obesity and overall
BMI, such that conventional regression adjustment for
BMI may be insufficient to evaluate the independent
effect of central obesity.

Prior studies have almost all been cross-
sectional, with the exception of Japanese and Swedish
studies with radiographic knee OA as the outcome and
a study following up persons with OA for hip or knee
replacement (9,11,13). Few prior studies focused on the
occurrence of symptomatic knee OA.

Metabolic syndrome and its relation to heart dis-
ease has been a major focus of the Framingham Heart
Study, and components of metabolic syndrome have
been carefully assessed. Metabolic syndrome is defined
by dichotomizing these components, but dichotomizing
disease risk factors may compromise power and limit
the ability to detect the threshold effect of risk factors
(18). Using data from the Framingham OA Study, a
substudy of the Heart Study, we examined the longitudi-
nal relationship of metabolic syndrome and its compo-
nents with radiographic and symptomatic knee OA.

PATIENTS AND METHODS

Study design and subjects. Subjects were recruited
from the Framingham Offspring Cohort, which consists of the
descendants of the original Framingham Heart Study cohort
and their spouses. The OA study focused on surviving
members of the Offspring Cohort whose parents, members of
the original Framingham cohort, had participated in an OA
study and their spouses. These subjects were invited to partici-
pate in the OA study in 1992–1995 (baseline visit), and came
back for a follow-up visit in 2002–2005 (19). We included sub-
jects who were 40 years and older at baseline because the inci-
dence of knee OA increases dramatically after age 50 (20).
The study was approved by the Boston University Medical
Center Institutional Review Board. All participants provided
written informed consent.

Metabolic syndrome. Since specific family members
of the original cohort were asked to come in for an examina-
tion for the OA Study after exam 5 of the Offspring Cohort
(which took place in 1990–1993), the assessment of metabolic
syndrome occurred a year or so before the OA examination.
Participants in the Offspring Cohort fasted overnight and had
plasma samples taken for the measurement of glucose and
lipids, answered questionnaires about sociodemographic and
lifestyle characteristics, and underwent a physical examination.
Plasma glucose was measured in fresh specimens with a hexo-
kinase reagent kit (A-gent glucose test; Abbott). Glucose
assays were run in duplicate; the intraassay coefficient of varia-
tion was 3%. The fasting plasma total cholesterol and plasma
triglyceride levels were measured enzymatically, and the high-
density lipoprotein (HDL) cholesterol fraction was measured
after precipitation of low-density lipoprotein (LDL) choles-
terol and very low-density lipoprotein cholesterol with Dextran
sulfate–magnesium (21). LDL cholesterol was estimated indi-
rectly when triglyceride levels were ,4.52 mmoles/liter (22).
The Framingham laboratory participates in the lipoprotein
cholesterol laboratory standardization program administered
by the Centers for Disease Control and Prevention in Atlanta,
Georgia (23). Waist circumference was measured as part of
the physical examination. Blood pressure was measured twice
after subjects had been seated for at least 5 minutes, and the
average of the 2 measurements was calculated.

We classified subjects as having metabolic syndrome
according to the National Cholesterol Education Program
Adult Treatment Panel III (ATP III) criteria (24). Subjects
were considered to have metabolic syndrome if they met at
least 3 of the following 5 criteria: 1) abdominal obesity (waist
circumference $102 cm [$40 inches] in men and $88 cm
[$35 inches] in women), 2) high triglyceride levels ($150 mg/
dl), 3) low HDL cholesterol (,40 mg/dl in men and ,50 mg/dl
in women), 4) high blood pressure (systolic blood pressure
$130 mm Hg or diastolic blood pressure $85 mm Hg or treat-
ment for high blood pressure), and 5) high fasting glucose
($110 mg/dl or diagnosis of diabetes). We also defined meta-
bolic syndrome using modified ATP III criteria, in which high
fasting glucose is based on the cut point of $100 mg/dl sug-
gested by the American Diabetes Association (25).

Knee radiographic and pain assessment. At baseline
and follow-up, bilateral weight-bearing anteroposterior (AP)
knee radiographs were obtained using a fixed-flexion approach,
and lateral view radiographs were obtained using a validated
protocol (26). Longitudinal knee radiographs were read by a
musculoskeletal radiologist (PA) and a rheumatologist. If there
was a disagreement as to whether the knee had radiographic
OA, the reading was adjudicated by a panel of 3 readers, includ-
ing the 2 who read all films and a third reader (DTF). A con-
sensus reading was reached when at least 2 of 3 readers agreed.

The Kellgren/Lawrence grade was determined using AP
view radiographs, and joint space narrowing and osteophytes were
scored on lateral view radiographs. A knee was defined as having
radiographic OA in the tibiofemoral joint if it had a Kellgren/
Lawrence grade of $2 on the AP view, and as having radiographic
OA in the patellofemoral joint if it had any osteophyte grade of
$2, or any osteophyte grade of $1 plus a joint space narrowing
grade of $2 in the patellofemoral joint on the lateral view (27).

Subjects were asked “on most days do you have pain,
aching or stiffness in your knee” for each knee at both baseline
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and follow-up visits. Subjects were considered to have
symptomatic knee OA if they had both knee pain and radio-
graphic OA in either tibiofemoral or patellofemoral joint on
radiographs.

Covariates. We used data from the Offspring examina-
tion on covariates including age, sex, educational attainment,
current smoking, physical activity (28), and alcohol consump-
tion ($1 drink/week). Height and weight were measured, and
BMI was calculated as weight in kilograms divided by the
square of height in meters (kg/m2).

Statistical analysis. Since differential association by
sex was observed between some components of metabolic
syndrome and prevalent radiographic knee OA in a previous
study (15), we performed sex-specific analyses. Baseline charac-
teristics were explored among subjects with and those without
metabolic syndrome prior to all analyses. We also examined the
correlation of continuous measurements used to define meta-
bolic syndrome with BMI and body weight.

Metabolic syndrome and incident radiographic OA.
Among knees without radiographic OA in both tibiofemoral
and patellofemoral joints at baseline, incident radiographic OA
was defined as the development of radiographic OA in either
tibiofemoral or patellofemoral joint or knee replacement at the
follow-up visit. For each exposure at baseline, i.e., metabolic
syndrome (yes versus no) and each of its 5 components (yes ver-
sus no), we used the risk ratio from a binary regression model
to estimate its association with incident radiographic OA. Gen-
eralized estimating equations were used to control for the

correlation between 2 knees in a subject. We adjusted for age,
education level, current smoking, alcohol consumption, and
physical activity level in the analysis. To show whether obesity
was the main confounding factor to the association of interest,
we further adjusted for BMI in another model, and adjusted for
body weight instead of BMI in a third model.

To explore whether there was a dose-response rela-
tionship between the severity of metabolic syndrome and
incident radiographic OA, we used the number of components
(1, 2, 3, and 4–5 versus 0) and sex-specific quartiles of each
continuous measurement in the definition of metabolic syn-
drome (2nd–4th quartiles versus the lowest quartile) as expo-
sures. We used the binary regression models described above
to assess the association between each severity exposure and
incident radiographic OA. If the results suggested a dose-
response relationship, we used the median of continuous mea-
surement in each quartile as continuous exposure to test for a
linear trend.

Since waist circumference is highly correlated with BMI
and body weight, we used the residual of waist circumference as
one way to control for weight-related confounding. The residual
of waist circumference was the difference between the observed
and expected value from a linear regression model with waist
circumference as the dependent variable and BMI as the inde-
pendent variable in each sex. We classified the BMI-adjusted
residual into sex-specific quartiles. Then we replaced BMI with
body weight to get the weight-adjusted residual of waist circum-
ference and repeated the analysis.

Table 1. Baseline characteristics of the subjects, by sex and presence of metabolic syndrome based on ATP III
criteria*

Men Women

No metabolic
syndrome
(n 5 326)

Metabolic
syndrome
(n 5 119)

No metabolic
syndrome
(n 5 421)

Metabolic
syndrome
(n 5 125)

Age, mean 6 SD years 54 6 8.0 55.6 6 7.6 53.2 6 7.9 57.2 6 8.2
BMI, mean 6 SD kg/m2 27.1 6 3.2 30.9 6 3.8 24.9 6 3.9 30.7 6 5.6
Body weight, mean 6 SD pounds 183.7 6 24.5 209.1 6 29.3 143.2 6 24.5 175.9 6 33.6
Physical activity index, mean 6 SD 37.4 6 37.4 36.5 6 36.5 36.9 6 36.9 36.7 6 36.7
Smoking, no. (%) 39 (12.0) 22 (18.5) 68 (16.2) 16 (12.8)
Alcohol consumption, no. (%) 252 (77.3) 82 (68.9) 305 (72.4) 72 (57.6)
College education, no. (%) 232 (71.2) 76 (63.9) 274 (65.1) 65 (52.0)
Abdominal obesity, no. (%) 64 (19.6) 79 (66.4) 77 (18.3) 105 (84)
High triglycerides, no. (%) 77 (23.6) 96 (80.7) 51 (12.1) 103 (82.4)
Low HDL, no. (%) 91 (27.9) 97 (81.5) 90 (21.4) 99 (79.2)
High BP, no. (%) 102 (31.3) 101 (84.9) 102 (24.2) 104 (83.2)
High fasting glucose ($100 mg/dl),

no. (%)
110 (33.7) 72 (60.5) 47 (11.2) 69 (55.2)

High fasting glucose ($110 mg/dl),
no. (%)

22 (6.7) 36 (30.3) 8 (1.9) 40 (32)

Waist circumference, mean 6 SD cm 96 6 9.0 105.5 6 9.1 80 6 10.8 98 6 11.3
Triglycerides, mean 6 SD mg/dl 130.1 6 78.1 240.8 6 139.7 105.3 6 45.1 228.4 6 142.0
HDL, mean 6 SD mg/dl 45.6 6 10.4 34.8 6 8.7 60.4 6 13.9 43.4 6 9.9
Systolic blood pressure,

mean 6 SD mm Hg
121.8 6 14.3 133.8 6 15.3 115.3 6 16.5 136.7 6 19.4

Diastolic blood pressure,
mean 6 SD mm Hg

74.2 6 8.5 80 6 10.8 69 6 9.6 76.5 6 9.7

Fasting blood glucose,
mean 6 SD mg/dl

98.7 6 21.1 111.8 6 32 90.7 6 8.1 113.5 6 42.8

* ATP III 5 Adult Treatment Panel III; BMI 5 body mass index; HDL 5 high-density lipoprotein; BP 5 blood pressure.
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Metabolic syndrome and incident symptomatic OA.
Among knees without symptomatic OA at baseline, incident
symptomatic OA was defined as the development of symptom-
atic OA or knee replacement by the time of the follow-up visit.
We used the same method as described above to assess the
association between each baseline exposure and incident
symptomatic OA.

RESULTS

Subject characteristics. Among 1,083 subjects
with longitudinal radiograph reading in the Framing-
ham OA Study, 4 subjects with metabolic syndrome not
assessed, 55 subjects age ,40 years, and 33 subjects with

bilateral radiographic OA at baseline were excluded.
The mean 6 SD age of the 991 remaining subjects was
54.2 6 8.1 years at baseline, 55.1% were women, 26.7%
of the men and 22.9% of the women had metabolic syn-
drome according to the ATP III criteria, and 34.2% of
the men and 25.1% of the women had metabolic syn-
drome according to the modified ATP III criteria. Sub-
jects with metabolic syndrome were older, less likely to
drink alcohol or have a college education, and had a
higher BMI compared with those without metabolic syn-
drome, especially among women (Table 1). BMI and
body weight were strongly correlated with waist circum-
ference (Pearson’s correlation coefficient 5 0.87–0.88 in

Table 2. Metabolic syndrome, its components, and incident radiographic knee OA*

Metabolic syndrome
and its components

Men Women

No. of
knees

Incident
radiographic
OA, no. (%)

RR
(95% CI)†

RR
(95% CI)‡

RR
(95% CI)§

No. of
knees

Incident
radiographic
OA, no. (%)

RR
(95% CI)†

RR
(95% CI)‡

RR
(95% CI)§

Metabolic syndrome,
ATP III criteria

No 587 43 (7.3) 1.0 1.0 1.0 790 74 (9.4) 1.0 1.0 1.0
Yes 213 35 (16.4) 2.0

(1.2–3.4)
1.5

(0.9–2.6)
1.4

(0.8–2.5)
213 31 (14.6) 1.4

(0.9–2.3)
0.8

(0.5–1.4)
0.8

(0.5–1.4)
Metabolic syndrome,

modified ATP III
criteria

No 537 41 (7.6) 1.0 1.0 1.0 767 71 (9.3) 1.0 1.0 1.0
Yes 263 37 (14.1) 1.7

(1.0–2.8)
1.2

(0.7–2.0)
1.2

(0.7–2.0)
236 34 (14.4) 1.4

(0.9–2.3)
0.8

(0.5–1.4)
0.8

(0.5–1.3)
Abdominal obesity

No 558 39 (7.0) 1.0 1.0 1.0 691 53 (7.7) 1.0 1.0 1.0
Yes 242 39 (16.1) 2.4

(1.5–3.9)
1.7

(0.9–3.1)
1.3

(0.6–2.8)
312 52 (16.7) 2.1

(1.3–3.2)
1.0

(0.6–1.9)
0.9

(0.5–1.7)
High triglycerides

No 490 42 (8.6) 1.0 1.0 1.0 732 74 (10.1) 1.0 1.0 1.0
Yes 310 36 (11.6) 1.3

(0.8–2.2)
1.2

(0.7–1.9)
1.2

(0.8–2.0)
271 31 (11.4) 1.0

(0.6–1.6)
0.7

(0.5–1.2)
0.8

(0.5–1.2)
Low HDL

No 463 36 (7.8) 1.0 1.0 1.0 664 71 (10.7) 1.0 1.0 1.0
Yes 337 42 (12.5) 1.8

(1.1–2.9)
1.5

(0.9–2.5)
1.5

(0.9–2.4)
339 34 (10.0) 0.9

(0.6–1.5)
0.7

(0.4–1.2)
0.7

(0.4–1.1)
High BP

No 447 32 (7.2) 1.0 1.0 1.0 643 51 (7.9) 1.0 1.0 1.0
Yes 353 46 (13.0) 1.6

(1.0–2.6)
1.3

(0.8–2.1)
1.2

(0.7–2.0)
360 54 (15.0) 1.7

(1.0–2.7)
1.3

(0.8–2.0)
1.2

(0.8–1.9)
Fasting glucose

$110 mg/dl
No 695 63 (9.1) 1.0 1.0 1.0 920 92 (10.0) 1.0 1.0 1.0
Yes 105 15 (14.3) 1.3

(0.7–2.5)
1.1

(0.6–2.2)
1.1

(0.6–2.1)
83 13 (15.7) 1.4

(0.8–2.7)
0.9

(0.4–1.7)
0.9

(0.5–1.7)
Fasting glucose

$100 mg/dl
No 474 48 (10.1) 1.0 1.0 1.0 794 76 (9.6) 1.0 1.0 1.0
Yes 326 30 (9.2) 0.8

(0.5–1.4)
0.7

(0.4–1.2)
0.7

(0.4–1.2)
209 29 (13.9) 1.3

(0.8–2.2)
0.9

(0.5–1.5)
0.9

(0.5–0.4)

* OA 5 osteoarthritis; RR 5 relative risk; 95% CI 5 95% confidence interval; ATP III 5 Adult Treatment Panel III; HDL 5 high-density lipopro-
tein; BP 5 blood pressure.
† Adjusted for age, education, smoking status, alcohol consumption, and physical activity level.
‡ Adjusted for age, education, smoking status, alcohol consumption, physical activity level, and body mass index.
§ Adjusted for age, education, smoking status, alcohol consumption, physical activity level, and body weight.
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men and 0.84–0.85 in women), but only weakly corre-
lated with other continuous measurements used to
define metabolic syndrome (Pearson’s correlation coef-
ficients ,0.4).

Metabolic syndrome and incident radiographic
OA. Among the knees without radiographic OA at base-
line, the incidence of radiographic OA was 9.8% (78 of
800 knees) in men and 10.5% (105 of 1,003 knees) in
women. After adjusting for age, education, smoking sta-
tus, alcohol consumption, and physical activity level, met-
abolic syndrome, abdominal obesity, and low HDL were

associated with an increased incidence of radiographic
OA among men (Table 2). Among women, abdominal
obesity and high blood pressure were associated with
incident radiographic OA, but metabolic syndrome was
not. After adjusting for BMI or body weight, none of
these associations remained significant.

As with metabolic syndrome, the number of met-
abolic syndrome components was associated with the
incidence of radiographic OA before adjustment for
BMI or body weight, especially in men, but the associa-
tion was markedly attenuated and no longer significant

Figure 1. Severity of metabolic syndrome components and incident radiographic knee osteoarthritis (ROA) by sex. Adjusted relative risks
(RRs) of incident radiographic knee OA for the number of metabolic syndrome components (0, 1, 2, 3, 4, or 5) based on Adult Treatment Panel
III (ATP III) criteria (�), number of metabolic syndrome components based on modified ATP III criteria ( ), and sex-specific quartiles (lowest,
second, third, and highest) of waist circumference (•), residual of waist circumference from regression on body weight (�), triglycerides (3),
high-density lipoprotein (1), systolic blood pressure (�), diastolic blood pressure ( ), and fasting blood glucose (�) are shown. a and c show
RRs from models adjusted for age, education, smoking status, alcohol consumption, and physical activity level. b and d show RRs from models
adjusted for age, education, smoking status, alcohol consumption, physical activity level, and body mass index (BMI) or body weight.
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when we adjusted for BMI or weight. Increasing waist
circumference was associated with an increased inci-
dence of radiographic OA in both sexes, but the trend
did not remain after adjusting for either BMI or body
weight, and this null association was confirmed by
using the residual of waist circumference as exposure
(Figure 1). The associations of both high systolic blood
pressure and high diastolic blood pressure with radio-
graphic OA diminished greatly and became nonsignifi-
cant after adjustment for weight or BMI (Table 2 and
Figure 1). Even so, women with diastolic blood pressure
in the highest quartile tended to have a higher incidence

of radiographic OA than women with diastolic blood
pressure in the lowest quartile (Figure 1).

Metabolic syndrome and incident symptomatic
OA. Among knees without symptomatic OA at base-
line, the incidence of symptomatic OA was 6.3% in men
(53 of 837) and 7.2% in women (75 of 1,037). Metabolic
syndrome was not associated with incident symptomatic
OA in men either before or after adjusting for BMI or
weight. The association between metabolic syndrome
and incident symptomatic OA was observed in women
before adjustment but disappeared after controlling for
weight-related confounding (Table 3). The association

Table 3. Metabolic syndrome, its components, and incident symptomatic knee OA*

Metabolic syndrome
and its components

Men Women

No. of
knees

Incident
symptomatic
OA, no. (%)

RR
(95% CI)†

RR
(95% CI)‡

RR
(95% CI)§

No. of
knees

Incident
symptomatic
OA, no. (%)

RR
(95% CI)†

RR
(95%CI)‡

RR
(95% CI)§

Metabolic syndrome,
ATP III criteria

No 617 35 (5.7) 1.0 1.0 1.0 803 43 (5.4) 1.0 1.0 1.0
Yes 220 18 (8.2) 1.2

(0.6–2.2)
0.8

(0.4–1.6)
0.8

(0.4–1.6)
234 32 (13.7) 2.3

(1.4–4.0)
1.2

(0.7–2.1)
1.2

(0.7–2.1)
Metabolic syndrome,

modified ATP
III criteria

No 554 26 (4.7) 1.0 1.0 1.0 780 42 (5.4) 1.0 1.0 1.0
Yes 283 27 (9.5) 1.7

(0.9–3.0)
1.3

(0.6–2.5)
1.3

(0.7–2.5)
257 33 (12.8) 2.2

(1.3–3.8)
1.1

(0.6–2.0)
1.1

(0.6–1.9)
Abdominal obesity

No 574 23 (4.0) 1.0 1.0 1.0 694 29 (4.2) 1.0 1.0 1.0
Yes 263 30 (11.4) 2.7

(1.5–4.9)
2.2

(1.0–4.9)
2.2

(0.9–5.4)
343 46 (13.4) 3.1

(1.8–5.3)
1.5

(0.8–2.9)
1.4

(0.8–2.7)
High triglycerides

No 515 34 (6.6) 1.0 1.0 1.0 746 43 (5.8) 1.0 1.0 1.0
Yes 322 19 (5.9) 0.8

(0.4–1.5)
0.7

(0.4–1.3)
0.7

(0.4–1.4)
291 32 (11.0) 1.7

(0.9–2.9)
1.1

(0.6–1.9)
1.1

(0.6–1.9)
Low HDL

No 494 31 (6.3) 1.0 1.0 1.0 680 45 (6.6) 1.0 1.0 1.0
Yes 343 22 (6.4) 1.0

(0.5–1.8)
0.8

(0.4–1.5)
0.8

(0.5–1.6)
357 30 (8.4) 1.2

(0.7–2.0)
0.8

(0.5–1.4)
0.8

(0.4–1.4)
High BP

No 458 17 (3.7) 1.0 1.0 1.0 643 29 (4.5) 1.0 1.0 1.0
Yes 379 36 (9.5) 2.2

(1.2–3.9)
1.8

(1.0–3.4)
1.8

(1.0–3.5)
394 46 (11.7) 2.5

(1.4–4.4)
1.7

(1.0–3.0)
1.6

(0.9–2.8)
Fasting glucose

$100 mg/dl
No 724 44 (6.1) 1.0 1.0 1.0 947 65 (6.9) 1.0 1.0 1.0
Yes 113 9 (8.0) 0.9

(0.4–2.0)
0.8

(0.3–1.7)
0.8

(0.4–1.7)
90 10 (11.1) 1.7

(0.9–3.4)
0.9

(0.4–1.9)
0.9

(0.4–1.9)
Fasting glucose

$110 mg/dl
No 494 30 (6.1) 1.0 1.0 1.0 815 56 (6.9) 1.0 1.0 1.0
Yes 343 23 (6.7) 0.9

(0.5–1.6)
0.8

(0.4–1.5)
0.8

(0.4–1.5)
222 19 (8.6) 1.2

(0.7–2.2)
0.7

(0.4–1.3)
0.7

(0.4–1.3)

* OA 5 osteoarthritis; RR 5 relative risk; 95% CI 5 95% confidence interval; ATP III 5 Adult Treatment Panel III; HDL 5 high-density lipopro-
tein; BP 5 blood pressure.
† Adjusted for age, education, smoking status, alcohol consumption, and physical activity level.
‡ Adjusted for age, education, smoking status, alcohol consumption, physical activity level, and body mass index.
§ Adjusted for age, education, smoking status, alcohol consumption, physical activity level, and body weight.
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of abdominal obesity and high blood pressure with inci-
dent symptomatic OA among men and women became
weaker and not statistically significant after adjusting
for BMI or body weight (Table 3 and Figure 2).

Before adjusting for BMI or weight, a trend
toward an increase in incident symptomatic OA with the
number of metabolic syndrome components was
observed among men and remained after adjusting for
BMI or body weight for up to 3 components (weight-
adjusted relative risk 5 1.0, 2.1, 3.2, 2.1, and 2.1 for hav-
ing 0 to 4 components, respectively, according to ATP

III criteria). The trend for number of components and
incident symptomatic OA observed in women dis-
appeared after adjusting for BMI or body weight.

Before adjustment for BMI or weight, a higher
incidence of symptomatic OA was observed among both
men and women with higher waist circumference, systolic
blood pressure and diastolic blood pressure quartile, and
among women with higher triglyceride levels (Figure 2).
The trend for waist circumference diminished greatly and
became nonsignificant after adjusting for BMI or body
weight (Table 3 and Figure 2). The trend was attenuated

Figure 2. Severity of metabolic syndrome components and incident symptomatic knee osteoarthritis (SxOA) by sex. Adjusted relative risks
(RRs) of incident symptomatic knee OA for the number of metabolic syndrome components (0, 1, 2, 3, or 4) based on Adult Treatment Panel
III (ATP III) criteria (�), number of metabolic syndrome components based on modified ATP III criteria ( ) and sex-specific quartiles (lowest,
second, third, and highest) of waist circumference (•), residual of waist circumference from regression on body weight (�), triglycerides (3),
high-density lipoprotein (1), systolic blood pressure (�), diastolic blood pressure ( ), and fasting blood glucose (�) are shown. a and c show
RRs from models adjusted for age, education, smoking status, alcohol consumption, and physical activity level. b and d show RRs from models
adjusted for age, education, smoking status, alcohol consumption, physical activity level, and body mass index (BMI) or body weight.
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and became nonsignificant for systolic blood pressure
quartiles (weight-adjusted P for trend 5 0.082 in men
and 0.162 in women), but remained for diastolic blood
pressure quartiles (weight-adjusted P for trend 5 0.053 in
men and 0.026 in women) after adjusting for BMI or
weight. On the other hand, subjects in higher fasting
blood glucose quartiles tended to have a lower incidence
of symptomatic OA after adjusting for weight-related
confounders (P for linear trend 5 0.044 in men and 0.080
in women) (Figure 2).

DISCUSSION

Before adjustment for BMI and body weight,
metabolic syndrome was associated with an increased
incidence of radiographic OA in men and increased
incidence of symptomatic OA in women, while the asso-
ciation between the number of components of metabolic
syndrome and incident OA was consistent in both sexes
and for both radiographic OA and symptomatic OA.
After controlling for BMI or weight, the associations of
these measures with OA were all markedly attenuated
and almost all were no longer significant. Only high dia-
stolic blood pressure remained associated with an
increased incidence of symptomatic OA in both men
and women after adjusting for body weight.

The strong correlation between the degree of
abdominal obesity and BMI or body weight could make
it hard to separate the effects of these risk factors in
multivariate models. We computed residuals of waist
circumference by removing the variation caused by BMI or
body weight and assessed the relationship between waist
circumference residual and OA. This tended to nullify any
association observed (Figures 1 and 2). This method
showed that abdominal obesity, BMI, and body weight are
likely to be measures of the same potential factor.

High blood pressure is another metabolic syn-
drome component that has been associated with OA in
previous studies before adjusting for BMI (9,10,13,16),
and some studies also reported this association after
adjusting for BMI (9,13,16). While we found that dia-
stolic blood pressure was related to incident symptom-
atic OA even after adjustment for BMI, the relationship
between systolic blood pressure and incident symptom-
atic OA was nearly significant also, suggesting that both
might be related to symptomatic OA. Any cross-
sectional analysis of this relationship would be challeng-
ing to interpret since treatment for symptomatic OA
includes nonsteroidal antiinflammatory drugs, which
can raise blood pressure.

Although symptomatic knee OA is the form of
OA that affects quality of life, it has not been as well

studied as radiographic OA in terms of its relationship
to metabolic syndrome. There is evidence of a role of
inflammatory mediators in nociception and pain in
arthritis (29). People with metabolic syndrome, which
is accompanied by systemic inflammation, may have
higher levels of pain for the same severity of structural
OA (13,29). The definitions of symptomatic OA in
previous studies were inconsistent, including self-
reported OA (15), clinical OA (12), and severe symp-
tomatic OA as assessed by knee replacement as the
outcome (11). The findings from these studies were
also inconsistent. Our study was the first to define
symptomatic OA based on both radiographs and knee
symptoms and using incident symptomatic OA as the
outcome.

After adjustment for BMI, we also found, sur-
prisingly, an inverse association between fasting blood
sugar and OA, especially symptomatic OA. In several
previous studies, diabetes and elevated blood glucose
levels were reported to be positively associated with OA
and joint replacement (7). However, in the Multicenter
OA Study, investigators reported no association of
diabetes with incident OA in men, whereas in women,
the presence of diabetes and an increase in insulin resis-
tance protected against OA onset after adjusting for
BMI (30). Given the inconsistent findings, the relation-
ship between blood sugar and knee OA needs further
study.

Our study has strengths and limitations. Strengths
include the use of a longitudinal sample with components
of metabolic syndrome characterized by state-of-the-art
methods. We were able to test different levels of the
components of metabolic syndrome rather than just
dichotomizing them. We carried out the first attempt to
examine the independent effect of central obesity on
OA by using the residual approach for adjustment for
collinear measures.

Among the limitations of the present study, we
have no data to account for change in metabolic syn-
drome and its components during the 10-year follow-up
period, so the exposures were susceptible to misclassifi-
cation. Metabolic syndrome is a risk factor for several
disabling or fatal diseases, so subjects with metabolic
syndrome were more likely to be lost to follow-up and
this could introduce bias. Further, since we did not
know the date of onset of symptomatic OA, we could
not adjust for competing risks of death. While metabolic
syndrome increases the risk of death, this would bias
our results only if the combination of incident OA and
metabolic syndrome increased mortality risk more than
metabolic syndrome alone, and in the Framingham
Study, we have found no association of OA with overall
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mortality risk in hand OA (31). Even if symptomatic
knee OA were associated with enhanced mortality, this
is not likely to be true for new-onset disease, and
increases in OA mortality risk seen in other studies are
small and would be unlikely to confound our findings
(32). Also, larger numbers of incident OA cases may
have led us to identify blood pressure as a significant
risk factor for OA, given that our weight-adjusted analy-
sis suggested a persistent association of OA risk with
blood pressure. Most of our incident cases were knees
with tibiofemoral OA, which limited our ability to exam-
ine whether risk for patellofemoral and tibiofemoral
OA differed.

In conclusion, this study revealed that metabolic
syndrome, the number of its components, and individual
components, such as central obesity, are associated with
incident knee OA but not independent of BMI and
body weight. Incident symptomatic knee OA occurred
more frequently with an increase in blood pressure, an
association that needs further exploration.
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Lifetime Risk of Symptomatic Hand Osteoarthritis

The Johnston County Osteoarthritis Project
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Objective. Symptomatic hand osteoarthritis (OA)
is a common condition that affects hand strength and
function, and causes disability in activities of daily living.
Prior studies have estimated that the lifetime risk of symp-
tomatic knee OA is 45% and that of hip OA is 25%. The
objective of the present study was to estimate the overall
lifetime risk of symptomatic hand OA, and the stratified
lifetime risk according to potential risk factors.

Methods. Data were obtained from 2,218 adult
subjects (age ‡45 years) in the Johnston County Osteoar-
thritis Project, a population-based prospective cohort
study among residents of Johnston County, North Caro-
lina. Data for the present study were collected from 2 of
the follow-up cycles (1999–2004 and 2005–2010). Symp-
tomatic hand OA was defined as the presence of both self-
reported symptoms and radiographic OA in the same
hand. Lifetime risk, defined as the proportion of the popu-
lation who will develop symptomatic hand OA in at least 1
hand by age 85 years, was estimated from models using
generalized estimating equations.

Results. Overall, the lifetime risk of symptomatic
hand OA was 39.8% (95% confidence interval [95% CI]

34.4–45.3%). In this population, nearly 1 in 2 women
(47.2%, 95% CI 40.6–53.9%) had an estimated lifetime
risk of developing symptomatic hand OA by age 85 years,
compared with 1 in 4 men (24.6%, 95% CI 19.5–30.5%).
Race-specific symptomatic hand OA risk estimates were
41.4% (95% CI 35.5–47.6%) among whites and 29.2%
(95% CI 20.5–39.7%) among African Americans. The life-
time risk of symptomatic hand OA among individuals
with obesity (47.1%, 95% CI 37.8–56.7%) was 11 percent-
age points higher than that in individuals without obesity
(36.1%, 95% CI 29.7–42.9%).

Conclusion. These findings demonstrate the sub-
stantial burden of symptomatic hand OA overall and in
sociodemographic and clinical subgroups. Increased use
of public health and clinical interventions is needed to
address its impact.

The hand is one of the sites most frequently

affected by osteoarthritis (OA), characterized by bony
enlargements of the finger joints and deformities of the
hand (1). Many people with hand OA experience symp-
toms of pain or aching, stiffness, loss of mobility, and
decreased grip strength, leading to impaired hand function
and disability in activities of daily living (2,3). Contrary to
the common belief that it is a disease of older people, hand

OA can occur relatively early in life (i.e., middle age),
impairing an individual’s capacity to work (4).

Studies of hand OA, particularly epidemiologic
assessments of its prevalence and incidence, are sparse.
Hand OA with active symptoms is associated with func-
tional limitations, greater disability, and increased health
care utilization (3,5); therefore, symptomatic hand OA has
both clinical and public health implications. The preva-
lence estimates for symptomatic hand OA in the general
population of adults among various countries range
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between 3% and 8% (6–11). Higher prevalence values
have been reported among older adults, with prevalence
estimates of 13% in men and 26% in women age .70
years in the Framingham Osteoarthritis Study (3), a preva-
lence of 15% among individuals age $65 years in an Ital-
ian community (10), and the lowest estimate, 5%, among a
Chinese population of adults age $60 years (11). In the
Framingham Osteoarthritis Study, the 9-year cumulative
incidence (proportion of new cases) of symptomatic hand
OA in adults was 7% (12). The 10-year cumulative inci-
dence of doctor-diagnosed hand OA in a Norwegian adult
cohort was 6% (13). The incidence rate of symptomatic
hand OA observed for up to 4 years among members of
the Fallon Community Plan (Massachusetts) was 100 per
100,000 person-years (5).

Lifetime risk is the probability of developing a con-
dition over the course of a lifetime. The lifetime risk has
been previously estimated for other chronic conditions,
including cancer, heart diseases, and diabetes mellitus
(14–16). Using data from the Johnston County (JoCo) OA
Project, the lifetime risk was estimated to be 45% for
development of symptomatic knee OA (17) and 25% for
symptomatic hip OA (18). To our knowledge, the lifetime
risk of symptomatic hand OA has not been reported. Esti-
mating the lifetime risk of symptomatic hand OA provides
a risk estimate that is useful both for an individual’s prog-
nosis and for those seeking a better understanding of its
public health burden. Using longitudinal data from the
JoCo OA Project, we estimated the overall lifetime risk of
symptomatic hand OA in the study population, and also
stratified the risk by potential influential factors. It was not
our objective to examine the association between risk
factors and symptomatic hand OA, but rather to provide
an estimated probability of having symptomatic hand OA
by a certain age, and to determine whether this probability
might differ by sex, race, education level, obesity status,
hand injury history, and occupational factors that have
been reported to be potential risk factors of OA or that
may affect other risk factors (19–21).

SUBJECTS AND METHODS

Study design and data source. The JoCo OA Project
is an ongoing population-based prospective cohort study moni-
toring the occurrence and natural history of OA in residents of
Johnston County, North Carolina. Data collection and evaluation
were conducted at baseline during 1991–1997 (n 5 3,068) and at
3 follow-up cycles (time 1 during 1999–2004, time 2 during 2005–
2010, and time 3 during 2011–2015). The study protocol used
probability sampling to select a representative sample of noninsti-
tutionalized civilians, comprising African American and white
men and women age $45 years who were residents of 1 of 6
selected townships of Johnston County and who were physically
and mentally capable of completing the study protocol. The

protocol included both home interviews and clinic visits. Project
methods are described in detail elsewhere (22). The study proto-
col was approved by the Institutional Review Boards of the Cen-
ters for Disease Control and Prevention and the University of
North Carolina.

Radiographs were obtained during the clinic visits by a
standard protocol involving bilateral posteroanterior views of the
hands. A single experienced musculoskeletal radiologist (JBR)
read the images using standard atlases (23,24) for features of
radiographic OA at each of the 30 joints of both hands, using
the radiographic films obtained in each data-collection cycle. We
performed a reliability assessment of the radiographic readings by
comparing a sample of those films read singly and those films
read in series (paired readings) (see Supplementary Appendix
and Supplementary Tables 1 and 2, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40097/abstract), which showed good-to-excellent reliabil-
ity (kappa coefficients 0.72 for time 1 and 0.86 for time 2), thus
allowing us to use the original (read singly) radiographic readings.

In this study, we analyzed data from the time 1 and time
2 follow-up cycles, because hand OA symptoms and radiographic
measurements were collected in these cycles (hand symptoms
and radiographic features were not measured at baseline in the
JoCo OA Project). Symptomatic hand OA was defined as the
presence of both self-reported symptoms and radiographic OA in
the same hand. Participants were considered to have symptom-
atic hand OA if they had symptomatic hand OA in at least 1
hand. Presence of hand symptoms was ascertained by a response
of “yes” to the question, “On most days, do you have pain, ach-
ing, or stiffness in your left/right hand?” Radiographic hand OA
was defined according to the following 2 criteria (25): 1) a
Kellgren/Lawrence (K/L) radiographic severity grade of $2 (i.e.,
mild-to-severe radiographic OA) (24) in at least 3 total joints in
each hand, excluding the metacarpophalangeal (MCP) joints;
and 2) at least 1 of the affected joints being the distal interphalan-
geal (DIP) joint. The thumb interphalangeal joint was considered
to be a proximal interphalangeal (PIP) joint, and the carpometa-
carpal (CMC) joint was included in the count of the total number
of joints affected (as described in criterion 1).

Various definitions of radiographic hand OA have been
used in different studies (26). Our definition was based on the
descriptions of generalized OA phenotypes in prior studies
(25,27,28), as well as on the intent to represent subjects com-
monly seen in clinical settings and the presence of hand OA suffi-
ciently severe to likely affect quality of life. We believe our
definition has both clinical and public health implications, and
therefore the definition that we applied is appropriate for lifetime
estimation of the symptomatic hand OA risk from a population
perspective.

We conducted a sensitivity analysis for an alternative def-
inition of radiographic hand OA that includes the MCP joint.
The results of the sensitivity analysis showed little difference from
the analyses excluding the MCP joint, and therefore those results
are not reported herein. Additional sensitivity analyses using
radiographic hand OA as the outcome measure were also per-
formed separately for men and for women, and for individuals
with and those without obesity.

Lifetime risk estimation. Lifetime risk is the cumula-
tive probability (i.e., cumulative incidence) of a condition in a
cohort—the number of people who develop the disease by a spec-
ified age (age 85 years in this analysis) as a proportion of the total
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population at risk during the same time period. Lifetime risk esti-
mation of other diseases has typically used life table analysis or
modified time-to-event analysis, which require complete registry
of the disease (in the case of life table analysis) or frequent
follow-up (in the case of time-to-event analysis). To our knowl-
edge, there are no population-based OA data sources with these
characteristics. In addition, there are 3 methodologic challenges
to the use of these conventional methods. First, the time to onset
of symptomatic hand OA cannot be precisely determined,
because OA develops slowly over time. Second, 137 participants
in our sample had preexisting symptomatic hand OA at their first
measurement (prevalent cases) that might thereby be excluded
from a time-to-event analysis, meaning that we would lose more
than one-third of the symptomatic hand OA cases in the cohort.
Third, 70% of the study participants had only 1 observation at
either time 1 or time 2, and therefore, in a typical time-to-event
analysis, they would be managed through censoring or might be
excluded from the study, thus further reducing the sample size.
Because of the considerable attrition between baseline and
follow-up commonly seen in cohort studies, life table analysis
may result in an overestimation of risk because of the extensive
censoring among participants who would be absent at follow-up.

We estimated the lifetime risk as a model-predicted prev-
alence of symptomatic hand OA at age 85 years for those who
survived to this age, which is equal to the cumulative incidence by
age 85 years, because 1) the joint structural changes defined in
radiographic OA are irreversible, and 2) symptomatic hand OA
has not been shown to be associated with total mortality (29). We
analyzed all individuals with either single or multiple observations
using a generalized estimating equations (GEE) approach, to
account for within-person correlation (i.e., multiple observations
per person) and to estimate the population-averaged prediction
at a given age. All cohort members, regardless of symptomatic
hand OA status at time 1, were included in this analysis. The

inclusion of both prevalent and incident cases ensures a greater
likelihood that individuals who have ever had symptomatic hand
OA are included in the estimate.

Study population. Our study population comprised
2,218 participants for whom both information on hand symptoms
and hand radiographs were available during at least 1 data-
collection cycle (Figure 1). Among these participants, 657 individ-
uals (29.6%) had complete information on hand symptoms and
radiographic measurements at both time 1 and time 2, with a
median follow-up time of 6.0 years (range 4.0–8.4 years); the rest
of the study population had only 1 observation of hand symptoms
and radiographic measurements, at either time 1 (n 5 565) or
time 2 (n 5 996). Participants with radiographic evidence of rheu-
matoid arthritis (n 5 11) were excluded from this analysis. All
2,218 eligible participants were included in the data analysis for
lifetime risk estimation of symptomatic hand OA.

Statistical analysis. We estimated the lifetime risk of
symptomatic hand OA using the GEE method. Age served as the

Figure 1. Distribution of subjects in the symptomatic hand osteoarthri-
tis study sample from the Johnston County Osteoarthritis Project. In
the time 2 sample, subjects (n 5 730) were deemed ineligible for the
following reasons: physically/mentally unable to participate (n 5 165),
moved away (n 5 160), deceased (n 5 358), or unknown (n 5 47).

Table 1. Sociodemographic and clinical characteristics of the study
population at time 1*

Unweighted,
no. of

subjects

Weighted,
% of

subjects

Age range
45–54 years 414 29.2
55–64 years 386 31.2
65–74 years 253 22.7
$75 years 169 16.9

Sex
Women 812 60.6
Men 410 39.4

Race
White 769 71.3
African American 453 28.7

Education
Less than high school 289 23.8
High school completed 617 48.0
Vocational school/college or higher 309 27.7
Missing 7 0.5

Obesity (BMI $30 kg/m2)
Yes 603 45.5
No 619 54.5

History of hand injury
Yes 137 11.2
No 1,083 88.7
Missing 2 0.1

Occupational hand-held tool
use in the longest job†

Less frequent 317 25.4
More frequent 862 71.2
Missing 43 3.4

* The Johnston County Osteoarthritis Project population from time
1 (1999–2004) contained 1,222 subjects. For the weighted percent-
age, sampling weights were applied to be representative of the target
population. BMI 5 body mass index.
† Categories were assessed in response to the question, “For the job
that you held longest in your life, how often did you have to use
hand-held tools or equipment (pen, keyboard, computer mouse, drill,
hairdryer, sander, etc.)?” The participants in whom use was catego-
rized as less frequent were those who answered “never,” “seldom,” or
“sometimes” to this question. Those in whom use was categorized as
more frequent were those who answered “often” or “always.”
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independent variable, binary status of symptomatic hand OA (yes
versus no) was the outcome variable, and lifetime risk was esti-
mated as the model-predicted probability of developing symp-
tomatic hand OA at age 85 years, using conditional marginal
probability. We chose the age of 85 years because it is a reason-
able life expectancy for individuals in the US (30). For stratified
analysis, we estimated the lifetime risk from models that con-
tained the stratification variable (e.g., sex) one at a time and the
interaction term of the variable with age. To test the linearity of
the age effect, a preliminary analysis was conducted to include
the quadratic term age2. We also estimated the model-predicted
probability of having symptomatic hand OA for ages 45 years
through 85 years, and plotted cumulative risk curves by age and
stratification variables.

To ensure that our estimates were representative of the
target population (i.e., the 6 selected townships of Johnston
County), we incorporated sampling weights to account for
oversampling of African Americans and differential rates of non-
response at different data-collection cycles. The weights were
also calibrated to the population counts from the 2000 US Census
for those 6 townships in Johnston County. In addition, the statisti-
cal analyses were adjusted for within-cluster correlation from
potential correlation of repeated measures for participants (for
those with data from both cycles), using an exchangeable working
correlation structure, and the within-cluster correlation from the
stratified random sampling design at 3 levels (stratum
[townships], the primary sampling unit [streets], and the second-
ary sampling unit [households]). A Taylor series linearization
method was used to estimate the standard error of the probabili-
ties with 95% confidence interval (95% CI). Adjusted F-statistics
from Wald’s test were used to test the risk difference between lev-
els of the stratification variables. Statistical testing used an alpha
level of 0.05. All analyses were performed using SAS callable
SUDAAN software (version 11; RTI International).

Stratification variables. The estimated lifetime risk of
symptomatic hand OA was stratified for the following 6 known or
potential risk factors for symptomatic hand OA: sex, race, educa-
tion level, obesity, prior hand injury, and occupational hand activi-
ties (19–21). Age and stratification variables were self-reported in
an interviewer-administered questionnaire during home interviews.
Obesity was defined as a body mass index (BMI) of $30 kg/m2,
with the participants’ weight and height measured during clinic
visits. Prior hand injury for the right and left hands was determined
based on the participant’s response to the question, “Has a doctor
ever told you that you had broken or fractured any fingers of your
hands?” Participants answering “yes” for at least 1 hand were con-
sidered to have prior hand injury. Occupational hand activities were
assessed by the question, “For the job that you held longest in your
life, how often did you have to use hand-held tools or equipment
(pen, keyboard, computer mouse, drill, hairdryer, sander, etc.)?”
For participants who answered “never,” “seldom,” or “sometimes”
use was categorized as “less frequent,” and for those who answered
“often” or “always” use was categorized as “more frequent.”

RESULTS

Overall, 352 participants in the study population
had symptomatic hand OA in at least 1 hand. The
unweighted prevalence of symptomatic hand OA was
10.8% at time 1 and 15.5% at time 2, and the unweighted

prevalence of pain, aching, or stiffness in at least 1 hand
was 46.2% at time 1 and 36.3% at time 2.

The mean 6 SD age of the 1,222 study participants
at time 1 was 61.0 6 10.7 years (range 45–94 years). The
weighted proportion of women was higher than that of
men (60.6% versus 39.4%), and there were more whites
than African Americans (71.3% versus 28.7%) (Table 1).
About three-fourths of the cohort had completed at least
high school (75.7%), and nearly one-half of the cohort
(45.5%) were obese. These characteristics were similar at
time 2, except that the subjects at time 2 were older. The
quadratic term age2 was not statistically significant (at a
level of a 5 0.05). First-order continuous age was used in
the remaining analyses, because its association with lifetime
risk provides a simpler (linear) interpretation.

Table 2. Lifetime risk of symptomatic hand osteoarthritis (OA)
overall and by OA risk factor stratification variable*

Lifetime risk,
% of subjects

(95% CI) P†

Symptomatic hand OA overall
(in at least 1 hand)

39.8 (34.4–45.3) NA

Symptomatic OA in 1 hand 13.5 (11.4–16.1) NA
Symptomatic OA in both hands 27.3 (22.1–33.2) NA
Stratification variable‡

Sex ,0.0001
Women 47.2 (40.6–53.9)
Men 24.6 (19.5–30.5)

Race 0.031
White 41.4 (35.5–47.6)
African American 29.2 (20.5–39.7)

Education level $0.255§
Less than high school 43.7 (37.0–50.6)
High school completed 39.6 (30.5–49.4)
Higher than high school 38.3 (32.3–44.7)

Obesity (BMI $30 kg/m2) 0.063
Yes 47.1 (37.8–56.7)
No 36.1 (29.7–42.9)

Hand injury history 0.427
Yes 53.7 (22.0–82.6)
No 39.3 (33.9–45.0)

Occupational hand-held tool
use in the longest job¶

0.392

Less frequent 37.2 (31.6–43.2)
More frequent 41.5 (34.1–49.2)

* The Johnston County Osteoarthritis Project study population com-
prised 2,218 subjects. 95% CI 5 95% confidence interval; NA 5 not
applicable; BMI 5 body mass index.
† Calculated using adjusted F-statistics (P values) from Wald’s test (test-
ing the risk difference between levels of the stratification variables).
‡ Estimated from models that contained the stratification variable
(e.g., sex) and the interaction term of the variable with age.
§ The smallest of the 3 pairwise comparisons.
¶ Categories were assessed in response to the question, “For the job
that you held longest in your life, how often did you have to use
hand-held tools or equipment (pen, keyboard, computer mouse, drill,
hairdryer, sander, etc.)?” The participants in whom use was catego-
rized as less frequent were those who answered “never,” “seldom,” or
“sometimes” to this question. Those in whom use was categorized as
more frequent were those who answered “often” or “always.”
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The overall lifetime risk of symptomatic hand OA
(i.e., the proportion of those who will develop the condi-
tion by age 85 years) was 39.8% (95% CI 34.4–45.3%)

(Table 2). The lifetime risk was nearly 1 in 2 for women
(47.2%, 95% CI 40.6–53.9%) compared with 1 in 4 for
men (24.6%, 95% CI 19.5–30.5%). The curve of cumula-
tive incidence of symptomatic hand OA showed a consis-
tently significantly higher risk in women than in men at all
ages analyzed, and this difference became greater with
increasing age (Figure 2A).

The lifetime risk of symptomatic hand OA was 12.2
percentage points higher in whites than in African Amer-
icans (P 5 0.031) (Table 2). The curve of cumulative inci-
dence of symptomatic hand OA indicated a significantly
higher risk in whites than in African Americans through-
out the middle to older ages (Figure 2B).

Among individuals with obesity, the lifetime risk of
symptomatic hand OA was 47.1% (95% CI 37.8–56.7%),
compared with 36.1% (95% CI 29.7–42.9%) among those
without obesity (P 5 0.063) (Table 2). In individuals classi-
fied as obese compared with those who were not obese,
there was little difference in the cumulative risk of symp-
tomatic hand OA up to the mid-60s in age, but thereafter
the difference in cumulative risk in obese individuals com-
pared with nonobese individuals increased with older age
(Figure 2C).

Moreover, the lifetime risk of symptomatic hand OA
was 53.7% (95% CI 22.0–82.6%) in individuals with prior
hand injury compared with 39.3% (95% CI 33.9–45.0%)
among those without prior hand injury (P 5 0.427) (Table 2;
see also Supplementary Figure 1A, available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40097/abstract). There was no statistically
significant difference in lifetime risk by education level or
occupational hand-held tool use (Table 2; see also Supple-
mentary Figures 1B and C, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40097/abstract).

DISCUSSION

Our estimates of lifetime risk from this population-
based study of adults suggest that 40% will develop symp-
tomatic hand OA by age 85 years. The lifetime risk of
symptomatic hand OA was slightly lower than that of symp-
tomatic knee OA (45%), but higher than that of symptom-
atic hip OA (25%) in the same population (17,18).
Similarly, estimates of OA prevalence in the general popu-
lation are usually the highest for the knee, followed by the
hand (using a definition similar to ours), and lower for the
hip (10,25).

Lifetime risk estimates provide an informative and
helpful prediction from an individual perspective if one
anticipates living to an older age. In addition, estimation of
lifetime risk presents the scope of the problem from a

Figure 2. Cumulative risk curves by age for subgroups stratified by
sex (men versus women) (A), race (white versus African American)
(B), and body mass index (obese [$30 kg/m2] versus nonobese) (C).
The shaded bands represent the 95% confidence intervals for the
estimated cumulative risks.
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population perspective. Given the aging population and
increasing life expectancy in the US (31), it is reasonable
to expect that more Americans will be affected by this
painful and debilitating condition in the years to come.

The lifetime risk was particularly high among
women; we estimated that nearly 1 in 2 women will
develop symptomatic hand OA by age 85 years compared
with 1 in 4 men. Women are consistently at higher risk of
OA than men in epidemiologic studies (19–21), particu-
larly in the hand. In a large prospective cohort study, the
adjusted female-to-male OA rate ratios were 2.5 for hand
OA, 1.5 for knee OA, and 1.2 for hip OA; the risk of hand
OA among women peaked at ages 60–64 years (32). Sev-
eral hypotheses have been proposed to explain the higher
risk of OA in women. One probable explanation is a hor-
monal effect: the higher incidence of OA in women just
after menopause suggests that estrogen deficiency may
play a role in causing the disease (21). Other hypotheses
include differences in pain perception and sensitivity (33)
and anatomic differences between men and women (34),
as well as differences in reporting of pain (3). It has been
previously shown in the Framingham Osteoarthritis Study
that the prevalence of radiographic hand OA was similar
between women and men (94.4% versus 88.6%), whereas
symptomatic hand OA was twice as common in women as
in men (26.2% versus 13.4%) (3). We performed a sensi-
tivity analysis that analyzed radiographic hand OA as the
outcome measure, and the lifetime risk of radiographic
hand OA at age 85 years was 79% (95% CI 74–83%) in
women and 63% (95% CI 57–68%) in men. The differ-
ence was statistically significant (P , 0.01). One possible
explanation for the difference between the findings in our
study and those in the Framingham Osteoarthritis Study is
that the definition of radiographic hand OA used in the
Framingham Study was presence of OA in $1 finger joint.

Consistent with our findings, prior studies using
data from the JoCo OA Project demonstrated that whites
were more likely to have symptomatic hand OA and to
have hand radiographic OA phenotypes as compared with
African Americans, after adjusting for sex, age, and BMI
(25,35). In another population of middle-aged women, the
unadjusted prevalence of radiographic OA was found to
be similar between African American women and white
women in the DIP, PIP, and CMC joints, but was mark-
edly higher in the MCP joints among African American
women (36). The biologic mechanism for these observed
differences is unknown and warrants further investigation.

Obesity is an important, and modifiable, risk factor
for both the incidence and the progression of OA. The evi-
dence of association between obesity and OA in the load-
bearing knee joint is strong, whereas evidence of associa-
tion between obesity and hand OA is moderate in different

studies (13,37–42). These studies used multivariate analy-
ses to examine the association between obesity and OA,
adjusting for other potential confounders (e.g., sex). The
goal of our analyses was not to investigate the risk factors
for symptomatic hand OA, but rather to estimate the scale
of the burden and to assess the risk via simple stratification
analyses based on known OA risk factors, analyzed one at
a time. Nevertheless, our results still showed a difference
of 11 percentage points in the lifetime risk of symptomatic
hand OA by obesity status. Sensitivity analyses using radio-
graphic hand OA as the outcome measure estimated the
lifetime risk at age 85 years to be 78% (95% CI 72–84%)
for individuals with obesity and 70% (95% CI 63–77%) for
those without obesity (test-of-difference P 5 0.076), sug-
gesting that the difference in estimates of lifetime risk of
symptomatic hand OA by obesity status may not be fully
explained by differences in the reporting of pain.

Recent studies have suggested that the pathogene-
sis of hand OA is likely different than the pathogenesis of
OA in the load-bearing joints (i.e., knee and hip). Unlike
knee and hip OA, in which abnormal biomechanics due to
excessive weight are known to play an essential role, sys-
temic processes, such as aberrant metabolic regulation and
inflammation associated with obesity, may be more impor-
tant than mechanical factors in the pathogenesis and pro-
gression of hand OA (43–45).

Joint injury and occupational activities are known
modifiable risk factors for OA (19–21). Severe injury to the
structure of the knee is strongly linked to the subsequent
onset of OA and musculoskeletal symptoms (46,47). How-
ever, similar evidence with regard to the effects of injury in
the hand is lacking, because almost all such injury studies
have focused on the knee. The lifetime risk of symptomatic
hand OA was 54% among those with hand injury com-
pared with 39% among those without hand injury, but the
small number of participants with hand injury precluded
statistically significant findings. Occupational activities that
involve repetitive motion, high biomechanical loading, or
vibration could initiate or accelerate structural changes in
the cartilage, bones, and other joint tissues, and cause inju-
ries (48). Extensive precision pinch or grip, as seen in
occupations such as dentists and textile workers, is associ-
ated with increased risk of OA in the DIP joint, whereas
forceful and prolonged gripping, common in heavy manual
work, is associated with increased risk in the MCP joint
(48). Our single question on hand-held tool use tried to
assess occupational activities that would be relevant to the
hand, but did not directly address gripping or pinching.

Our analysis is subject to the following limitations.
First, Johnston County, North Carolina is a lower-income,
semirural area in the southern US, and our findings may
not be generalizable to other regions of the US or other
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populations. However, we expect that the lifetime risk of
symptomatic hand OA is likely high in the US, given the
aging population and the high prevalence of obesity (49),
both of which are important risk factors for OA. A com-
parison of the US and Johnston County populations in
2010 (50) showed that 50.8% were women in both popula-
tions, approximately one-third were obese (35.7% versus
34.4%), and race distributions were similar (whites, 72.4%
versus 74.2%; African Americans, 12.6% versus 15.1%).
Compared with the US population, the Johnston County
population was slightly younger (age $45 years, 39.5%
versus 35.6%, respectively; age $65 years, 13.0% versus
10.2%, respectively). Moreover, the Johnston County pop-
ulation was less educated (18.8% had not completed high
school versus 14.9% in the US population) and had lower
income (median annual household income $49,745 versus
$51,914 in the US population). However, Johnston County
had substantially more people living in rural areas (52%
versus 19.3% of the US population).

Second, the hand symptom question was not joint-
specific, which may affect specificity of symptomatic hand
OA ascertainment, as the joints having radiographic OA
and those showing symptoms may not be the same ones.
Questions about hand symptoms with more details (e.g.,
which joints are affected and level of severity) may help to
improve the specificity of the symptomatic hand OA
definition.

Third, the hand injury question asks participants if
they ever had broken or fractured fingers. This question is
likely to result in an underestimation of less severe hand
injuries.

Fourth, the assessment of occupational hand-held
tool use was limited in 2 ways. 1) Participants self-reported
the frequency of hand-held tool use in the longest job held
in their lives, which may be subject to misclassification of
exposure due to recall bias. 2) The occupational hand-held
tool question listed examples ranging from pens,
keyboards, and a computer mouse to hairdryers, drills, and
sanders; the latter typically involves vibration and greater
force relative to the other tools. Mixing them together
would likely cause nondifferential misclassification of occu-
pational exposure, and would increase the similarity
between the high-exposure and low-exposure groups, thus
resulting in an underestimate (dilution) of the true differ-
ence between stratified lifetime risks.

Fifth, although the onset of hand OA occurs most
commonly after the age of 40 years (21), selecting a study
sample with ages $45 years may miss cases of symptomatic
hand OA in the younger population. This may contribute
to a slight underestimation of the lifetime risk.

Sixth, the method used in this study did not adjust
for potential changes in BMI over time.

Seventh, models of stratified lifetime risk estimates
only included a single factor at a time, in addition to age.
Therefore, residual confounding may exist.

Finally, the limited sample size decreased the preci-
sion of the point estimates. This would likely prevent detec-
tion of statistically significant differences between subgroups.

This study had several strengths. First, our ap-
proach provided lifetime risk estimation of symptomatic
hand OA that included all participants with either 1 mea-
surement or multiple measurements in the analysis, which
is otherwise unfeasible using conventional methods, given
the difficulties described earlier.

Second, as far as we know, the JoCo OA Project is
the only longitudinal OA cohort study in the US that
includes oversampling of African Americans (33% in the
JoCo OA Project baseline cohort) for analysis of racial
differences.

Third, the probability sampling design of the
JoCo OA Project allowed us to make population-based
inferences.

Lifetime risk, or the probability of developing a
condition over a lifetime, is conceptually accessible to the
public; it may be easier for the general population to
understand absolute risk estimates such as the lifetime
risk, as opposed to relative risk estimates. Moreover,
greater understanding of lifetime risks may motivate health
care providers and researchers to develop preventive strat-
egies and provide earlier interventions for hand OA.

Symptomatic hand OA has substantial public health
implications, considering its high lifetime risk, its effect on
functional impairment and disability of the hand, and its
association with decreased quality of life. These findings
underscore the need for increased use of public health and
clinical prevention and intervention measures to address
and mitigate the impact of symptomatic hand OA on indi-
viduals and society. There are effective and inexpensive
public health interventions (51) as well as other non-
pharmacologic strategies and pharmacologic therapies (52)
that may help manage OA symptoms, maintain better func-
tion, and improve quality of life. Our lifetime risk estimates
of symptomatic hand OA, together with those previously
ascertained for knee OA and hip OA (17,18), further illus-
trate the significant burden of symptomatic OA.
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Serum Urate Levels Predict Joint Space Narrowing in
Non-Gout Patients With Medial Knee Osteoarthritis
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Objective. The pathogenesis of osteoarthritis (OA)
includes both mechanical and inflammatory features.
Studies have implicated synovial fluid uric acid (UA) as a
potential OA biomarker, possibly reflecting chondrocyte
damage. Whether serum UA levels reflect/contribute to OA
is unknown. We investigated whether serum UA levels pre-
dict OA progression in a non-gout knee OA population.

Methods. Eighty-eight patients with medial knee
OA (body mass index [BMI] <33 kg/m2) but without gout
were studied. Baseline serum UA levels were measured in
previously banked serum samples. At 0 and 24 months,
patients underwent standardized weight-bearing fixed-
flexion posteroanterior knee radiography to determine
joint space width (JSW) and Kellgren/Lawrence grades.
Joint space narrowing (JSN) was calculated as the change
in JSW from 0 to 24 months. Twenty-seven patients
underwent baseline contrast-enhanced 3T knee magnetic
resonance imaging for assessment of synovial volume.

Results. Serum UA levels correlated with JSN
values in both univariate (r 5 0.40, P < 0.01) and multi-
variate (r 5 0.28, P 5 0.01) analyses. There was a signifi-
cant difference in mean JSN after dichotomization at a

serum UA cut point of 6.8 mg/dl, the solubility point for
serum urate, even after adjustment (JSN of 0.90 mm for
a serum UA ‡6.8 mg/dl and 0.31 mm for a serum UA
<6.8 mg/dl; P < 0.01). Baseline serum UA levels distin-
guished progressors (JSN >0.2 mm) and fast progressors
(JSN >0.5 mm) from nonprogressors (JSN £0.0 mm) in
multivariate analyses (area under the receiver operating
characteristic curve 0.63 [P 5 0.03] and 0.62 [P 5 0.05],
respectively). Serum UA levels correlated with the syno-
vial volume (r 5 0.44, P < 0.01), a possible marker of JSN,
although this correlation did not persist after controlling
for age, sex, and BMI (r 5 0.13, P 5 0.56).

Conclusion. In non-gout patients with knee OA,
the serum UA level predicted future JSN and may serve as
a biomarker for OA progression.

Osteoarthritis (OA), the most prevalent form of
arthritis, remains poorly understood. Though historically
regarded as a disease of mechanical degeneration, it is
now appreciated that inflammation, on both the tissue
and biochemical levels, plays an important role in OA
pathogenesis (1–4). Various inflammatory molecules
have been studied for their ability to reflect the presence
of OA or predict its progression. For example, levels of
15-hydroxyeicosatetraenoic acid and prostaglandin E2

are elevated in patients with symptomatic knee OA, and
interleukin-1b (IL-1b) and IL-1 receptor antagonist
have been reported to be associated with joint space nar-
rowing (JSN) (5–7). The potential for these molecules to
serve as OA biomarkers is a matter of ongoing investiga-
tion. In addition to prognostic utility, biomarkers that
predict JSN would be of considerable value when defin-
ing enrollment criteria for prospective OA clinical trials,
in which limiting heterogeneity and enriching for more
rapid disease progression would have significant practical
benefit (8).
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Uric acid (UA) is the end product of human
purine catabolism, and in the form of soluble serum urate,
it has been recognized as a biomarker in diseases such as
heart failure, hypertension, and renal disease (9,10). UA
is metabolically active and has been reported to act both
intracellularly and extracellularly and to denote and/or
promote inflammatory states (11). In addition, UA pre-
cipitates monosodium urate monohydrate (MSU) crystals
(in macroscopic or microscopic forms) and drives inflam-
mation by engaging and activating leukocytes and other
cells (12). MSU crystals are responsible for not only the
acute, painful attacks of gout, but also the lower-level,
chronic inflammatory states (13).

A small but accumulating body of evidence sug-
gests that UA may participate in the pathogenesis of OA
(14). Previous reports noted an association between UA
and OA (15). Gout and OA often colocalize within the
same joint (16), and studies have shown that, even in the
absence of gout, synovial fluid UA levels correlate with
OA severity (17,18). We have reported that patients with
gout are more likely than control subjects with a serum
UA of ,6.8 mg/dl and no gout to have OA, with hyper-
uricemic non-gout patients having an intermediate level of
knee OA prevalence and severity. When present, OA is
also likely to be more severe in patients with gout as com-
pared to those without it (19).

Whether serum UA may serve as a biomarker to con-
vey or predict OA risk is not known. To assess this possibility,
we investigated whether serum UA levels are associated with
the radiographic severity of knee OA and with synovial
volume, as determined by contrast-enhanced magnetic
resonance imaging (MRI), and whether serum UA levels
predict OA JSN, in a non-gout population with knee OA.

PATIENTS AND METHODS

Patient population. We assessed a subset of patients
enrolled in a previously described, 24-month prospective, natural
history study of knee OA with a focus on inflammatory biomarker
discovery. At initial enrollment, patients met the American Col-
lege of Rheumatology (ACR) clinical criteria for knee OA (20)
and had symptomatic OA of at least 1 knee (index knee), with a
Kellgren/Lawrence (K/L) score of $1 in that knee (21). Exclusion
criteria included any other form of arthritis (e.g., rheumatoid
arthritis, spondyloarthritis, gout, pyrophosphate disease, or other
crystal arthropathy), a body mass index (BMI) $33 kg/m2 (cho-
sen to minimize the impact of obesity on OA/inflammatory bio-
markers without adversely impairing recruitment potential), and
other characteristics as previously described (7). For the current
study, we included only patients whose baseline knee OA was
predominantly medial (i.e., medial joint space width [JSW] less
than lateral JSW on radiographic assessment), consistent with
the Osteoarthritis Research Society International recommenda-
tions (22). Study patients additionally had both baseline and 24-
month radiographic measurements, as well as stored serum

samples available for baseline serum UA measurement. The
study was approved by the Institutional review Board of New
York University Medical Center, and informed consent had pre-
viously been obtained from all patients.

Clinical and laboratory assessments. All patients
completed pain assessments by visual analog scale (VAS) and
Western Ontario and McMaster Universities Osteoarthritis
Index (WOMAC) (23) at baseline and every 6 months thereafter
for the duration of the study. Pain questions were specific to the
more painful knee (index knee). Blood samples from patients
had been collected in serum collection tubes, and serum had
been isolated within 60 minutes of collection. Serum samples
were placed in aliquots and stored at 2708C until thawing for
assessment of serum UA levels. Serum UA measurements were
performed by the New York University Hospitals Clinical Labo-
ratory and were determined by automated colorimetric assay
using a Vitros analyzer (Ortho Clinical Diagnostics).

Radiographic and MRI measurements. All patients
underwent weight-bearing, fixed-flexion posteroanterior knee
radiography, which was performed in a standardized manner
using a SynaFlexer radiographic positioning frame (Synarc), at
baseline and at 24 months, as previously described (24). Beam
position was optimized for the medial joint space compartment.
The patient’s index knee was evaluated radiographically with
respect to both K/L grade and medial JSW, the latter measured
at the mid-portion of the joint space using electronic calipers.
Lateral joint space width was also assessed. JSN was calculated as
the change in JSW (in millimeters) from baseline to the month 24
follow-up. All baseline radiographs were read and measured by 2
experienced musculoskeletal radiologists (LR and JB) who were
blinded with regard to the patient’s identity and clinical informa-
tion. There was a high correlation between readers (kappa values
for interrater agreement were 0.85 and 0.77 for the K/L scores in
the right and left knees, respectively, and kappa scores for JSW
were $0.93 for the medial compartments of both the right and left
knees). Based on the high interreader correlations, a single reader
(LR) was used for assessing the 24-month follow-up results.

A subset of patients enrolled in the parent study (n 5 58)
had undergone a dynamic gadolinium-enhanced 3.0T MRI of the
index knee at baseline that was read for quantitative synovial vol-
ume. Of these patients, 27 met our additional requirements for
the current study and were analyzed. The complete technical
details of the MRI evaluation and the criteria for initial inclusion
into the MRI assessment have been previously described (24).
Briefly, the precontrast portion of the imaging protocol included
a sagittal 3-dimensional (3-D) high-resolution T1-weighted fast
low-angle shoot (FLASH) sequence with selective water excita-
tion, as well as a sagittal T2-weighted fat-saturated spin-echo
sequence. The postcontrast portion of the examination consisted
of a dynamic gadolinium-enhanced 3-D T1-weighted FLASH
sequence obtained in the sagittal plane. Assessment of the syno-
vial volume was performed with MatLab custom tools for manual
segmentation of the entire knee joint, using contrast-enhanced
dynamic images of the knees in relation to the precontrast images
obtained at baseline. Patterns of signal enhancement were evalu-
ated in the infrapatellar and suprapatellar fat pads, in the inter-
condylar notch, and along the periphery of joint effusion. All
MRIs were evaluated in a blinded manner by a single expert
reader (RR).

Outcomes and analysis. Our primary objective was to
determine whether baseline serum UA levels are associated with
medial JSN over 2 years. Secondary outcomes included the
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association of baseline serum UA levels with the baseline K/L
grade, JSW, synovial volume on dynamic enhanced contrast
MRI, and pain scores by VAS and WOMAC.

Statistical analysis. The relationships between base-
line serum UA levels and clinical and demographic variables,
including WOMAC pain, VAS pain, JSW, MRI-determined
baseline synovial volume, age, and BMI, were determined by
Pearson’s correlation. Associations between serum UA and
MRI-determined synovial volume were assessed by partial corre-
lations, controlling for age, sex, and BMI. Given the limited num-
ber of patients in our analyses of MRI-determined synovial
volume, this patient sample was assessed for normality in multiple
ways. We confirmed a normal distribution on quantile–quantile
plot, Lilliefors test (P 5 0.14), and square root transforms of the
data, applying Lilliefors (P 5 0.50) and Shapiro-Wilk’s (P 5 0.29)
tests. However, Shapiro-Wilk’s test on untransformed data did
not support normality (P 5 0.01). Given that most, but not all,
test results supported normality, MRI-determined synovial vol-
ume was interpreted as generally, but not strongly, normal in
distribution.

The relationship between serum UA levels and binary
baseline clinical and demographic variables, including diuretic
intake and sex, were determined by Student’s t-test. To analyze
the relationship between serum UA and JSN, correlations were
computed with and without controlling for age, sex, and BMI.
Additionally, thresholds were chosen to examine the potential
difference in JSN at different serum UA cut points (serum UA
population median for the sample 5.85 mg/dl), ACR treatment
target (6.0 mg/dl), and the solubility threshold for urate (6.8 mg/
dl), as assessed by Student’s t-test. One-way analysis of variance
(ANOVA) was used to examine the potential differences in
serum UA levels among patients defined as having no (JSN
#0 mm), slow (0 , JSN , 0.5 mm), and fast (JSN $0.5 mm) pro-
gression of JSN. Post hoc Tukey-Kramer tests were used to assess
pairwise comparisons when the omnibus test was significant. To
determine the predictive value of serum UA for progression,
receiver operating characteristic curves were constructed and
areas under the curve (AUCs) computed (range 0–1, where 1
indicates perfect predictivity and 0.5 indicates random guessing).
For these analyses, we defined nonprogression versus progression
in the following 3 ways: 1) JSN #0 mm versus JSN .0 mm; 2)
JSN #0 mm versus JSN .0.2 mm; and 3) JSN #0 mm versus
JSN .0.5 mm. AUC values were compared against random mod-
els for significance using Delong’s test. In addition, the relation-
ship between the change in pain scores on the WOMAC and
VAS measured at 24 months were correlated with serum UA lev-
els to examine the potential relationship between serum UA lev-
els and progression of pain.

RESULTS

Demographic characteristics. From among 146
completers of the original OA natural history study, 111
participants had medial disease at baseline. Of those, 88
had frozen serum of sufficient quantity to be enrolled in the
current study. The demographic features of the enrolled
patients are summarized in Table 1. Twenty-seven of the 88
patients had also undergone baseline dynamic contrast-
enhanced MRI of the knee, with synovial volume measure-
ments available for analysis. The demographic features and

baseline synovial volumes in patients who enrolled in the
original OA natural history study, but were lost to follow-
up after the baseline assessment, were similar to those in
our current study cohort (data not shown).

Relationship of serum UA levels to baseline OA
severity and other characteristics. In an initial cross-
sectional analysis, serum UA levels did not correlate with
baseline WOMAC pain scores (r 5 0.12, P 5 0.28) or VAS
pain scores (r 5 0.08, P 5 0.48). Consistent with a previous
study (17), the serum UA levels also did not correlate with
baseline OA severity measured as JSW (r 5 20.15,
P 5 0.15) and K/L grade (F[3,84] 5 1.82, P 5 0.15). The
ages of the patients, which ranged from 43 to 85 years, did
not correlate with serum UA levels (r 5 0.14, P 5 0.19) in
our cohort, despite reported associations in the literature.
Consistent with previously published studies, serum UA
levels significantly correlated with the BMI at study entry
(r 5 0.23, P 5 0.03) and the mean serum UA levels in men
were significantly higher than those in women (7.56 mg/dl
versus 5.67 mg/dl; P , 0.01). There was no significant dif-
ference between baseline serum UA levels in the 8 patients
taking a diuretic (all taking hydrochlorothiazide) and the
patients not taking diuretics (6.10 mg/dl versus 6.32 mg/dl;
P 5 0.63). Serum UA levels correlated significantly
(r 5 0.44, P , 0.01) with MRI-determined baseline syno-
vial volume on univariate analysis (Figure 1). However, the
synovial volume did not correlate with the serum UA level
after multivariate adjustment for age, sex, and BMI, with
the loss of association driven by sex (r 5 0.13, P 5 0.56).
Because synovial volume has been suggested as a potential
marker of OA progression (25), we next examined the
relationship between serum UA levels and medial JSN.

Serum UA levels and 24-month radiographic
disease progression. Serum UA levels were significantly
correlated with the progression of OA measured as the
medial JSN at 24 months (r 5 0.40, P , 0.01) (Figure 2A).

Table 1. Baseline demographic and clinical features of the 88 osteo-
arthritis patients*

Age, mean 6 SEM years 61.26 6 1.01
Sex, %

Male 32.95
Female 67.05

BMI, mean 6 SEM kg/m2 26.86 6 0.38
Serum UA, mean 6 SEM mg/dl 6.30 6 0.22
Synovial volume, mean 6 SEM mm3 15.49 6 1.49
Joint space width, mean 6 SEM mm 3.51 6 0.15
K/L grade, % affected

1 22.72
2 20.45
3 47.73
4 9.09

* Data on synovial volume were available for 27 patients. BMI 5 body mass
index; UA 5 uric acid; K/L 5 Kellgren/Lawrence.
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This correlation was retained (r 5 0.28, P 5 0.01) after con-
trolling for age, sex, and BMI. Analysis of the data
according to quartiles revealed an apparent step-off in 24-
month JSN between the second and third quartiles (Figure
2B). One-way ANOVA revealed an overall difference in
mean JSN between the 4 quartiles (F[3,84] 5 3.54, P 5

0.02), with significant differences in mean JSN between
quartiles 1 and 4 (0.24 mm versus 0.94 mm; P 5 0.04) and
between quartiles 2 and 4 (0.23 mm versus 0.94 mm;
P 5 0.04). We therefore assessed the difference in JSN by
dichotomizing the data across 3 possibly relevant cut points:
the median serum UA level in the study population
(5.85 mg/dl), the ACR serum UA treatment target for
urate-lowering therapy among gout patients (6.0 mg/dl), and
the solubility threshold for urate (6.8 mg/dl). We observed

significant differences in mean JSN across all 3 cut points.
After adjustment for age, sex, and BMI, significance was
retained only around the cut point of 6.8 mg/dl (Table 2).

We next stratified patients by radiographic progres-
sion and analyzed for differences in serum UA levels
between groups. We defined nonprogressors as individuals
who had JSN of #0 mm over 24 months, slow progressors
as those with 0 mm , JSN of ,0.5 mm over 24 months, and
fast progressors as those with JSN of $0.5 mm over 24
months. We observed a significant difference in serum UA
levels among the 3 progression groups (F[2,87] 5 5.51,
P , 0.01). Post hoc testing confirmed a significant differ-
ence between the mean serum UA levels in nonprogressors
versus fast progressors (5.8 mg/dl versus 7.1 mg/dl; P 5

0.02) and slow versus fast progressors (5.6 mg/dl versus
7.1 mg/dl; P , 0.01). In contrast, the difference between
mean serum UA levels in nonprogressors versus slow
progressors was not significant (P 5 0.69). After controlling
for age, sex, and BMI, one-way ANOVA continued to con-
firm an overall significant difference in serum UA among
the 3 progression groups (F[2,87] 5 3.64, P 5 0.03), with
borderline significance for the difference between the mean
serum UA level in nonprogressors versus fast progressors
and in slow progressors versus fast progressors (P 5 0.07
and P 5 0.07, respectively). The discrepancy between the
omnibus and post hoc test results was likely due to the
greater statistical power of the omnibus test. As was the
case for pain at baseline, the serum UA level did not corre-
late with the change in scores for the WOMAC pain
(r 5 0.05, P 5 0.68) or VAS pain (r 5 20.04, P 5 0.72) over
24 months.

Additionally, we defined a range of JSN thresholds
(according to the degree of 24-month JSN) as outcomes
and used these to generate AUC curves and to determine

r=0.44, p<0.01

Figure 1. Pearson’s correlation of baseline serum uric acid levels and quan-
titative synovial volume determined by contrast-enhanced magnetic reso-
nance imaging.
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Figure 2. Association of baseline serum uric acid (sUA) levels with joint space narrowing (JSN) at 24 months, as shown by A, Pearson’s correla-
tion (scatterplot), and B, quartile groups, with designated serum UA ranges. Values are the mean 6 SEM.
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the capacity of the serum UA level to predict 24-month
radiographic knee OA progression. For this analysis, non-
progressors were defined as JSN #0.0 mm; progressor
thresholds were JSN of .0.0 mm, .0.2 mm, and .0.5 mm
after 24 months. Baseline serum UA distinguished non-
progressors in all 3 categories of progression (AUC 0.62,
P 5 0.03; AUC 0.64, P 5 0.01; and AUC 0.68, P , 0.01 for
JSN .0.0 mm, .0.2 mm, and .0.5 mm, respectively).
After inclusion of age, sex, and BMI in the model, serum
UA levels continued to significantly distinguish non-
progressors from progressors, with JSN .0.2 mm (AUC
0.63, P 5 0.03) and .0.5 mm (AUC 0.62, P 5 0.05) over
24 months (Table 3).

Exclusion of joint-widening artifacts. A minor-
ity of our patients experienced apparent widening of the
medial compartment during the 2-year observation period.
Although many investigators have ascribed such phenom-
ena to a normal distribution within the measuring process
(26,27), there are several reasons such widening might
occur. Positioning errors or changes in weight bearing dur-
ing imaging could hinder accurate joint space measure-
ment. In our study, these sources of errors were mitigated
through the use of standardized, fixed-flexion, weight-bear-
ing imaging using a SynaFlexer device, which has been used
in numerous other studies, including those of the

Osteoarthritis Initiative (5,7,24,28). Additionally, in some
cases, medial compartment widening can reflect mechani-
cal shifts resulting from lateral compartment narrowing.
This phenomenon, referred to as pseudowidening, could
therefore reflect OA progression in the lateral compart-
ment (29,30) rather than any actual medial change. To
assess for possible pseudowidening, we first determined the
degree of lateral compartment change in patients with
medial compartment widening versus those with medial
compartment narrowing. We observed no significant differ-
ence in the lateral compartment change between these 2
groups (lateral JSN for those with medial compartment
narrowing versus those with medial compartment widening
0.16 mm versus 0.16 mm, P 5 1.00).

To further examine the possibility that lateral com-
partment narrowing could have affected our medial com-
partment observations, we reanalyzed our data after first
excluding all patients with both medial joint space widen-
ing (any degree) and substantial lateral compartment nar-
rowing ($0.5 mm over 2 years). In this analysis, 9 patients
were excluded, leaving 79 patients for medial compartment
assessments (Supplementary Table 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40069/abstract). We continued
to observe a direct correlation between serum urate and

Table 2. Mean differences in JSN over 24 months, categorized by serum uric acid cut point*

Serum uric acid
cut point

Mean JSW at study entry, mm Mean JSN over 24 months, mm

Below cut
point

Above cut
point P

Below cut
point

Above cut
point P Padj†

5.85 mg/dl 3.67 3.41 0.39 0.24 0.79 ,0.01 0.06
6.0 mg/dl 3.74 3.33 0.16 0.26 0.78 ,0.01 0.09
6.8 mg/dl 3.74 3.15 0.04 0.31 0.90 ,0.01 ,0.01

* JSN 5 joint space narrowing; JSW 5 joint space width.
† Adjusted P (Padj) for age, sex, and body mass index.

Table 3. Determination of the capacity of serum UA to predict 24-month radiographic knee OA pro-
gression, by JSN progression group*

Comparison group, model No. of progressors AUC (95% CI) P

Any progressor (JSN .0.0 mm)
Serum UA 56 0.62 (0.50–0.75) 0.03
Serum UA 1 age, sex, and BMI 56 0.56 (0.43–0.69) 0.17

Moderate-to-fast progressors (JSN .0.2 mm)
Serum UA 50 0.64 (0.52–0.77) 0.01
Serum UA 1 age, sex, and BMI 50 0.63 (0.50–0.75) 0.03

Fast progressors (JSN .0.5 mm)
Serum UA 33 0.68 (0.54–0.81) 0.01
Serum UA 1 age, sex, and BMI 33 0.62 (0.48–0.76) 0.05

* To determine the value of serum uric acid (UA) for predicting the progression of knee osteoarthritis
(OA), receiver operating characteristic curves were constructed and areas under the curve (AUCs)
with 95% confidence intervals (95% CIs) were computed. All comparisons are versus nonprogressors
(joint space narrowing [JSN] of #0 mm). BMI 5 body mass index.
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medial JSN (r 5 0.43, P 5 0.01), as well as an apparent
serum UA step-off for medial JSN progression in the
range of 6.0–6.8 mg/dl (Supplementary Figures 1A and B,
available at http://onlinelibrary.wiley.com/doi/10.1002/
art.40069/abstract). Specified serum UA cut points (Sup-
plementary Table 2, available at http://onlinelibrary.
wiley.com/doi/10.1002/art.40069/abstract) and AUC analy-
ses also remained significant (Supplemental Table 3,
available at http://onlinelibrary.wiley.com/doi/10.1002/art.
40069/abstract), even after adjustment for other potential
confounders. Moreover, exclusion of the above-specified
patients from the MRI synovial volume assessments
resulted in improved correlation of serum UA levels with
synovial volume (Supplementary Figure 2, available at
http://onlinelibrary.wiley.com/doi/10.1002/art.40069/abstract)
(r 5 0.54, P , 0.01).

DISCUSSION

To our knowledge, these results are the first to sug-
gest that current baseline serum UA levels predict future
progression of knee OA. Increased serum UA levels were
associated with increased JSN, a widely used, Food and
Drug Administration–endorsed marker of OA progression
(31,32), in both univariate and multivariate analyses. Sub-
jects with serum UA levels $6.8 mg/dl had significantly
higher JSN at 24 months than did patients with serum UA
levels of ,6.8 mg/dl (33). Synovial tissue proliferation, as
measured using gadolinium-enhanced MRI, also corre-
lated with serum UA levels, although this correlation did
not persist after multivariate analysis. This latter observa-
tion is consistent with reports that synovial volume corre-
lates with radiographic OA (24) and that MRI-detected
synovitis may be a risk factor for OA incidence and pro-
gression (34–36). In contrast to several previous studies
(37,38), the synovial volume did not correlate with OA
pain in our study (data not shown), possibly because our
MRI protocol involved global synovial examination,
whereas pain has been most closely correlated with peripa-
tellar synovitis (39,40). Finally, baseline serum UA levels
distinguished both the mild progressors with JSN of
.0.2 mm over 24 months and the fast progressors with
JSN of .0.5 mm over 24 months from the nonprogressors
through AUC analyses.

The observed association between serum UA levels
and JSN could reflect a causal relationship, with secondar-
ily elevated synovial fluid urate levels promoting cartilage
damage, as synovial fluid is largely an ultrafiltrate of serum
(17). Chondrocytes express plasma membrane urate trans-
porters, indicating that they can take up soluble urate with
a potential for an intracellular pro-oxidant effect (41).
Alternatively, synovial fluid urate could act in its

crystallized rather than soluble form. Indeed, our observa-
tion that an increased risk of JSN was best dichotomized
around a serum UA level of 6.8 mg/dl (the saturation point
for urate crystallization) supports a model in which MSU
crystals promote synovitis (19,42,43) and cartilage disrup-
tion. Consistent with this possibility, UA has been shown
to deposit on cartilage in patients with hyperuricemia who
do not have gout (44), and Martinon and others (41,45)
have demonstrated the ability of MSU crystals to activate
the NLRP3 inflammasome and drive the generation of
IL-1b, a major candidate cytokine in OA progression.
Alternatively, OA progression could be accelerated
intrinsically by chondrocyte death in a forward-feedback,
UA-dependent cycle (17,46–48). As reported by Shi et al
(47), dying cells locally generate UA that, at concentra-
tions sufficient to permit MSU crystallization, act as a
danger signal to activate neighbor cell inflammatory
responses. Although it is unlikely that chondrocyte death
locally in an OA joint could be sufficient to increase sys-
temic serum UA levels, it is possible that elevated serum
and resultant synovial fluid UA concentrations create an
environment in which chondrocyte death raises pericellu-
lar local UA concentrations sufficient to support MSU
precipitation.

Finally, it is possible that the relationship between
serum UA levels and OA progression is not causal, but
instead, is due to a common predisposing factor(s). Given
concerns for confounding, we controlled for age, sex, and
BMI, and the correlation between JSN and serum UA
levels persisted, revealing no significant effect of these
factors. However, serum UA levels could predict progres-
sion of OA in a noncausative manner, reflecting processes
that are not at present fully appreciated and therefore
were not adjusted for in our model. It is worth noting that
while our AUC analyses support an association between
the serum UA level and OA progression, thus making it a
candidate biomarker for progression, exploration of the
efficacy of the serum UA level as a biomarker in the clini-
cal setting would additionally require evaluation of its sen-
sitivity and specificity tradeoff. Nevertheless, the AUC
values we observed are consistent with those of other
recently reported serum biomarkers of knee OA progres-
sion (5,49).

Strengths of our study include the use of a clinical
laboratory for measuring serum UA levels in a standard-
ized manner, the standardized acquisition of radiographs
using the SynaFlexer positioning frame, the blinding of
radiologists reading the radiographs for JSW and the
MRI-based synovial volume, and a follow-up time of 2
years. Our cohort was also mostly community-based and
likely representative of patients with knee OA in the gen-
eral population.

1218 KRASNOKUTSKY ET AL

http://onlinelibrary.wiley.com/doi/10.1002/art.40069/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40069/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40069/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40069/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40069/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40069/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40069/abstract


Limitations of our study are that our population
was restricted to patients with knee OA, a BMI of ,33 kg/
m2, and no gout, and the results may therefore not be gen-
eralizable to patients with knee OA without these features.

In contrast to JSN over 24 months, we observed no
correlation between serum UA levels and JSW at study
entry; however, our study did not set strict entry criteria on
the duration of disease prior to the study, and the limita-
tions of our data do not permit us to extrapolate in order
to ascertain the rate of OA progression before study entry.
We note, moreover, that analyses around the serum UA
cut point of 6.8 mg/dl indicated that patients with supersat-
urated serum UA levels may have had significantly
reduced JSW at entry (Table 2).

We did not measure all factors associated with OA
progression, such as meniscal pathology or malalignment.
We clinically determined the absence of gout and did not
perform knee aspirations to confirm the absence of
crystals. We included patients with symptoms and baseline
K/L scores of $1, instead of the more conventionally
defined K/L score $2 for defining OA, because a K/L
score of 1 has recently been described as representing early
OA (50). Finally, our study, especially the subset of
patients undergoing MRI, would have benefited from a
larger sample size. Indeed, our data set for MRI analysis
was normally distributed according to most, but not all, of
the tests we applied. Prospective studies and greater sam-
ple sizes will be needed to assess the possibility of
causality.

In conclusion, this is the first longitudinal study to
report that serum UA levels may serve as a biomarker of
OA progression. As serum UA measurements are inex-
pensive and readily obtainable, such results have the
potential to affect the study of OA treatment by permitting
the identification of patients who are more likely to experi-
ence progression for inclusion in investigational studies.
Measurement of serum UA levels could also potentially
provide a mechanism for determining the risk of progres-
sion and could facilitate monitoring the treatment of
patients living with OA. Whether UA-lowering therapy
could potentially help limit OA progression also deserves
investigation.
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Profibrotic Infrapatellar Fat Pad Remodeling Without M1
Macrophage Polarization Precedes Knee Osteoarthritis in Mice

With Diet-Induced Obesity

Erika Barboza,1 Joanna Hudson,1 Wan-Pin Chang,1 Susan Kovats,1 Rheal A. Towner,1

Robert Silasi-Mansat,1 Florea Lupu,1 Collin Kent,1 and Timothy M. Griffin2

Objective. To test the hypothesis that high-fat
(HF) diet–induced obesity increases proinflammatory
cytokine expression, macrophage infiltration, and M1
polarization in the infrapatellar fat pad (IFP) prior to
knee cartilage degeneration.

Methods. We characterized the effect of HF feed-
ing on knee OA pathology, body adiposity, and glucose
intolerance in male C57BL/6J mice and identified a diet
duration that induces metabolic dysfunction prior to car-
tilage degeneration. Magnetic resonance imaging and
histomorphology were used to quantify changes in the
epididymal, subcutaneous, and infrapatellar fat pads
and in adipocyte sizes. Finally, we used targeted gene
expression and protein arrays, immunohistochemistry,
and flow cytometry to quantify differences in fat pad
markers of inflammation and immune cell populations.

Results. Twenty weeks of feeding with an HF diet
induced marked obesity, glucose intolerance, and early
osteoarthritis (OA), including osteophytes and cartilage

tidemark duplication. This duration of HF feeding
increased the IFP volume. However, it did not increase
IFP inflammation, macrophage infiltration, or M1 macro-
phage polarization as observed in epididymal fat. Further-
more, leptin protein levels were reduced. This protection
from obesity-induced inflammation corresponded to
increased IFP fibrosis and the absence of adipocyte
hypertrophy.

Conclusion. The IFP does not recapitulate classic
abdominal adipose tissue inflammation during the
early stages of knee OA in an HF diet–induced model of
obesity. Consequently, these findings do not support
the hypothesis that IFP inflammation is an initiating
factor of obesity-induced knee OA. Furthermore, the
profibrotic and antihypertrophic responses of IFP
adipocytes to HF feeding suggest that intraarticular
adipocytes are subject to distinct spatiotemporal struc-
tural and metabolic regulation among fat pads.

Obesity significantly increases the risk of osteoar-
thritis (OA) (1,2), and clinical and preclinical studies sup-
port a role of both biomechanical and inflammatory
factors in the pathogenesis of OA (3). OA involves a
mosaic pattern of altered systemic and local inflammation
(4,5). For example, circulating markers of inflammation
can indicate the presence of symptomatic knee OA that
is at risk of progression (6). Locally, cytokines and
chemokines are elevated in the synovium, cartilage,
meniscus, and synovial fluid (7–10). Innate mediators of
inflammation drive many facets of obesity-induced meta-
bolic dysfunction, providing a potential link to OA patho-
genesis (11–13). Recent studies have shown that activated
synovial macrophages are present in at least some
OA joints (14–16), and there is mounting evidence that
innate inflammatory networks, such as those involving

The contents of this article are solely the responsibility of the
authors and do not necessarily represent the official views of the
National Institutes of Health or the Arthritis Foundation.

Supported by the NIH (National Center for Research
Resources grant P20-RR-018758 and National Institute of General
Medical Sciences grant P20-GM-103441 to Drs. Griffin, Towner, and
Lupu, and National Institute of Arthritis and Musculoskeletal and
Skin Diseases grant R03-AR-066828 to Dr. Griffin) and the Arthritis
Foundation (Arthritis Investigator Award to Dr. Griffin).

1Erika Barboza, PhD, Joanna Hudson, BS, Wan-Pin Chang,
PhD, Susan Kovats, PhD, Rheal A. Towner, PhD, Robert Silasi-
Mansat, PhD, Florea Lupu, PhD, Collin Kent, BS: Oklahoma Medical
Research Foundation, Oklahoma City; 2Timothy M. Griffin, PhD:
Oklahoma Medical Research Foundation, Reynolds Oklahoma Cen-
ter on Aging, and University of Oklahoma Health Sciences Center,
Oklahoma City.

Address correspondence to Timothy M. Griffin, PhD, Aging
and Metabolism Research Program, Oklahoma Medical Research
Foundation, MS 21, 825 NE 13th Street, Oklahoma City, OK 73104.
E-mail: Tim-Griffin@omrf.org.

Submitted for publication October 19, 2016; accepted in
revised form January 24, 2017.

1221



complement and alarmins, are critical mediators of OA
progression and pain (17).

Understanding how metabolic inflammation con-
tributes to OA risk is challenging because obesity trig-
gers systemic and tissue-specific cellular immune
responses, particularly within adipose tissue. We previ-
ously reported that knee OA develops in proportion to
total body fat and the adipokine leptin, but not other
cytokines, in mice with high-fat (HF) diet–induced obe-
sity (18). In humans, leptin is elevated in synovial fluid
relative to serum, indicating the potential for local meta-
bolic inflammation (19). In a comparison of patient-
matched infrapatellar and subcutaneous fat, the infrapa-
tellar fat pad (IFP) was shown to secrete higher levels of
adiponectin, adipsin, interleukin-6 (IL-6), tumor necro-
sis factor (TNF), and visfatin per tissue weight (20,21).
Clinical imaging studies also support a role of the IFP in
OA, linking changes in IFP size or magnetic resonance
signal intensity to changes in OA symptoms and to
structural pathology (22,23). However, most evidence of
IFP inflammation is based on samples collected from
patients undergoing total joint arthroplasty (24). There-
fore, we wanted to understand the effect of obesity on
IFP inflammation during the initiation of knee OA.

Macrophages are central mediators of adipose
tissue inflammation (25). Resident adipose tissue
macrophages suppress inflammation similar to alterna-
tively activated M2 macrophages. Obesity stimulates
chemokine-mediated macrophage infiltration and pro-
inflammatory (M1) polarization, particularly in abdomi-
nal fat. Given the proinflammatory phenotype of the
IFP in OA joints, we hypothesized that obesity increases
knee OA by inducing IFP macrophage infiltration, M1
polarization, and proinflammatory cytokine production
prior to the development of cartilage degeneration. Pre-
vious findings in humans with OA characterized IFP
macrophages as primarily M2 regardless of obesity sta-
tus (26). However, M2-like macrophages are prevalent
during wound healing; consequently, the inflammatory
characteristics at the end stage of OA may greatly differ
from those at the onset of disease. Therefore, we evalu-
ated IFP inflammation and macrophage polarization
markers prior to the onset of cartilage damage.

We tested our hypothesis using a widely studied
HF diet–induced mouse model of obesity in mice
obtained from The Jackson Laboratory. We first charac-
terized the temporal effects of HF feeding on knee OA
pathology, body adiposity, and glucose tolerance to
identify a diet duration that induces metabolic dysfunc-
tion prior to cartilage degeneration. We then used mag-
netic resonance imaging (MRI) and histomorphology to
quantify changes in the size of the epididymal fat pad

(EFP), the subcutaneous fat pad (SFP), and the IFP
and corresponding changes in adipocyte size. Finally,
we conducted quantitative gene expression profiling,
immunohistochemistry, and flow cytometry to charac-
terize differences in markers of inflammation and cell
types among the different fat pads and in response to an
HF diet.

MATERIALS AND METHODS

Animals. Experiments were conducted in accordance
with protocols approved by the AAALAC International–
accredited Institutional Animal Care and Use Committee at
the Oklahoma Medical Research Foundation (OMRF). Male
C57BL/6J mice were purchased from the JAX Diet-Induced
Obesity (DIO) service (The Jackson Laboratory), which
randomizes mice to receive diets containing either 10% kcal of
fat (control; D12450Bi) or 60% kcal of fat (HF; D12492i)
beginning at 6 weeks of age (Research Diets). DIO animals
were purchased at 24 weeks of age and maintained on the
same diets in the OMRF vivarium (specific pathogen–free
facility) until experimental end points at 26 and 52 weeks of
age. Mice were group-housed (#5 animals/cage) in ventilated
cages in a temperature-controlled room with 12-hour light/
dark cycles and with ad libitum access to food and water and
routine veterinary assessment. Multiple cohorts of animals
were purchased from the JAX DIO service to complete all
experiments (Supplementary Table 1, available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.com/doi/
10.1002/art.40056/abstract). Sample sizes for specific experi-
ments are given below.

Body composition, fat pad volume, and glucose analyses.
Body fat content (excluding the head) was measured under
isoflurane anesthesia using a dual-energy x-ray absorptiometry
system (Piximus II; GE Lunar) at 24 and 50 weeks of age (27).
Infrapatellar, subcutaneous, and peritoneal fat pad volumes
were measured in 24-week-old animals receiving control and
HF diets using water-suppressed MRI, as previously described
(28). Intraperitoneal glucose tolerance tests were performed
in mice subjected to overnight fasting ;1 week prior to eutha-
nasia, as previously described (29).

Histologic and immunohistochemical analyses. Animals
were euthanized by CO2 asphyxiation, alternating between
groups. Intact knees were isolated, processed, and stained with
hematoxylin, fast green, and Safranin O for histologic grading,
as described previously (18,30). Modified Mankin OA scoring
was conducted by 2 experienced graders under blinded condi-
tions, assessing 4 locations: lateral femur, lateral tibia, medial
femur, and medial tibia. Osteophyte severity along the anterior
and posterior margins of the medial and lateral tibial plateaus
was quantified using a 0–3 grading system for each region, as
previously described (31).

EFPs, SFPs (femoroinguinal), and IFPs were harvested
following death and stabilized in Zamboni’s fixative prior to
paraffin processing. Sections (6 mm) were collected at 48-mm
intervals for the EFPs and SFPs and continuously for the IFPs.
For adipocyte analyses, 2 slides per sample were stained with
hematoxylin and eosin. Two images per slide were captured
using a Nikon E200 microscope equipped with a DS-Fi1 digital
camera. Adipocytes intersecting a digital grid overlay were
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manually traced to calculate the average adipocyte area per
sample using NIS Elements software (Nikon). For macrophage
quantification, 3 slides per fat pad per animal were prepared for
F4/80 staining. Slides underwent antigen retrieval (0.05% pro-
teinase K), nonspecific blocking (5% normal donkey serum in
phosphate buffered saline [PBS] at 0.1% Triton X), and incuba-
tion with rat anti-mouse F4/80 monoclonal antibody (1:100 dilu-
tion; Invitrogen catalog no. MF48000) for 1 hour at room
temperature. Slides were washed and stained with Cy3 second-
ary antibody (Jackson ImmunoResearch) and Hoechst for visu-
alization and quantitation by fluorescence microscopy using a
Nikon Eclipse 80i microscope, an X-cite 120Q light source, and
a DS-Qi1Mc camera. Primary antibody was omitted for nega-
tive controls.

Fat pad fibrosis was evaluated by sirius red staining.
Slides were stained in saturated picric acid with 0.1% sirius
red F3B (VWR), washed in 0.5% acetic acid, and counter-
stained with 0.5% Harris’ hematoxylin (VWR). Slides were
examined under epipolarized ultraviolet light with a Nikon
E800 microscope equipped with an Omax 14 MP digital cam-
era and Omax ToupView acquisition software. Three 103
images per sample were selected for quantification with
ImageJ software (version 1.49o; National Institutes of Health)
using the color deconvolution 2 plugin to generate a
threshold-based binary image of the epifluorescent signal.
Fibrosis was quantified as the area of epifluorescent signal
within a central 1,400-pixel–diameter region of interest free of
tissue artifact or vasculature.

RNA and protein extraction. Extracted fat pad sam-
ples were immediately placed in TRIzol reagent (Ambion) on
ice and stored at 2808C until homogenization. Although it
was not possible to isolate the IFP from the immediate under-
lying synovium, IFP samples were carefully dissected under a
stereomicroscope using McPherson-Vannas scissors and fine
forceps to minimize the inclusion of adjacent synovium and
other connective joint tissues. To obtain sufficient messenger
RNA (mRNA), IFPs from both knees were pooled for 2 ani-
mals per analysis sample. EFP and SFP mRNA samples were
pooled for the same animal pairs to facilitate comparisons
among fat pads. The mRNA and protein were isolated
according to the manufacturer’s protocol, and mRNA was
purified using RNeasy Mini (IFP) and RNeasy Micro (SFP
and EFP) kits (Qiagen).

Quantitative reverse transcription–polymerase chain
reaction (RT-PCR) and protein array analyses. Gene expres-
sion was measured using RT2 Profiler PCR inflammatory cytokine
and receptors (PAMM-011D) and extracellular matrix and
adhesion molecules (PAMM-013D) mouse arrays (Qiagen)
according to the manufacturer’s protocols. A total of 200 ng of
mRNA per array was synthesized into complementary DNA
using an RT2 First-Strand kit (Qiagen and SABiosciences) fol-
lowing the manufacturers’ instructions. Samples were analyzed
on a CFX96 thermocycler (Bio-Rad), and gene expression was
quantified relative to the geometric mean of 5 stable reference
genes: Gusb, Hprt1, Hsp90ab1, Gapdh, and Actb. Protein sam-
ples were diluted in PBS with 1% Triton X-100 and analyzed
using a Proteome Profiler Mouse Adipokine Array kit (catalog
no. ARY013; R&D Systems) following the manufacturer’s
instructions. Membranes were incubated with 250 mg of protein,
and bound antigen was detected by autoradiography using
streptavidin–horseradish peroxidase secondary antibody and
ChemiReagent Substrate mixture. Densitometry was conducted

using a G:BOX imaging system and Gene Tools software
(Syngene).

Flow cytometry. The EFP and IFP tissues were placed
in PBS with 5% fetal bovine serum (FBS) prior to cell isola-
tion. Stromal vascular fraction cells were obtained by digesting
fat at 378C for 1 hour on an orbital shaker in a buffer con-
taining Dulbecco’s modified Eagle’s medium (DMEM)/F-12
complete medium, 1 mg/ml of type IA collagenase (Sigma-
Aldrich), 0.1 mg/ml of DNase I, 0.8 mM zinc chloride, 1.5%
bovine serum albumin, and 25 mM HEPES (Life Technolo-
gies). Collagenase activity was neutralized with Hanks’ balanced
salt solution (catalog no. 21-022-CV; Cellgro Mediatech) and
10% FBS. The mixture was filtered (70 mm) and then centri-
fuged at 400g for 10 minutes at 48C.

The cell filtrate was incubated in 13 red blood cell
lysis solution for 1 minute at room temperature followed by a
DMEM wash and centrifugation. Freshly isolated cells were
resuspended in fluorescence-activated cell sorting buffer (13
PBS with 5% FBS), counted, and labeled for 30 minutes on
ice with fluorochrome-conjugated monoclonal antibodies
(BioLegend) against mouse CD45.2 (clone 104), CD3 (145-
2C11), CD19 (6D5), F4/80 (BM8), CD11c (N418), and
CD206 (C068C2). Propidium iodide was used to determine
cell viability (BioLegend). Compensation was done using a
CompBead anti-rat and anti-hamster Igk/negative control
compensation particles set from BD Biosciences. Experi-
ments were analyzed with a BD LSR II flow cytometer and
FlowJo software (Tree Star).

Statistical analysis. Imaging analyses were evalu-
ated in a blinded manner. Scoring and quantitative analyses
were averaged for all images, sections, and/or anatomical
sites to generate an average value per animal for the statisti-
cal analyses. Differences in semiquantitative scores were
determined using Mann-Whitney U tests (Prism 6.0f soft-
ware). Gene expression array analyses included a 10%
false discovery rate adjustment following the Benjamini-
Hochberg procedure, as indicated. All other data were
analyzed by Student’s t-test, one-way analysis of variance
(ANOVA), or two-way ANOVA followed by Dunnett’s or
Holm-Sidak’s multiple comparisons test, respectively (Prism
6.0f). Data are expressed as the mean 6 SEM except where
indicated otherwise. P values less than 0.05 were considered
significant.

RESULTS

Time course of HF diet–induced knee OA path-
ogenesis. We examined knee OA pathology in mice
after 20 and 46 weeks of feeding them a control or HF
diet. There were no differences in knee OA at 20 weeks
based on modified Mankin scores, whereas 46 weeks of
an HF diet increased OA severity (Figure 1A). Between
26 and 52 weeks of age, the OA scores increased 21.2%
in the group receiving a control diet and 44.6% in the
group receiving an HF diet (P 5 0.0098). Scores on the
modified Mankin subcomponents showed a significant
increase in tidemark duplication in the HF diet group
after 20 weeks (Figures 1B and D). HF feeding also
accelerated osteophyte formation after 20 weeks of
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eating an HF diet (Figures 1C and E), indicating the
presence of early-stage OA. Therefore, we selected a
20-week period of HF diet to test the hypothesis that
obesity induces IFP inflammation prior to the develop-
ment of pathologic changes of overt OA in knee
cartilage.

Distinct infrapatellar adipocyte response to HF
diet–induced obesity and fat pad hypertrophy. Twenty
weeks of eating an HF diet increased body mass by 41%
(P , 0.0001) and increased total body fat from 14.8% to
36.7% of body mass (P , 0.0001) (Figure 2A). The fasting
blood glucose level was not elevated at this time point,
but blood glucose levels remained elevated in mice in the
HF group 30–90 minutes following a glucose challenge
(Figure 2B). We next compared the effect of HF feeding
on the sizes of the EFP, SFP, and IFP depots and their
respective adipocytes. In animals eating the control diet,

IFP adipocytes were significantly smaller than SFP and
EFP adipocytes (Figure 2C). Following 20 weeks of HF
feeding, the infrapatellar, subcutaneous, and peritoneal
(i.e., epididymal plus mesenteric) adipose tissue
volumes increased by 1.54-fold (P 5 0.005), 5.63-fold
(P 5 0.0004), and 3.98-fold (P 5 0.0003), respectively
(Figure 2D). When adipocyte cross-sectional areas
were examined, IFP adipocytes did not become hyper-
trophic like the SFP and EFP adipocytes had (Figures
2C and E). Thus, although the IFP volume increased in
response to HF feeding, adipocyte hypertrophy did not
contribute to the increase in IFP size.

Comparison of HF diet–induced changes in IFP
versus EFP immune cell populations. We next evalu-
ated the effect of an HF diet on the immune cell popula-
tions in the stromal vascular fraction of the IFP and
EFP (Figure 3 and Supplementary Figure 1, available at

Figure 1. Age-dependent pathologic changes of knee osteoarthritis (OA) in mice with high-fat (HF) diet–induced obesity. Animals were fed a
diet consisting of either 10% kcal of fat (control diet) or 60% kcal of fat (HF diet) beginning at 6 weeks of age. A, Increased severity of cartilage
OA after 46 weeks of an HF diet, but not 20 weeks. OA in knee cartilage was determined by the modified Mankin score, which was averaged
for multiple sections and sites throughout the joint, including the medial and lateral tibia and femur. B, Increased duplication of the tidemark
separating the uncalcified and calcified cartilage after 20 weeks of an HF diet. After 46 weeks, however, both diet groups were similar. C, Accel-
erated development of tibial osteophytes after 20 weeks of an HF diet. However, after 46 weeks, control and HF diet groups were no longer dif-
ferent. Each symbol represents an individual mouse. Values are the mean 6 SEM of 10 mice per group at 26 weeks and 12 mice per control
group and 13 mice per HF group at 52 weeks. * 5 P , 0.05; ** 5 P , 0.01. D and E, Sagittal sections of the medial tibia (D) and the medial com-
partment of the knee (E) after 20 weeks in mice fed a control diet or an HF diet. Arrowheads indicate tidemarks; arrow indicates an osteophyte.
Bars 5 100 mm in D; 500 mm in E.
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Figure 2. High-fat (HF) diet–induced changes in systemic metabolism and location-specific changes in fat pad and adipocyte size. Mice were
fed a control diet or an HF diet for 20 weeks beginning at 6 weeks of age. A, Substantial increase in body mass (left) and body fat (right) in
mice fed an HF diet. B, Significantly elevated fasting blood glucose levels at 30, 60, and 90 minutes after glucose challenge in mice fed an HF
diet, indicating impaired glucose tolerance. C, Trichrome-stained sections of the infrapatellar fat pad (IFP), subcutaneous fat pad (SFP), and epi-
didymal fat pad (EFP) of mice fed a control or HF diet. IFP adipocytes were substantially smaller than SFP or EFP adipocytes for either diet.
Bars 5 50 mm. D, Fat pad volumes in mice fed a control (open bars) or HF (solid bars) diet, as determined on water-suppressed magnetic reso-
nance imaging (MRI) sequences. Image data were acquired with a 7T, 30-cm horizontal bore USR Bruker MRI system. A validated automated
segmenting procedure (28) and manual segmenting were used. E, Increased adipocyte area in SFPs and EFPs, but not IFPs, in the HF diet
group (solid bars), indicating that adipocyte hypertrophy did not contribute to the increase in IFP size. Values are the mean 6 SEM of 8 mice
per control group and 10 mice per HF group in A, 4 mice per control group and 5 mice per HF group in B, 9 mice per group for the IFP and 3
mice per group for the SFP and EFP in D, and 5 mice per group in E. ** 5 P , 0.01; *** 5 P , 0.001.

Figure 3. Effect of a high-fat (HF) diet on immune cell populations in the infrapatellar fat pad (IFP) and epididymal fat pad (EFP). Stromal
vascular fraction cells were isolated from IFPs and EFPs after 20 weeks of an HF diet. IFP samples were pooled from 6 animals per experiment,
and EFP samples were collected from 2 of the same 6 animals. Experiments were performed 3 times (n 5 3 independent experiments for IFP
and 6 for EFP). A, Effect of an HF diet on adipose tissue leukocytes (propidium iodide [PI]–negative, CD451) (left), T cells (CD451, CD31,
F4/80–) (middle), and macrophages (CD451, F4/801) (right). B, Effect of an HF diet on the distribution of F4/801 adipose tissue leukocytes
(PI–, CD451) in the IFP. Macrophages were further identified within the population of F4/801 cells based on CD11c and CD206 expression
and F4/80 staining intensity among CD11chigh, CD206high, and CD11c–CD206– populations. C, Effect of an HF diet on the distribution of F4/
801 adipose tissue leukocytes (PI–, CD451) in the EFP. Unlike the IFP, HF feeding increased the number of CD11c1 cells and shifted the
expression of CD11c1 cells from F4/80intermediate to F4/80high, indicating M1 polarization. D, Effect of an HF diet on the percentage of PI–
CD451F4/801 cells expressing the M1 macrophage marker CD11c (left), the M2 macrophage marker CD206 (middle), or neither marker
(right) in the IFP and the EFP. Values in A and D are the mean 6 SEM. # 5 P , 0.05 between fat pads; *** 5 P , 0.001 between diets;

**** 5 P , 0.0001 between diets.
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http://onlinelibrary.wiley.com/doi/10.1002/art.40056/
abstract). The EFP contained a greater percentage of
CD451 cells compared to the IFP, and this was indepen-
dent of diet (P , 0.0001) (Figure 3A). There were also
significant differences in T cell (CD31) and macrophage
(F4/801) populations between the EFP and IFP depots
(Figure 3A). Notably, the IFP contained a lower percent-
age of T cells (P , 0.0001) and a higher percentage of
macrophages (P , 0.0001) compared to the EFP, and
these differences were independent of an HF diet (Fig-
ure 3A). B cell populations from the IFP were negligible
for either diet.

We then evaluated the effect of an HF diet on
CD2061 and CD11c1 adipose tissue macrophages, as
determined with F4/80 staining (25). In the IFP, the
intensity of F4/80 staining and the relative proportion of
CD2061 and CD11c1 cells did not change with an HF
diet (Figures 3B and D). The CD206high cells were also
F4/80high, as expected for macrophages, whereas the
CD11chigh cells had lower F4/80 expression, consistent
with their potential identity as dendritic cells rather
than M1 macrophages (32). The F4/80intermediateCD11c–
CD206– cells in the IFP showed an SSC/FSC pattern
similar to that of the CD2061 and CD11c1 populations
in both the IFP and EFP (data not shown), suggesting
that these cells are undifferentiated monocytes rather
than neutrophils or eosinophils, as recently reported for
the EFP (32). In contrast to the IFP, an HF diet signifi-
cantly altered the intensity of F4/80 staining and the rel-
ative proportion of CD2061 and CD11c1 cells in the
EFP (Figures 3C and D). The proportion of CD11c1 cells
and intensity of F4/80 staining in CD11chigh cell population
increased with an HF diet, consistent with an increase in
M1-like macrophages. Furthermore, macrophage crown-
like structures, another characteristic of adipose tissue
inflammation, were increased with an HF diet in the EFP
(P 5 0.019) but were not significantly altered in the SFP,
and none were observed in the IFP (data not shown).

No effect of HF diet–induced obesity on IFP
inflammation. To further characterize fat pad– and HF
diet–specific effects on adipose tissue inflammation, we
compared the expression of proinflammatory and antiin-
flammatory genes and chemokine ligand and receptor
genes using a targeted gene expression array. In mice
consuming the control diet, Tnf and Il1b were more
highly expressed in the IFP compared to the SFP
(Figure 4A). The proinflammatory mediator Casp1 was
also more highly expressed in the IFP compared to the
EFP. An HF diet increased the expression of Tnf and Il1b
in the SFP and Casp1 in the EFP, but none were altered
in the IFP (Figure 4A). Among key antiinflammatory
genes, Il4 and Il13 were more highly expressed in the IFP

compared to the EFP, and only Il13 expression in the
EFP was increased following an HF diet (Figure 4B).
There were no differences in the expression of the macro-
phage chemokine ligands Ccl2, Ccl3, and Ccl7 in animals
consuming a control diet (Figure 4C). However, following
an HF diet, the expression of Ccl2, Ccl3, and Ccl7
increased in the EFP, and the expression of Ccl2 and Ccl7
increased in the SFP, but no significantly increased
expression occurred in the IFP (Figure 4C). Expression of
the chemokine receptors Ccr1, Ccr3, and Ccr5, however,
were nearly all elevated in the IFP relative to the other fat
pads, independently of diet (Figure 4D). Thus, under
basal nonobese conditions, the expression of proinflam-
matory genes and chemokine receptor genes was elevated
in the IFP compared to the SFP and EFP, but the IFP
was insensitive to HF diet–induced changes.

We then performed an unsupervised cluster
analysis of both fat pad type and macrophage polariza-
tion effector status on the HF diet–induced fold change
in gene expression (Figure 4E). Although M1 and M2
subtypes can be ambiguous and overlapping, we selected
a panel of genes previously found to be associated with
these designations (33) to assess general patterns of
inflammatory gene expression among the fat pads.
Depot-specific fat pad samples clustered together based
on their HF diet–induced changes in inflammatory gene
expression. Notably, the expression patterns in the SFP
more closely followed those in the EFP than in the IFP
(Figure 4E). The genes clustered together into 2 major
groups and were significantly associated with the M1
versus M2 gene designations (left and right clusters,
respectively; P 5 0.036) (Figure 4A). Consistent with
the findings of flow cytometry, the EFP samples, and to
a lesser extent SFP samples, were characterized by an
up-regulation of M1 effector genes and down-regulation
of M2 effector genes. The IFP samples, however, did
not show a discernible pattern of M1 versus M2 HF
diet–induced gene expression. An analysis of adipokine
and cytokine protein levels in the IFP also showed mini-
mal effects of an HF diet, with a minor increase in IL-10
(mean 6 SEM HF-induced fold change 1.19 6 0.05;
P 5 0.03) and a reduction in leptin (mean 6 SEM HF-
induced fold change 0.61 6 0.10; P 5 0.03) (Supplemen-
tary Figure 2, available at http://onlinelibrary.wiley.com/
doi/10.1002/art.40056/abstract).

Robust increase in IFP fibrosis caused by HF
diet–induced obesity. To better understand the factors
that differentiate the remodeling response of infrapatel-
lar and subcutaneous fat pads to HF diet–induced obe-
sity, we examined changes in adipose tissue fibrosis and
the expression of genetic regulators of extracellular
matrix homeostasis. Quantification of sirius red staining
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showed that the collagen content of adipose tissue was
greater in the IFP compared to the SFP in mice fed a
control diet (P 5 0.003) (Figures 5A and B). This differ-
ence was magnified following an HF diet, whereby the
adipose tissue collagen content increased 2.0-fold (from
1.84% to 3.74% in the IFP; P 5 0.001), but did not
change in the SFP (0.24% versus 0.25%) (Figure 5B).
This same pattern remained even when collagen content
was normalized to adipocyte size to account for baseline
differences in adipocyte size and HF diet–induced SFP
adipocyte hypertrophy (Figure 5C).

This profibrotic response in the IFP was accom-
panied by a greater number of differentially expressed
genes involved in extracellular matrix remodeling (Fig-
ure 5D and Supplementary Table 2, available at http://
onlinelibrary.wiley.com/doi/10.1002/art.40056/abstract).
Of 84 genes evaluated, 34 were differentially expressed
in the IFP in response to an HF diet, with 19 being
up-regulated and 15 being down-regulated. The
up-regulated genes included several that encode extra-
cellular matrix proteins, such as types III, IV, and VI
collagen as well as fibronectin and fibronectin receptors

Figure 4. Effect of a high-fat (HF) diet on fat pad–specific proinflammatory and antiinflammatory gene expression. Gene expression (22DCt)
was measured using RT2 Profiler PCR inflammatory cytokine and receptors targeted arrays following 20 weeks of a control (open bars) or HF
(solid bars) diet. The infrapatellar fat pads (IFPs) from both knees were pooled from 2 animals per gene array. Subcutaneous fat pad (SFP) and
epididymal fat pad (EFP) samples were pooled in parallel from the same animals. Experiments were performed 3 times, and the values were
log-transformed for statistical analyses. A–D, Expression of the indicated proinflammatory (A), antiinflammatory (B), chemokine ligand (C), and
chemokine receptor (D) genes in the IFPs, SFPs, and EFPs. Values are the mean 6 SEM. # 5 P , 0.05 versus IFP control; * 5 P , 0.05 HF ver-
sus control for the same fat pad type. E, Heatmap showing unsupervised cluster analysis of both fat pad type and macrophage polarization effec-
tor status using the HF diet–induced fold change in gene expression, as calculated by the DDCt method. Fat pad samples clustered by anatomic
location, and macrophage polarization effector genes clustered primarily by M1 versus M2 effector bias. M1 effector genes tended to be up-
regulated and M2 effector genes down-regulated in EFP and SFP samples.
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Itga5 and Itgb1. In contrast, 22 genes were differentially
expressed in the SFP, with the majority being down-
regulated (3 up-regulated versus 19 down-regulated).
Only 1 gene, Sparc, was up-regulated in both fat pads in
response to an HF diet; Sparc is a profibrotic glycoprotein
that inhibits adipogenesis (34). Three genes were down-
regulated in the IFP and SFP: Fbln1, Itga4, and Sgce. Sev-
eral genes were up-regulated in the IFP in response to an
HF diet that were down-regulated in the SFP, including
cell adhesion and extracellular matrix binding proteins
(Ecm1, Itgav, Lamb2, Tgfbi, and Thbs2) and regulators of
matrix proteostasis (Mmp3 and Timp3).

Given these differences in extracellular matrix
regulation, we compared differences in gene expression
in the IFP relative to the SFP of mice fed a control
diet in order to gain insight into basal differences in
transcription. We included both inflammatory and
extracellular matrix arrays because inflammation can
contribute to adipose tissue fibrosis. Of 168 genes, 10
were up-regulated and 16 were down-regulated in the
IFP (Table 1). A smaller subset retained significance
after corrections for multiple comparisons (4 up-
regulated and 8 down-regulated). Of these, most were
cytokine receptors and chemokines associated with

Figure 5. High-fat (HF) diet–induced infrapatellar and subcutaneous adipose tissue fibrosis and extracellular matrix gene expression. A, Brightfield
(left) and epipolarized ultraviolet light (right) images of sirius red–stained paraffin sections of the infrapatellar fat pad (IFP) and subcutaneous fat
pad (SFP) of mice fed a control or HF diet for 20 weeks. Yellow-green pixels from epipolarized images were quantified to determine the collagen
content of adipose tissue. Original magnification 3 10. B, Significant increase in IFP collagen content, but no alteration of SFP collagen content,
after an HF diet. C, Elevated IFP, but not SFP, collagen content after an HF diet, even with normalization. Fat pad collagen content was normalized
to the average adipocyte area per fat pad to adjust for anatomic and HF diet–associated differences in adipocyte size. Values in B and C are the
mean 6 SEM of 5 mice per group. D, Gene expression in the IFP and SFP following 20 weeks of an HF diet, as measured by RT2 Profiler PCR
extracellular matrix and adhesion molecules targeted arrays. Significantly differentially expressed genes due to the HF diet as compared with the con-
trol diet are plotted from the highest to the lowest for the IFP and SFP (P , 0.05 based on the 95% confidence interval [95% CI] of the fold-change
value). Values are the mean and 95% CI. Sample sizes are same as in Figure 4. ** 5 P , 0.01. (Values shown graphically in D are reported as actual
values in Supplementary Table 2, available at http://onlinelibrary.wiley.com/doi/10.1002/art.40056/abstract).
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reduced T cell chemotaxis and increased innate immune
responses. These findings suggest that basal differences
in adipose tissue mediators of inflammation, rather than
the extracellular matrix per se, contribute to the robust
profibrotic response in the IFP of obese mice.

DISCUSSION

The IFP is considered a paracrine mediator of
cartilage catabolism due to the niche it provides
for immune cells and its proinflammatory phenotype in
OA joints (19–21,24). We hypothesized that obesity
stimulates IFP inflammation by increasing macrophage
infiltration and M1 polarization prior to the develop-
ment of cartilage degeneration. Although we observed
elevated basal IFP inflammation compared to other fat
depots, diet-induced obesity did not further increase the
number of immune cells in the IFP or induce a proin-
flammatory shift in cytokine expression or macrophage
polarization after 20 weeks of consuming an HF diet.

Given that this duration of feeding induced early-stage
OA changes, such as osteophyte formation and cartilage
tidemark duplication, the findings do not support a role
of IFP inflammation as a central initiating factor of
obesity-induced knee OA. We did not, however, evalu-
ate IFP inflammation after 46 weeks of HF feeding,
when cartilage degeneration was significantly elevated,
which raises the possibility that IFP inflammation con-
tributes to OA progression.

Unlike subcutaneous or epididymal adipocytes,
IFP adipocytes did not become hypertrophic in re-
sponse to HF feeding despite an overall increase in fat
pad size. This unique response to HF feeding suggests
that IFP size increases by hyperplasia (i.e., adipogene-
sis), which has previously been reported to occur tran-
siently in the epididymal fat of male C57BL/6 mice
following high-fat feeding (35). In addition, high-fat
feeding also increased IFP fibrosis. Adipose tissue fibro-
sis is usually associated with adipocyte hypertrophy and
obesity-induced metabolic dysfunction (25,36). In this
context, M1 adipose tissue macrophages appear to gener-
ate proinflammatory signals that shift preadipocytes away
from an adipogenic lineage and toward a myofibroblast
phenotype. The localization of M1 macrophages and
dense extracellular matrix deposits in crown-like struc-
tures that surround necrotic adipocytes reinforces the
pathologic attributes of adipose tissue fibrosis. Therefore,
the association of adipose tissue fibrosis with negligible
M1 polarization and adipocyte hypertrophy in the IFP in
obese mice raises questions about how it occurs and how
it affects joint health. One possibility is that the temporal
dynamics of inflammatory activation and resolution are
accelerated in the IFP, which would require testing at
earlier time points of feeding an HF diet. Alternatively,
IFP fibrosis may occur via physiologic signaling
mediators, such as mechanical stress, rather than patho-
logic proinflammatory M1 polarization.

Mechanical signals regulate stem cell fate, adipo-
genesis, and adipocyte hypertrophy, and the extracellu-
lar matrix mediates how cells sense these changes in the
environment (37–39). In pre-adipocyte culture models,
static tensile strain stimulates adipocyte differentiation,
whereas compressive strain or cyclic tensile strain sup-
presses adipogenesis (for review, see ref. 40). Although
few studies have examined IFP biomechanical stresses
(41), the load-bearing aspects of this intraarticular fat
pad likely underlie the basal differences in adipocyte
size and response to diet-induced obesity. In a previous
study, we showed that mice with diet-induced obesity
maintain similar levels of spontaneous locomotor activ-
ity despite increased weight gain, which is consistent
with increased joint stresses (18).

Table 1. Genes differentially expressed in the IFP versus SFP of
mice fed a control diet*

Gene
Fold regulation (IFP:SFP),

mean (95% CI) P

Up-regulated in the IFP
Ccl17 17.4 (9.54, 25.3) 0.0122
Ccl19 10.9 (9.64, 12.1) 0.0008†
Ccr5 6.79 (2.15, 11.4) 0.0330
Tnf 4.54 (1.46, 7.62) 0.0385
Ccr1 4.17 (1.68, 6.67) 0.0319
Il13ra1 3.45 (2.82, 4.08) 0.0035†
Itgam 3.36 (3.31, 3.42) ,0.0001†
Thbs3 2.06 (1.28, 2.83) 0.0279
Il1r1 1.48 (1.33, 1.62) 0.0049†
Scye1 1.19 (1.04, 1.34) 0.0328

Down-regulated in the IFP
Adamts2 21.26 (–1.30, 21.23) ,0.0001†
Cxcl10 21.26 (–1.87, 20.656) 0.0039†
Ccl25 21.48 (–2.72, 0.241) 0.0132
Cxcl9 21.66 (–1.98, 21.33) 0.0008†
Mif 21.66 (–3.00, 20.335) 0.0132
Cxcr3 21.72 (–2.07, 21.38) 0.0009†
Cdh1 21.80 (–2.95, 20.658) 0.0089
Ccl6 21.89 (–3.84, 0.0579) 0.0237
Ccl5 21.91 (–2.57, 21.25) 0.0028†
Col4a2 21.94 (–2.97, 20.914) 0.0065†
Ccl11 22.19 (–3.05, 21.32) 0.0040†
Ccr10 22.25 (–3.93, 20.570) 0.0141
Thbs1 22.41 (–5.61, 0.787) 0.0443
Col4a1 22.77 (–6.28, 0.734) 0.0436
Il2rg 22.85 (–1.36, 20.811) 0.0009†
Mmp9 210.4 (–19.1, 21.74) 0.0298

* Values for the infrapatellar fat pad (IFP) are expressed relative to
the subcutaneous fat pad (SFP). Results are for mice consuming the
control diet.
† Significance was retained after controlling for a 10% false discov-
ery rate (exploratory analysis) following the Benjamini-Hochberg
procedure.
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Adipocyte size is a key factor in the regulation of
adipokine secretion, and our results suggest that
obesity-induced IFP fibrosis may limit metabolic inflam-
mation by inhibiting adipocyte hypertrophy. Previous
work has shown that subcutaneous adipocytes in the
largest size quartile produce more leptin, IL-6, IL-8,
CCL2, and granulocyte colony-stimulating factor com-
pared to the smallest quartile, even when normalized to
adipocyte surface area (42). We observed few changes
in adipokine protein levels in the IFPs of HF versus con-
trol mice. One notable exception was leptin, which sur-
prisingly was reduced in mice fed an HF diet. We
previously found that IL-1b decreases leptin production
in the IFP of rats (43), although in the current study, IL-
1b gene expression was not increased with an HF diet.
Rather, the increased extracellular matrix content may
limit leptin production and adipocyte hypertrophy
(25,39).

Many suppressors of adipocyte hypertrophy,
including types III, IV, and VI collagen and fibronectin,
were transcriptionally up-regulated in the IFP following
HF feeding. In particular, the matricellular protein
SPARC (also known as osteonectin) negatively regu-
lates adipose tissue expansion by both stimulating fibro-
nectin and suppressing adipogenic transcription factors
and genes, including leptin (34). HF feeding induced
SPARC expression significantly more in the IFP (73-
fold increase) versus the SFP (2.2-fold increase), sugges-
ting that SPARC up-regulation is an important media-
tor of IFP fibrosis with obesity. Consistent with this, we
observed that an HF diet increased IFP expression of a5
and b1 integrins, which form a receptor for fibronectin as
well as SPARC-mimicking peptides (34). In addition, HF
feeding likely stimulated IFP remodeling, as shown by the
differential expression of several matrix metalloproteinases
(Mmp2, Mmp3, Mmp13, and Mmp15) and tissue inhibitor
of matrix metalloproteinase 3 (Timp3). Furthermore,
macrophages are known to regulate extracellular matrix
remodeling in adipose tissue (25). We found that the IFP
was enriched for M2 macrophages and IL-13 expression,
which are associated with fibrosis in other tissues (36).

The clinical significance of the IFP in OA devel-
opment and progression is an active area of investiga-
tion (44,45). Some MRI-based cross-sectional studies
have shown positive associations between IFP volume,
joint inflammation, and joint pain (46,47), whereas
cross-sectional and longitudinal analyses of other
cohorts indicate a protective effect of IFP size on carti-
lage damage and pain, particularly in women (23,48,49).
Age and OA progression also mediate size changes in
the IFP (22,43). Our findings show that obesity can
increase IFP size in a genetically and environmentally

controlled animal model, but increased IFP size is not
necessarily associated with increased inflammation. A
more detailed understanding of the inflammatory and
secretory status of the adipocytes themselves is likely
needed to predict the clinical impact of the IFP on OA
pathophysiology. Our results parallel recent studies
reporting a profibrotic effect of the IFP on synovial fibro-
blasts (50,51), suggesting that adipocytes may play a cen-
tral role in modulating joint tissue fibrosis.

Our findings contrast with a previous study
reporting IFP adipocyte hypertrophy and inflammation
in male C57BL/6J mice following HF feeding (52).
However, that study used an HF diet composed of saf-
flower oil and beef tallow versus soybean oil and lard
used in the present study. That study also examined
earlier time points (4, 8, and 12 weeks) compared to the
present study (20 weeks). The previous study also
focused its histologic analysis on a single region in the
medial compartment, excluding the larger IFP area
throughout the intercondylar notch, which we included
in our study. Thus, the prior findings may indicate
regional variation in adipocyte responses to obesity. It is
also possible that including adjacent synovial tissue
could produce an inflammatory phenotype, as a recent
study reported HF diet–induced increases in synovial
macrophages and TNF production (16). Although our
study included synovium immediately deep to the IFP, it
did not include adjacent peripheral synovium, and we
did not observe an increase in TNF expression following
HF feeding. This suggests that the synovium, rather
than the IFP, is the major source of TNF in the mouse
knee. This differs from studies in humans, which showed
a positive correlation between IFP-derived TNF and the
body mass index (20). An additional potential limitation
of our study is that we only focused on male mice, as
there is increasing evidence that the specific metabolic
links between obesity and OA are sex dependent (53).

In conclusion, the IFP does not recapitulate the
classic M1 macrophage–mediated inflammation that
occurs in abdominal adipose tissue with obesity. This
apparent protection from obesity-induced inflammation
corresponds to the absence of adipocyte hypertrophy
and an increase in adipose tissue fibrosis. These findings
suggest that intraarticular adipocytes are subject to dis-
tinct spatiotemporal metabolic regulation among the fat
pads, possibly due to the structural constraints and
cyclic biomechanical stresses associated with the joints.
Additional studies focused on earlier and later time
points and the effects of altered joint loading conditions
may help clarify how the IFP contributes to joint health
and OA pathogenesis.
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A Dual Role of Upper Zone of Growth Plate and
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Osteoarthritic Cartilage

Inhibition of Aggrecanases and Promotion of Bone Turnover
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Objective. Cartilage damage and subchondral bone
changes are closely connected in osteoarthritis. Neverthe-
less, how these processes are interlinked is, to date,
incompletely understood. This study was undertaken to
investigate the mechanistic role of a cartilage-derived pro-
tein, upper zone of growth plate and cartilage matrix–asso-
ciated protein (UCMA), in osteoarthritis-related cartilage
and bone changes.

Methods. UCMA expression was assessed in
healthy and osteoarthritic human and mouse cartilage.
For analysis of cartilage and bone changes, osteoarthritis
was induced by destabilization of the medial meniscus

(DMM) in wild-type (WT) and Ucma-deficient mice.
UCMA–collagen interactions, the effect of UCMA on
aggrecanase activity, and the impact of recombinant
UCMA on osteoclast differentiation were studied in vitro.

Results. UCMA was found to be overexpressed in
human and mouse osteoarthritic cartilage. DMM-triggered
cartilage changes, including increased structural damage,
proteoglycan loss, and chondrocyte cell death, were aggra-
vated in Ucma-deficient mice compared to WT littermates,
thereby demonstrating the potential chondroprotective
effects of UCMA. Moreover, UCMA inhibited ADAMTS-
dependent aggrecanase activity and directly interacted with
cartilage-specific collagen types. In contrast, osteoarthritis-
related bone changes were significantly reduced in Ucma-
deficient mice, showing less pronounced osteophyte forma-
tion and subchondral bone sclerosis. Mechanistically,
UCMA directly promoted osteoclast differentiation in vitro.

Conclusion. UCMA appears to link cartilage with
bone changes in osteoarthritis by supporting cartilage
integrity as an endogenous inhibitor of aggrecanases
while also promoting osteoclastogenesis and subchon-
dral bone turnover. Thus, UCMA represents an impor-
tant link between cartilage and bone in osteoarthritis.

Articular cartilage degeneration is a hallmark of
osteoarthritis. In contrast to other mesenchymal tissues,
damaged cartilage does not regenerate sufficiently, even if
the trigger for cartilage loss can be controlled by clinical
intervention. To date, a number of factors involved in
osteoarthritis-related cartilage degradation have been iden-
tified, including the activation of aggrecanases (ADAMTS-
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4 and ADAMTS-5) and matrix metalloproteinases (MMPs)
(1,2). Moreover, chondrocytes in articular cartilage hardly
proliferate, and there is no efficient external cell supply for
cartilage renewal (3). Therefore, increased chondrocyte
apoptosis, often observed in osteoarthritis, may promote
cartilage degeneration (4–7). Together, these events lead to
an imbalance in matrix turnover and, eventually, to cartilage
matrix degradation. Subchondral bone sclerosis and osteo-
phyte formation are additional prominent features of osteo-
arthritis (8,9). Since progression of cartilage damage and
subchondral bone alterations coincide during osteoarthritis,
it has been difficult to elucidate how these processes in carti-
lage and bone are interlinked. Nevertheless, some studies
suggest that targeting bone sclerosis in osteoarthritis may be
beneficial for cartilage integrity (10,11).

Despite recent advances in understanding the path-
ophysiology of osteoarthritis, there are currently no curative
approaches available for the treatment of osteoarthritis.
Therefore, unraveling the molecular mechanisms of carti-
lage degradation and subchondral bone alterations may
provide important advances in the development of novel
therapies, which would prevent further cartilage loss and—
ideally—induce tissue repair. Recently, we introduced a
novel chondrocyte-specific protein, upper zone of growth
plate and cartilage matrix–associated protein (UCMA),
that is secreted into the cartilage matrix (12–14). Whereas
knockdown of Ucma in zebrafish embryos leads to craniofa-
cial malformations, suggesting a role of UCMA in skeletal
development, Ucma-deficient mice develop normally
(12,15). Thus, the physiologic function of UCMA in
mammals has largely remained unknown.

Since the function of extracellular matrix proteins
often has been revealed only under challenging conditions,
we considered that UCMA might play a relevant role in
joint integrity under pathologic conditions. Therefore, we
studied the impact of UCMA on osteoarthritis. In the pres-
ent study, we demonstrated that UCMA protein expression
is up-regulated in osteoarthritic cartilage. In a mouse model
of osteoarthritis induced by surgical destabilization of the
medial meniscus (DMM), Ucma-deficient mice exhibited
exacerbated cartilage degradation compared to wild-type
(WT) littermates, thereby indicating the potential chon-
droprotective properties of UCMA. Supporting this notion,
we demonstrated that UCMA is an efficient inhibitor of
aggrecanases. In contrast to this chondroprotective effect,
osteoarthritis-triggered bone alterations were substantially
reduced in Ucma-deficient mice, being attributable to
reduced differentiation of osteoblasts and osteoclasts.
Taken together, these findings suggest a dual role of
UCMA in osteoarthritis, influencing both cartilage proteo-
glycan degradation and subchondral bone changes.

MATERIALS AND METHODS

Mice. All experiments were performed with the approval
of the local ethics authorities (University of Erlangen–Nuremberg
and the Government of Mittelfranken, Ansbach, Germany) and
according to the regulations of the animal facilities in Germany.

Induction of experimental osteoarthritis in mice. Sham
surgery and DMM through surgical transection of the medial
meniscotibial ligament were performed in mice at ages 8 weeks
or 12 weeks, as previously described (16). DMM and sham oper-
ations were carried out in separate groups, with both legs under-
going surgery. At 4 weeks postsurgery (n 5 3 or n 5 4 mice per
group) or 8 weeks postsurgery (n 5 5 or n 5 6 mice per group),
mice were killed and frontal paraffin sections (4 mm) of the
knees were prepared. The second knee was used for RNA prep-
aration or micro–computed tomography (micro-CT) analyses.

Human cartilage samples. Samples of human cartilage
were obtained from the knee joints of healthy human subjects
during autopsy (n 5 3). Osteoarthritic cartilage specimens were
obtained from osteoarthritis patients (n 5 3) who had undergone
total knee joint arthroplasty at the University Hospital Erlangen.
Each patient gave informed consent prior to surgery, and the
institutional ethics committee approved the study protocol.

Histology. Scoring of the histologic severity of osteoar-
thritis was performed according to Osteoarthritis Research Soci-
ety International (OARSI) recommendations, in which all 4
quadrants of the stifle joint (medial and lateral femoral condyles,
and medial and lateral tibial plateaus; 8 of the most affected sec-
tions per joint) were scored in multiple-step sections through the
complete joint (17). Maximal scores from all 4 quadrants were
cumulated, as reported previously (16). Proteoglycan loss was
quantified by determining the proportion of articular cartilage
that was negative for Safranin O staining (17). Osteophytes, sub-
chondral bone plate thickness, and bone volume of the primary
spongiosa were assessed on Safranin O–stained or hematoxylin
and eosin–stained sections of the articular cartilage. Osteoclast
and osteoblast numbers were determined on tartrate-resistant
acid phosphatase (TRAP)–stained and Goldner’s trichrome–
stained tissue sections. Quantification was carried out using
ImageJ software or an OsteoMeasure system (OsteoMetrics)
(16,18). Micro-CT analysis of the tibiae was performed in a man-
ner as recently described (18). Bone volume was measured in the
trabecular bone of the metaphysis (the first 4 mm below the pri-
mary spongiosa). All analyses were performed in a blinded man-
ner (n 5 3–4 mice per group at 4 weeks postsurgery, n 5 5–6
mice per group at 8 weeks postsurgery).

Immunohistochemistry. Immunohistochemical detec-
tion of UCMA in the cartilage samples was performed as previ-
ously reported (12). After antigen retrieval with hyaluronidase and
blocking, detection of UCMA was performed using a UCMA-
specific antibody (ab-2, 1:500) and a SignalStain Boost immuno-
histochemistry detection reagent (HRP, rabbit; Cell Signaling
Technologies) with diaminobenzidine. NITEGE and VDIPEN
neoepitopes were detected similarly, using a rabbit anti-NITEGE
antibody (Ab1320, 1:1,000; IBEX Pharmaceuticals) or affinity-
purified anti-VDIPEN antibody (19), followed by staining with a
biotinylated goat anti-rabbit IgG antibody or avidin–peroxidase
(Vector Laboratories), respectively. Cell death analysis in sections
of articular cartilage was performed by TUNEL staining using an
In Situ Cell Death Detection Kit (Roche) (n 5 3–4 mice per group
at 4 weeks postsurgery, n 5 5–6 mice per group at 8 weeks
postsurgery).
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Gene expression analyses. Total RNA was extracted
from murine epiphyseal cartilage (n 5 3 mice per group), total
knee joints (n 5 5 mice per group), or articular cartilage (n 5 6
mice per group) using an RNeasy Fibrous Tissue Mini Kit
(Qiagen). Complementary DNA was synthesized using Super-
Script II reverse transcriptase (Invitrogen), and messenger RNA
(mRNA) expression of each gene, relative to the values for
cyclophilin A, was quantified by real-time reverse transcription–
polymerase chain reaction, as previously described (13) (for a list
of the primer sequences, see Supplementary Table 1, available
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.ART40042/abstract).

Protein interaction studies. Recombinant His-FLAG–
tagged UCMA was episomally expressed in HEK 293–Epstein-
Barr nuclear antigen cells and purified from conditioned medium
by affinity chromatography on nickel–nitrilotriacetic acid–
Sepharose (Qiagen), as reported previously (13). Different colla-
gen types (all derived from chicken sources by pepsin extraction)
were immobilized on PVDF membranes by vacuum blotting.
After blocking with bovine serum albumin (BSA), the mem-
branes were incubated in recombinant UCMA (100 ng/ml); after
washing, bound UCMA was detected using rabbit anti-UCMA
(UCMA-1, 1:1,000) or mouse anti-FLAG (1:1,000) antibodies
(both from Sigma-Aldrich) or an anti-rabbit or anti-mouse horse-
radish peroxidase (HRP)–conjugated IgG antibody, followed by
detection with an enhanced chemiluminescence (ECL)–based
technique (13). Replacement of UCMA solution or the anti-
UCMA antibody with BSA solution did not reveal significant
signals.

Pulldown assays were performed as previously reported
(20), in which 1 mg/ml type II collagen or BSA was coupled to
CNBr-activated Sepharose beads. Thereafter, 20 ml BSA–
Sepharose or type II collagen–Sepharose beads was incubated
with 2 mg UCMA in 1 ml pulldown buffer (20 mM Tris, pH 8.0,
25 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 1% Triton X-100,
1 mM dithiothreitol) overnight at 48C. After washing, co-
precipitated UCMA was detected by Western blotting using a
mouse anti-FLAG antibody. For solid-phase binding assays,
enzyme-linked immunosorbent assay (ELISA) plates were coated
with BSA (blanks; 10 mg/well) or collagens (1–10,000 ng/well).
After blocking with BSA, the plates were incubated with UCMA
(100 ng/ml). Bound UCMA was detected using a mouse anti-
FLAG antibody (1:1,000) or an HRP-conjugated anti-mouse IgG
antibody, followed by detection with an ABTS-based colorimetric
technique at 405 nm.

Cartilage explant cultures. Mouse articular cartilage
explants were obtained from the femoral heads of 3-week-old
Ucma-deficient mice and WT littermates, as reported previously
(21). Each cartilage specimen was cultured in 100 ml Dulbecco’s
modified Eagle’s medium–Ham’s F-12 for 1–3 days, with or with-
out stimulants. To study the degradation of collagen and aggre-
can, cartilage explants were treated with 10 ng/ml interleukin-1b
(IL-1b) for 3 days (n 5 5 samples) or with 50 nM recombinant
MMP-1 (n 5 2–3 samples) or 20 nM recombinant ADAMTS-5
(n 5 5 samples or n 5 3 samples) (all from PeproTech) for 24
hours (21,22). Afterward, conditioned medium was collected and
cartilage specimens were extracted with 125 mg/ml papain at 608C
overnight to release residual collagens and proteoglycans. Quan-
tification of collagens was performed through the detection of
hydroxyproline, using a QuickZyme Biosciences Total Collagen
Assay. The amount of released collagen was normalized against

the total collagen content in the conditioned medium and papain
extracts.

Proteoglycans were quantified by applying a
dimethylmethylene blue–based dye binding assay (21), in which
250 ml dye solution (16 mg/ml dimethylmethylene blue in 0.5%
ethanol, 2 gm/liter sodium formate, 0.2% formic acid) was added
to 40 ml of sample, and absorption was measured at 595 nm, with a
reference wavelength of 655 nm. The amount of released proteo-
glycan was normalized against the total proteoglycan content in
the conditioned medium and papain extracts.

Aggrecanase activity assay. UCMA-dependent inhibi-
tion of aggrecanase activity was performed using an Aggrecanase
Activity ELISA system (MD Biosciences) according to the manu-
facturer’s instructions. A synthetic aggrecan interglobular domain
was subjected to proteolytic cleavage with 0.75 nM recombinant
ADAMTS-4 (MD Biosciences) or 1 nM ADAMTS-5 (PeproTech)
in the presence of varying amounts of recombinant UCMA for 15
minutes at 378C. Finally, aggrecan cleavage products were quanti-
fied using an ELISA that detects the aggrecan neoepitope
ARGSVIL.

Osteoclast differentiation assays. Osteoclast progenitors
were isolated from the bone marrow of 6-week-old C57BL/6 mice.
For differentiation of osteoclasts, 5 3 105 cells/cm2 were cultured
in a-minimum essential medium containing 10% fetal calf serum,
1% penicillin–streptomycin, 30 ng/ml macrophage colony-stimulating
factor (M-CSF) (PeproTech), 10 ng/ml RANKL (PeproTech), and
varying doses of recombinant UCMA (13). After 5 days of differentia-
tion, TRAP staining was performed using a leukocyte acid phospha-
tase kit (Sigma-Aldrich).

For analysis of osteoclastogenesis-related signaling path-
ways, the cells were differentiated for only 3 days. Thereafter, the
cells were starved overnight in serum-free medium before stimu-
lation with recombinant UCMA. For coculture experiments, WT
mouse bone marrow cells were differentiated with M-CSF and
only 5 ng/ml RANKL in the presence of femoral articular carti-
lage explants from 3-week-old Ucma-deficient and WT mice
(n 5 3 mice per group).

Western blotting. Analyses by Western blotting were
performed as reported previously (23). Cell lysates were resolved
by sodium dodecyl sulfate–polyacrylamide gel electrophoresis.
After blotting, levels of phosphorylated and total IKKa/b, p38
MAPK, and ERK-1/2 were detected using their respective pri-
mary rabbit antibodies (each 1:1,000; Cell Signaling Technolo-
gies), an HRP-conjugated anti-rabbit IgG antibody, and an
ECL-based detection technique.

Statistical analysis. Data are presented as the mean 6

SEM. Statistically significant differences between 2 groups were
evaluated by Mann-Whitney test. When more than 2 groups
were compared, one-way analysis of variance and Tukey’s test
for multiple comparisons were used, after confirming normal dis-
tribution of the data using the Kolmogorov-Smirnov test. Results
were analyzed using GraphPad Prism software.

RESULTS

Overexpression of UCMA in osteoarthritic carti-
lage. We have previously demonstrated the cartilage-
specific expression of UCMA during mouse development
(12,13). In the current study, we confirmed this finding
using reporter mice that harbor a lacZ cassette replacing
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exon 1 of the Ucma gene (12). Only chondrocytes, but not
osteoblasts or osteoclasts, were found to express b-
galactosidase, an indicator of Ucma expression (see Sup-
plementary Figures 1A–C, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.ART40042/abstract). Moreover, expression
of Ucma mRNA was negligible in mouse calvarial cells, tib-
ial cortical bone, or osteoclasts. Barely detectable Col2a1
expression and substantial levels of Col1a1 and Trap con-
firmed the purity (i.e., lack of chondrocyte contamination)
of the osteoblast, bone, and osteoclast samples (see Sup-
plementary Figures 1D–I, http://onlinelibrary.wiley.com/
doi/10.1002/art.ART40042/abstract).

UCMA protein was found in both the articular car-
tilage and growth plate cartilage, but not in the bone, of
adult mice. While Ucma-expressing chondrocytes appeared
to be located primarily within the resting and proliferative
zones or above the tidemark, UCMA protein was also
detected in calcified cartilage in the vicinity of the bone (see

Supplementary Figure 1J, http://onlinelibrary.wiley.com/
doi/10.1002/art.ART40042/abstract).

To investigate a potential role of UCMA in osteoar-
thritis, we studied UCMA expression in healthy and osteoar-
thritic human articular cartilage. While Ucma mRNA levels
did not significantly differ between healthy and osteoarthritic
human cartilage samples (data not shown), UCMA protein
was substantially overexpressed in human osteoarthritic car-
tilage, particularly at chondrones (chondrocyte clusters) in
severely affected cartilage areas (Figure 1A, part d). In the
mouse model, induction of osteoarthritis by DMM in mice
at ages 8 weeks (Figure 1B) or 12 weeks (Supplementary
Figures 2A–D, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
ART40042/abstract) also resulted in overexpression of
UCMA protein at 4 weeks after surgery (Supplementary
Figures 2A and B), and this was even more pronounced at 8
weeks after surgery (Figure 1B and Supplementary Figures
2C and D). Control immunohistochemical analyses of tissue

Figure 1. Overexpression of upper zone of growth plate and cartilage matrix–associated protein (UCMA) in osteoarthritic (OA) cartilage. A, Human
cartilage samples from a healthy control (Ctrl.) (parts a and c) and a patient with knee OA (parts b and d) were analyzed by immunohistochemistry
for the expression of UCMA. To confirm the specificity of the immunohistochemical signals, a negative (neg.) control without primary antibody is
shown (part e). Arrows in part d indicate chondrones (chondrocyte clusters) with high UCMA expression. Parts c and d are higher-magnification views
of the boxed areas in parts a and b. B, UCMA expression was analyzed by immunohistochemistry at 8 weeks postsurgery on tibial articular cartilage
samples from a sham-operated mouse (part a) and a mouse with OA induced by destabilization of the medial meniscus (DMM) (part b). In part b,
the arrow indicates high UCMA–expressing chondrocytes. UCMA-positive cells were quantified in the murine tibial articular cartilage 8 weeks after
sham or DMM surgery (part c). Results are the mean 6 SEM of $5 mice per group (;300–500 cells per joint). * 5 P , 0.05 by Mann-Whitney test.
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40042/abstract.
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Figure 2. Increased cartilage damage during experimental OA in Ucma-deficient mice. OA was induced by DMM surgery in 8-week-old mice. A

and B, Safranin O–stained frontal sections of the knees of sham-operated or DMM-operated wild-type (WT) and Ucma-deficient mice were
assessed for histologic severity of OA (A), with severity scores assigned based on Osteoarthritis Research Society International (OARSI) recom-
mendations (B). C and D, OA-related proteoglycan loss (C) and changes in articular cartilage thickness at the medial tibial plateau (MTP) (D)

were assessed after sham or DMM surgery in WT and Ucma-deficient mice. E–H, Levels of the matrix metalloproteinase–generated VDIPEN
and ADAMTS-generated NITEGE aggrecan neoepitopes were assessed by immunohistochemistry (E and F) and quantified as the percentage of
positive cells (G and H). I–K, The extent of cell death was assessed in mouse tibial articular cartilage samples by determining the number of
empty lacunae in hematoxylin and eosin (H&E)–stained sections (I and K) and by TUNEL staining for apoptotic cells (J and K). In K, the
lower line delineates the cement line, while the upper line indicates the tidemark. Black arrows indicate empty lacunae, and the white arrow

indicates a TUNEL1 chondrocyte above the tidemark. Counterstaining was done with DAPI. Results are the mean 6 SEM of $5 mice per
group (;300–500 chondrocytes per joint). * 5 P , 0.05; ** 5 P , 0.01; *** 5 P , 0.001. See Figure 1 for other definitions.
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sections from Ucma-deficient mice confirmed the signal
specificity (Supplementary Figure 1J, http://onlinelibrary.
wiley.com/doi/10.1002/art.ART40042/abstract).

Aggravation of osteoarthritis-triggered cartilage
damage in Ucma-deficient mice. We next studied the
functional role of UCMA in osteoarthritic mice. Osteoarthri-
tis was induced by DMM in 8-week-old Ucma-deficient and
WT mice. Eight weeks after surgery, Ucma-deficient mice
exhibited significantly higher OARSI scores for osteoarthritis
severity compared to WT littermates (Figures 2A and B),
along with increased proteoglycan loss (Figure 2C) and
reduced articular cartilage thickness (Figure 2D). DMM sur-
gery in 12-week-old mice resulted in similar findings at 4 and
8 weeks after surgery (see Supplementary Figure 3, available
on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.ART40042/abstract).
These findings demonstrate that Ucma-deficient mice are
more prone to osteoarthritis-triggered cartilage damage
than that seen in WT mice, indicating that UCMA has
potential chondroprotective effects.

Ucma-deficient mice with osteoarthritis exhibited
significantly decreased levels of mRNA for the tissue inhibi-
tor of metalloproteinases 2 (TIMP-2) gene, but the expres-
sion of other anabolic and catabolic chondrocyte genes,
such as Aggrecan, Col2a1, Col10a1, ADAMTS4, ADAMTS5,
MMP3, MMP9, MMP13, Timp1, and Timp3, were not
altered in the epiphyseal cartilage from newborn mice or in
the complete knee joints or articular knee cartilage from
mice at 8 weeks after surgery (results in Supplementary
Figures 4A–L, Supplementary Figures 5A–J, and Supple-
mentary Figures 6A–K, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.ART40042/abstract). Nevertheless, increased lev-
els of the collagenase- and aggrecanase-specific aggrecan
cleavage products VDIPEN (Figures 2E and G) and
NITEGE (Figures 2F and H) in articular cartilage con-
firmed that DMM-induced aggrecan degradation was
enhanced in Ucma-deficient mice, which is consistent with
our observations of increased proteoglycan loss in these
mice. Thus, UCMA may inhibit proteoglycan-degrading
enzymes such as aggrecanases.

Protection of cartilage from ADAMTS-dependent
aggrecan cleavage and inhibition of ADAMTS-dependent
aggrecanase activity by UCMA. To investigate whether
UCMA may affect the stability of cartilage by interfering
with proteolytic activity, we explanted femoral articular
cartilage from 3-week-old WT and Ucma-deficient mice
and analyzed the susceptibility of the cartilage to IL-1b–
induced degradation after 3 days of in vitro culture. IL-1b–
induced proteoglycan release was significantly higher in
cartilage explants from Ucma-deficient mice than in
explants from WT littermates (Figure 3A, part a).

We next tested the direct susceptibility of the articu-
lar cartilage to proteolytic cleavage, in analyses of cartilage
explants from Ucma-deficient mice and WT littermates.
Cartilage explants were subjected to collagen or aggrecan
cleavage by recombinant MMP-1 or ADAMTS-5. WT and
Ucma-deficient mouse cartilage did not differ in its suscep-
tibility to MMP-1–mediated collagen cleavage (Figure 3B,
part e), but Ucma-deficient mouse cartilage explants
exhibited a significantly higher level of ADAMTS-5–
triggered proteoglycan cleavage (Figure 3A, part b).

In order to investigate whether UCMA directly
affects the proteolytic activity of ADAMTS aggrecanases, a
synthetic peptide containing an ADAMTS cleavage site was
subjected to ADAMTS-4 or ADAMTS-5 digestion in the
absence or presence of recombinant UCMA. Aggrecanase
activity was determined by the generation of an ADAMTS-
specific aggrecan cleavage product, ARGSVIL. In fact,
UCMA blocked the proteolytic activity of both ADAMTS-4
(Figure 3A, part c) and ADAMTS-5 (Figure 3A, part d) in
a dose-dependent manner, reaching up to ;90% inhibition,
suggesting that UCMA serves as a physiologic inhibitor of
aggrecanases.

Direct interaction of UCMA with collagens in
the cartilage matrix. Although our data show that
UCMA does not inhibit collagen degradation by MMP-1,
the possibility exists that UCMA may protect cartilage col-
lagen fibrils indirectly by masking proteolytic cleavage sites.
We had previously shown, by electron microscopy, that
UCMA is associated with collagen fibrils in the cartilage
matrix (13). We confirmed this finding in the present study,
using another antibody (UCMA ab2) for immunogold
labeling and subsequent detection by electron microscopy
(see results in Supplementary Figure 7, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.ART40042/abstract).

To investigate whether UCMA directly binds to
collagens, we immobilized different collagen types on
PVDF membranes and incubated these blots with recom-
binant FLAG-tagged UCMA. Detection of bound UCMA
using an anti-FLAG or anti-UCMA antibody revealed
that UCMA directly interacts with cartilage-specific col-
lagens, including type II and type XI collagens. In contrast,
UCMA did not bind to type I collagen, which is the typical
process seen in bone, tendon, and skin (Figure 3B, parts a
and b).

UCMA binding to type II collagen was also con-
firmed in a pulldown assay using type II collagen–coupled
Sepharose beads (Figure 3B, part c). Solid-phase assays
using collagen-coated ELISA plates and UCMA in the liq-
uid phase further confirmed these findings (Figure 3B,
part d), suggesting that UCMA may be integrated in the
cartilage matrix.
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Figure 3. Blockade of ADAMTS-triggered aggrecanolysis by UCMA, and interaction of UCMA with type II collagen (Col II). A, Effects of
UCMA on ADAMTS-dependent aggrecanase activity were assessed in articular cartilage explants from wild-type (WT) mice (n 5 5) and Ucma-
deficient (knockout [KO]) mice (n 5 5 or n 5 3) after culture with 10 ng/ml interleukin-1b (IL-1b) for 3 days (part a) or with 20 nM ADAMTS-5
for 24 hours (part b). IL-1b–dependent (dep.) or ADAMTS-dependent proteoglycan (PG) release into the medium was determined relative (rel.)
to total proteoglycan content. The activity of ADAMTS-4 (part c) and ADAMTS-5 (part d) in the presence of 0–1,000 ng/ml UCMA was deter-
mined using an enzyme-linked immunosorbent assay (ELISA)–based system. Results are the mean 6 SEM. B, Collagen types were blotted onto a
PVDF membrane and incubated with a recombinant His-FLAG–tagged UCMA. Binding of UCMA to the various collagens was detected with an
anti-FLAG antibody (part a) or an anti-UCMA antibody (parts a and b). Staining with Coomassie blue demonstrates equal loading. Coprecipitation
of FLAG-tagged UCMA with bovine serum albumin (BSA)– or type II collagen–coupled Sepharose beads was detected by Western blotting using
an anti-FLAG antibody (part c). The various collagens were coated to ELISA plates at the indicated doses and incubated with UCMA, and bound
UCMA was detected with an anti-FLAG antibody and a colorimetric detection system (part d). Results are the mean 6 SEM of 3 independent
experiments. Articular cartilage explants from WT mice (n 5 3) and Ucma-deficient mice (n 5 2) were incubated with 50 nM matrix metalloprotein-
ase 1 (MMP-1) for 24 hours, and the percentage of released hydroxyproline (measured as collagen was determined in relation to total hydroxypro-
line content (part e). Results are the mean 6 SEM. * 5 P , 0.05; ** 5 P , 0.01; *** 5 P , 0.001. NS 5 not significant (see Figure 1 for other
definitions). Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40042/abstract.
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Increased chondrocyte cell death in Ucma-defi-
cient mice with osteoarthritis. Enhanced chondrocyte
apoptosis can also contribute to osteoarthritis-related car-
tilage damage. To estimate the number of dying and dead
chondrocytes in the articular cartilage of Ucma-deficient
and WT mice after sham surgery or DMM surgery, we
quantified the numbers of empty lacunae and TUNEL-
positive cells. Intriguingly, DMM-operated Ucma-defi-
cient mice exhibited a significant increase in the number
of empty lacunae (Figures 2I and K) and also a significant
increase in the number of TUNEL-positive cells (Figures
2J and K). While most of the TUNEL-positive cells were
located in the calcified zone, we also observed more
TUNEL-positive cells in the noncalcified cartilage from
Ucma-deficient mice after DMM surgery.

Alleviation of osteophyte formation and subchon-
dral bone sclerosis by Ucma deficiency during experimen-
tal osteoarthritis. Osteophyte formation and bone sclerosis
are hallmarks of osteoarthritis. Overexpression of UCMA in
osteoarthritic articular cartilage and its accumulation at the
bone–cartilage interface suggest that UCMA may also influ-
ence subchondral bone during osteoarthritis. Therefore, we
investigated the subchondral bone of WT and Ucma-deficient
mice after sham or DMM surgery. Profound osteophyte for-
mation was observed at 8 weeks after DMM surgery in 8-
week-old WT mice. In Ucma-deficient mice, however, osteo-
phyte formation was substantially reduced after DMM sur-
gery (Figures 4A and B). Moreover, we observed significant
thickening of the subchondral bone plate and increased bone
volume in the tibial primary spongiosa in 8-week-old WT

animals after DMM surgery, whereas these parameters
remained unchanged in DMM-operated Ucma-deficient
mice (Figures 4C and D). Similar findings were seen in 12-
week-old mice at 8 weeks postsurgery, whereas at 4 weeks
postsurgery, differences in bone in 12-week-old mice were not
yet detectable (see results in Supplementary Figures 8A–H,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.ART40042/abstract).

Bone volume in the metaphyseal region of the
tibia, excluding the primary spongiosa, was not signifi-
cantly altered by DMM surgery in either the WT or
Ucma-deficient mice (Figure 4E). These results demon-
strate that Ucma deficiency alleviates subchondral bone
sclerosis in DMM-induced osteoarthritis.

The numbers of osteoblasts and osteoclasts, as well
as the osteoblast and osteoclast surface, were significantly
increased in WT mice during experimental osteoarthritis,
indicating that bone remodeling activity is enhanced in
DMM-operated joints. In contrast, Ucma-deficient mice
did not exhibit elevated osteoblast or osteoclast counts after
DMM surgery (Figures 5A–C and E–G). The increase in
osteoblast counts during osteoarthritis in WT mice, but not
in Ucma-deficient animals, was also reflected by the elevated
osteocalcin mRNA levels in the knee joint tissue from WT
mice compared to Ucma-deficient mice after DMM surgery
(Figure 5D). Interestingly, however, there were no signifi-
cant changes in the levels of mRNA for RANKL and osteo-
protegerin (OPG) in associaton with the changes in osteoclast
numbers (Figures 5H and I). Thus, the RANKL:OPG ratio
may not be the decisive factor responsible for changes in

Figure 4. Development of substantially reduced levels of bone sclerosis in Ucma-deficient mice with experimental OA. A, The subchondral bones
of sham-operated or DMM-operated wild-type (WT) and Ucma-deficient mice were analyzed for histomorphometric features. B, Osteophyte size at
the medial tibia was determined in each group of mice. C–E, Subchondral bone plate thickness (SCBP Th.) (C), bone volume (measured as bone
volume/total volume [BV/TV]) of the primary spongiosa (prim. Spong.) (D), and trabecular bone volume (BV/TV) of the metaphysis (the first
4 mm below the primary spongiosa) (E) were determined by micro–computed tomography in each group of mice. Results are the mean 6 SEM of
$5 mice per group. ** 5 P , 0.01; *** 5 P , 0.001. NS 5 not significant (see Figure 1 for other definitions). Color figure can be viewed in the
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40042/abstract.
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osteoclast numbers after DMM in mice. These data suggest
an UCMA-dependent, but RANKL/OPG-independent,
mechanism that promotes osteoclastogenesis during experi-
mental osteoarthritis.

Promotion of osteoclast differentiation by UCMA
in vitro. To investigate whether UCMA directly affects
osteoclastogenesis, we studied the impact of UCMA on oste-
oclast differentiation in vitro. When WT mouse bone marrow
cells were cocultured with WT mouse articular cartilage
explants, differentiation of osteoclasts was substantially pro-
moted in close proximity to the explants. This effect

decreased with increasing distance from the explants, sugges-
ting a gradient of effect. In cocultures with cartilage explants
from Ucma-deficient mice, however, cartilage-dependent
promotion of osteoclastogenesis was substantially reduced
(Figures 6A–C). These data indicate that UCMA gets
released from cartilage at biologically active levels, which,
although too low to detect biochemically (see Supplementary
Figure 9, available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.ART40042/
abstract), can support the differentiation of osteoclasts out-
side the cartilage compartment. Accordingly, recombinant

Figure 5. Reduced numbers of osteoblasts and osteoclasts during experimental OA in Ucma-deficient mice. Osteoblast and osteoclast counts
were determined by histomorphometry in the primary spongiosa and proximal metaphysis of wild-type (WT) and Ucma-deficient mice after
sham surgery or DMM surgery. A and E, Tibial sections were stained for osteoblasts and osteoclasts with Goldner’s trichrome (A) or tartrate-
resistant acid phosphatase (E). B–D, Osteoblast numbers (measured as osteoblasts per bone perimeter [ObN/BPm]) (B), osteoblast surface per
bone surface (ObS/BS) (C), and expression of the osteocalcin gene (D) were determined in each group of mice postsurgery. F–I, Osteoclast num-
bers (measured as osteoclasts per bone perimeter [OcN/BPm]) (F), osteoclast surface per bone surface (OcS/BS) (G), and expression of Rankl

(H) and Opg (I) were determined in each group of mice postsurgery. Relative (rel.) gene expression was determined by reverse transcription–
polymerase chain reaction. Results are the mean 6 SEM of $5 mice per group. * 5 P , 0.05; ** 5 P , 0.01; *** 5 P , 0.001. NS 5 not significant
(see Figure 1 for other definitions).
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UCMA also promoted osteoclastogenesis in vitro (Figures
6D and E). We did not detect interactions between UCMA
and RANKL/OPG (results in Supplementary Figure 10,
available on the Arthritis & Rheumatology web site at http://

onlinelibrary.wiley.com/doi/10.1002/art.ART40042/abstract),
which might have explained this finding.

Moreover, UCMA induced the phosphorylation
of ERK-1/2 and p38 MAPK, but not that of IKKa/b, in

Figure 6. Promotion of osteoclast differentiation in vitro by upper zone of growth plate and cartilage matrix–associated protein (UCMA). A–C,

Wild-type (WT) mouse bone marrow–derived osteoclast precursors were cocultured with cartilage explants from WT or Ucma-deficient (knock-
out [KO]) mice (n 5 3 mice per group). Osteoclast numbers were evaluated by tartrate-resistant acid phosphatase (TRAP) staining at various
distances from the cartilage explants (Cart radius 1–4 [r1–4]) (A). Osteoclast–cartilage explant cocultures were assessed by TRAP staining at
r1–4 (B), and osteoclasts were quantified as the osteoclast number per field of vision (OcN/FOV) at r1–4 (C). D and E, Induction of
osteoclastogenesis by recombinant UCMA was evaluated using TRAP staining of osteoclasts (D) and quantification of TRAP-positive multinu-
cleated cells (E) in cell cultures with various doses of recombinant (rec.) UCMA. F, Western blotting was used to assess the levels of total and
phosphorylated p38 MAP kinase and ERK-1/2 in osteoclast precursors incubated with recombinant UCMA (500 ng/ml) for the indicated periods
of time (in minutes). All experiments were repeated at least twice. Results are the mean 6 SEM. * 5 P , 0.05; ** 5 P , 0.01; *** 5 P , 0.001.
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40042/abstract.
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osteoclast precursors in a RANKL-independent manner
(Figure 6F). This finding indicates that UCMA may have
direct activating effects on osteoclasts via the stimulation
of signaling pathways, which thereby promotes
osteoclastogenesis. These findings support the notion
that UCMA induces subchondral bone turnover during
osteoarthritis.

DISCUSSION

UCMA (also termed Gla-rich protein) has been
reported to accumulate in calcified cartilage during oste-
oarthritis (24). Herein, we extended this concept, show-
ing that UCMA is particularly overexpressed in newly
forming chondrocyte clusters in the osteoarthritic carti-
lage. So far, the physiologic role of UCMA is largely
unknown. During zebrafish development, knockdown of
Ucma disturbs skeletal development and leads to cranio-
facial malformations (15). In contrast, ablation of Ucma
in the mouse does not affect skeletal development (12).

In this study, we challenged articular cartilage integ-
rity through surgical induction of osteoarthritis. Observa-
tions of exacerbated cartilage damage in Ucma-deficient
mice suggest that UCMA has a chondroprotective effect.
This finding also demonstrates that mechanisms compen-
sating for the loss of UCMA during normal cartilage devel-
opment cannot countervail the loss of UCMA during
osteoarthritis. Interestingly, aggravated cartilage damage in
Ucma-deficient mice was not associated with significant
changes in the expression of anabolic or catabolic cartilage
genes, except for a decrease in Timp2 mRNA expression.
Reduced Timp2 expression may contribute to the cartilage
phenotype seen in Ucma-deficient mice, since TIMP-2 can
inhibit MMPs, and Timp2-deficient mice develop aggra-
vated DMM-induced cartilage damage (20,21). However,
in Timp2-deficient mice, augmented cartilage degradation
was found to be associated with increased angiogenesis and
osteophyte formation, both of which are events that are
unlikely to result from enhanced cartilage proteolysis in the
absence of TIMP-2 (21). In contrast, in Ucma-deficient
mice, osteophyte formation was substantially reduced.
Moreover, ADAMTS-related aggrecan cleavage was
increased. Studies have shown that TIMP-2 does not block
ADAMTS activity (20,25), and therefore, decreased Timp2
mRNA levels cannot fully explain the observed phenotype
in Ucma-deficient osteoarthritic mice.

We hypothesized that UCMA may exert its chon-
droprotective effect, at least partially, by increasing the
resistance of the cartilage matrix against proteolytic degra-
dation. In fact, we had previously shown that chondrocytes
secrete UCMA into the cartilage matrix, where it co-
localizes with collagen fibrils (13). Herein we demonstrated

that UCMA directly interacts with different cartilage-
specific collagen types, including type II collagen. Several
studies have indicated that the ablation of collagen-binding
cartilage matrix proteins increases the vulnerability of artic-
ular cartilage. For example, deletion of matrilin 3 or type
IX collagen in mice and mutations in cartilage oligomeric
matrix protein in humans will result in early onset of osteo-
arthritis (26–29). Accordingly, Ucma-deficient mouse carti-
lage was more susceptible to IL-1b–induced proteoglycan
degradation, thus supporting our finding of increased pro-
teoglycan loss in the articular cartilage of Ucma-deficient
mice during experimental osteoarthritis.

Moreover, while Ucma deficiency did not directly
affect MMP-triggered collagen degradation, Ucma-defi-
cient mouse cartilage was significantly more sensitive to
ADAMTS-5–dependent aggrecan cleavage. This effect
could be explained either by the increased accessibility of
proteoglycans or by the elevated aggrecanase activity in
Ucma-deficient mouse cartilage. Our analysis of the effect
of UCMA on aggrecanase activity clearly showed that
UCMA blocked the aggrecanase activity of both
ADAMTS-4 and ADAMTS-5. Therefore, along with
TIMP-3, UCMA can be considered to be one of the few
endogenous inhibitors of ADAMTS aggrecanases. In con-
sequence, the observed overexpression of UCMA during
osteoarthritis represents a type of rescue mechanism to
reduce aggrecanase activity in diseased cartilage (25).

Apart from enhanced cartilage matrix degrada-
tion, chondrocyte apoptosis has also been suggested to be
a factor promoting cartilage damage in osteoarthritis
(6,7). In fact, we observed significantly increased chon-
drocyte death in the articular cartilage from Ucma-defi-
cient mice compared to WT controls after DMM surgery.
The increase in cell death was observed throughout the
articular cartilage, in which UCMA protein is normally
detected, although the majority of cell death was confined
to the calcified cartilage. Apoptosis in articular cartilage
has been associated with matrix degradation during oste-
oarthritis. Chondrocyte-specific deletion of MMP-13
leads to decreased matrix degradation and apoptosis dur-
ing osteoarthritis (30,31). Similarly, Ucma-deficient mice
showed an increase in MMP-generated matrix degrada-
tion and chondrocyte cell death, although a causal rela-
tionship between both events was not shown.

Bone changes are another hallmark of osteoarthri-
tis and have been associated with high local bone turnover
(32). Cartilage and bone changes are tightly coupled in
osteoarthritic joints, but the molecular mechanisms of
cartilage–bone interactions are not completely understood.
Osteoblasts have been shown to induce phenotypic
changes in human osteoarthritic chondrocytes. Osteoclasts
have been associated with osteoarthritis-related cartilage
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destruction (11,33,34). Likewise, several bone-derived
factors that potentially influence cartilage in osteoarthritis
have been identified, such as transforming growth factor b,
IL-6, RANTES, and monocyte chemotactic protein 1
(10,11,33,35–37). Nonetheless, concepts that might explain
how cartilage affects bone are scarcely understood to date.

Herein we show not only that cartilage is the major
source of UCMA but also that UCMA is secreted into the
cartilage matrix, in which it may migrate to the cartilage–
bone interface (12–14). UCMA–collagen interactions may
regulate this diffusion through the matrix, which is similar,
for example, to the control of Indian hedgehog migration in
the cartilage matrix through binding to proteoglycans (38).
Accumulation of UCMA in the calcified matrix may be
mediated by the binding of calcium via Gla residues on
UCMA (24). At the cartilage–bone interface, UCMA may
directly act on osteoclasts and influence bone homeostasis.
Intriguingly, we observed that osteoarthritis-related changes
in the subchondral bone, such as osteophyte formation and
bone sclerosis, were alleviated in Ucma-deficient mice.
UCMA-dependent effects on bone were, however, only
detectable in close proximity to cartilage, but not at higher
distances from the cartilage.

It was previously demonstrated that UCMA affects
osteogenic differentiation in vitro, although osteoblast
counts and differentiation of osteoblasts in Ucma-deficient
mice are not altered during normal development (12,13,39).
Elevated osteoblast counts in the subchondral bone com-
partment could only be detected in WT mice, but not in
Ucma-deficient mice, indicating that UCMA may promote
osteoblast differentiation during osteoarthritis. This
supports the findings in a study by Lee and colleagues, who
found that overexpression of UCMA in osteoblast pre-
cursors stimulates osteogenic differentiation (39). Although
we had previously observed an inhibitory effect of recombi-
nant UCMA on osteogenic differentiation in vitro, this dif-
ference may be explained by alterations in posttranslational
modifications of recombinant UCMA, such as proteolytic
processing, tyrosine sulfation, and Gla residues, or could be
explained by the stage of differentiation (13,14,39,40).

Osteoclast numbers were increased in WT mice
but not in Ucma-knockout mice. Analysis of cartilage
organ cultures revealed that UCMA was secreted from
the cartilage into the conditioned medium. WT mouse
cartilage explants, but not cartilage explants from Ucma-
deficient mice, promoted in vitro osteoclast differentia-
tion, indicating that UCMA is released from cartilage at
levels sufficient to promote osteoclastogenesis. We did
not detect interaction of UCMA with either RANKL or
OPG; however, UCMA rapidly induced the p38 MAPK
and ERK signaling pathways, both of which are essential
for osteoclast differentiation (41,42). This finding

suggests that UCMA directly activates osteoclast differ-
entiation by an as yet–unknown receptor, which in turn
activates proosteoclastic signaling pathways.

In conclusion, we herein describe a dual role of
UCMA in osteoarthritis. Our findings show that UCMA
supports, on the one hand, the integrity of the articular car-
tilage by controlling aggrecanase activity, while on the other
hand, it promotes osteoarthritis-related bone responses.
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Inhibition of Shedding of Low-Density Lipoprotein
Receptor–Related Protein 1 Reverses Cartilage Matrix

Degradation in Osteoarthritis

Kazuhiro Yamamoto,1 Salvatore Santamaria,1 Kenneth A. Botkjaer,2 Jayesh Dudhia,3

Linda Troeberg,1 Yoshifumi Itoh,1 Gillian Murphy,2 and Hideaki Nagase1

Objective. The aggrecanase ADAMTS-5 and the
collagenase matrix metalloproteinase 13 (MMP-13) are
constitutively secreted by chondrocytes in normal carti-
lage, but rapidly endocytosed via the cell surface endocytic
receptor low-density lipoprotein receptor–related protein
1 (LRP-1) and subsequently degraded. This endocytic sys-
tem is impaired in osteoarthritic (OA) cartilage due to
increased ectodomain shedding of LRP-1. The aim of this
study was to identify the LRP-1 sheddase(s) in human
cartilage and to test whether inhibition of LRP-1 shedding
prevents cartilage degradation in OA.

Methods. Cell-associated LRP-1 and soluble LRP-
1 (sLRP-1) released from human cartilage explants and
chondrocytes were measured by Western blot analysis.
LRP-1 sheddases were identified by proteinase inhibitor
profiling and gene silencing with small interfering RNAs.
Specific monoclonal antibodies were used to selectively
inhibit the sheddases. Degradation of aggrecan and colla-
gen in human OA cartilage was measured by Western
blot analysis using an antibody against an aggrecan
neoepitope and a hydroxyproline assay, respectively.

Results. Shedding of LRP-1 was increased in OA
cartilage compared with normal tissue. Shed sLRP-1
bound to ADAMTS-5 and MMP-13 and prevented their
endocytosis without interfering with their proteolytic activ-
ities. Two membrane-bound metalloproteinases, ADAM-
17 and MMP-14, were identified as the LRP-1 sheddases
in cartilage. Inhibition of their activities restored the
endocytic capacity of chondrocytes and reduced degrada-
tion of aggrecan and collagen in OA cartilage.

Conclusion. Shedding of LRP-1 is a key link to OA
progression. Local inhibition of LRP-1 sheddase activities
of ADAM-17 and MMP-14 is a unique way to reverse
matrix degradation in OA cartilage and could be effective
as a therapeutic approach.

Osteoarthritis (OA) is the most prevalent age-
related joint disorder, but there is no disease-modifying
treatment available except for joint replacement surgery (1).
The main cause of the disease is degradation of articular car-
tilage due to elevated activities of matrix metalloproteinases
(MMPs) and ADAMTS. While both ADAMTS-4 and
ADAMTS-5 have been considered to participate in aggre-
can degradation in human OA (2,3), recent studies by
Larkin et al with neutralizing monoclonal antibodies have
shown that ADAMTS-5 is more effective than ADAMTS-4
in aggrecan degradation in human OA cartilage and nonhu-
man primates in vivo (4). Collagen fibrils are mainly
degraded by collagenolytic MMPs, and MMP-13 is consid-
ered to be the major collagenase in OA cartilage (5–7).

We have recently found that both ADAMTS-5 and
MMP-13 are constitutively produced in healthy human car-
tilage, but they are rapidly taken up by the chondrocytes via
the endocytic receptor low-density lipoprotein receptor–
related protein 1 (LRP-1) and degraded intracellularly
(8–10). These findings suggest that they probably function
for a very short period of time to maintain normal
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homeostatic turnover of extracellular matrix (ECM) com-
ponents of the tissue. Other proteins that are endocytosed
by LRP-1 include ADAMTS-4 (11) and tissue inhibitor of
metalloproteinases 3 (TIMP-3) (12,13), indicating that
LRP-1 is a key modulator of cartilage matrix degradation
systems. This endocytic pathway is impaired in OA carti-
lage because of the reduction of protein levels of LRP-1 in
chondrocytes without any significant changes in the level of
messenger RNA (mRNA) for LRP-1, resulting in
increased extracellular activity of ADAMTS-5 (8). We thus
proposed that the loss of LRP-1 in OA cartilage is due to
proteolytic shedding of the receptor, and that this process
shifts normal homeostatic conditions of cartilage to a more
catabolic environment, leading to the development of OA.

The aim of this study was to identify the
“sheddase” activities that cleave LRP-1 and release the
soluble form of LRP-1 (sLRP-1) in human cartilage. We
also aimed to test whether inhibition of the sheddase(s)
prevents the degradation of cartilage in OA.

MATERIALS AND METHODS

Reagents and antibodies. The sources of materials
used were as follows: mouse monoclonal anti–LRP-1 a-chain
antibody (8G1), mouse anti–LRP-1 b-chain monoclonal anti-
body (5A6) that recognizes the ectodomain, BC-3 mouse mono-
clonal antibody that recognizes the N-terminal 374ARGSV
aggrecan core protein fragments generated by aggrecanase, rab-
bit anti–ADAM-10 polyclonal antibody (ab1997), rabbit anti–
ADAM-17 polyclonal antibody (ab2051), and rabbit anti–MMP-
14 monoclonal antibody (ab51074) were from Abcam; mouse
anti–FLAG M2 monoclonal antibody, chondroitinase ABC,
endo-b-galactosidase, bovine nasal septum type II collagen, E-
64, and 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF)
were from Sigma; human recombinant interleukin-1a (IL-1a)
and tumor necrosis factor (TNF) were from PeproTech; rabbit
antitubulin polyclonal antibody (no. 2148) was from Cell Signal-
ing Technology; goat antiactin polyclonal antibody (I-19) was
from Santa Cruz Biotechnology; human plasma IgG (1-001-A)
was from R&D Systems; solubilized and purified full-length
human LRP-1 was from BioMac; and a hydroxamate-based
MMP inhibitor, CT1746, was from UCB Celltech.

Anti-human ADAMTS-5 catalytic domain rabbit poly-
clonal antibody was raised in rabbits and characterized (14).
Inhibitory monoclonal antibodies against human ADAM-17
(D1A12) (15), MMP-14 (E2C6), desmin (negative control anti-
body) (16), and ADAMTS-5 (2D3) (9); bovine nasal aggrecan
(17), receptor-associated protein (RAP) (8), recombinant human
ADAMTS-5 lacking the C-terminus thrombospondin domain
with a FLAG tag at the C-terminus (14), MMP-13 with a FLAG
tag between the signal and propeptide (18), TIMP-1 (19), TIMP-
2 (20), TIMP-3 (21), and N-terminal domain of human TIMP-3
(22) were prepared as described previously. All other reagents
used were of the highest available analytic grade.

Human cartilage tissue preparation and isolation of
chondrocytes. Cartilage from femoral condyles of human knee
joints was used. Healthy normal articular cartilage was obtained
from patients following knee amputation due to soft tissue

sarcoma or osteosarcoma with no involvement of the cartilage.
Tissue specimens were obtained from 9 patients (6 males, ages
9–57 years, mean age 35.5 years; 3 females, ages 13–19 years,
mean age 15.7 years). Human OA articular cartilage was
obtained from patients following total knee replacement surgery.
Tissues were obtained from 16 patients (8 males, ages 51–86
years, mean age 75.1 years; 8 females, ages 50–82 years, mean
age 68.1 years). Dissected cartilage (;18 mm3, ;20 mg wet
weight/piece) was placed in one well of a round-bottomed 96-
well plate and allowed to rest for 24 hours in 200 ml of Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal calf
serum (FCS) before use. The medium was replaced, and the car-
tilage was rested for a further 24–96 hours in 200 ml of DMEM
at 378C before the assays were performed. Chondrocytes were
isolated as described previously (12). Primary chondrocytes were
used in the experiments to compare normal and OA chondro-
cytes, and passaged cells were used in the experiments to identify
the LRP-1 sheddase.

Western blot analysis of LRP-1 in cartilage. To ana-
lyze LRP-1 in the cartilage, medium was removed after incuba-
tion for various periods of time, and then total protein was
extracted by adding 50 ml of 43 sodium dodecyl sulfate (SDS)
sampling buffer (200 mM Tris HCl [pH 6.8]/8% SDS and 20%
glycerol) to each explant in a 96-well plate. After 1 hour of incu-
bation, the sample buffers were pooled from each condition (3
explants per condition), and 10 ml of samples was analyzed by
SDS–polyacrylamide gel electrophoresis (PAGE) under nonre-
ducing conditions and Western blotting using anti–LRP-1 a-
chain, anti–LRP-1 b-chain, and antitubulin antibodies. Immune
signals of LRP-1 and tubulin were quantified using ImageJ soft-
ware (National Institutes of Health), and the relative amounts of
LRP-1 a- and b-chains in the cartilage extracts were estimated
using tubulin as an internal control.

Immunofluorescence staining of LRP-1. OA and nor-
mal cartilage samples (n 5 3 each) were rested in culture with
DMEM for 2 days. Explants were then snap-frozen and
sectioned (5-mm sections) using a CM1900 cryostat (Leica
Microsystems). Each sample was fixed with methanol and incu-
bated with anti–LRP-1 b-chain antibody for 3 hours at room
temperature. Incubation with Alexa Fluor 568–conjugated anti-
mouse IgG (Molecular Probes) for 1 hour at room temperature
was used to visualize the antigen signals. Nuclei were stained
with DAPI. Samples were viewed using an Eclipse TE2000-U
confocal laser scanning microscope (Nikon). Data were collated
using Volocity software (Improvision).

Quantitative reverse transcriptase–polymerase chain
reaction (qRT-PCR). Quantitative RT-PCR was carried out as
described previously (8). Briefly, RNA was extracted and isolated
from 50 mg of ground cartilage tissue using an RNeasy kit
(Qiagen), and complementary DNA was then generated using a
reverse transcription kit following the guidelines of the manufac-
turer (Applied Biosystems). Complementary DNA was then
used for real-time PCR assays using TaqMan technology. The
DDCt method of relative quantitation was used to calculate rela-
tive mRNA levels for each transcript examined. The 60S acidic
ribosomal protein P0 (RPLP0) gene was used to normalize the
data. Predeveloped primer/probe sets for LRP-1, ADAM-12,
and RPLP0 were purchased from Applied Biosystems.

Western blot analysis of cellular LRP-1 and sLRP-1.
Chondrocytes (5 3 104) were cultured in 12-well plates in 2 ml
of DMEM containing 10% FCS for 2 days. Cells were rested
in 1 ml of DMEM for 24 hours, and the medium was replaced
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with 1 ml of DMEM and used in the experiments. After incu-
bation for various periods of time, the medium was collected
and concentrated 20-fold using spin filters (Microcon YM-30;
Merck Millipore), and 20 ml of 43 SDS sampling buffer was
added to 50 ml of each concentrated medium. The cells were
lysed with 200 ml of 23 SDS sampling buffer, and 10 ml of sam-
ples were analyzed by SDS-PAGE under nonreducing conditions
and Western blotting using anti–LRP-1 a-chain, anti–LRP-1 b-
chain, and antitubulin antibodies. Immune signals of LRP-1 and
tubulin were quantified using ImageJ software, and the relative
amounts of LRP-1 a-chain in the medium and LRP-1 a- and b-
chains in the cell lysate were estimated within the linear range of
measurements (see Supplementary Figures 1A and B, available
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40080/abstract) and normalized using
tubulin, and those in the standard cell lysates of chondrocytes
were used as internal controls. An absolute number of LRP-1
molecules released into medium was estimated by comparing
various concentrations of purified LRP-1 within a reasonable
linear range.

Flow cytometric analysis of LRP-1. Cells were plated
in 6-well plates in DMEM containing 10% FCS and incubated
until 80% confluent. Cells were rested in 2 ml of DMEM for 1
day, detached using a cell scraper, and fixed for 5 minutes at 48C
with ice-cold methanol followed by 2 washes with fluorescence-
activated cell sorting (FACS) buffer (phosphate buffered saline
containing 5% goat serum and 3% bovine serum albumin
[BSA]). Cells were stained for 30 minutes at 258C with anti–
LRP-1 b-chain antibody, washed with FACS buffer, and then
further incubated with allophycocyanin-conjugated goat anti-
mouse IgG (BD PharMingen) and isotype control in FACS
buffer for 20 minutes at 258C. Cells were then washed with
FACS buffer and analyzed using an LSRII flow cytometer (BD
Biosciences), and postacquisition data analysis was performed
using FlowJo software version 7.6.1 (Tree Star).

Analysis of endocytosis of ADAMTS-5 and MMP-13.
Cells (5 3 104) cultured in 24-well plates were rested in 500 ml
of DMEM for 1 day. The medium was replaced with 500 ml of
fresh DMEM with 10 nM of ADAMTS-5 or MMP-13 in the
absence or presence of 2 nM or 10 nM sLRP-1 or 500 nM RAP
at 378C. After incubation for 0–4 hours, media were collected
and the protein was precipitated with 5% trichloroacetic acid
and dissolved in 50 ml of 13 SDS sampling buffer containing
5% 2-mercaptoethanol. All samples were analyzed by SDS-
PAGE under reducing conditions and Western blotting using
anti–FLAG M2 antibody or anti–ADAMTS-5 antibody, respec-
tively. Immune signals for exogenously added ADAMTS-5 and
MMP-13 detected in the medium were quantified using ImageJ
software within the linear range of the measurements (see Sup-
plementary Figures 1C and D, http://onlinelibrary.wiley.com/
doi/10.1002/art.40080/abstract), and the amount of each recom-
binant protein remaining in the medium at each time point was
calculated as a percentage of the amount of each recombinant
protein at 0 hours.

Analysis of aggrecanolytic activity of ADAMTS-5.
Purified ADAMTS-5 (5 nM) was preincubated with 0–25 nM
purified sLRP-1 in TNCB buffer (50 mM Tris HCl [pH 7.5]/
150 mM NaCl/10 mM CaCl2/0.01% BSA) containing 0.01%
Brij-35 for 10 minutes at 258C. The mixture was diluted 100-
fold and incubated with 0.5 mg/ml purified bovine aggrecan
for 0–4 hours at 378C. The samples were deglycosylated as
described previously (23). Briefly, aggrecan was deglycosylated

in sodium acetate buffer with chondroitinase ABC and endo-
b-galactosidase (each 0.01 unit/100 mg of aggrecan) for
24 hours at 378C. Aggrecan was then precipitated using ice-
cold acetone and analyzed by Western blotting using the
antibody BC-3, which recognizes the N-terminal 374ARGSV
aggrecan core protein fragments generated by aggrecanase.

Small interfering RNA (siRNA)–mediated knockdown of
membrane-bound metalloproteinases. Small interfering RNA
oligonucleotides for ADAMs and MMP-14 (On-TargetPlus
SMARTpool siRNA) and nontargeting oligonucleotide were pur-
chased from Thermo Scientific Dharmacon. Cells were plated at a
density of 4 3 104 cells/well (12-well plate) in DMEM containing
10% FCS and incubated until 50% confluent. INTERFERin
(PeqLab) was used to transfect cells with siRNA at a final concen-
tration of 20 nM in Opti-MEM I (Gibco). After 48 hours of incuba-
tion, the medium was replaced with fresh DMEM with or without
10 ng/ml IL-1 or 200 ng/ml TNF and incubated further for 24 hours.
Cells were lysed with 200 ml of 23 SDS sampling buffer containing
5% 2-mercaptoethanol, and then the samples were analyzed by
SDS-PAGE under reducing conditions and Western blotting using
anti–ADAM-10, anti–ADAM-17, anti–MMP-14, and antiactin
antibodies. Immune signals of each enzyme and actin were quanti-
fied using ImageJ software, and the relative amount of each enzyme
was estimated using actin as an internal control.

Analysis of the effect of inhibitory antibodies against
ADAM-17 and MMP-14 on LRP-1 protein levels. Normal
chondrocytes (5 3 104) cultured in 24-well plates were rested in
500 ml of DMEM for 1 day. The medium was replaced with 500
ml of fresh DMEM with or without 10 ng/ml IL-1 in the absence
or presence of various concentrations of combinations of the
control antibodies (human IgG for the anti–ADAM-17 antibody
[D1A12] and antidesmin intracellular domain antibody for the
anti–MMP-14 antibody [E2C6]) or the anti–ADAM-17 and the
anti–MMP-14 antibodies. After 24 hours of incubation, the cells
were lysed with 100 ml of 23 SDS sampling buffer, and then
LRP-1 a- and b-chains were detected as described above. To
test the effect of inhibitory antibodies against ADAM-17 and
MMP-14 on LRP-1 levels in OA chondrocytes and cartilage in
culture, cells and cartilage explants were cultured for 24 hours
with DMEM in the absence or presence of combinations of 250
nM each of the control antibodies, the anti–ADAM-17 antibody
and the antidesmin antibody, the anti–MMP-14 antibody and
IgG, or the anti–ADAM-17 and the anti–MMP-14 antibodies.
LRP-1 a- and b-chains were then detected as described above.

Analysis of aggrecan degradation in OA cartilage.
OA cartilage was cultured in a round-bottomed 96-well plate (1
explant per well) and rested in DMEM for 1 day. The cartilage
was further cultured in DMEM in the absence or presence of a
combination of 2 antibodies (250 nM each) (i.e., combination of
the anti–ADAM-17 antibody and the antidesmin antibody [con-
trol], combination of the anti–MMP-14 antibody and IgG [con-
trol], combination of the anti–ADAM-17 and the anti–MMP-14
antibodies, or combination of the antidesmin antibody and IgG),
or 250 nM of anti–ADAMTS-5 or N-terminal domain of human
TIMP-3. After 12 hours of incubation, the medium was replaced
with fresh DMEM containing the antibodies or TIMP and incu-
bated further for 0–48 hours. For Western blotting, the condi-
tioned media were pooled from each condition (3 explants per
condition) and deglycosylated as described above, and immunore-
activity was measured within the linear range of the assay based
on standard samples (see Supplementary Figure 1E, http://
onlinelibrary.wiley.com/doi/10.1002/art.40080/abstract).
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Analysis of collagen degradation in OA cartilage.
OA cartilage was cultured with various antibodies or with 250 nM
of TIMP-1 as described above for aggrecan degradation studies,
and media were harvested after 96 hours. The extent of type II
collagen degradation in OA cartilage was assessed by measuring
the amount of hydroxyproline released into the media using a
modification of the assay described by Bergman and Loxley (24).
The hydroxyproline contents in cartilage explant remnants after
culture were also determined by digesting them in 500 ml of
papain digest solution (0.05M phosphate buffer [pH 6.5]/2 mM
N-acetylcysteine/2 mM EDTA/10 mg/ml papain) at 658C for 24
hours. The relative amount of collagen degradation was esti-
mated by dividing the amount of hydroxyproline released into the

medium by the summed amount of hydroxyproline in the
medium and in the papain digests.

Study approval. Normal human articular cartilage tis-
sue specimens were obtained from the Stanmore BioBank, Insti-
tute of Orthopaedics, Royal National Orthopaedic Hospital,
Stanmore, following informed consent from patients and
approval by the Royal Veterinary College Ethics and Welfare
Committee (Institutional approval Unique Reference Number
2012 0048H). Human OA cartilage tissue specimens were
obtained from the Oxford Musculoskeletal Biobank and were
collected with informed donor consent in full compliance with
national and institutional ethical requirements, the United King-
dom Human Tissue Act, and the Declaration of Helsinki
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Figure 1. Increased ectodomain shedding of low-density lipoprotein receptor–related protein 1 (LRP-1) and reduced endocytic capacity of chondro-
cytes in human osteoarthritic (OA) cartilage. A, Western blotting of total proteins extracted from cartilage explants of human knee joints of OA patients
and patients without arthritis (n 5 6 each) with antibodies against a- and b-chains of LRP-1. B, Densitometric analysis of LRP-1 in A. Data were nor-
malized against tubulin. C, Immunofluorescence staining of LRP-1 in frozen section of human knee cartilage. Dotted lines indicate the articular cartilage
surface. Bar 5 100 mm. D, Relative levels of mRNA for LRP-1 in cartilage, measured by TaqMan quantitative reverse transcriptase–polymerase chain
reaction. E, Representative Western blotting of LRP-1 protein in cell lysates and medium of human normal and OA chondrocytes (n 5 6 donors each).
Std 5 standard cell lysates. F, Quantification of LRP-1 a-chain detected in E. G, Flow cytometric analysis of LRP-1 b-chain. H, Representative Western
blotting for endocytosis of ADAMTS-5 (10 nM) by human normal and OA chondrocytes (n 5 3 donors each) with or without the LRP-1 ligand antago-
nist receptor-associated protein (RAP) (500 nM). ADAMTS-5 in the medium was detected by Western blotting using anti–ADAMTS-5 antibody. I,

Quantification of findings in H. In B, D, F, and G, symbols represent individual cartilage donors; bars show the mean 6 SD. The mean values in normal
cartilage and chondrocytes were set at 1 (dashed lines). In I, values are the mean 6 SD. * 5 P , 0.05; ** 5 P , 0.01, by Student’s 2-tailed t-test.
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(Human Tissue Authority Licence 12217 and Oxford Research
Ethics Committee C 09/H0606/11).

Statistical analysis. All quantified data are represented
as the mean 6 SD where applicable. Significant differences be-
tween data sets were determined using Student’s 2-tailed t-test
or one-way analysis of variance followed by Dunnett’s multiple
comparison test, where indicated.

RESULTS

Increased ectodomain shedding of LRP-1 and re-
duced endocytic capacity in human OA cartilage. We first
verified the loss of LRP-1 protein in human OA cartilage.
LRP-1 consists of an extracellular 515-kd a-chain and an
85-kd b-chain that are processed from the precursor by
furin. The a-chain contains the ligand-binding domains,
and the b-chain has an extracellular domain, a transmem-
brane domain, and a cytoplasmic domain. Western blot-
ting analyses of a- and b-chains of cartilage extracts with
antibodies that recognize the N-terminus of the a-chain
and the extracellular domain of the b-chain showed that
both chains were reduced in OA cartilage by ;48% and
;65%, respectively, compared with normal cartilage (Fig-
ures 1A and B). The reduction of LRP-1 was further con-
firmed by immunofluorescence staining of b-chain in the
cartilage (Figure 1C). No significant change in the level of
mRNA for LRP-1 between normal and OA cartilage (Fig-
ure 1D) suggested that the loss of LRP-1 in OA cartilage
was due to proteolytic shedding of the receptor.

To further investigate the increased shedding of
LRP-1 in OA cartilage, chondrocytes were cultured and
LRP-1 proteins were analyzed. Both a- and b-chains were
reduced in OA cell lysates compared with normal chondro-
cytes, which was accompanied by an increased release of full-
length a-chain into the medium (Figures 1E and F). Flow
cytometric analysis of the b-chain with antiectodomain anti-
body further confirmed the reduction of cell surface LRP-1
including the b-chain in OA chondrocytes (Figure 1G), sug-
gesting that the primary shedding site is located in the ecto-
domain of the b-chain. We estimated that a single normal
chondrocyte released ;3.9 6 2.7 3 103 LRP-1 molecules
per hour (mean 6 SD), while a single OA chondrocyte
released 9.66 5.4 3 103 LRP-1 molecules per hour. As antic-
ipated, the endocytic capacity of human OA chondrocytes
was significantly reduced; the half-life of ADAMTS-5 was
;2.8-fold longer in OA chondrocytes (;210 minutes) than
in normal chondrocytes (;75 minutes) (Figures 1H and I).

Soluble LRP-1 ectodomain prevents endocytosis
of ADAMTS-5 and MMP-13 without interfering with
their activities. We then evaluated whether sLRP-1 alters
half-lives of cartilage-degrading metalloproteinases. As
shown in Figures 2A and B, endocytosis of ADAMTS-5 and
MMP-13 was reduced partially with 2 nM sLRP-1 and

almost completely inhibited with 10 nM sLRP-1 to the level
that was attained with the LRP ligand antagonist RAP. We
also found that sLRP-1–bound ADAMTS-5 and MMP-13
retained activity against their natural substrates, aggrecan
and collagen, respectively (Figures 2C and D). It is notable
that ADAMTS-5 bound to sLRP-1 was ;3-fold more active
on aggrecan cleavage compared with free ADAMTS-5 (Fig-
ure 2C). Thus, shedding of the LRP-1 ectodomain impairs
the endocytic capacity of the cell not only by reducing the
level of cell surface LRP-1 but also by converting
membrane-anchored LRP-1 into soluble decoy receptors,
leaving excess matrix-degrading proteinases extracellularly.

ADAM-17 and MMP-14 are responsible for shed-
ding LRP-1 in human chondrocytes. To identify the LRP-
1 sheddase in human chondrocytes, we first examined
whether proinflammatory cytokines such as IL-1 and TNF
that stimulate cartilage matrix degradation increase LRP-1
shedding, as this might facilitate characterization of the
sheddase in the cartilage. As shown in Figures 3A–C, these
cytokines increased LRP-1 shedding ;4.0-fold in normal
human chondrocytes. The cytokine-stimulated LRP-1 shed-
ding was inhibited by the hydroxamate metalloproteinases
inhibitor CT1746, but not by a serine proteinase inhibitor
(AEBSF) or a cysteine proteinase inhibitor (E-64) (Figure
3D). Among the 3 TIMPs tested, TIMP-1 was not effective
but TIMP-2 and TIMP-3 were, and TIMP-3 showed the
strongest inhibition (Figure 3E). Thus, we postulated that the
responsible enzyme was likely to be a membrane-anchored
ADAM or MMP.

ADAM-10, ADAM-12, ADAM-17, and MMP-14
have previously been reported to be LRP-1 sheddases in
other cell types (25). We therefore ablated each enzyme
individually using a specific siRNA. The ADAM-10 pro-
tein level was reduced by ;90%, and the ADAM-12
mRNA level was reduced by ;88% (see Supplementary
Figures 2A–C, http://onlinelibrary.wiley.com/doi/10.1002/
art.40080/abstract), but their knockdown did not affect
LRP-1 shedding (see Supplementary Figure 2D). Small
interfering RNAs targeting ADAM-17 and MMP-14
reduced their protein levels by 76% and 84%, respectively
(see Supplementary Figures 2E and F), and knockdown
of each partially inhibited LRP-1 shedding (Figure 3F).
However, knockdown of both MMP-14 and ADAM-17
exhibited a stronger, additive effect, to the level achieved by
TIMP-3 (Figure 3F), which suggests that these 2 proteinases
function as LRP-1 sheddases. A low level of LRP-1 shedding
occurred in unstimulated chondrocytes, and was mainly due
to MMP-14.

Combination of inhibitory antibodies against
ADAM-17 and MMP-14 blocks LRP-1 shedding in OA
cartilage. To verify the role of ADAM-17 and MMP-14
in LRP-1 shedding, we used the recently developed
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specific antibodies against ADAM-17 (D1A12) (15) and
against MMP-14 (E2C6) (16), which inhibit the target
enzymes with inhibition constants of 0.46 nM and 0.11
nM, respectively. The IL-1–induced loss of LRP-1 was
partially inhibited by a single antibody, but a combination
of the 2 antibodies blocked LRP-1 shedding to the level of
IL-1–untreated cells (Figure 4A). They were similarly

effective at blocking LRP-1 shedding in OA chondrocytes
(Figure 4B). The anti–MMP-14 antibody increased cellu-
lar levels of the LRP-1 a- and b-chains 1.6-fold and 2.1-
fold, respectively, while the anti–ADAM-17 antibody
increased them 1.4-fold and 1.8-fold, respectively. A com-
bination of the 2 antibodies increased both a- and b-
chains 2.3-fold and 2.6-fold, respectively (Figure 4B). The
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Figure 2. Ectodomain of soluble low-density lipoprotein receptor–related protein 1 (sLRP-1) prevents endocytosis of ADAMTS-5 and matrix
metalloproteinase 13 (MMP-13) without interfering with their activities. A and B, Normal human chondrocytes (n 5 3 donors) were cultured
with Dulbecco’s modified Eagle’s medium containing 10 nM ADAMTS-5 (A) or 10 nM MMP-13 (B) with no additional treatment (Control) or
in the presence of 2 nM sLRP-1, 10 nM sLRP-1, or 500 nM receptor-associated protein (RAP) for 0–4 hours. ADAMTS-5 and MMP-13 in the
medium were detected by Western blotting using anti–FLAG M2 antibody. Top, Representative Western blotting. Bottom, Quantification of
findings in Western blotting. C, Bovine aggrecan (0.5 mg/ml) was incubated with 0.05 nM ADAMTS-5 alone (1:0) or in the presence of 0.05 nM

sLRP-1 (1:1) or 0.25 nM sLRP-1 (1:5) for 1–4 hours at 378C. The reactions were stopped with 10 mM EDTA, and the reaction products were
deglycosylated and subjected to Western blotting using antibody against the aggrecan neoepitope 374ARGSV (ARGS). Top, Representative
Western blotting. Bottom, Quantification of findings in Western blotting. D, Type II collagen (1 mg/ml) was incubated with 5 nM MMP-13 alone
(1:0) or in the presence of 5 nM sLRP-1 (1:1) or 25 nM sLRP-1 (1:5) for 1–3 hours at 258C. The reactions were stopped with 10 mM EDTA,
and the reaction products were analyzed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) with Coomassie brilliant
blue staining. Top, Representative SDS-PAGE. Bottom, Quantification of findings in SDS-PAGE. In C and D, the mean values after 1 hour of
incubation without sLRP-1 were set at 1 (dashed lines). Values are the mean 6 SD. * 5 P , 0.05; **** 5 P , 0.0001, by Student’s 2-tailed t-test
(A and B) or one-way analysis of variance followed by Dunnett’s multiple comparison test (C).
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restoration of LRP-1 in OA chondrocytes by combining
the 2 antibodies was time dependent, and it reached a pla-
teau at 24 hours (Figure 4C). Addition of the 2 antibodies
to OA cartilage blocked LRP-1 shedding and increased a-
and b-chains 2.6-fold and 2.3-fold, respectively (Figure
4D). This indicates that the antibodies can penetrate the
tissue and inhibit the LRP-1 sheddases in OA cartilage.

Blocking of LRP-1 sheddases restores endocytic
capacity and reduces the degradation of aggrecan and
collagen in OA cartilage. We then tested the effect of
combining the 2 antibodies on the endocytic capacity of
OA chondrocytes. The antibody-treated OA chondro-
cytes cleared exogenously added ADAMTS-5 from the
medium ;2.4-fold faster (half-life ;95 minutes) than the

untreated OA chondrocytes (half-life ;210 minutes)
(Figure 5A), indicating that blocking LRP-1 sheddases
restored the endocytic capacity of OA chondrocytes close
to that of normal chondrocytes.

Remarkably, combined antibody treatment re-
duced the degradation of aggrecan and collagen in OA
cartilage. Analysis of the same conditioned media for
the aggrecanase-specific cleavage motif using the anti-
body against the 374ARGSV neoepitope indicated that
aggrecanase activity was markedly inhibited by blocking
LRP-1 sheddases (Figure 5B) (see Supplementary Figure
3, http://onlinelibrary.wiley.com/doi/10.1002/art.40080/
abstract). Potent inhibition with the anti–ADAMTS-
5 antibody and TIMP-3 indicated that the primary
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Figure 3. ADAM-17 and matrix metalloproteinase 14 (MMP-14) are the responsible sheddases of low-density lipoprotein receptor–related protein 1
(LRP-1) in human chondrocytes. A, Results of culturing human normal chondrocytes (n 5 3 donors) with Dulbecco’s modified Eagle’s medium in the
presence or absence of 10 ng/ml interleukin-1 (IL-1) or 200 ng/ml tumor necrosis factor (TNF) for 8–48 hours. LRP-1 proteins in the cell lysate and
the medium were analyzed by Western blotting with antibodies against a- and b-chains of LRP-1. B and C, Quantification of LRP-1 protein in the
cell lysate (B) and soluble LRP-1 (sLRP-1) released into the medium (C) with or without IL-1 or TNF treatment. D, Effect of the metalloproteinase
inhibitor CT1746 (20 mM), the serine proteinase inhibitor 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF) (50 mM), or the cysteine proteinase inhib-
itor E-64 (10 mM) on cytokine-induced LRP-1 shedding with or without IL-1 or TNF treatment. E, Effect of tissue inhibitor of metalloproteinases 1
(TIMP-1) (500 nM), TIMP-2 (500 nM), or TIMP-3 (300 nM) on cytokine-induced LRP-1 shedding with or without IL-1 or TNF treatment. F, Effect
of small interfering RNA (siRNA)–mediated knockdown of ADAM-17 and/or MMP-14 on cytokine-induced LRP-1 shedding with or without IL-1 or
TNF treatment. Values in B–F are the mean 6 SD. In B–D, the mean values in the cells incubated without cytokine for 8 hours (B) or 24 hours (C
and D) were set at 1 (dashed lines). In E and F, the mean values in the cells transfected with nontargeting siRNA were set at 1 (dashed lines).

* 5 P , 0.05; ** 5 P , 0.002; *** 5 P , 0.0002; **** 5 P , 0.0001, by one-way analysis of variance followed by Dunnett’s multiple comparison test.
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aggrecanase in OA cartilage was ADAMTS-5. Effective
inhibition of aggrecan degradation by the combination of
anti–ADAM-17 and anti–MMP-14 antibodies was further

confirmed by Safranin O staining of the cartilage (see Sup-
plementary Figure 4, http://onlinelibrary.wiley.com/doi/10.
1002/art.40080/abstract).
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Figure 4. Combination of antibodies inhibiting ADAM-17 and matrix metalloproteinase 14 (MMP-14) blocks shedding of low-density lipoprotein
receptor–related protein 1 (LRP-1) in osteoarthritic (OA) cartilage. A, Results of culturing human normal chondrocytes (n 5 3 donors) with
Dulbecco’s modified Eagle’s medium without (None) or with 10 ng/ml interleukin-1 (IL-1) in the absence or presence of combined anti–ADAM-17
and anti–MMP-14 (10–200 nM each) for 48 hours. LRP-1 proteins in the cell lysate were analyzed by Western blotting with antibodies against a-
and b-chains of LRP-1. B, Effect of combining anti–MMP-14 and anti–ADAM-17 antibodies (200 nM each) on LRP-1 shedding in human OA chon-
drocytes (n 5 5 donors). C, Time course analysis of the effect of combined anti–MMP-14 and anti–ADAM-17 antibodies on the recovery of cellular
LRP-1. D, Effect of combined anti–MMP-14 and anti–ADAM-17 antibodies on LRP-1 shedding in human knee OA cartilage explants (n 5 6 donors
each). In A, values are the mean 6 SD, and the mean value in the cells incubated without IL-1 or the antibodies was set at 1 (dashed line). In B–D,
symbols represent individual cartilage donors; bars show the mean 6 SD. In B–D, the mean values in the cells or cartilage incubated with the control
antibodies for 8 hours (C) or 24 hours (B and D) were set at 1 (dashed lines). * 5 P , 0.05, by Student’s 2-tailed t-test.
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Figure 5. Blocking of low-density lipoprotein receptor–related protein 1 (LRP-1) sheddases restores endocytic capacity and reduces aggrecan
and collagen degradation in osteoarthritic (OA) cartilage. A, Recovery of endocytic capacity in OA chondrocytes upon treatment with anti–
ADAM-17 and anti–matrix metalloproteinase 14 (anti–MMP-14) antibodies (Ab). Endocytosis of ADAMTS-5 (10 nM) was measured as
described in Figures 1H and I (n 5 3 donors). B and C, Inhibition of aggrecan and collagen degradation in human OA cartilage upon treatment
with combined anti–ADAM-17 and anti–MMP-14 antibodies. OA knee cartilage explants were incubated with antibodies or tissue inhibitor of
metalloproteinases (TIMP) at 250 nM. B, Aggrecan degradation detected after 48 hours with an antibody against the aggrecan neoepitope
374ARGSV. The mean value in medium of the cartilage incubated with the control antibodies was set at 100 (dashed line) (n 5 8 donors). C,

Collagen degradation of cultured OA cartilage after 96 hours of incubation, measured by hydroxyproline assay. The amount of hydroxyproline
released with control antibodies was set at 100 (dashed line). In A, values are the mean 6 SD. In B and C, symbols represent individual cartilage
donors; bars show the mean 6 SD. The mean values in media of the cartilage incubated with the control antibodies for 48 hours (B) or 96 hours
(C) were set at 100 (dashed lines). * 5 P , 0.05, by Student’s 2-tailed t-test (A) or one-way analysis of variance followed by Dunnett’s multiple
comparison test (C). RAP 5 receptor-associated protein; N-TIMP-3 5 N-terminal domain of human TIMP-3.
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Collagen degradation was also inhibited in the
presence of anti–ADAM-17 and anti–MMP-14 antibodies
by 5% and 10%, respectively, and more effective inhibi-
tion (17%) was observed upon combining the 2 antibodies
(Figure 5C). In general, anti–MMP-14 showed a stronger
effect than anti–ADAM-17, but there was considerable
patient-to-patient variation in the effect of each antibody,
which may reflect the multifactorial nature of OA. Inhibi-
tion was also detected with TIMP-1 treatment, but not
with the anti–ADAMTS-5 antibody, indicating that colla-
gen degradation is specific to collagenase. Cell viability
analysis indicated that none of these treatments was toxic
to chondrocytes (data not shown).

DISCUSSION

In this study, we have shown that the ectodomain
shedding of LRP-1 may be an important regulator of the
development of human OA. The specific inhibitory anti-
bodies that we recently developed for human MMP-14 and
ADAM-17 have allowed us to evaluate the role of LRP-1
shedding in degradation of cartilage matrix in human sub-
jects and thus provided clinically relevant information.

Numerous membrane-anchored proteins are re-
leased from the cell surface by the process of regulated pro-
teolysis called ectodomain shedding, and the enzymes

responsible for shedding are primarily membrane-anchored
proteinases. This process regulates a wide variety of cellular
and physiologic functions, and dysregulated shedding is
linked to numerous diseases, such as Alzheimer’s disease,
inflammation, rheumatoid arthritis (RA), cancer, chronic
kidney disease, cardiac hypertrophy, and heart failure
(26,27). LRP-1 shedding is increased under inflammatory
conditions such as in RA and systemic lupus erythematosus
(28), and in cancer (29,30), but the exact pathologic role of
LRP-1 shedding in these diseases has not been clearly under-
stood. We propose that LRP-1 shedding in local tissues under
inflammatory or chronic pathologic conditions dysregulates
normal turnover of ECM and cellular homeostasis, leading to
slowly progressing chronic diseases such as in OA.

LRP-1 is widely expressed in different cell types
and controls extracellular levels of numerous biologically
active molecules to maintain tissue homeostasis (31). Cur-
rently, more than 50 ligands have been characterized,
including lipoproteins, ECM proteins, growth factors, cell
surface receptors, proteinases, proteinase inhibitors, and
secreted intracellular proteins (31). In cartilage, LRP-1
controls not only ECM-degrading proteinases but also the
Wnt/b-catenin signaling pathway by interacting with
Frizzled-1 (32) and connective tissue growth factor
(CCN2), and both regulate endochondral ossification and
articular cartilage regeneration (33), emphasizing the

Figure 6. Low-density lipoprotein receptor–related protein 1 (LRP-1)–mediated endocytic pathways in normal and osteoarthritic (OA) cartilage.
A, Secreted ADAMTS-5 and matrix metalloproteinase 13 (MMP-13) are largely endocytosed by LRP-1 in normal cartilage. Thus, their activities
in the extracellular milieu are limited. B, In OA cartilage, the ectodomain of LRP-1 is shed by ADAM-17 and MMP-14, resulting in impairment
of endocytic capacity of chondrocytes. Blocking of ADAM-17 and MMP-14 activities recovers the lost endocytic function of OA chondrocytes,
reduces cartilage matrix degradation, and restores cartilage homeostasis.
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importance of LRP-1 in skeletal development and in the
maintenance of cartilage homeostasis.

Thus, the impairment of LRP-1 function due to
increased shedding of the receptor is detrimental to
healthy cartilage, as demonstrated in the present study.
This is triggered by increased activity of ADAM-17 and
MMP-14, but their protein levels were not significantly
changed between healthy and OA cartilage (data not
shown), which suggests that the activation of these
enzymes is regulated posttranslationally. The additive but
not synergistic effect of anti–ADAM-17 and anti–MMP-
14 antibodies further suggests that these proteinases may
be activated by different mechanisms and act indepen-
dently as LRP-1 sheddases. In addition, MMP-14 and
ADAM-17 cleave a number of cell membrane proteins,
including growth factors, cytokines, cell adhesion mole-
cules, and mechanosensors (26,34). Therefore, their acti-
vation may also affect the integrity of other cell surface
molecules in cartilage as well as cellular behavior. We are
currently investigating how ADAM-17 and MMP-14 are
activated as well as their substrate selectivity in cartilage,
as these may indicate additional molecular mechanisms
for the development of OA, particularly in the early stages.

Another notable finding of this study is that anti–
ADAM-17 and anti–MMP-14 antibodies reduced both
aggrecanolytic and collagenolytic activities of human OA
cartilage in culture, and this effect was due to restora-
tion of the lost LRP-1 function by blocking the LRP-1
sheddase activities of ADAM-17 and MMP-14 (Figure
6). These results suggest that inhibition of elevated LRP-
1 sheddase activities in OA cartilage may be an effective
way to prevent cartilage matrix degradation. Although
the systematic inhibition of ADAM-17 and MMP-14 as
OA therapy may be problematic, as these enzymes are
biologically important in the release of growth factors and
cell surface receptors in many cell types (27,34), local
administration of anti–ADAM-17 and anti–MMP-14
antibodies or small molecule inhibitors of ADAM-17 and
MMP-14 may be worth investigating as disease-modifying
OA drugs. This approach is an attractive option for OA
therapy, as the recovery of the lost endocytic function of
chondrocytes would help to maintain cartilage homeosta-
sis. We are currently testing whether this approach is ben-
eficial in early and advanced OA, using preclinical animal
models.
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The Biomarkers of Lupus Disease Study

A Bold Approach May Mitigate Interference of Background
Immunosuppressants in Clinical Trials

Joan T. Merrill,1 Fred Immermann,2 Maryann Whitley,2 Tianhui Zhou,2 Andrew Hill,2

Margot O’Toole,2 Padmalatha Reddy,2 Marek Honczarenko,2 Aikaterini Thanou,1 Joe Rawdon,1

Joel M. Guthridge,1 Judith A. James,1 and Sudhakar Sridharan2

Objective. Molecular medicine raised expectations
for strategically targeted biologic agents in systemic
lupus erythematosus (SLE), but clinical trial results have
been disappointing and difficult to interpret. Most stud-
ies add investigational agents to various, often effective,
standard therapy immunosuppressants used at baseline,
with unknown treatment interactions. Eliminating poly-
pharmacy in trials of active lupus remains controversial.
We undertook the Biomarkers of Lupus Disease study

to test withdrawal of immunosuppressants as a novel
approach to rendering SLE trials interpretable.

Methods. In 41 patients with active, non–organ-
threatening SLE flare (group A), temporary steroids
were given while background immunosuppressants
were withdrawn. Time to loss of disease suppression
(time to disease flare) and safety were evaluated; stan-
dard therapy was immediately resumed when symptoms
recurred. Immunologic impacts of standard therapy
were studied at baseline by multiplex assay, enzyme-
linked immunosorbent assay, and messenger RNA
array in group A patients plus 62 additional patients
donating a single sample (group B).

Results. Patients with lower or higher baseline dis-
ease activity had median times to flare of 71 or 45 days,
respectively; 40 of 41 patients (98%) had disease flares by
6 months. All flares were treated and resolved within 6
weeks. No serious adverse events occurred from flare or
infection. Type I interferon (IFN), Th17, and B lympho-
cyte stimulator pathways tracked together. Baseline
immunosuppressants had distinct impacts on Th17 and
B lymphocyte stimulator, depending on IFN signature.

Conclusion. Trials in active, non–organ-threatening
SLE can safely withdraw background treatments if patients
who have disease flares are designated nonresponders
and returned to standard therapy. Immunologic
effects of standard therapy vary between IFN-defined
subsets. These findings provide a strategy for minimiz-
ing or optimizing treatment combinations in lupus tri-
als and clinical care.

Systemic lupus erythematosus (SLE) is a complex
autoimmune disorder characterized by unpredictable
flares of organ-threatening inflammation (1). Outlines of
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a common pathology have emerged (2,3), involving
innate and adaptive immunity, defective immune clear-
ance (4–9), and various combinations of multifactorial
genetic risk variants (10,11). However, since patients may
develop similar features via different routes in a circui-
tous and redundant immune system, it seems unlikely
that any one treatment will work for all patients, and cer-
tainly not at a single dose.

The SLE field has seen only one approved treat-
ment in 60 years and 25 years of disappointing clinical
trial programs (12–19). Therefore, the predominant
therapy for SLE remains empirical use of unapproved
combinations of immunosuppressive agents that often
fail to control disease adequately for long periods of
time. Attempts to restore immunologic homeostasis
with targeted biologic agents might be served by consid-
ering the complexity and heterogeneity of the patients.
Current treatment development programs universally
ignore this issue. With few exceptions (18), most trials
have failed to focus on subsets of patients with immuno-
pathology even relevant to the mechanism being
addressed. Still, exploratory analyses of ambiguous study
results have repeatedly uncovered, after the fact, sub-
groups of patients for whom each treatment might have
succeeded better (14–19).

Standard therapy varies greatly between patients.
Most clinical trials in SLE are add-on studies, continu-
ing whatever variegated background immunosuppres-
sants and steroids are being taken at entry. This
background polypharmacy obscures the interpretation
of pharmacodynamic data and likely contributes to
apparently high “placebo” response rates, which actu-
ally reflect standard therapy temporarily optimized by
rescue regimens. Some recent trials have been margin-
ally more successful by limiting the aggressiveness of
rescue interventions while allowing patients to continue
a variety of immunosuppressants (14–16). However,
suggestions to completely eliminate confounding back-
ground medications in SLE trials have been extremely
controversial, even though patients have appreciable
rates of serious infection when entering add-on trials
with aggressive background medications.

In addition to obscuring pharmacodynamics and
true response rates, background polypharmacy inevita-
bly superimposes unknown immunomodulatory vari-
ables (14–19) that could have synergistic, additive, or
inhibitory impact on a treatment under study. However,
the impact of standard therapy on the mechanistic path-
ways of targeted, investigational biologic agents has
never been studied in SLE. It follows that the true
degree of heterogeneity innate to SLE cannot be known

until the impact of therapeutic cross-talk on immuno-
logic variables is better defined.

To provide an avenue for addressing these knowl-
edge gaps, the Biomarkers of Lupus Disease (BOLD)
study was designed to test several hypotheses. First, if
patients with active but not organ-threatening SLE are
given temporary relief by steroid injections, withdrawal
of background immunosuppressants can be accomplished
safely. Second, improvement from intramuscular steroids
will gradually wane, ensuring low response rates after a
few months in the absence of additional effective treat-
ment. Third, upon flare, patients can be designated non-
responders and treated immediately with reasonable
safety. The BOLD study also sought to generate hypothe-
ses based on gene expression and protein data that
background treatments may have disparate effects on dif-
ferent patient immunophenotypes. If the above hypothe-
ses are correct, then withdrawing standard therapy
immunosuppressants in trials could also help eliminate
potential interactions between investigational and back-
ground treatments that may confound characterization of
patient pathology and impact the interpretability of trial
results.

PATIENTS AND METHODS

Patient enrollment. This study was performed in
accordance with the Declaration of Helsinki and approved by
the Institutional Review Board of the Oklahoma Medical
Research Foundation. Patients provided written informed
consent prior to beginning study-specific procedures.

Patients in group A (n 5 41) completed both cross-
sectional and prospective substudies. Patients in group B
(n 5 62) participated in the cross-sectional study only. Inclusion
criteria for patients in groups A and B were as follows: fulfilling
the American College of Rheumatology 1982 revised criteria
for SLE (20) as updated in 1997 (21); receiving treatment with
#20 mg prednisone (or equivalent) daily; having active, symp-
tomatic disease despite standard therapy, defined as at least 2
British Isles Lupus Assessment Group (BILAG) B (moderate
activity) scores (22), or at least 1 BILAG A (severe activity)
score or an SLE Disease Activity Index (SLEDAI) score of at
least 6 (23); and having a clinical state warranting intervention
equivalent to the steroids offered to patients in group A. Addi-
tional inclusion criteria for patients in group A were ability and
willingness to stop any immunosuppressants (e.g., azathioprine,
methotrexate, or mycophenolate mofetil). Exclusion criteria
included active infection at screening, known previous HIV or
hepatitis B or C infection, pregnancy or inadequate birth con-
trol in women of childbearing potential, cancer (except basal
cell or cervical carcinoma) within 5 years, and any medical con-
dition that would interfere with the protocol or compromise
patient safety, including but not limited to the investigator’s
opinion of risk for organ-threatening disease.

Cross-sectional substudy. One hundred three patients
with active SLE (groups A and B) underwent clinical
assessments and provided blood specimens (at baseline). To
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improve interpretability of gene expression studies (see below),
55 healthy control subjects (group C) were matched to partici-
pants in either group A or group B by race, sex, and age (within
5 years) (Table 1). Group C was used as a representative con-
trol population for scaling the principal component values and
establishing normal gene expression ranges. Control subjects
provided 2 samples at 2 different visits. High-quality samples
from 99 of those visits were available for gene expression studies
(see “Gene expression analysis” below).

Prospective substudy. After blood was obtained at
baseline, group A patients discontinued immunosuppressants
and received steroid injections (up to 640 mg methylpredniso-
lone [MP] acetate within 2 weeks; maximum of 4 injections
allowed). To continue in the study, patients had to demon-
strate clinical improvement. Six patients required 640 mg, 19
required 480 mg, and 16 required #320 mg. Withdrawal of
hydroxychloroquine at baseline was optional and could be
overridden by patient or clinician. Patients taking low-dose
oral steroids at entry continued at the same dose. Scheduled
monthly disease activity assessments and adverse event collec-
tion were performed, and blood samples were obtained at
each visit for safety monitoring, biomarker assessments, and
coded storage in a repository. Upon clinical improvement
(improving visit), patients were followed up monthly until dis-
ease activity increased (flare visit). As a safety strategy that is
necessary for a trial of this design, patients were instructed to
call or return to the clinic (without requiring an appointment)
at any time they developed worsening symptoms. At the flare
visit, standard therapy was reinitiated. Six patients with no
improvement within 2 weeks of baseline were dropped from
group A and immediately treated with standard therapy. Base-
line samples from these patients, with their consent, were used
in group B (final total of 41 patients in group A and 62
patients in group B).

Clinical assessments. We evaluated several measures
at every visit. These included the hybrid SLEDAI, which is iden-
tical to the Safety of Estrogens in Lupus Erythematosus
National Assessment (SELENA) version of the SLEDAI
(SELENA–SLEDAI) (24,25) except for the proteinuria defini-
tion from the SLEDAI 2000 (26,27); the SELENA–SLEDAI
flare index with physician’s global assessment of disease activity
(24,25); the BILAG 2004 index (28); the Cutaneous Lupus Ery-
thematosus Disease Area and Severity Index (CLASI) (29,30);
and tender and swollen joint counts. The SLEDAI and BILAG

are commonly evaluated over the previous month (12–16), but
when patients improved within 2 weeks of the entry visit, a 2-
week evaluation using SLEDAI and BILAG clinical templates
was performed. In these cases, the BILAG definition requiring
2 weeks of improvement was modified to 1 week.

Clinical outcome measures. The primary end point
was time to flare from baseline in group A patients (n 5 41),
comparing patients with moderate disease at baseline (BILAG
B score in #3 organs, no BILAG A score, and SLEDAI score
#10) to those with significant disease (.3 BILAG B scores, at
least 1 BILAG A score, SLEDAI score .10, or severe flare by
clinical SELENA–SLEDAI flare index descriptors). Kaplan-
Meier analysis and the log rank test were used to compare
time to flare in the primary end point in subpopulations based
on disease severity, steroid dose, and race.

Clinical improvement (improving visit) required clini-
cian’s opinion of significant improvement with no intention of
increasing treatment, along with at least 1 grade of improve-
ment by BILAG score in at least 1 organ or SLEDAI score
decrease of at least 4 points. The flare visit was defined as cli-
nician opinion of significant worsening and intention to treat,
with at least 1 grade of worsening by BILAG score or a 4-
point increase in SLEDAI score. The key secondary end point
was a descriptive evaluation of adverse events.

Cytokine, chemokine, and soluble receptor measure-
ment. Blood samples collected at baseline and at selected
subsequent visits were assayed for levels of cytokines,
chemokines, and soluble receptors. The Serum Analyte and
Biomarker Core at the Oklahoma Medical Research Founda-
tion uses a standardized xMAP 50-plex assay (Affymetrix/
eBioscience) on the BioPlex200 platform (Bio-Rad). This 2-
laser immunobead multiplex technology quantifies 50 cytokines
in 250 ml of plasma (31). Serum B lymphocyte stimulator (R&D
Systems) and APRIL (eBioscience) could not be multiplexed
and were analyzed by enzyme-linked immunosorbent assay.

Gene expression analysis. Messenger RNA expres-
sion levels in whole blood samples were measured using
TaqMan Low Density Arrays (Applied Biosystems) that
included probe sets for 347 transcripts, and were then normal-
ized to the median of endogenous control levels. Log2-scale
gene expression (DCt) values for 11 interferon (IFN)–related
genes (GBP5, HERC5, IFI27, IRF7, ISG15, LY6E, MX1,
OAS2, OAS3, RSAD2, and USP18) were mean-centered and
then subjected to principal components analysis using R

Table 1. Demographic characteristics of the participants*

Group A
(n 5 41)†

Group B
(n 5 62)‡

Groups A and B
(n 5 103)

Group C,
controls
(n 5 55)

Women 39 (95.1) 56 (88.7) 94 (91.3) 53 (96.4)
Age, mean 6 SD years 42.3 6 11.9 40.87 6 11.3 41.3 6 11.5 40.8 6 12.1
Race

Caucasian 25 (61.0) 37 (59.7) 62 (60.2) 43 (78.2)
African American 11 (26.8) 12 (19.4) 23 (22.3) 10 (18.2)
American Indian 4 (9.8) 10 (16.1) 14 (13.6) 1 (1.8)
Asian 1 (2.4) 3 (4.8) 4 (3.9) 1 (1.8)

* Except where indicated otherwise, values are the number (%).
† Patients with systemic lupus erythematosus (SLE) participating in cross-sectional and prospective
substudies.
‡ SLE patients participating in cross-sectional substudy only.
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version 2.15.2 (www.r-project.org) (32). The first principal
component (PC1) for each patient visit captured the majority
of variance, providing a summarized expression measure for
the 11 IFN-related genes. To make the arbitrary-scale PC1 val-
ues more interpretable, the DCt values from 99 healthy volun-
teer visits from which high-quality samples were available were
projected onto the PC1, and PC1 values for both patients and
healthy volunteers were scaled linearly, where PC1 values for
healthy volunteer visits had a mean of zero and unit variance,
determining an “IFN index.” The mclust R package was used
to fit a 2-Gaussian equal-variance mixture model to the IFN
index to define a single dividing value to separate “IFN low”
from “IFN high.” Samples from each patient visit were classi-
fied as “IFN high” or “IFN low,” and patients were classified
as “IFN high” or “IFN low” based on the predominant visit-
level assignment. Gene expression data will be available at the
NCBI GEO database (accession no. GSE92776) as of Decem-
ber 22, 2017.

Statistical analysis. Relationships between gene
expression, IFN group (high versus low expression of IFN-
inducible genes), and baseline immunosuppressants were exam-
ined using analysis of covariance with the covariates of RNA
integrity number, assay batch, and percent neutrophils, based
on our analysis of variable impacts. Relationships between
protein concentrations (pg/ml), IFN group, and baseline
immunosuppressants were evaluated using analysis of variance
(ANOVA). For comparisons between subpopulations, gene
expression and disease activity scores were analyzed by t-test,
frequencies of autoantibody positivity by Fisher’s exact test, and
protein concentrations by ANOVA. Exploratory biomarker
assessments were hypothesis-driven based on known pathology
of SLE but were not adjusted for multiple comparisons.

RESULTS

Population. Participants were 91.3% women with
a mean age of 41.3 years and were of Caucasian, African
American, American Indian, and Asian race (Table 1).
Demographics were similar between groups, but group
A had fewer American Indians (Table 1). The mean 6

SD cumulative BILAG score was 15.2 6 5.73, and the
mean 6 SD SLEDAI score was 8.8 6 3.73. Baseline lupus
treatments included steroids, hydroxychloroquine, and
immunosuppressants (32.1% azathioprine, 17.5%
mycophenolate mofetil, 25.2% methotrexate) (Table 2).
Overall, medications were comparable in groups A and
B, with methotrexate slightly more common in group A
and mycophenolate mofetil slightly more common in
group B (Table 2). More group B patients used steroids
and had low levels of complement (Table 2), suggesting
that group B patients were sicker. However, disease activ-
ity scores did not differ between groups.

Changes in disease activity (group A). Supporting
the clinician-weighted definitions of improvement and
flare, scores on the BILAG 2004 index, SLEDAI,
CLASI, and physician’s global assessment of disease
activity as well as joint counts decreased significantly at
the improving visit and increased significantly at the
flare visit for group A (P , 0.0001 in all cases except
P , 0.0012 for the CLASI at the improving visit versus

Table 2. Baseline characteristics of the patient population*

Group A
(n 5 41)†

Group B
(n 5 62)‡

Groups
A and B
(n 5 103)

Baseline disease activity
BILAG 2004 index, mean 6 SD 15.0 6 4.32 15.3 6 6.52 15.2 6 5.73
SLEDAI score, mean 6 SD 8.1 6 2.73 9.3 6 4.21 8.8 6 3.73
PGA (0–100-mm VAS), mean 6 SD 1.9 6 0.33 1.9 6 0.33 1.89 6 0.33
CLASI activity score, mean 6 SD 5.6 6 7.50 4.6 6 5.18 5.0 6 6.20
Tender joints, mean 6 SD 14.3 6 8.06 11.7 6 8.25 12.7 6 8.22
Swollen joints, mean 6 SD 10.7 6 7.05 9.9 6 7.28 10.2 6 7.15
Low C3, no. (%) 3 (7.3) 14 (22.6) 17 (16.5)
Low C4, no. (%) 8 (19.5) 21 (33.9) 29 (28.2)

Baseline treatment
Azathioprine, no. (%) 12 (29.3) 21 (33.9) 33 (32.1)
Mycophenolate mofetil, no. (%) 6 (14.6) 12 (19.3) 18 (17.5)
Methotrexate, no. (%) 12 (29.3) 14 (22.6) 26 (25.2)
Any immunosuppressant, no. (%)§ 30 (73.2) 47 (75.8) 77 (74.8)
Antimalarial, no. (%) 30 (73.2) 45 (72.6) 75 (72.8)
Prednisone (or equivalent), no. (%) 8 (20.0) 22 (35.5) 30 (29.1)
Steroid dose, mean 6 SD mg/day¶ 8.6 6 5.46 13.9 6 10.03 12.5 6 9.26

* BILAG 5 British Isles Lupus Assessment Group; SLEDAI 5 Systemic Lupus Erythematosus Disease
Activity Index; PGA 5 physician’s global assessment of disease activity; VAS 5 visual analog scale;
CLASI 5 Cutaneous Lupus Erythematosus Disease Area and Severity Index.
† SLE patients participating in cross-sectional and prospective substudies.
‡ SLE patients participating in cross-sectional substudy only.
§ Azathioprine, mycophenolate mofetil, or methotrexate.
¶ In prednisone equivalents, 1 patient entered receiving 20 mg/day; all others received #10 mg/day.
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the flare visit) (Figure 1) (also see Supplementary Figure 1,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40086/abstract).
The prespecified primary end point was time to flare
from baseline. All steroid injections were administered
within the first 2 weeks of baseline. Within 6 months of
baseline, 40 of the 41 group A patients exhibited flare,
suggesting that analogous trials would have an extremely
low placebo response rate at a 6-month milestone.

Time to flare did not differ between patients
grouped by a priori definitions of moderate (n 5 25;
median 71 days) versus high (n 5 16; median 45 days)
disease activity (P 5 0.44). However, in exploratory eval-
uations seeking prognostic indicators, time to flare was
significantly shorter in patients with baseline cumulative
BILAG scores of $17 compared to patients with scores
of ,17 (P 5 0.029). African American patients exhibited
flare sooner than other patients (P 5 0.013) (Figure 2).
Furthermore, flare occurred sooner in patients with
BILAG scores of $17 who received #240 mg total MP

acetate compared to those with BILAG scores of ,17
who received $320 mg total MP acetate (P 5 0.043).
Thus, sicker patients requiring less MP acetate for an
initial satisfactory response are likely to exhibit flares
earlier than other patients, providing potentially useful
parameters for clinical trial design (Figure 2). Use of
low-dose steroids or antimalarials during the trial or
withdrawal of different baseline immunosuppressants
had no discernable impact on time to flare; however,
this study was not powered to draw firm conclusions
about these variables.

Safety. Adverse events were a prespecified,
descriptive secondary end point. There were no adverse
events in group B (single blood donation). Thirty-one
adverse events were reported in group A; all resolved
after evaluation and/or treatment. Nineteen adverse
events were grade 1 or grade 2 infections. The two grade
3 adverse events (see Supplementary Table 1, http://
onlinelibrary.wiley.com/doi/10.1002/art.40086/abstract)
included one serious event (bleeding ulcer) and one

Figure 1. Standardized disease activity measures at the baseline, improving, and flare visits. Improving and flare visits in group A were designated
based on clinician’s opinion, with minimal input from the Systemic Lupus Erythematosus Disease Activity Index (SLEDAI) (A) or British Isles Lupus
Assessment Group (BILAG) (B) tools, and no input from the physician’s global assessment of disease activity (PGA) (C), Cutaneous Lupus Erythe-
matosus Disease Area and Severity Index (CLASI) (D), or joint counts (see Supplementary Figure 1, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40086/abstract). All disease activity measures decreased significantly from the baseline visit to the
improving visit and increased significantly from the improving visit to the flare visit. Disease activity measures are defined in detail in Patients and
Methods. Changes from the baseline to improving visit and from the improving to flare visit were evaluated using the nonparametric Wilcoxon rank
sum test. Data are presented as box plots, where the boxes represent the 25th to 75th percentiles, the lines within the boxes represent the median,
and the lines outside the boxes represent the 10th and 90th percentiles. Circles indicate values less than the 10th percentile or greater than the 90th
percentile.
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nonserious event (anal abscess that responded to oral
antibiotics). Both patients recovered and remained in
the study. There were no serious adverse events from
lupus flare or infection.

As another safety measure, disease severity was
compared between the baseline and flare visits in group
A (see Supplementary Table 1, http://onlinelibrary.wiley.
com/doi/10.1002/art.40086/abstract). The percentage of
patients with BILAG A scores (severe activity) did not
differ between the baseline visit (29%) and the flare visit
(29%). Five patients (12.2%) who entered with BILAG
B scores (moderate activity) exited with BILAG A
scores, and 5 patients (12.2%) who entered with BILAG
A scores exited with BILAG B scores. No severe flares
were organ-threatening; no flares involved nephritis, the
central nervous system, serious hematologic features, or
solid organs. One patient was followed up for 1 year
and had no flare. All end-of-study flares were treated
with standard therapy and resolved within 6 weeks.

SLE immunopathology. A large percentage
of patients with SLE are characterized by an elevated
type I IFN–inducible gene signature (8), but it remains

unclear whether IFN signals reliably discriminate optimal
treatment groups. At baseline, patients in groups A and
B with high type I IFN signals (IFN high) were compared
to those without the signature (IFN low) (Table 3). IFN-
high patients displayed markedly higher gene expression
of B lymphocyte stimulator (TNFSF13B; P 5 0.005) and
interleukin-17 (IL-17) receptor A (IL17RA; P 5 0.009),
confirming previous observations that activated B lym-
phocyte stimulator and IL-17 pathways are associated
with type I IFN activity in SLE (7–9). IL23A gene expres-
sion was not increased in IFN-high patients. Protein levels
of B lymphocyte stimulator (P 5 0.0001) and IL-23 (IL-
23p19) (P 5 0.01) were also higher in IFN-high patients.
More IFN-high patients had antibodies to double-
stranded DNA (P 5 0.0001), SSA/Ro (P 5 0.0007), RNP
(P 5 0.0001), and Sm (P 5 0.01) (Table 3).

Impact of standard therapy on Th17 and B
lymphocyte stimulator pathways in IFN-high and IFN-
low patients. It has not been previously studied whether
categorization of patients by IFN signatures could clarify
understanding of standard therapy effects. Baseline
IL17RA gene expression was modestly decreased in all

Figure 2. Time from baseline to flare visit. Flare occurred in 40 of 41 group A patients (97.6%) within 6 months of baseline. A, Time to flare
was reduced in patients with high British Isles Lupus Assessment Group (BILAG) scores ($17; n 5 16) compared to those with low BILAG
scores (,17; n 5 25). B, Time to flare was not distinctly different in patients who received high cumulative doses of methylprednisolone (MP)
acetate ($360 mg) versus those who received low cumulative doses of MP acetate (#240 mg). C, Flare was delayed significantly in patients with
low BILAG scores who received high cumulative doses of MP acetate compared to patients with high BILAG scores who received low cumula-
tive doses of MP acetate (P 5 0.043). D, Time to flare was reduced in African American patients compared to all others. Comparisons were
made by Kaplan-Meier analysis and log rank test. NS 5 not significant.
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patients receiving immunosuppressants compared to
those who were not (20% lower with methotrexate
[P 5 0.059]; 41% lower with mycophenolate mofetil
[P 5 0.0039]; 9% lower with azathioprine [P 5 0.33])

(Table 4) (see Supplementary Figure 2, http://onlinelibrary.
wiley.com/doi/10.1002/art.40086/abstract). However, the
impact of these medications was more evident when
IFN-high and IFN-low patients were examined

Table 3. Gene and protein expression relevant to IL-17 and B lymphocyte stimulator pathways and
other clinical variables in subsets of SLE patients with or without a type I IFN signature*

IFN-high
patients
(n 5 49)

IFN-low
patients
(n 5 46) P†

Gene expression, mean DCt vs. healthy controls‡
TNFSF13B (B lymphocyte stimulator) 1.41 2.55 0.005
IL17RA 1.37 1.59 0.009
IL23A 2.23 2.27 0.77

Mediators of inflammation, mean pg/ml
B lymphocyte stimulator 1,539.4 908.2 0.0001
IL-23p19 0.229 0.019 0.01

Autoantibodies, % positive
Anti-dsDNA 30 2 0.0001
Anti-Ro 30 4 0.0007
Anti-Sm 13 0 0.01
Anti-RNP 37 0 0.0001

Disease activity score, mean
SLEDAI 9.73 7.70 0.009
BILAG 16.5 14.0 0.04

* IL-17 5 interleukin-17; SLE 5 systemic lupus erythematosus; anti-dsDNA 5 anti–double-stranded DNA;
SLEDAI 5 SLE Disease Activity Index; BILAG 5 British Isles Lupus Assessment Group.
† Gene expression in 95 patients with evaluable RNA samples was compared by analysis of covariance
with RNA integrity number, assay batch, and percent neutrophils as covariates, using a t-test to com-
pare interferon (IFN)–high patients with IFN-low patients. Other values were compared by analysis of
variance (protein concentrations), Fisher’s exact test (frequencies of autoantibody positivity), or t-test
(disease activity scores).
‡ Lower numbers indicate higher gene expression.

Table 4. Impact of standard SLE medications on gene expression in subsets of patients with or with-
out a type I IFN signature*

All patients
(n 5 95)†

IFN-high
patients

(n 5 49)‡

IFN-low
patients
(n 5 46)

Gene (RNA),
treatment

Difference
from no

treatment, % P

Difference
from no

treatment, % P

Difference
from no

treatment, % P

IL17RA
MTX 19.6 0.059 9.3 0.35 30.8 0.069
MMF 40.9 0.0039 1.2 0.15 96.2 0.0015
AZA 8.8 0.33 14.7 0.15 3.2 0.93

TNFSF13B
(B lymphocyte stimulator)

HCQ 48.9 0.22 204.1 0.0068 227.1 0.52

* SLE 5 systemic lupus erythematosus; MTX 5 methotrexate; MMF 5 mycophenolate mofetil; AZA 5

azathioprine; HCQ 5 hydroxychloroquine.
† Gene expression in 95 patients with evaluable RNA samples was compared by analysis of covariance
with RNA integrity number, assay batch, and percent neutrophils as covariates, using a t-test to com-
pare the percent difference between those taking and those not taking a designated treatment. The
overall population, interferon (IFN)–high patient subset, and IFN-low patient subset were analyzed sep-
arately. Note that despite lower numbers of patients in each defined subset, the differences, where
apparent, have greater statistical significance, emphasizing the increased clarity that might be derived
from analysis of meaningful patient types.
‡ The type I IFN signature was defined by GBP5, HERC5, IFI27, IRF7, ISG15, LY6E, MX1, OAS2,
OAS3, RSAD2, and USP18 (see Patients and Methods).
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separately. Mycophenolate mofetil and methotrexate
reduced IL17RA expression in the IFN-low group only
(Table 4). Hydroxychloroquine treatment was associ-
ated with substantially lower TNFSF13B (B lympho-
cyte stimulator) gene expression in IFN-high patients,
but not in IFN-low patients (Table 4).

Individual immunosuppressants had no consis-
tent effects on protein or gene expression when compar-
ing baseline visits (active disease, receiving treatment)
and flare visits (not receiving treatment) in group A
patients, but the numbers were small in each treatment
group (data not shown). However, B lymphocyte stimu-
lator RNA (but not protein) expression increased
2.4-fold from the baseline to the flare visit in all IFN-low
patients, regardless of baseline treatments (P 5 0.0003),
reaching levels equivalent to those seen in IFN-high
patients (data not shown).

DISCUSSION

Data from the BOLD study suggest that future
SLE clinical trials could achieve very low placebo
response rates without unacceptably compromising
patient safety by enrolling SLE patients with active, non–
organ-threatening disease, providing temporary steroids,
and withdrawing standard therapy immunosuppressants.
Risk of serious infections might even be reduced by elim-
inating excess immunosuppressants at baseline, but this
study was not designed to test that hypothesis.

Most SLE clinical trials continue various, often
effective standard therapy background medications being
taken by patients at entry (12–19), based on assumptions
that this minimizes risk of serious flares and that immu-
nologic interference is minimal. However, these two
assumptions are not evidence-based. Moreover, they are
inconsistent with each other, since flares are only pre-
vented by modulating immunologic pathways. In fact,
data from trials indicate that patients receiving standard
therapy alone have almost as many infections as those
receiving standard therapy plus biologic agents (12–16);
it therefore seems likely that standard therapy is at least
as risky as some biologic agents. Other analyses suggest
that in trials with a polypharmacy design, efficacy can
only be distinguished in subsets of patients with higher
grade disease activity (15,16). Since these patients are at
highest risk of serious flares, it may be fortunate that
interpretable studies can be performed for them without
requiring treatment withdrawal.

Does this mean that clinical trials in SLE (and
subsequent regulatory approvals) should be restricted to
polypharmacy protocols in patients with the most severe
disease? A recent shift in phase III plans for at least one

agent (15) suggests that this notion is gaining traction,
risking disenfranchisement of patients with chronic,
moderate SLE from access to targeted biologic agents.
There is a significant unmet need in this population, as
even with good disease control, chronic, smoldering
SLE leads to progressive organ damage, long-term mor-
bidity, and mortality (33,34). Our data suggest that
immunosuppressants can be safely withdrawn in these
patients to support a safe and interpretable trial design.
This approach might provide early proof of efficacy in
less vulnerable patients while helping to define pharma-
codynamic variables without confounding immunomodu-
latory signals. In turn, later trials with more vulnerable
patients would be armed with better information to mini-
mize risk of choosing untoward treatment combinations.

The need to account for confounding medi-
cations is highlighted by our exploratory observation
that certain standard therapies might have unique
effects on IFN-high patients versus IFN-low patients.
Although they are used interchangeably in the clinic
and in clinical trials, immunosuppressants may have dis-
parate and even opposing effects in SLE subgroups; our
preliminary observations support this hypothesis. If not
addressed, this could confound clinical trials and selec-
tion of optimal treatment combinations in the clinic.
Therefore, larger, prospective studies with prespecified
biomarker end points and adjustments for multiple
comparisons are needed to rigorously test the immuno-
logic effects of antimalarials and immunosuppressants
in different patient subsets. Our incidental finding that
IFN-low patients exhibit uncharacteristically high B
lymphocyte stimulator RNA expression at the time of
acute flare also warrants further exploration. We previ-
ously described B lymphocyte stimulator as a robust
marker for SLE disease activation (7), and various alter-
native immunologic routes can induce B lymphocyte
stimulator (35). Thus, B lymphocyte stimulator could
represent a common pathway for discrete SLE subpopu-
lations at the time of flare.

Given the heterogeneity of lupus, it is likely that
exceptions to the broad themes inspected in this small
study will arise, drawing attention to antagonistic or syn-
ergistic pathways in smaller patient subsets. However,
better knowledge of the immunologic effects of standard
therapy lupus medications on major identifiable sub-
groups of lupus will aid more rational testing and more
successful use of targeted biologic agents.
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The Euro-Lupus Low-Dose Intravenous Cyclophosphamide Regimen Does Not
Impact the Ovarian Reserve, as Measured by Serum Levels of Anti–M€ullerian
Hormone

Farah Tamirou, S�everine Nieuwland Husson, Damien Gruson, Fr�ed�eric Debiève, Bernard R. Lauwerys, and
Fr�ed�eric A. Houssiau

Objective. The Euro-Lupus regimen of low-dose
intravenous cyclophosphamide (IV CYC) (cumulative
dose of 3 gm) was developed to reduce gonadal toxicity.
To address the possibility of a marginal effect on the
ovarian reserve, we measured serum titers of anti–
M€ullerian hormone (AMH) in patients with systemic
lupus erythematosus (SLE) treated with the Euro-
Lupus regimen and compared them with those mea-
sured in patients who were treated with higher doses of
IV CYC or were never treated with IV CYC.

Methods. Serum AMH levels were measured by
enzyme-linked immunosorbent assay in a cohort of 155
premenopausal SLE patients; 30 of these patients had
been treated with the Euro-Lupus regimen, and 24 had
received higher doses of IV CYC. None had received
oral CYC. AMH levels were age-adjusted using a slope
computed from levels measured across the group of
SLE patients who had not been treated with IV CYC.
Demographic and clinical data were collected.

Results. Serum titers of AMH measured in SLE
patients treated with the Euro-Lupus IV CYC regimen
(median dose 1.46 ng/ml) did not differ from those mea-
sured in patients never treated with the cytotoxic drug
(median 1.85 ng/ml). As expected, patients given >6 gm
of IV CYC had significantly lower serum titers of AMH
(median 0.83 ng/ml) compared with those never treated

with IV CYC (P 5 0.047). Median serum AMH titers
did not change before (1.24 ng/ml) and after (2.50 ng/
ml) treatment with the Euro-Lupus IV CYC regimen in
the subset of patients for whom paired samples could
be tested (P 5 0.43).

Conclusion. The Euro-Lupus regimen of low-
dose IV CYC does not impact the ovarian reserve of
SLE patients and can therefore be proposed as treat-
ment in patients seeking to become pregnant.

Intravenous cyclophosphamide (IV CYC) is used
to treat severe disease manifestations of systemic lupus
erythematosus (SLE), such as neuropsychiatric SLE or
lupus nephritis (LN). It is well known that the high-dose
IV CYC regimen proposed by the National Institutes of
Health (NIH) (1) is gonadotoxic and may lead to early
menopause in SLE patients, the risk of which is com-
mensurate with the cumulative dose and age (2).

We proposed the use of low-dose IV CYC treat-
ment, the so-called Euro-Lupus regimen, as induction
therapy for LN to minimize gonadal side effects (3). To
our knowledge, no case of early menopause after treat-
ment with the Euro-Lupus regimen has been reported.
Nonetheless, this end point is not appropriate for
unmasking subtle gonadal damage in young women who
still have a wide ovarian reserve and in whom cytotoxic
damage may therefore remain subclinical. This issue can
now be addressed by measuring serum levels of anti–
M€ullerian hormone (AMH), which is produced by the
granulosa cells of growing follicles that shelter oocytes to
maturity, thereby reflecting ovarian reserve (4). Although
CYC treatment has been associated with lower serum
titers of AMH in SLE patients (5,6), this was never tested
in patients who received treatment with the low-dose
Euro-Lupus regimen.

The aim of this study was to determine whether
the Euro-Lupus regimen of low-dose IV CYC impacts
the ovarian reserve, as assessed by serum levels of AMH.
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Lauwerys, MD, PhD, Fr�ed�eric A. Houssiau, MD, PhD: Cliniques
Universitaires Saint-Luc, Universit�e catholique de Louvain, Brussels,
Belgium.

Address correspondence to Farah Tamirou, MD, Rheumatol-
ogy Department, Cliniques Universitaires Saint-Luc, Avenue Hippocrate
10, B-1200 Brussels, Belgium. E-mail: farah.tamirou@uclouvain.be.

Submitted for publication December 19, 2016; accepted in
revised form February 16, 2017.

1267



PATIENTS AND METHODS

Patients. Within the framework of the Louvain Lupus
Cohort, clinical data and serum samples are collected on a reg-
ular basis, after informed consent is obtained. For this study,
patients younger than age 50 years were included, and within
this group, those who were pregnant or had undergone meno-
pause were excluded. Pregnancy and menopause are indeed
conditions associated with decreased and undetectable levels
of AMH, respectively. Importantly, none of the patients who
received the Euro-Lupus regimen were excluded because of
early menopause, while 2 patients who received a cumulative
IV CYC dose of 13 gm and experienced gonadal failure at age
34 years and age 42 years, respectively, were excluded. Table 1
shows the demographic data for the patients as well as past and
current treatments, disease activity, and damage. Of note, most
patients were white, half of them were receiving steroids at the
time of serum sampling, and one-third had received IV CYC.
None had received oral CYC.

Serum AMH measurements. Serum titers of AMH
were measured using the ultrasensitive quantitative 3-step
enzyme-linked immunosorbent assay method developed by
Ansh Laboratories. This assay measures levels of AMH and
proAMH. All samples were tested in the same assay. Because
AMH titers decrease with age, we adjusted AMH levels for a
standard age of 30 years, using a slope computed from AMH
levels measured across the group of SLE patients not treated
with IV CYC (n 5 101) who were ages 18–48 years.

In the cross-sectional analysis, the mean 6 SD time
interval between the last IV CYC treatment and measurement
of serum levels of AMH was 7 6 5 years. When available, longi-
tudinal data (before and after IV CYC treatment) were col-
lected. The mean 6 SD time interval between collection of the
2 samples was 19 6 13 months.

Statistical analysis. The unpaired t-test, Mann-
Whitney test, Wilcoxon’s signed rank test, and Fisher’s exact test
were used, as appropriate.

RESULTS

Cross-sectional analysis of serum titers of AMH.
As shown in Table 2, the mean body mass index (BMI)
did not differ between groups, thereby excluding a con-
founding bias related to the known inverse relationship
between BMI and AMH levels (7). The mean age of the
patients at the time of the AMH assay was significantly
higher in the high-dose IV CYC group (.6 gm) com-
pared with patients not treated with IV CYC, but this
difference was taken into account by adjusting for age
when serum levels of AMH were measured. As expected,
treatment with high-dose IV CYC (.6 gm) was associ-
ated with a longer disease duration and a higher Systemic
Lupus International Collaborating Clinics/American Col-
lege of Rheumatology Damage Index (8). Not surpris-
ingly, renal involvement was statistically more common in
all IV CYC–treated groups compared with patients who
were not treated with IV CYC.

As shown in Figure 1, age-adjusted serum levels of
AMH in patients who received the Euro-Lupus IV CYC
regimen (cumulative dose of 3 gm) did not differ from
those measured in patients who were never treated with
IV CYC (median 1.46 ng/ml versus 1.85 ng/ml). Patients
who received more than 3 gm and up to 6 gm of IV CYC
(mean 6 SD 5.54 6 0.85 gm) had a median serum level of
AMH of 2.75 ng/ml, which also was not statistically differ-
ent from that in the group not treated with IV CYC. Con-
versely, and as expected, patients who received more than
6 gm of IV CYC (mean 6 SD dose 9.49 6 4.02 gm) had
significantly lower serum titers of AMH compared with
patients who did not receive IV CYC (median 0.83 ng/ml;
P 5 0.047 by Mann-Whitney test).

Longitudinal analysis of serum titers of AMH.
In 10 patients treated with the Euro-Lupus IV CYC regi-
men, we had the opportunity to measure serum levels of
AMH before and after treatment. The median age-
adjusted serum titers of AMH did not differ (1.24 ng/ml
before and 2.50 ng/ml after; P 5 0.43 by Wilcoxon’s test).

DISCUSSION

The Euro-Lupus regimen of low-dose IV CYC,
which consists of 6 IV CYC pulses of 500 mg every

Table 1. Characteristics of the patients at the time of serum AMH
measurement*

Demographic data
Age, mean 6 SD years 35 6 7
Ethnicity

White European 72
African 7
Other 21

Disease duration, mean 6 SD years 10 6 7
Treatment

Prednisolone
Ever 94
Current 54
Dose, mean 6 SD mg† 10 6 8

Hydroxychloroquine
Ever 99
Current 88

IV CYC ever 35
Mycophenolate mofetil

Ever 30
Current 23

Azathioprine
Ever 48
Current 21

Methotrexate
Ever 15
Current 7

Current SLEDAI-2K, median (range) 2 (0–16)
Current SDI, median (range) 0 (0–7)

* Except where indicated otherwise, values are the percent. AMH 5
anti–M€ullerian hormone; IV CYC 5 intravenous cyclophosphamide;
SLEDAI-2K 5 Systemic Lupus Erythematosus Disease Activity Index
2000; SDI 5 Systemic Lupus International Collaborating Clinics/
American College of Rheumatology Damage Index.
† Calculated for patients currently receiving prednisolone.
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2 weeks (cumulative dose 3 gm), is prescribed as a
remission-inducing immunosuppressive treatment for
LN (3). This low-dose IV CYC regimen was developed
to reduce gonadal toxicity associated with higher doses,
such as those used in the regimen proposed by the NIH
(1,2). Although no case of early menopause after treat-
ment with the Euro-Lupus IV CYC regimen has been
reported, uncertainty persists regarding a marginal
effect on the ovarian reserve that could result, for exam-
ple, in earlier menopause.

For a long time, this specific issue has been diffi-
cult to address for 2 reasons. First, a very long-term
follow-up period is needed to ascertain whether gonadal
failure has occurred. Second, other factors may inter-
fere, such as maternal age at the time of menopause,
consistent with the wide variability of age at the time of
menopause in the general population. In this respect,
AMH testing has opened a new avenue for understand-
ing, because serum titers of this hormone, produced by
the granulosa of the small growing antral ovarian
follicles, correlate with follicle counts as determined by

ultrasonography, which is still the gold standard for
assessing the ovarian reserve (4). AMH is therefore con-
sidered a good marker of CYC-induced ovarian damage
in women with rheumatic diseases (9).

In the current study, using an AMH assay, we
demonstrate for the first time that the Euro-Lupus IV
CYC regimen does not impact the ovarian reserve
(a very welcome and reassuring piece of information),
which was anticipated but not proven so far. The cross-
sectional data were confirmed in a small longitudinal
cohort of SLE patients who were tested before and after
receiving treatment with the Euro-Lupus IV CYC regi-
men. According to the results of the current study, the
minimum gonadotoxic IV CYC cumulative dose was
likely to be .6 gm. This suggests that even 2 courses of
treatment with the Euro-Lupus regimen of low-dose IV
CYC could be safely administered over time without
affecting the ovarian reserve. In patients with LN, induc-
tion of a second course immunosuppressive treatment is
indeed often required, given the high relapse rate (10).
This 6-gm threshold is consistent with that observed in a

Table 2. Clinical features of the SLE patients at the time of serum AMH measurement, according to the cumulative dose
of IV CYC*

Clinical features
No IV CYC

(n 5 101)
IV CYC, 3 gm

(n 5 30)

IV CYC,
.3 but # 6 gm

(n 5 11)
IV CYC, .6 gm

(n 5 13)

Age, mean 6 SD years 35 6 8 34 6 6 32 6 8 39 6 6†
Disease duration, mean 6 SD years 8.72 6 6.78 9.14 6 5.19 11.14 6 5.28 15.52 6 8.78‡
BMI, mean 6 SD kg/m2 24.66 6 4.70 24.76 6 4.78 26.38 6 7.14 26.77 6 5.42
Hormonal contraception use 47 (52) 17 (57) 4 (50) 7 (70)
ACR criteria

Malar rash 32 (32)§ 17 (57) 7 (64) 7 (54)
Discoid rash 11 (11) 4 (13) 0 (0) 0 (0)
Photosensitivity 41 (41) 8 (27) 1 (9) 4 (31)
Oral ulcers 32 (32) 5 (17) 2 (18) 3 (23)
Nonerosive arthritis 71 (70) 18 (60) 4 (36) 9 (69)
Pleuritis or pericarditis 27 (27) 5 (17) 1 (9) 4 (31)
Renal disorder 24 (24)¶ 30 (100) 9 (82) 11 (85)
Neurologic disorder 4 (4)# 1 (3) 3 (27) 0 (0)
Hematologic disorder 83 (82) 26 (87) 10 (91) 13 (100)
Immunologic disorder 83 (82) 29 (97) 11 (100) 12 (92)
ANA positive 101 (100) 30 (100) 11 (100) 13 (100)

Time between last IV CYC dose
and AMH measurement,
mean 6 SD years

NA 6.35 6 4.69 4.10 6 3.09 9.68 6 6.70#

SDI, median (range) 0 (0–3) 0 (0–7) 0 (0–1) 1 (0–5)**
Age-adjusted serum titer of AMH,

median ng/ml
1.85 1.46 2.75 0.83

* Except where indicated otherwise, values are the percent. P values were calculated by unpaired t-test, Mann-Whitney test,
or Fisher’s exact test, as appropriate. SLE 5 systemic lupus erythematosus; AMH 5 anti–M€ullerian hormone; BMI 5 body
mass index; ANA 5 antinuclear antibody; SDI 5 Systemic Lupus International Collaborating Clinics/American College of
Rheumatology (ACR) Damage Index.
† P , 0.05 versus no intravenous cyclophosphamide (IV CYC), 3 gm IV CYC, and .3 but # 6 gm IV CYC.
‡ P , 0.005 versus no IV CYC and 3 gm IV CYC.
§ P , 0.05 versus 3 gm IV CYC and .3 but # 6 gm IV CYC.
¶ P , 0.0005 versus 3 gm IV CYC, .3 but # 6 gm IV CYC, and .6 gm IV CYC.
# P , 0.05 versus .3 but # 6 gm IV CYC.
** P , 0.001 versus no IV CYC.
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study by Mok et al, which showed that in patients ages 30
years and younger, a cumulative CYC dose cutoff of 5.9
gm yielded a sensitivity of 0.75 and a specificity of 0.80
for the prediction of undetectable AMH on receiver
operating curve analysis; the area under the curve was
0.88 (5). Of note, 29 of the 48 CYC-treated patients
tested in that study had received oral CYC, whereas our
patients were treated exclusively with IV CYC (or were
not treated with IV CYC).

We examined the possibility that factors other
than the cumulative IV CYC dose might have influenced
serum titers of AMH in our cohort. First, the well-
known effect of aging on lowering AMH levels was taken
into account by age adjustment of the measured serum
values. Second, pregnant patients were excluded, because
AMH titers decrease during pregnancy (11). Third, it has
been suggested that SLE per se is associated with lower
AMH titers, regardless of CYC exposure, disease dura-
tion, and disease activity (12). Because all of the patients
in the current study had SLE, a potential “disease effect”
cannot explain the differences between the IV CYC

groups. Of note, within the group of patients who were
not treated with IV CYC, in whom a relatively large range
of serum AMH values was observed, we could not identify
any correlation with clinical or biologic data (not shown).
Fourth, no difference in the mean BMI was observed
between IV CYC groups, thereby making it unlikely that
differences in serum AMH titers were related to BMI.

Although the serum level of AMH is a good
quantitative biomarker of the ovarian reserve, it does not
allow for the prediction of fertility in either the general
population or in SLE patients. As shown by Morel et al,
CYC-treated SLE patients had significantly lower mean
serum titers of AMH, but no correlation with the proba-
bility of subsequent pregnancy was observed (6). In our
study, the percentage of patients who had at least one
successful pregnancy after receiving IV CYC treatment
(30%, 9%, and 38% in the 3 gm, .3 but #6 gm, and .6
gm groups, respectively) did not statistically differ from
that observed in patients who were not exposed to IV
CYC (46%). Of note, these values were obtained in the
entire cohort, irrespective of a woman’s desire to become
pregnant or potential contraindications to pregnancy
such as a renal flare. In this respect, it should be stressed
that serum titers of AMH not be used for family plan-
ning counseling, because many other factors contribute
to fertility.

Actually, the purpose of this study was not to
evaluate the impact of the Euro-Lupus regimen of low-
dose IV CYC on fertility, a much more complex issue,
but rather the impact on the ovarian reserve. On the
whole, the data presented here demonstrate that the
Euro-Lupus low-dose IV CYC regimen can be proposed
as treatment for SLE patients trying to become
pregnant.

AUTHOR CONTRIBUTIONS

All authors were involved in drafting the article or revising it
critically for important intellectual content, and all authors approved
the final version to be published. Dr. Houssiau had full access to all of
the data in the study and takes responsibility for the integrity of the
data and the accuracy of the data analysis.
Study conception and design. Tamirou, Nieuwland Husson, Houssiau.
Acquisition of data. Tamirou, Nieuwland Husson, Gruson, Houssiau.
Analysis and interpretation of data. Tamirou, Gruson, Debiève,
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10. El Hachmi M, Jadoul M, Lefèbvre C, Depresseux G, Houssiau
FA. Relapses of lupus nephritis: incidence, risk factors, serology
and impact on outcome. Lupus 2003;12:692–6.

11. Pankhurst MW, Clark CA, Zarek J, Laskin CA, McLennan IS. Changes
in circulating ProAMH and total AMH during healthy pregnancy and
post-partum: a longitudinal study. PloS One 2016;11:e0162509.

12. Lawrenz B, Henes J, Henes M, Neunhoeffer E, Schmalzing M,
Fehm T, et al. Impact of systemic lupus erythematosus on ovar-
ian reserve in premenopausal women: evaluation by using anti-
Muellerian hormone. Lupus 2011;20:1193–7.

SERUM TITERS OF AMH AFTER EURO-LUPUS IV CYC TREATMENT 1271



ARTHRITIS & RHEUMATOLOGY

Vol. 69, No. 6, June 2017, pp 1272–1279

DOI 10.1002/art.40057

VC 2017, American College of Rheumatology

Effect of Corticosteroids and Cyclophosphamide on
Sex Hormone Profiles in Male Patients With

Systemic Lupus Erythematosus or Systemic Sclerosis
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Erik Hellbacher,3 Johan Wikner,4 Agneta Zickert,2 and Iva Gunnarsson2

Objective. Systemic lupus erythematosus (SLE)
and systemic sclerosis (SSc) are autoimmune diseases
that predominantly affect female patients, and therefore
fewer investigations have been conducted in men. The aim
of this study was to analyze sex hormone levels in male
patients with SLE and those with SSc, compared to
matched controls, in relation to the use of corticosteroids
and cyclophosphamide (CYC).

Methods. Sex hormone levels were measured in
fasting blood samples from male patients with SLE
(n 5 71) and those with SSc (n 5 29) and compared
to population-based, age-matched male controls. Rele-
vant hormone profiles were identified using cluster
analysis.

Results. Male SLE patients had higher levels of
luteinizing hormone (LH) (P < 0.0001) and more frequent
bioactive testosterone deficiency (P 5 0.02) than their
matched controls. The current dosage of prednisolone corre-
lated inversely with the levels of bioactive testosterone
(r 5 20.36, P 5 0.03). Cluster analysis identified a subset of
SLE patients with increased levels of follicle-stimulating
hormone, LH, and prolactin as well as lower levels of bioac-
tive testosterone (P < 0.0001) in relation to higher daily doses

of prednisolone. In male SSc patients, levels of testosterone
(P 5 0.03) and bioactive testosterone (P 5 0.02) were signifi-
cantly lower than those in matched controls. Use of CYC
during the previous year was associated with lower bioactive
testosterone levels in both SLE patients (P 5 0.02) and SSc
patients (P 5 0.01), after adjustment for age.

Conclusion. The results of this study highlight the
negative impact of corticosteroids on gonadal function in
men with SLE. Furthermore, use of CYC during the year
prior to study inclusion impaired bioactive testosterone
levels in male patients with either SLE or SSc. Physicians
should be more aware of the possibility of hypogonadism
in male patients with autoimmune diseases. The need for
hormonal supplementation remains to be formally evalu-
ated in these patients.

Systemic lupus erythematosus (SLE) is a chronic

systemic autoimmune disease that affects women at a dis-
proportionately high frequency (1). Female predominance

has also been observed in patients with systemic sclerosis
(SSc), but to a lesser extent (2). The causes of female pre-

dominance in autoimmune diseases are largely unknown,
but a strong influence of hormones and genetic factors has

been reported (3). The importance of these factors has
been extensively shown in men with Klinefelter’s syndrome

(47,XXY karyotype), a condition in men usually accompa-
nied by low testosterone levels and infertility, in whom the

prevalence of SLE is 14 times higher compared to those
with the 46,XY karyotype (4,5).

In addition to the role of genetics in contributing to
disturbances in sex hormones, the extent of disease activity
as well as treatments have been shown to influence circulat-
ing hormone levels. Negative effects of corticosteroids (CS)
on free testosterone levels have been reported in chronic
inflammatory disease (6) and respiratory disease (7,8),
while cyclophosphamide (CYC), an alkylating agent
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commonly used to treat severe manifestations of autoim-
mune disorders, is well known for its deleterious effects on
the gonads and the reproductive system, especially in
female patients with SLE and those with SSc (9).

The aim of the present study was to assess the levels
of sex hormones in male patients with SLE and those with
SSc as compared to age-matched male controls, and to ana-
lyze patterns of hormone levels in association with disease
activity, damage, and use of CS or CYC treatments.

PATIENTS AND METHODS

Study design and inclusion criteria. This cross-
sectional study included male patients with SLE who were being
followed up at the Department of Rheumatology and/or the
Department of Nephrology at Karolinska University Hospital. In
addition, male patients with SSc from the population-based SSc
cohort being followed up at the Department of Rheumatology at
Karolinska University Hospital were also included. All of the
patients with SLE fulfilled the 1982 revised classification criteria
for SLE (10) or the Systemic Lupus International Collaborating
Clinics (SLICC) 2012 criteria (11). For the diagnosis of SSc, the
American College of Rheumatology/European League Against
Rheumatism 2013 criteria were used (12). Patients receiving hor-
mone replacement therapy at the time of study inclusion (n 5 4
patients with SLE and n 5 1 patient with SSc) were excluded
from the study. Randomly selected age-matched men from the
Swedish Population Registry were recruited as controls for the
SLE and SSc patients. Ethics permission was obtained from the
Regional Ethical Review Board in Stockholm, Sweden, and all
patients and controls provided written informed consent.

Definitions and clinical data collection. In SLE
patients, disease activity at the time of blood sampling was
assessed using both the Systemic Lupus Activity Measure, Revised
(SLAM-R) (13) and the SLE Disease Activity Index 2000
(SLEDAI-2K) (14). Organ damage was determined according to
the SLICC Damage Index (SDI) (15).

In SSc patients, disease activity was evaluated using the
European Scleroderma Study Group (ESSG) preliminary criteria
for disease activity (16), and organ damage was assessed using
the Medsger scale of disease damage (17). Severity of skin disease
was assessed using the modified Rodnan skin thickness score
(18), and SSc patients were classified as having either limited
cutaneous SSc or diffuse cutaneous SSc according to the LeRoy
and Medsger classification (19). Pulmonary fibrosis was defined
as signs of fibrosis on high-resolution computed tomography.

For all patients, the body mass index (BMI), current use
of prednisolone, and previous or current use of CYC (total dose
in gm) were recorded at the time of study inclusion, after review of
the medical charts. In addition, the presence of abnormal potency
was determined based on patients’ responses to a direct question
at the inclusion interview. Depression was recorded as ever pres-
ent, i.e., if the patients were ever treated with antidepressant medi-
cation. In patients with SLE, osteoporosis severity was defined
according to the SDI (15). In patients with SSc, bone mineral den-
sity was investigated with dual x-ray absorptiometry scans of the
lumbar spine (L1–L4) and the left and/or right hip. Osteoporosis
was diagnosed if the patient had a T score of less than or equal to
22.5 SD in any investigated location.

Blood sample collection and laboratory methods.
All blood samples were obtained from patients after overnight
fasting, before 10:00 AM on the day of inclusion in the study.
The samples were then frozen at 2808C and stored until ana-
lyzed. Serum creatinine levels were measured through stan-
dard laboratory methods, and renal function was estimated
with the Modification of Diet in Renal Disease (MDRD)
score, which was calculated with the standard MDRD formula
(20). Total cholesterol levels were measured using an LX20
chemistry analyzer (Beckman Coulter) in accordance with rou-
tine clinical practice.

Hormone levels were measured in the laboratory at
Karolinska University. Specifically, levels of testosterone (i.e., total
testosterone), bioactive testosterone (i.e., not bound to sex
hormone–binding globulin [SHBG]), SHBG, and prolactin were
measured with chemiluminescent immunoassays using a UniCel
DXL 800, in accordance with the manufacturer’s instructions
(Beckman Coulter). Levels of follicle-stimulating hormone (FSH)
and luteinizing hormone (LH) were measured with fluorescence
immunoassays (PerkinElmer). Hormonal abnormalities were
defined according to the Karolinska University laboratory refer-
ence ranges for FSH (range 1.0–12.5 units/liter), LH (range 1.2–9.6
units/liter), SHBG (range 10–30 nmoles/liter), prolactin (range 56–
278 mIU/liter), total testosterone (range 10–30 nmoles/liter), and
bioactive testosterone (range 6.3–16 nmoles/liter for those ages 20–
49 years, and 4.4–14 nmoles/liter for those ages $50 years).

Statistical analysis. Descriptive data are presented as
the median (range) or count (percentage). Correlations between
non–normally distributed data were analyzed using Spearman’s
correlation coefficients. Comparisons of dichotomous variables
between independent samples were performed using the chi-
square test, or the Fisher’s exact test when appropriate. Compari-
sons of continuous variables between independent samples with
non-normal distribution were performed using the nonparamet-
ric Mann-Whitney U test. Multivariate regression models were
built to adjust the associations of interest for the levels of serum
creatinine or the use of CYC. Sex hormone profiles were studied
by hierarchical cluster analysis of the levels of FSH, LH, prolac-
tin, SHBG, and bioactive testosterone, using Ward’s method.
Comparison of secondary outcomes known to be influenced by
sex hormones (BMI, potency, cholesterol levels, depression, oste-
oporosis) was performed between the various groups of interest.
All tests were bilateral, and P values less than 0.05 were consid-
ered statistically significant. Statistical analyses were performed
using JMP8 (SAS Institute).

RESULTS

Comparison of hormone levels between SLE
patients and their matched controls. A total of 71 male
patients with SLE (median age 49 years, range 19–79 years)
were included in the study. Characteristics of these SLE
patients and their 25 population-based, age-matched male
controls were similar (Table 1), except for a higher propor-
tion of ever smokers among the SLE patients (P 5 0.048).
In SLE patients, the median SLAM-R score was 5 (range
0–19), the median SLEDAI-2K score was 2 (range 0–20),
and the median SDI was 1 (range 0–6). Forty-three SLE
patients (60.6%) had a history of lupus nephritis.
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Comparison of sex hormone levels revealed that
the levels of LH were significantly higher in SLE patients
than in matched controls (P , 0.0001). However, the levels
of FSH, prolactin, SHBG, and testosterone were similar
between the SLE patients and matched controls (Table 2).

The median age of the patients with SLE did not
correlate with the levels of LH (Spearman’s r 5 0.19,
P 5 0.11). However, age was negatively correlated with the
levels of bioactive testosterone (i.e., its fraction not bound
to SHBG) in SLE patients (r 5 20.52, P , 0.0001). More-
over, creatinine levels correlated with prolactin levels in
SLE patients (r 5 0.28, P 5 0.02).

Compared to age-matched male controls, bioactive
testosterone deficiency was significantly more frequent
among SLE patients (P 5 0.02) (Table 2), whereas the fre-
quencies of increased levels of FSH, LH, and prolactin
were similar in both groups. Furthermore, with regard to
the combined finding of high levels of LH and low levels
of bioactive testosterone, we observed no difference in fre-
quency between SLE patients and their matched controls
(P 5 0.33). Notably, high levels of LH and high levels of
prolactin were found only among SLE patients, at a fre-
quency of 14.1% and 7%, respectively.

We also compared secondary outcomes known to
be influenced by sex hormones (BMI, potency, total cho-
lesterol levels, depression, osteoporosis) between SLE
patients and their matched controls. The findings revealed
no significant differences in any of these secondary out-
comes (see Supplementary Document 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40057/abstract).

Effect of hormone levels on disease activity and
damage in SLE patients. In SLE patients, the SLAM-R
score was correlated with the levels of LH (Spearman’s
r 5 0.35, P 5 0.003). Moreover, the SLAM-R score was
inversely correlated with the levels of SHBG (r 5 20.29,
P 5 0.01), levels of testosterone (r 5 20.34, P 5 0.004),
and levels of bioactive testosterone (r 5 20.27, P 5 0.02).
No correlation with the levels of FSH or prolactin was
found (data not shown). We observed no associations
between hormone levels and the SLEDAI-2K score. Con-
versely, the SDI was associated with the levels of prolactin
(P 5 0.0003) and inversely associated with the levels of

Table 1. Baseline characteristics of the patients with SLE and their
matched controls*

SLE
patients
(n 5 71)

Matched
controls
(n 5 25) P

Male 71 (100) 25 (100) 1.00
Age, median (range) years 49 (19–79) 50 (23–70) 0.68
Ever smoker 39 (55) 8 (32) 0.048
Creatinine, median (range)

mmoles/liter
82 (45–1,059) 81 (14–96) 0.21

Diabetes 3 (4) 0 (0) 0.30
Prednisolone dosage, median

(range) mg/day
5.0 (0–40) 0 (0–7.5) ,0.0001

Cyclophosphamide
Use within last 12 months 3 (4.2) – –
Ever use 26 (36.6) – –
Cumulative dose, median

(range) gm
0 (0–27) – –

* Except where indicated otherwise, values are the number (%) of
subjects. SLE 5 systemic lupus erythematosus.

Table 2. Sex hormone profiles in patients with SLE and their matched controls*

SLE patients
(n 5 71)

Matched controls
(n 5 25) P

FSH
Levels, median (range) units/liter 4.2 (1.2–30) 3.6 (1.9–16) 0.23
High FSH (.12.5 units/liter), no. (%) 11 (15.5) 1 (4) 0.18

LH
Levels, median (range) units/liter 4.6 (1.3–20) 2.7 (1.6–7.1) ,0.0001
High LH (.9.6 units/liter), no. (%) 10 (14.1) 0 (0) 0.06

Prolactin
Levels, median (range) mIU/liter 161 (23–1,022) 153 (47–339) 0.18
High prolactin (.278 mIU/liter), no. (%) 5 (7.0) 0 (0) 0.32

SHBG, median (range) nmoles/liter 32.0 (11–108) 29.0 (8.2–61) 0.33
Testosterone

Levels, median (range) nmoles/liter 11.0 (4.0–32) 13.0 (3.4–27) 0.78
Low testosterone (,10 nmoles/liter), no. (%) 23 (32.4) 7 (28.0) 0.68

Bioactive testosterone
Levels, median (range) nmoles/liter 6.3 (2.9–13) 7.2 (2.7–11) 0.20
Low bioactive testosterone, no. (%)† 24 (34) 2 (8) 0.02

* SLE 5 systemic lupus erythematosus; FSH 5 follicle-stimulating hormone; LH 5 luteinizing hormone;
SHBG 5 sex hormone–binding globulin.
† Defined as ,6.3 nmoles/liter for those ages 20–49 years and ,4.4 nmoles/liter for those age $50
years.
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testosterone (P 5 0.04) and levels of bioactive testosterone
(P 5 0.003). However, the latter 2 associations did not
remain significant after adjustment for age.

Cluster analysis of hormone profiles in SLE
patients and their matched controls. Cluster analysis of
the levels of FSH, LH, prolactin, SHBG, and bioactive tes-
tosterone in SLE patients and their matched controls
allowed identification of 2 main clusters of subjects,
namely, cluster A (n 5 80) and cluster B (n 5 16) (see Sup-
plementary Document 2A, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40057/abstract). Compared to cluster A,
cluster B comprised a higher proportion of SLE patients
(n 5 15 [93.8%]), and those in cluster B had a higher
median age (P 5 0.03), higher levels of creatinine
(P 5 0.002), FSH (P , 0.0001), LH (P , 0.0001), and pro-
lactin (P 5 0.008), and lower levels of bioactive testoster-
one (P , 0.0001) (Table 3). Of note, the dosage of
prednisolone was higher in cluster B (P 5 0.005), whereas
no difference between clusters was observed for previous
use and total dose of CYC (Table 3). Comparison of second-
ary outcomes between cluster A and cluster B revealed no
significant differences (Supplementary Document 1, http://
onlinelibrary.wiley.com/doi/10.1002/art.40057/abstract).

Furthermore, cluster analysis of the same hor-
mones limited to only SLE patients allowed identifica-
tion of 2 main clusters of patients, namely, cluster C
(n 5 55) and cluster D (n 5 16) (Supplementary Docu-
ment 2B, http://onlinelibrary.wiley.com/doi/10.1002/art.
40057/abstract). Cluster D comprised SLE patients
whose median age was higher than that of patients in
cluster C (P 5 0.02). Moreover, compared to cluster C,

those in cluster D had higher levels of creatinine
(P 5 0.003), FSH (P , 0.0001), LH (P , 0.0001), and
prolactin (P 5 0.01), and lower levels of bioactive testos-
terone (P , 0.0001) (Supplementary Document 3, avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40057/abstract).
The proportion of patients with a history of lupus nephri-
tis, as well as the SLAM, SLEDAI-2K, and SDI scores,
were similar between cluster C and cluster D. Of note, the
dosage of prednisolone was higher in cluster D (P 5 0.04),
whereas no difference between these 2 clusters was
observed for previous use and total dose of CYC (Supple-
mentary Document 3, http://onlinelibrary.wiley.com/doi/
10.1002/art.40057/abstract). Comparison of secondary out-
comes between cluster C and cluster D revealed no signifi-
cant differences (Supplementary Document 1, http://
onlinelibrary.wiley.com/doi/10.1002/art.40057/abstract).

Comparison of hormone levels between SSc
patients and their matched controls. Baseline charac-
teristics of the 29 male patients with SSc and their 17
matched male controls were similar (Table 4). Compari-
son of sex hormone levels between the SSc patients and
matched controls revealed lower levels of testosterone
(P 5 0.03) and bioactive testosterone (P 5 0.02) in the
SSc patients, whereas the median levels of FSH, LH,
prolactin, and SHBG were similar between SSc patients
and controls (Table 5). The median age of the SSc
patients did not correlate with the levels of testosterone
(Spearman’s r 5 0.02, P 5 0.93) or levels of bioactive tes-
tosterone (r 5 20.29, P 5 0.12). Moreover, in SSc
patients, the levels of creatinine were associated with
the levels of prolactin (P , 0.0001).

Table 3. Characteristics and sex hormone profiles of the subjects (SLE patients and matched controls) in
cluster A and cluster B*

Cluster A
(n 5 80)

Cluster B
(n 5 16) P

SLE patients, no. (%) 56 (70.0) 15 (93.8) 0.06
Age, median (range) years 46.5 (19–79) 59.5 (25–74) 0.03
Creatinine, median (range) mmoles/liter 80.5 (14–1,059) 97.0 (55–607) 0.002
MDRD score, median

(range) ml/minute/1.732
90.5 (4–149) 75.5 (8–131) 0.002

FSH, median (range) units/liter 3.6 (1.2–11) 16.0 (1.9–30) ,0.0001
LH, median (range) units/liter 3.6 (1.3–14) 9.1 (1.5–20) ,0.0001
Prolactin, median (range) mIU/liter 151.3 (23.3–508.8) 224.5 (101.8–1,022) 0.008
SHBG, median (range) nmoles/liter 31.5 (8.2–108) 33 (11–38) 0.25
Testosterone, median (range) nmoles/liter 13 (3.4–32.0) 8.6 (4–18) 0.0001
Bioactive testosterone, median (range) nmoles/liter 6.9 (2.7–13.0) 4.25 (2.9–8.5) ,0.0001
Prednisolone dosage, median (range) mg/day 0 (0–40) 8.7 (0–40) 0.005
Cyclophosphamide

Use within last 12 months, no. (%) 1 (1.79) 2 (13.3) 0.11
Ever use, no. (%) 19 (33.9) 7 (46.7) 0.36
Cumulative dose, median (range) gm 0 (0–27) 0 (0–26.4) 0.07

* SLE 5 systemic lupus erythematosus; MDRD 5 Modification of Diet in Renal Disease; FSH 5 follicle-
stimulating hormone; LH 5 luteinizing hormone; SHBG 5 sex hormone–binding globulin.
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Bioactive testosterone deficiency was signifi-
cantly more frequent in SSc patients than in their con-
trols (P 5 0.03), whereas the frequencies of increased
levels of FSH, LH, and prolactin were similar between
the 2 groups (Table 5). Furthermore, we observed no
significant difference in frequency of the combined find-
ing of high LH levels and low bioactive testosterone

levels between SSc patients and their matched controls
(P 5 1.00). Comparison of secondary outcomes known
to be influenced by sex hormones between SSc patients
and their controls revealed no significant differences
(Supplementary Document 1, http://onlinelibrary.wiley.
com/doi/10.1002/art.40057/abstract).

Effect of hormone levels on severity, disease
activity, and damage in SSc patients. We observed no
association between the levels of sex hormones and SSc
subtypes, modified Rodnan skin thickness score, or his-
tory of digital ulcers (data not shown). Of note, SSc
patients with pulmonary fibrosis had significantly higher
levels of FSH (P 5 0.02).

Interestingly, the ESSG disease activity score in
patients with SSc was associated with the levels of FSH
(P 5 0.002), the levels of LH (P 5 0.008), and low bioac-
tive testosterone levels (P 5 0.02), and this remained
significant after adjustment for use of CYC (P 5 0.004,
P 5 0.02, and P 5 0.01, respectively). Conversely, the
ESSG disease activity score was not associated with the
levels of prolactin (P 5 0.95) or SHBG (P 5 0.09). Fur-
thermore, the Medsger damage score was associated
with the levels of prolactin (P 5 0.004) and LH
(P 5 0.02), but after adjustment for the use of CYC,
only the association with levels of prolactin remained
significant (P 5 0.02).

Cluster analysis of hormone profiles in SSc
patients and their matched controls. Cluster analysis
based on the levels of FSH, LH, prolactin, SHBG, and
bioactive testosterone showed that SSc patients and
their matched controls shared various hormone profiles,

Table 5. Sex hormone profiles in patients with SSc and their matched controls*

SSc patients
(n 5 29)

Matched controls
(n 5 17) P

FSH
Levels, median (range) units/liter 3.8 (1.6–33) 5.5 (1.4–33) 0.84
High FSH (.12.5 units/liter), no. (%) 4 (13.8) (23.5) 0.44

LH
Levels, median (range) units/liter 3 (10.3) 1 (5.9) 1.00
High LH (.9.6 units/liter), no. (%) 4.4 (1.6–16) 3.3 (1.9–15) 0.43

Prolactin
Levels, median (range) mIU/liter 143 (55–1,663) 107 (65–243) 0.35
High prolactin (.278 mIU/liter), no. (%) 1 (3.4) 0 (0) 1.00

SHBG, median (range) nmoles/liter 36 (14–64) 39 (9.8–63) 0.79
Testosterone

Levels, median (range) nmoles/liter 10.0 (4.8–16.0) 13.0 (7.0–17.0) 0.03
Low testosterone (,10 nmoles/liter), no. (%) 12 (41.4) 4 (23.5) 0.34

Bioactive testosterone
Levels, median (range) nmoles/liter 4.8 (2.2–7.2) 5.9 (2.4–8.2) 0.02
Low bioactive testosterone, no. (%)† 15 (52) 3 (18) 0.03

* SSc 5 systemic sclerosis; FSH 5 follicle-stimulating hormone; LH 5 luteinizing hormone; SHBG 5 sex
hormone–binding globulin.
† Defined as ,6.3 nmoles/liter for those ages 20–49 years and ,4.4 nmoles/liter for those age $50
years.

Table 4. Baseline characteristics of the patients with SSc and their
matched controls*

SSc
patients
(n 5 29)

Matched
controls
(n 5 17)

Age, median (range) years 60 (38–80) 61 (41–86)
Disease duration, median

(range) years
4.9 (0.9–23.9) –

dcSSc 8 (27.6) –
History of digital ulcers 13 (44.8) –
ESSG disease activity index,

median (range)
0.5 (0–4) –

Medsger SSc damage score,
median (range)

5 (1–13) –

Pulmonary fibrosis 12 (41.4) –
Diabetes 1 (3.4) 2 (11.8)
Ever smoker 17 (59) 14 (82)
Creatinine, median (range)

mmoles/liter
77 (66–575) 83 (62–269)

Cyclophosphamide
Use within last 12 months 2 (7) –
Ever use 9 (31) –
Cumulative dose, median

(range) gm
0 (0–25.1) –

* Except where indicated otherwise, values are the number (%) of subjects.
No significant differences were seen between the groups. SSc 5 systemic
sclerosis; dcSSc 5 diffuse cutaneous SSc; ESSG 5 European Scleroderma
Study Group.
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but the analysis did not allow identification of any dis-
tinctive cluster. Similarly, cluster analysis in which only
SSc patients were considered did not reveal any mean-
ingful hormone profile (see results in Supplementary
Documents 4A and B, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/
10.1002/art.40057/abstract).

Effects of CS use on hormone levels in patients
with SLE and patients with SSc. In SLE patients, the
daily dose of prednisolone correlated inversely with the
levels of testosterone (Spearman’s r 5 20.39, P 5 0.0008)
and levels of bioactive testosterone (r 5 20.36, P 5 0.03),
but not with any other hormones (data not shown). In
SSc patients, no correlation between prednisolone dosage
and sex hormone levels was observed.

Effects of CYC use on hormone levels in patients
with SLE and patients with SSc. Twenty-six (37%) of
the 71 male patients with SLE had been treated with CYC
during the course of the disease (median cumulative dose
of CYC 6.5 gm, range 0.5–27 gm), and 3 (4%) of the 71
patients had been given CYC during the last 12 months
(Table 1). The use of CYC during the 12 months prior to
study inclusion was associated with significantly lower lev-
els of bioactive testosterone in the SLE patients, after
adjustment for age (P 5 0.02).

Nine (31%) of the 29 male patients with SSc had
been treated with CYC during the course of the disease
(median cumulative dose 8.7 gm, range 3.6–25.1 gm), of
whom 2 (7%) were treated during the last 12 months. Simi-
larly, the use of CYC during the 12 months prior to study
inclusion was significantly associated with lower levels of
bioactive testosterone in SSc patients, after adjustment for
age (P 5 0.01).

DISCUSSION

In the current study, we investigated sex hormone
levels in male patients with 2 systemic autoimmune diseases
characterized by a high female predominance. We found
that the LH levels were significantly elevated among the
male patients with SLE, and observed significant bioactive
testosterone deficiencies in both the male patients with
SLE and those with SSc, as compared to age-matched male
controls. Using cluster analysis, we were able to character-
ize 2 main hormone patterns in SLE patients, and unveiled
the association of one of these patterns with high frequency
of CS use. Our analysis also revealed significant associa-
tions between sex hormone levels and disease activity and
damage in both SLE and SSc. Furthermore, the dosage of
prednisolone correlated inversely with the levels of testos-
terone and bioactive testosterone in SLE patients. Finally,
treatment with CYC during the last 12 months before study

entry was associated with testosterone deficiency in both
SLE patients and SSc patients. These results further high-
light the negative impact of CS in SLE, and also suggest
that the gonadal toxicity of CYC, used at the doses recom-
mended for autoimmune diseases, is not restricted to
female patients.

Data regarding levels of sex hormones in male SLE
patients are scarce, but the findings suggest a frequent dys-
function of the LH–FSH–testosterone axis (21). Previous
studies (22,23) have demonstrated increased levels of FSH
and LH in male SLE patients, but those findings were dis-
crepant regarding testosterone levels. Importantly, only
total testosterone was assessed in these studies, which may
not reflect the effects of the bioactive (not bound to
SHBG) testosterone fraction (22). Consistent with these
findings, we observed that the levels of LH were signifi-
cantly increased in male SLE patients as compared to con-
trols, and also observed a significant deficit of bioactive
testosterone in male SLE patients, at the group level.
Based on our understanding of the physiology of the
hypothalamic–pituitary–gonadal axis, a possible explana-
tion for this finding is the presence of a partially compen-
sated testosterone deficiency, in which testosterone levels
are maintained by increased levels of LH (24). Conversely,
we did not confirm the previously reported finding of gen-
erally increased prolactin levels in male SLE patients
(21,25), but our results did corroborate the association of
prolactin with creatinine levels (26). Therefore, differences
in baseline renal function between our patients and those
from previous studies (21,25) may account for the differ-
ences in prolactin levels observed.

In male SSc patients, we observed significantly
lower levels of both total testosterone and bioactive testos-
terone, as compared to age-matched controls. Two previ-
ous studies (27,28) did not detect any alteration in sex
hormone levels in male SSc patients, but those studies were
limited by their sample size, while another study (29)
showed that the levels of testosterone and SHBG were
higher in male SSc patients compared to controls. This may
be attributable to differences in sample size and inclusion
criteria, since one of the studies (27) included patients with
rheumatoid arthritis among the controls, and excluded SSc
patients based on the presence of additional comorbidities,
including 1 patient with Klinefelter’s syndrome.

To further explore the clinical impact of sex hor-
mones over the course of SLE and SSc, we studied the
associations between hormone levels and validated indices
of disease activity and damage. A previous study in SLE
(22) indicated that the prolactin/testosterone fraction cor-
related with disease activity as estimated by the SLEDAI-
2K score. In our study, we observed significant correlations
between the levels of LH, SHBG, testosterone, and
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bioactive testosterone and the disease activity as assessed
by the SLAM-R index. Although the SLAM-R and
SLEDAI-2K scores were correlated (data not shown), we
did not observe any association between hormone levels
and the SLEDAI-2K score. The fact that the SLAM-R
score, but not the SLEDAI-2K score (30), better captures
subjective findings such as fatigue, which have been linked
to testosterone levels (31), may have contributed at least in
part to our result.

In SSc, we observed an association between the
levels of FSH, LH, prolactin, and bioactive testosterone
and disease activity as assessed by the ESSG disease
activity index. We also observed an association between
prolactin levels and disease damage in patients with
SSc. Taken together, these results further suggest a role
of sex hormones over the course of SLE and SSc.

We were able to expand previous findings by study-
ing not only the levels of individual hormones but also
their combined patterns, using cluster analysis. We found
2 main hormone patterns in male SLE patients. One of
these (cluster D) was characterized by significantly
increased levels of the pituitary hormones FSH, LH, and
prolactin, along with significantly decreased bioactive tes-
tosterone levels. Importantly, these SLE patients had been
receiving higher daily doses of prednisolone than had SLE
patients in the other cluster, which further highlights the
deleterious impact of CS use in SLE. Furthermore, they
had significantly increased creatinine levels, which further
strengthens the relationship between renal function and
prolactin levels in SLE (26).

Finally, one of the main findings of our study was
the relationship between the use of immunosuppressive
drugs and subsequent bioavailable testosterone deficiency
in male patients with autoimmune diseases. Results of
previous studies have suggested that treatment with CS
may decrease testosterone levels in chronic inflammatory
and respiratory diseases (7,8), and we herein confirmed
this suppressive effect of CS on testosterone levels in SLE
patients. Furthermore, we showed that treatment with
CYC during the last 12 months before study entry was
associated with significant testosterone deficiency in both
SLE patients and SSc patients, even after adjustment for
age. Although we are not seeking to make a case against
the use of CS or CYC when indicated in SLE, we do
believe that physicians should be more aware of the hor-
monal impact of these treatments, not only in female
patients but also in male patients.

In the general population, primary hypogonadism
tends to be more frequent among older male patients, even
though no evidence was found for a further decrease in
mean total testosterone levels with increasing age (32). Sim-
ilarly, testosterone might have to be added to therapeutic

regimens in male patients with SLE, in whom the levels of
bioactive testosterone are critically low. Interestingly, in a
pilot study of male patients receiving CYC (33), the small
subgroup who were given depotestosterone supplementa-
tion were found to have both higher sperm counts and tes-
tosterone levels after therapy compared to nontreated
individuals. Given the impact on testosterone levels and the
potential risk of reduced fertility following CYC treatment
(9), the effect of a limited period of testosterone supple-
mentation remains to be formally evaluated during CYC
therapy both in patients with SLE and in patients with SSc.

A major strength of the study is that blood sample
collection was fully standardized to collection of fasting
samples obtained before 10 AM, which is appropriate for
most laboratory tests for hormones. However, prolactin
levels peak around the time of waking up and do not nor-
malize until about 3 hours later. Thus, we cannot exclude
the possibility that for some participants, the blood sam-
ple may have been obtained ,3 hours after waking up.

Limitations of the study include its sample size,
particularly the limited number of patients receiving CYC
during the 12 months before inclusion, which may impair
the generalizability of our findings. Nevertheless, our study
is one of the largest of its kind, and demonstrates that hor-
mone abnormalities may be a common feature among
men with systemic inflammatory diseases.

In summary, we observed more frequent bioactive
testosterone deficiencies in male patients with SLE and
those with SSc as compared to controls. The dosage of
prednisolone correlated inversely with the levels of testos-
terone and bioactive testosterone in SLE patients, which
further highlights the negative impact of CS treatment in
SLE. Furthermore, CYC treatment during the 12 months
prior to study inclusion was associated with testosterone
deficiency in both SLE patients and SSc patients. With
this knowledge, physicians should be more aware of the
possibility of hypogonadism in male patients with auto-
immune diseases treated with CS or CYC, and thus be
more attentive to the various symptoms of testosterone
deficiency. The need for hormonal supplementation
remains to be formally evaluated in SLE patients with crit-
ically low levels of bioactive testosterone.
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Objective. Diffuse alveolar hemorrhage (DAH) in
lupus patients confers >50% mortality, and the cause is
unknown. We undertook this study to examine the patho-
genesis of DAH in C57BL/6 mice with pristane-induced
lupus, a model of human lupus-associated DAH.

Methods. Clinical/pathologic and immunologic
manifestations of DAH in pristane-induced lupus were
compared with those of DAH in humans. Tissue distri-
bution of pristane was examined by mass spectrometry.
Cell types responsible for disease were determined by
in vivo depletion using clodronate liposomes and anti-
neutrophil monoclonal antibodies (anti–Ly-6G). The
effect of complement depletion with cobra venom factor
(CVF) was examined.

Results. After intraperitoneal injection, pristane
migrated to the lung, causing cell death, small vessel vas-
culitis, and alveolar hemorrhage similar to that seen in
DAH in humans. B cell–deficient mice were resistant to
induction of DAH, but susceptibility was restored by
infusing IgM. C32/2 and CD182/2 mice were also resis-
tant, and DAH was prevented in wild-type mice by CVF.
Induction of DAH was independent of Toll-like receptors,
inflammasomes, and inducible nitric oxide. Mortality
was increased in interleukin-10 (IL-10)–deficient mice,
and pristane treatment decreased IL-10 receptor expres-
sion in monocytes and STAT-3 phosphorylation in lung

macrophages. In vivo neutrophil depletion was not pro-
tective, while treatment with clodronate liposomes pre-
vented DAH, which suggests that macrophage activation
is central to DAH pathogenesis.

Conclusion. The pathogenesis of DAH involves
opsonization of dead cells by natural IgM and comple-
ment followed by complement receptor–mediated lung
inflammation. The disease is macrophage dependent,
and IL-10 is protective. Complement inhibition and/or
macrophage-targeted therapies may reduce mortality in
lupus-associated DAH.

Although frequently unrecognized, lung disease
occurs in half of patients with systemic lupus erythema-
tosus (SLE). Manifestations include pleuritis, pulmo-
nary hypertension, and interstitial lung disease (1).
Only ;3% of SLE patients develop diffuse alveolar
hemorrhage (DAH), but it is a significant problem with
.50% mortality (2,3). Clinical features include hemop-
tysis, falling hemoglobin levels, and a strong association
with lupus nephritis (3,4). Pathologic examination
reveals hemosiderin-laden macrophages, bland hemor-
rhage, and/or pulmonary capillaritis (3). The pathogen-
esis remains unclear.

C57BL/6 (B6) mice with pristane-induced lupus
develop DAH manifested by alveolar and perivascular
inflammation (capillaritis, small vessel vasculitis), hemor-
rhage, endothelial injury, and infiltration of macrophages,
neutrophils, lymphocytes, and eosinophils (5,6). Anti-
neutrophil cytoplasmic antibodies (ANCAs) are absent
(6). Recruitment of macrophages and neutrophils pre-
cedes hemorrhage, starting 3 days after pristane injec-
tion and peaking at 2 weeks (7). DAH is independent of
myeloid differentiation factor 88 (MyD88), Toll-like
receptor 7 (TLR-7), Fcg receptor, Fas, and T cells, but
immunoglobulin-deficient (mMT) mice (7) are resistant.
The present studies were carried out to further define
the pathogenesis of DAH in this model.
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MATERIALS AND METHODS

Mice and pristane treatment. Mice were bred
and maintained under specific pathogen–free conditions.
Female 10–12-week-old B6, B6.129S2-Ighmtm1Cgn/J (mMT),
B6.129P2-Il10tm1Cgn/J (interleukin-10–deficient [IL-102/2]),
B6.129X1-Elanetm1Sds/J (elastase-deficient), B6.129S4-C3tm1Crr/J
(C32/2), B6.129S7-Itgb2tm1Bay/J (CD182/2), B6(Cg)-Ifnar1tm1.2Ees/J
(interferon-a/b/v receptor–deficient [IFNAR2/2]), B6N.129S2-
Casp1tm1Flv/J (caspase 1–deficient), and B6.129P2-Nos2tm1Lau/J
(type 2 nitric oxide synthase–deficient [NOS22/2]) mice were
from The Jackson Laboratory. C57BL/6J-Ticam1Lps2/J (TrifLps2;
TRIF2/2) and B6.129P2(SJL)-Myd88tm1.1Defr/J (MyD882/2)
mice were bred at the University of Florida. To induce lupus,
0.5 ml of pristane (Sigma-Aldrich) was administered intraperi-
toneally (IP). Controls were left untreated. Peritoneal exudate
cells were collected by lavage. In some experiments, broncho-
alveolar lavage (BAL) was performed. After mice were eutha-
nized, a small incision was cut in the trachea and the alveolar
spaces were lavaged with 1 ml of phosphate buffered saline
(PBS). Cells collected by BAL were resuspended in RPMI
1640 plus 10% fetal bovine serum (FBS) and incubated at
37�C for 1 hour before treating with IL-10 (1 ng/ml). After a
15-minute incubation, the cells were fixed, permeabilized,
surface stained with anti-CD11b antibodies, and stained intra-
cellularly with anti–phospho–STAT-3 antibodies as described
below. These studies were approved by the Institutional Ani-
mal Care and Use Committee.

Immunoglobulin infusion in mMT mice. Similar to
IFN production in pristane-treated mice (8), ischemia-
reperfusion injury in mice is mediated by the early classical
complement cascade and natural IgM (9). Human natural
IgM is as effective as murine IgM at inducing ischemia-
reperfusion injury (10). In light of these observations and in
view of the relative ease of obtaining human IgM versus mouse
IgM, the requirement for immunoglobulin in DAH was evalu-
ated by administering purified human IgM (50 or 200 mg/
mouse; Sigma-Aldrich), murine IgG (200 mg/mouse; Sigma-
Aldrich), or PBS intravenously (IV) to mMT mice 1 day before
and 7 days after pristane treatment. DAH was assessed at 14
days.

Cobra venom factor (CVF) treatment. Mice were
treated with 10 mg CVF (CompTech) IP 1 day before and 7
days after pristane treatment. C3 depletion was monitored by
enzyme-linked immunosorbent assay using anti-C3 antibodies
(Bioss). DAH was assessed at 14 days.

Lung pathology. Formalin-fixed, paraffin-embedded
archived lung biopsy tissue from a 19-year-old woman with
lupus nephritis who had developed massive hemoptysis and
DAH was sectioned (4 mm) and stained with hematoxylin and
eosin (H&E). Pristane-treated mice were euthanized at 14
days, and lungs were fixed in formalin. DAH was evaluated by
gross inspection of excised lungs and confirmed by microscopy.
Tissue sections were subjected to antigen retrieval and ana-
lyzed by TUNEL assay (ApopTag Peroxidase In Situ Apopto-
sis Detection Kit; Chemicon/Millipore). Neutrophil elastase was
detected by immunohistochemistry with polyclonal anti-rabbit anti-
elastase antibodies at 1:50 dilution for 60 minutes (Abcam) and
quantified morphometrically. The expression area and staining
intensity were quantified using MetaMorph Premier Image Analy-
sis Software (Molecular Devices). Staining intensity (thresholded

area) was expressed as a percentage of total examined lung cell
area after subtracting noncellular space from total area.

Staining with oil red O was performed on 10-mm
frozen sections of lung tissue from pristane-treated mice or
untreated controls (11). Tissue was counterstained with
Mayer’s hematoxylin and viewed under a microscope.

Pristane-induced in vitro cell death. Pristane or min-
eral oil (a hydrocarbon oil that does not cause lupus) was
dissolved/emulsified in PBS containing 100 mg/ml bovine serum
albumin (BSA). At saturation, the solution contained 37.2 mg/
ml of pristane. Mineral oil was mixed with PBS/BSA at the
same concentration. BW5147 cells (murine thymoma; ATCC)
and RAW 264.7 cells (murine macrophage; ATCC) were incu-
bated for 24 hours at 8 3 105/ml in RPMI 1640 containing 10%
FBS and serial 2-fold dilutions of either pristane or mineral
oil in PBS/BSA or in medium alone. Cell death (necrosis)
was determined by flow cytometry with 7-aminoactinomycin D
(7-AAD).

Mass spectrometry. Lung and bone marrow tissue
was collected 1 week after pristane treatment and frozen in
liquid nitrogen. Metabolites were extracted from 15–30 mg
of tissue, which was homogenized with a mortar and pestle
under liquid nitrogen. Precooled 80% methanol (0.7 ml) and
chloroform (0.7 ml) were added, and the mixture was kept on
ice and vortexed every 5 minutes for 30 minutes. Ice-cold
double-distilled H2O (0.5 ml) was added to ensure separation
of the aqueous and organic layers. The tube was centrifuged
at 3,200g for 10 minutes at 48C. The organic layers extracted
from pristane-treated and untreated mice were diluted in
methanol for determining pristane level using a Thermo
Scientific LTQ-Orbitrap-XL mass spectrometer. Mass spectra
were analyzed using Sciex OS software.

Flow cytometry. Peritoneal exudate and bone marrow
cells were surface stained with the following antibodies: Pacific
Blue (PB)–conjugated anti-CD11b, allophycocyanin (APC)–Cy7–
conjugated anti–Ly-6G or phycoerythrin (PE)–conjugated anti–
Ly-6G (both clone RB6-8C5), and PE-conjugated IL-10 receptor
(IL-10R) (all from BioLegend). In some cases, the cells were fixed,
permeabilized with Perm/Fix buffer (eBioscience), and stained
intracellularly with APC-conjugated anti–tumor necrosis factor
(anti-TNF) (BioLegend). In some experiments, the cells were
fixed with Cytofix/Perm buffer (BD Biosciences), perme-
abilized with PhosFlow Permeabilization buffer (BD Biosciences),
and stained with PE-conjugated anti–phospho–STAT-3 antibodies
(BD Biosciences). Flow cytometry was performed using an
LSRII flow cytometer (Becton Dickinson). At least 5 3 105

events were collected per sample. Data were analyzed using
FlowJo software (Tree Star).

In vivo depletion of neutrophils and macrophages.
Neutrophils were depleted by treating with anti–Ly-6G mono-
clonal antibody IA8 (BioXcell) (250 mg IV per mouse 1 day
before and 7 days after pristane treatment) (12). Mice were
euthanized at 14 days for pathologic analysis of DAH. Deple-
tion of neutrophils in the bone marrow, peripheral blood, and
peritoneum was ascertained by flow cytometry (PE-conjugated
anti–Ly-6G plus PB-conjugated anti-CD11b). Neutrophil
depletion in the lung was evaluated by H&E staining and elas-
tase immunohistochemistry.

Macrophages were depleted using clodronate liposomes
(CloLip; www.ClodronateLiposomes.com) (13) at 50 ml IP per
mouse 1 day before and 7 days after pristane treatment (14).
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Mice were euthanized at 14 days for pathologic evaluation of
DAH. Depletion of peritoneal monocytes and macrophages was
ascertained by flow cytometry (fluorescein isothiocyanate–conju-
gated anti–Ly-6C [BioLegend] plus PB-conjugated anti-CD11b).

Depletion in lung was evaluated by H&E staining and immu-
nohistochemistry using horseradish peroxidase (HRP)–conjugated
anti-F4/80 (clone BM8; Caltag Medsystems), HRP-conjugated
anti-CD11b (clone 5C6; AbD Serotec), or HRP-conjugated anti-

Figure 1. Diffuse alveolar hemorrhage (DAH) requires IgM, C3, and CD18. A, Wild-type (WT) and C57BL/6 (B6) immunoglobulin-deficient
(mMT) mice were treated with pristane, and lungs were examined 14 days later. Some mMT mice received human IgM (50 or 200 mg intrave-
nously [IV]) or murine IgG (200 mg IV) before pristane treatment (n 5 4–6 per group). Left, Gross lung pathology. Right, Prevalence of DAH.

*** 5 P , 0.001 versus WT mice; **** 5 P , 0.001, by Fisher’s exact test. B, WT mice (n 5 7), B6 C32/2 mice (n 5 12), and B6 CD182/2 mice
(n 5 4) were treated with pristane, and lungs were examined for DAH 14 days later. Some WT mice were treated with cobra venom factor
(CVF) to deplete complement 1 day before pristane treatment (X1; n 5 6) or 1 day before and 7 days after pristane treatment (X2; n 5 10).
Left, Gross lung pathology. Right, Prevalence of DAH. *** 5 P , 0.001 versus WT mice not treated with CVF, by Fisher’s exact test. C, Hema-
toxylin and eosin staining of lung tissue from a systemic lupus erythematosus (SLE) patient with DAH (top left) and a WT mouse with pristane-
induced DAH (top right and bottom left) is shown. Lungs show bland hemorrhage (H), neutrophil-predominant small vessel vasculitis (V), and
hemosiderin-laden macrophages (MU; arrows). These pathologic changes were absent in lungs from pristane-treated C32/2 mice (bottom right).
Murine lung was examined 14 days after pristane treatment. Bars 5 20 mm (bottom left); 100 mm (bottom right).
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CD11c (clone N418; Abcam) followed by staining with the
immunoperoxidase substrate 3,30-diaminobenzidine. Depletion of
F4/801 cells was quantified in a blinded manner by a pathologist
(L-JY). Macrophage (F4/80) staining of the perivascular and
alveolar regions of lungs from untreated mice (n 5 7) and mice
treated with pristane plus clodronate liposomes (n5 8) was
graded as strongly positive (21), weakly positive (11), or absent
(01).

Statistical analysis. Data are representative of at
least 2 independent experiments and are presented as the
mean 6 SD. For normally distributed data, comparisons were
performed using Student’s unpaired 2-tailed t-test (GraphPad
Prism software, version 5). Non-normally distributed data
were compared by Mann-Whitney U test. Frequency data
were analyzed by Fisher’s exact test. Correlations were ana-
lyzed using Spearman’s rank correlation coefficient. P values
less than 0.05 were considered significant.

RESULTS

Requirement of IgM, C3, and CD18 for DAH.
B6 mice develop severe DAH 2–4 weeks after IP pris-
tane injection (5), while B cell–deficient (mMT) mice
are resistant (7). We investigated whether this was due
to the absence of immunoglobulin or to another B cell
function. Approximately 60–70% of pristane-treated
wild-type (WT) B6 mice developed DAH, which was
seen by gross examination of lung tissue (Figures 1A
and B). In contrast, mMT mice did not develop DAH,
while disease could be restored by IV injection of 200
mg per mouse (but not 50 mg per mouse) of normal
human IgM (P , 0.001 by Fisher’s exact test) (Figure
1A). Infusion of 200 mg per mouse of normal mouse
IgG did not restore the ability of pristane to induce dis-
ease (Figure 1A). In contrast, mMT mice receiving 100
ml of normal mouse serum IV prior to pristane devel-
oped DAH (data not shown).

DAH was also absent in C32/2 and CD182/2

mice (Figure 1B). Pretreatment of WT mice with CVF
1 day before and 7 days after pristane treatment pre-
vented DAH, while 69% of untreated mice developed
DAH (P , 0.001 by Fisher’s exact test) (Figure 1B). A
single CVF treatment (1 day before pristane) was par-
tially protective.

H&E-stained lung tissue from WT mice showed
hemorrhage, pulmonary vasculitis with neutrophilic and
mononuclear cell infiltrates surrounding the capillaries
and small arteries, and hemosiderin-laden macrophages
within the alveoli (Figure 1C). These changes were absent
in C32/2 mice. Nearly identical changes were seen in
H&E-stained tissue from a lupus patient with DAH (Fig-
ure 1C). Thus, DAH in pristane-induced lupus closely re-
sembles human lupus-associated DAH pathologically and
is mediated by IgM, C3, and CD18, a component of the
C3b receptors CR3 and CR4.

Migration of pristane to lung after IP injec-
tion. We investigated the mechanism(s) responsible for
DAH. Although pristane is injected IP, we hypothesized
that it may gain access to the lungs. To examine that
possibility, lung tissue was extracted 7 days after pris-
tane treatment and analyzed by mass spectrometry
(Figures 2A and B). A pristane standard yielded the
characteristic fragmentation pattern of molecular ion
peaks (M), with mass/charge ratios of 268 (M), 267
(M 2 1), 269 (M 1 1), and 270 (M 1 2) (Figure 2A).
The 4 characteristic peaks were seen in lung tissue of IP
pristane–treated WT mice, but not untreated WT mice
(Figure 2B). Pristane was also detected in the lung from
treated C32/2 mice, but not untreated C32/2 mice (Fig-
ure 2B), indicating that C3 is not necessary for migra-
tion of pristane from peritoneum to lung. To confirm
the presence of pristane in the lung, cryosections of lung
tissue from pristane-treated mice were stained with oil
red O, revealing numerous oil red O–positive droplets
within the alveolar walls (Figure 2C). Oil red O–stained
material was absent in lung from untreated mice, consis-
tent with the mass spectrometry data. Peritoneal pris-
tane injection also causes bone marrow inflammation
(15), and pristane was detected by mass spectrometry in
bone marrow of pristane-treated mice, but not in bone
marrow of untreated mice (Figure 2D), which suggests
that the oil was widely dispersed following IP injection.

Cell death induction by pristane. Examination
of lung tissue by TUNEL assay revealed dead cells in
pristane-treated mice but not in untreated controls
(Figure 3A). Many TUNEL-positive cells were large,
vacuolated cells located within the alveoli, reminiscent
of alveolar macrophages, but smaller TUNEL-positive
cells were also present. Dead cells also accumulate in
the bone marrow of pristane-treated mice (15), which
suggests that pristane might be cytotoxic. That possibil-
ity was examined by incubating mouse BW5147 T cells
with pristane or mineral oil (the latter of which causes
minimal alveolar hemorrhage [not shown]). BW5147 cells
exposed in vitro to pristane, but not to mineral oil,
exhibited dose-dependent induction of cell death (i.e.,
were 7-AAD1) (Figure 3B). In contrast, RAW 264.7
macrophages were resistant to the cytotoxic effects of pris-
tane, with no significant 7-AAD staining (Figure 3C).
Taken together, the data indicate that pristane migrates
from the peritoneum to the lungs and other tissues, where
it may cause death of certain cell types. Opsonization of
these dead cells by IgM and C3 may promote pulmonary
inflammation, as also seen in the peritoneum (8).

Role of macrophages in DAH. Normal lung
contains several subsets of macrophages and dendritic cells,
but bone marrow–derived monocytes and neutrophils are

PATHOGENESIS OF ALVEOLAR HEMORRHAGE 1283



recruited during inflammation (16,17). We examined
the role of monocyte/macrophages versus that of
neutrophils in DAH by selectively depleting these
subsets in WT mice. Neutrophil depletion with anti–
Ly-6G antibodies greatly decreased total peritoneal
neutrophils and peritoneal neutrophils containing

intracellular TNF, but had little effect on bone marrow
neutrophils (Figure 4A). In the lung, neutrophils were
decreased in H&E- and neutrophil elastase–stained
sections (Figure 4B). Perivascular neutrophilic
infiltrates were markedly reduced (Figure 4B). How-
ever, numerous perivascular F4/801 macrophages

Figure 2. Migration of pristane from peritoneum to lung. A, Mass spectrum showing the 4 molecular ion peaks (M) characteristic of pristane: M (mass/charge
[m/z] value 268), M 2 1 (m/z value 267), M 1 1 (m/z value 269), and M 1 2 (m/z value 270). B, Representative mass spectra (m/z values between 265 and
271) from the organic phase of extracted lung tissue from wild-type (WT) mice (top) or C32/2 mice (bottom) treated 2 weeks earlier with pristane or
left untreated. C, Oil red O staining of unfixed tissue (frozen sections) from untreated mice and mice treated 2 weeks earlier with pristane. D, Represen-
tative mass spectra (m/z values between 265 and 271) from the organic phase of extracted bone marrow from WT mice treated 2 weeks earlier with pris-
tane or left untreated.
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remained after anti–Ly-6G treatment (Figure 4C),
despite depletion of elastase-positive cells (Figure
4D).

In contrast, treatment with clodronate liposomes,
which depletes monocyte/macrophages (13), abolished the
perivascular infiltrates in pristane-treated mice (Figure 4E).

Figure 3. Pristane induces cell death. A, Fixed lung tissue from untreated mice and mice treated 2 weeks earlier with pristane was subjected to
TUNEL staining. TUNEL-positive cells are brown. B, BW5147 cells were incubated for 24 hours at 37�C in medium containing the indicated
concentrations of either pristane or mineral oil (MO). Afterward, cells were analyzed by flow cytometry after staining with 7-aminoactinomycin
D (7-AAD). The percentage of 7-AAD–positive cells and mean fluorescence intensity (MFI) were determined. C, Comparison of 7-AAD stain-
ing of pristane-treated BW5147 and RAW 264.7 cells is shown. Cells were incubated in vitro with pristane as in B, followed by determination of
the percentage of 7-AAD–positive cells and MFI. Values in B and C are the mean 6 SD. * 5 P , 0.05; ** 5 P , 0.01; *** 5 P , 0.001 versus min-
eral oil–treated cells in B and versus RAW 264.7 cells in C, by multiple t-test.

PATHOGENESIS OF ALVEOLAR HEMORRHAGE 1285



The frequency of DAH was greatly reduced in mice treated
with clodronate liposomes (P , 0.001 by Fisher’s exact test),
but was unaffected by neutrophil depletion (Figure 4F).

Like DAH, the localized Shwartzman reaction in
skin is associated with thrombohemorrhagic vasculitis
mediated by C3b–CR3 interactions (18). CR3-mediated

Figure 4. Role of neutrophils and monocyte/macrophages in diffuse alveolar hemorrhage (DAH). A, Flow cytometric analysis of peritoneal exudate cells
(PEC) and bone marrow neutrophils (BM) from wild-type (WT) mice treated 14 days earlier with pristane, with depletion using anti–Ly-6G monoclonal
antibody (mAb) IA8 or without depletion (Control). Left, Surface staining with allophycocyanin (APC)–Cy7–conjugated anti–Ly-6G (mAb RB6-8C5) and
Pacific Blue–conjugated anti-CD11b showing depletion of neutrophils (boxed areas) from the peritoneum but not from the bone marrow. Right, Staining
with phycoerythrin (PE)–conjugated anti–Ly-6G (mAb RB6-8C5) (surface stain) and APC-conjugated anti–tumor necrosis factor (anti-TNF) (intracellular
stain) showing loss of intracellular TNF1 peritoneal, but not bone marrow, Ly-6G1 cells. B, Neutrophil depletion with anti–Ly-6G antibodies. WT mice
were treated with anti–Ly-6G mAb 1 day before and 7 days after pristane treatment or left untreated (Control) (n 5 6 per group). Hematoxylin and eosin
(H&E) staining showed perivascular inflammatory cell infiltrates in control mice, but not in anti–Ly-6G–treated mice. Efficacy of neutrophil depletion in
the lung was verified by staining with anti–neutrophil elastase antibodies. C, Anti-F4/80 staining of macrophages in WT mice after neutrophil depletion
with anti–Ly-6G antibodies. Arrows indicate F4/801 cells. D, Morphometric quantification of neutrophil elastase staining in lungs from control mice and
anti–Ly-6G–treated mice. Symbols represent individual mice; bars show the mean6 SD. ** 5 P , 0.01 by t-test. E, H&E staining (left) and gross pathol-
ogy (right) of lungs (14 days after pristane treatment) from WT mice either treated with clodronate liposomes (CloLip; n 5 8) 1 day before and 7 days
after pristane treatment or left untreated (No Rx; n5 6). Perivascular inflammatory cell infiltrates and DAH were absent after treatment with clodronate
liposomes. F, Frequency of DAH in WT and elastase-deficient (Ela2/2) mice 14 days after pristane treatment and in WT mice treated with anti–Ly-6G
antibodies or with clodronate liposomes 1 day before and 7 days after pristane treatment. Pathology was assessed at 14 days. ** 5 P , 0.01 by t-test;

*** 5 P , 0.001 versus WT mice, by Fisher’s exact test. Bars 5 20 mm in B and C; 200 mm in E.
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neutrophil activation results in vessel damage due to
neutrophil elastase production. However, elastase-
deficient mice were fully susceptible to pristane-induced
DAH (Figure 4F). They also developed pulmonary vas-
culitis (not shown). Type I IFN and TNF production
also remained intact in elastase-deficient mice (not
shown). Thus, although it superficially resembles the
localized Shwartzman reaction, DAH is not mediated by
neutrophils and instead appears to be mediated by
macrophages.

Depletion of alveolar and perivascular
macrophages by clodronate liposomes. Perivascular
inflammatory cell infiltrates in lungs from pristane-
treated mice contained small F4/80high cells (Figures 4C
and 5A, top). Perivascular CD11b1 cells were also pres-
ent (Figure 5A, top), but it could not be determined
whether CD11b staining was associated with F4/80high

macrophages, F4/802 neutrophils, or both. The perivas-
cular cells were uniformly CD11c2 (Figure 5A, top right).
The lung alveoli were consolidated by intraalveolar

hemorrhage and inflammatory cells (Figure 5A). Numer-
ous large F4/80l8w alveolar macrophages were present in
the alveolar spaces (Figure 5A, bottom). F4/80 staining of
alveolar macrophages was less intense than on the smaller
perivascular cells, and they were also CD11b1CD11cl8w

(Figure 5A, bottom). In addition, small F4/802

CD11b1CD11c2 cells (monocytes and/or neutrophils)
were present in the lung parenchyma (Figure 5A, top).

Although normal alveolar macrophages are
F4/801CD11b2CD11cl8w (17), CD11b is induced by
inflammation (19), which suggests that the large F4/80l8w

cells were activated alveolar macrophages. Lung from
untreated mice did not contain perivascular F4/80high

cells and had lower numbers of F4/80l8w alveolar
macrophages (Figure 5B). F4/802CD11b1CD11c2 cells
were absent in normal lung. Clodronate liposomes sub-
stantially depleted the F4/801 macrophages (Figure 5C).
Consistent with the marked reduction of alveolar hemor-
rhage (Figure 4F), treatment with clodronate liposomes
decreased both vasculitis (perivascular F4/80high cells)

Figure 5. Macrophage subsets in diffuse alveolar hemorrhage (DAH). A–C, Immunohistochemistry of lungs from wild-type (WT) mice treated with pris-
tane (A and C) or left untreated (B) and stained at 14 days with horseradish peroxidase–conjugated anti-F4/80, anti-CD11b, or anti-CD11c antibodies.
Top, Perivascular F4/80high cells (arrows). Bottom, Large F4/801CD11b1CD11cl8w alveolar macrophages (arrows). B, Staining of lung from untreated
mice. C, Left and middle, F4/80 staining (at 14 days) of lung from WT mice receiving clodronate liposomes (CloLip) intraperitoneally 1 day before and 7
days after pristane treatment. The perivascular region (left) and alveolar spaces (middle) do not contain F4/801 cells. Note the absence of perivascular
and alveolar F4/801 cells and the increased cellularity of the lung parenchyma. Right, F4/80 staining of lung from CD182/2 mice treated 14 days earlier
with pristane, showing normal alveolar architecture and the absence of perivascular and alveolar F4/801 cells. D, Hematoxylin and eosin (H&E) staining
(left) and F4/80 immunohistochemistry (right) of normal lung from an untreated C57BL/6 (B6) mouse (top) compared with lung from a B6 mouse
treated with pristane plus clodronate liposomes (bottom), showing mild thickening of the alveolar septa (arrows) despite the absence of alveolar hemor-
rhage. Bars 5 10 mm in A and B; 50 mm (left and middle) and 200 mm (right) in C; 200 mm (left) and 100 mm (right) in D.
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(P , 0.01 by t-test) (not shown) and the large F4/80l8w

alveolar macrophages (P , 0.015 by t-test) (not shown).
However, occasional F4/801 cells were still seen in the

alveolar septa (Figure 5C). Interestingly, perivascular
macrophages and neutrophils were both absent in mice
treated with clodronate liposomes (Figure 5C, left).

Figure 6. Pathogenesis of lung inflammation. A, Wild type (WT), interleukin-10–deficient (IL-102/2), and C32/2 mice were injected with pristane,
and percent survival was compared among groups from baseline through 24 weeks after treatment. B, WT, TRIF2/2, myeloid differentiation factor
88–deficient (MyD882/2), tumor necrosis factor–deficient (TNFa2/2), interferon-a/b/v receptor–deficient (IFNAR2/2), caspase 1/caspase 11
(Casp1)–deficient, and type 2 nitric oxide synthase–deficient (NOS22/2) mice (n 5 5–6 per group) were treated with pristane, and the prevalence of
diffuse alveolar hemorrhage (DAH) was determined 14 days later. C, Flow cytometry of intracellular TNF in Ly-6G1 neutrophils from WT,
TRIF2/2, and MyD882/2 mice is shown. D, Left, Flow cytometry of IL-10 receptor (IL-10R) expression on bone marrow cells from untreated
C57BL/6 (B6) mice is shown. Myeloid cells were identified by forward scatter/side scatter characteristics, and IL-10R expression was determined on
CD11b1Ly-6G1 neutrophils (Neut) and CD11b1Ly-6G2 monocytes (Mono). Middle, The percentage of IL-10R1 cells among total CD11b1Ly-
6G1 and CD11b1Ly-6G2 cells is shown. Right, IL-10R expression on CD11b1Ly-6G2 bone marrow cells (mean fluorescence intensity [MFI],
by flow cytometry) from mineral oil (MO)–treated mice and pristane-treated mice is shown. Symbols represent individual mice; bars show the
mean 6 SD. * 5 P , 0.05; **** 5 P , 0.0001, by t-test. E, Flow cytometry shows forward scatter and surface marker (F4/80, CD11c, Siglec F,
CD205, and IL-10R) expression on CD11b1 alveolar macrophages collected by bronchoalveolar lavage (BAL) from untreated B6 mice. F, Activa-
tion (phosphorylation) of STAT-3 in IL-10–treated CD11b1 alveolar macrophages collected by BAL from mineral oil–treated mice (n 5 8) and
pristane-treated mice (n 5 9) is shown. Left, Flow cytometry showing intracellular activated (phosphorylated) STAT-3 staining in CD11b1 alveolar
macrophages. Right, Percentage of CD11b1 cells (from mineral oil–treated and pristane-treated mice) staining for phospho–STAT-3 after 15-
minute exposure in vitro to IL-10. Values are the mean 6 SD. ** 5 P , 0.02 by t-test. APC 5 allophycocyanin; PE 5 phycoerythrin.
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The alveolar septa appeared thickened in clodronate
liposome–treated mice, despite the absence of alveolar
hemorrhage. There was no alveolar hemorrhage in 6 of
8 clodronate liposome–treated mice, while 2 mice
exhibited mild alveolar hemorrhage (P , 0.001 by Fish-
er’s exact test) (Figure 4F).

The severity of alveolar hemorrhage and vasculitis
seemed to be related to the extent of F4/801 macrophage
depletion. Hemorrhage was absent in mice exhibiting com-
plete depletion of the perivascular and alveolar F4/801

cells, while the 2 mice with mild DAH had only partial
depletion of F4/801 cells, which suggests that clodronate
liposome treatment was incomplete. Clodronate liposome
treatment also depletes Ly-6ChighCD11b1 inflammatory
macrophages from the peritoneum (14). Lung from
pristane-treated CD182/2 mice showed no evidence of
alveolar hemorrhage or F4/801 macrophages, but in con-
trast to clodronate liposome–treated WT mice, alveolar
architecture was normal (Figure 5C). Mild thickening of
the alveolar septa in mice treated with pristane plus
clodronate liposomes compared with untreated B6 con-
trols was also apparent on H&E staining and F4/80 immu-
nohistochemistry analysis (Figure 5D).

Mechanism of lung inflammation. Lung intersti-
tial macrophages and epithelial cells are antiinflammatory
and secrete IL-10 (20,21). Although alveolar macrophages
are normally antiinflammatory, when activated via TLRs,
IL-10R signal transduction is inhibited and they become
proinflammatory (21,22). Thus, IL-10 is a crucial regulator
of lung inflammation. Expression of CD11b suggested that
alveolar macrophages from pristane-treated mice are acti-
vated (Figure 5A). Accordingly, we examined the effect of
IL-10 on DAH. IL-102/2 mice had significantly increased
mortality from DAH (Figure 6A). Pristane-treated B6
mice had mortality of ;40% at 1 month, but little addi-
tional mortality thereafter. There was no DAH (Figure
1B) or mortality up to 24 weeks after pristane treatment
of C32/2 mice (Figure 6A). In contrast, mortality from
DAH was nearly 75% in IL-102/2 mice (P , 0.005 by
Mantel-Cox test) (Figure 6A).

TLR-activated genes are targeted by IL-10 (23),
and pristane induces proinflammatory cytokine production
via TLR-7 (24). Unexpectedly, MyD882/2 and TRIF2/2

mice developed DAH at a frequency similar to that
of WT mice (Figure 6B). Pristane also induced DAH in
TNF2/2 and IFNAR2/2 mice. Consistent with our previous
observations that proinflammatory cytokine production in
pristane-treated mice is TLR-7/MyD88 dependent (15,24),
neutrophils from pristane-treated MyD882/2 mice did not
produce TNF, while neutrophils from TRIF2/2 and WT
mice exhibited similar TNF production (Figure 6C).

As IL-10 inhibits IL-1 production, we tested cas-
pase 1–deficient mice, but we found no protection
against DAH (Figure 6B). Although NO production
can damage the alveolar wall (25), NOS22/2 mice were
susceptible to pristane-induced DAH (Figure 6B).

To further examine the role of IL-10, we stained
bone marrow myeloid cells from untreated and 1-month
pristane–treated B6 mice with anti–IL-10R antibodies.
As expected, CD11b1Ly-6G2 monocytes expressed IL-
10R, while neutrophils (CD11b1Ly-6G1) were mostly
negative (Figure 6D). IL-10R staining of bone marrow
monocytes was decreased in pristane-treated mice com-
pared with mineral oil–treated mice (Figure 6D).

Alveolar macrophages (CD11b1F4/801CD11c1

Siglec F positive CD2051) were present in BAL fluid
from untreated mice (Figure 6E). As reported (22),
they expressed IL-10R. IL-10R was also expressed by
alveolar macrophages collected by BAL from mineral
oil– and pristane-treated mice, with a trend toward lower
expression in pristane-treated mice (data not shown).
Alveolar macrophages collected by BAL from pristane-
treated and mineral oil–treated mice were incubated for
15 minutes with IL-10, followed by staining with anti-
bodies against CD11b (expressed by activated alveolar
macrophages) and anti–phospho–STAT-3 antibodies. As
shown in Figure 6F, STAT-3 activation was higher in
alveolar macrophages from mineral oil–treated mice,
which suggests that pristane treatment decreases the
responsiveness of alveolar macrophages to IL-10.

DISCUSSION

Lupus-associated DAH has a mortality of .50%
(2,3). Either bland hemorrhage or focal pulmonary cap-
illaritis may be present in DAH due to lupus or vasculitis.
Capillaritis occurs in 88% of patients, most commonly in
granulomatosis with polyangiitis (Wegener’s) (GPA),
microscopic polyangiitis (MPA), and SLE (26), and it is
often associated with fibrin thrombi occluding the
intraalveolar capillaries and fibrinoid necrosis of the
small blood vessels. It may be accompanied by inflamma-
tion of larger vessels and IgG/C3 deposition in the alveo-
lar walls. In contrast to leukocytoclastic vasculitis,
erythrocytes extravasate into the alveolar spaces (and not
the interstitium) in DAH (26).

B6 mice with pristane-induced lupus develop
hemorrhage and pulmonary capillaritis that is morpho-
logically similar to human SLE–associated DAH (5–7)
(Figure 1C). DAH required CD18 (a component of
CR3 and CR4) and opsonization of dead cells by natu-
ral IgM and the early classical pathway of complement.
Unexpectedly, macrophages, but not neutrophils, were
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required for disease. Consistent with the importance of
macrophage activation, disease was exacerbated in IL-102/2

mice. However, in contrast to the TLR-7 dependency
of proinflammatory cytokine production (15,24), DAH was
independent of MyD88, TRIF, TNF, and NOS2. Although
both type I IFN (27) and inflammasomes (28) are involved
in pristane-induced lupus, IFNAR2/2 and caspase 1–
deficient mice (which are also caspase 11–deficient [29]) were
not protected. Thus, DAH was independent of IFN and the
canonical and noncanonical inflammasome pathways.

Opsonization of dead cells may initiate lung injury.
Defective clearance of dead cells by resident lung
phagocytes contributes to inflammation in acute lung injury,
asthma, cystic fibrosis, and chronic obstructive pulmonary
disease (30). Human SLE and pristane-induced lupus
both are associated with impaired apoptotic cell clear-
ance, and mouse models suggest that this promotes lupus
(31). Monocyte-derived macrophages from SLE patients
are poorly phagocytic (32). Patients and lupus mice both
exhibit increased numbers of uncleared apoptotic cells in
tissues (15,33). Accumulation of dead cells in the lungs
of pristane-treated mice may be partly due to the cyto-
toxicity of pristane. Consistent with an earlier report
(34), pristane caused dose-dependent T cell death, but
RAW 264.7 macrophages were resistant. Widespread
dissemination of pristane after peritoneal injection may
promote apoptosis and defective removal of dead cells in
the lung (Han S: unpublished observations), as suggested
by the TUNEL-positive cells in lungs of pristane-treated
mice (Figure 3A) and consistent with the presence of
dead cells in the lungs of SLE patients with DAH (data
not shown).

Interestingly, TUNEL staining suggested that large
cells whose appearance was consistent with that of alveolar
macrophages were undergoing cell death. That possibility is
supported by evidence that the recovery of alveolar
macrophages by BAL was decreased in pristane-treated mice
compared with mineral oil–treated mice (not shown). Thus,
there may be differences in the susceptibility of various mac-
rophage subsets to the induction of cell death by pristane.
Although resident alveolar macrophages are generally
more resistant to apoptosis than are macrophages re-
cruited to the lung (35), engagement of the scavenger
receptor macrophage receptor with collagenous structure
(MARCO) sensitizes them to undergo apoptosis following
uptake of silica (36). As MARCO is involved in the uptake
of apoptotic cells in pristane-treated mice (Han S, et al:
submitted for publication), the uptake of dead cells
may sensitize alveolar macrophages to apoptosis. Further
studies will be necessary to determine the cause of the differen-
tial susceptibility of alveolar macrophages and RAW 264.7
cells to pristane-induced apoptosis.

Our data suggest that DAH is mediated by
opsonin-dependent uptake of dead cells, as natural
IgM, C3, and CD18 are required. Induction of the IFN
signature by pristane also requires IgM and C3 due to
opsonization of dead cells and phagocytosis via CR3
and/or CR4 (8). Since CD11b2/2 mice are protected
against pristane-induced DAH (37), CR3 is likely to
play an important role in the pathogenesis of lung
inflammation. Our data suggest that the importance of
CD11b and CD18 in lung inflammation lies in the role
of CR3 as a phagocytic receptor rather than as a media-
tor of cell adhesion and migration. An additional role
for CR4 (CD11c/CD18) cannot be excluded.

Alveolar hemorrhage is thought to emanate from
neutrophilic inflammation of capillaries (capillaritis) (38),
and neutrophils are also critical to the pathogenesis of acute
lung injury induced by endotoxin, shock, and ischemia-
reperfusion injury (39). The lungs of pristane-treated
mice exhibited neutrophilic infiltration, but F4/801

macrophages and other myeloid cells were also present.
Although the pulmonary vasculitis superficially resem-
bled a localized Shwartzman reaction (neutrophilic infil-
tration, erythrocyte extravasation, and dependence on C3
and neutrophil CR3) (18), neutrophil depletion had little
effect on DAH. It was also unaffected by the absence of
neutrophil elastase, a key mediator of the Schwartzman
reaction (18). DAH was greatly attenuated by treatment
with clodronate liposomes, suggesting that cells of the
monocyte/macrophage lineage, rather than neutrophils,
are central to the pathogenesis of lung hemorrhage.
Although acute lung injury can be associated with alveo-
lar hemorrhage, neutrophils, IL-1, and TNF are key
mediators of inflammation (39), which suggests that
pristane-induced DAH differs from acute lung injury.

At least 2 F4/801 cell subsets were present
in lungs of pristane-treated mice: small perivascular
F4/80highCD11l8wCD11c2 cells and large F4/80l8wCD11b1

CD11cl8w cells (Figure 5). Both were depleted by
clodronate liposomes. Alveolar macrophages are long-
lived, self-renewing resident macrophages (40). Although
they are normally CD11b2, CD11b expression is induced
on alveolar macrophages by inflammation (19). Thus, the
large F4/80l8wCD11b1CD11cl8w cells are likely to be alve-
olar macrophages activated by the inflammatory response
to pristane. The perivascular F4/80highCD11l8wCD11c2
cells are probably bone marrow–derived inflammatory
macrophages recruited to the inflamed lung. As both were
depleted by clodronate liposomes and absent in CD182/2

mice, we cannot determine which subset causes lung injury.
IL-10 down-regulates proinflammatory cytokine

production by macrophages at multiple (transcriptional
and posttranscriptional) levels (41). Its constitutive
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production by lung interstitial macrophages and epithe-
lial cells helps maintain the antiinflammatory phenotype
of alveolar macrophages, and BAL fluid from untreated
mice contains IL-10 thought to be derived mainly from
lung epithelial cells (20,42). DAH was more severe in
IL-102/2 mice than in controls, which suggests that IL-
10 protects against pristane-induced lung injury by
interacting with IL-10R on alveolar macrophages or
bone marrow–derived cells.

During inflammation, bone marrow–derived
macrophages are recruited to the alveoli and differenti-
ate into proinflammatory (M1-type) macrophages (25).
IL-10R expression in untreated bone marrow was
restricted to CD11b1Ly-6G2 cells of the monocyte
lineage. After pristane injection, these cells are re-
cruited to the inflamed peritoneum via CCL2–CCR2
(43). In the absence of type I IFN, they develop into Ly-
6Cl8w macrophages, while maturation is inhibited by
IFN. Decreased IL-10R expression on bone marrow
monocytes from pristane-treated mice compared with
controls (Figure 6) suggests that monocytes recruited to
the inflamed lung in pristane-treated mice may be
poorly responsive to the antiinflammatory effects of
locally produced IL-10, consistent with the decreased
STAT-3 phosphorylation in BAL cells from pristane-
treated mice compared with those from mineral oil–
treated mice. It will be of interest to see if the higher IL-
10R expression by bone marrow monocytes from mineral
oil–treated mice promotes differentiation into antiinflam-
matory (M2-type) macrophages, while low IL-10R expres-
sion in pristane-treated mice results in M1-type
polarization.

The inflammatory pathway(s) activated when IgM/
C3-opsonized dead cells engage CR3/CR4 on macrophages
remain to be determined. IL-10 down-regulates TLR-
stimulated transcription of proinflammatory cytokines by
inducing ubiquitination and degradation of MyD88-
dependent signaling molecules, such as TNF receptor–
associated factor 6 and IL-1R–associated kinase 4 (44). In
view of the importance of TLR-7 and MyD88 in pristane-
induced proinflammatory cytokine production, it was sur-
prising that DAH develops in TLR-72/2 (7) and MyD882/2

mice. DAH also developed in pristane-treated TRIF2/2

mice. Thus, the pathogenesis of DAH may not involve TLR
signaling, although it will be necessary to examine the
susceptibility of MyD88/TRIF–double-deficient mice to
exclude the possibility that TRIF and MyD88 can com-
pensate for one another.

Pristane causes sterile inflammation, which is
a result of innate immune recognition of damage-
associated molecular patterns released from dead cells (45).
Sterile inflammation is mediated by both neutrophils

and monocytes. Neutrophil-mediated inflammation requires
MyD88, IL-1a, and IL-1R, but not TRIF or TLRs, whereas
the monocytic response is MyD88/IL-1R independent
(46,47). The susceptibility of MyD882/2 mice and caspase 1/
caspase 11–deficient mice (Figure 6B) further supports the
idea that macrophages rather than neutrophils mediate
DAH. Although NOS2 has been implicated in bleomycin-
induced lung injury (48), it was not involved in pristane-
induced DAH. Further studies are needed to define the
inflammatory pathway(s) downstream of CR3/CR4 that lead
to DAH.

DAH is an unusual manifestation of SLE with
high mortality and unclear etiology (3,4). Although
a variety of therapeutic interventions are used, their
efficacy is unclear (3,4). The pathologic changes in
pristane-induced DAH, especially the presence of capil-
laritis, closely resemble those in patients with DAH.
Like DAH in SLE patients, murine DAH is not associ-
ated with ANCAs, and hemosiderin-laden macrophages
are present (6) (Figure 1C). Moreover, dead cells accu-
mulate in lung tissue from humans with DAH (Zhuang
H: unpublished observations) as well as in lung tissue
from animals with pristane-induced DAH. In contrast
to chemical pneumonitis and ANCA-positive vasculitis
syndromes, such as MPA and GPA, SLE-associated
DAH is thought to be mediated by immune complexes
with granular deposits of immunoglobulin, C3, and
DNA in the alveolar capillary walls (49). The require-
ment for immunoglobulin and C3 in pristane-induced
DAH is consistent with the role of immune complexes
in this animal model, further underscoring the similarity
between DAH in SLE patients and in mice.

Interestingly, hemoptysis and lung fibrosis have
been seen in humans with inhalation, aspiration, or
injection of mineral and other oils (50,51). Although
humans are generally not exposed to pristane, the
strong phenotypic and pathologic similarities (15,52)
suggest that pristane exposure may activate inflamma-
tory pathways similar to those in SLE patients. Respira-
tory infections, seen in 40–60% of patients with SLE-
associated DAH (3,4,53), represent one mechanism that
could drive the accumulation of apoptotic cells in the
lungs, promoting DAH. It will be of interest to investi-
gate the role of these infections in the pathogenesis of
DAH in humans.

The response of pristane-induced DAH to CVF
(Figure 1B) raises the possibility that complement
depletion/inhibition may be a viable strategy for treating
DAH in human SLE. Although CVF is too immuno-
genic for human use, “humanized” CVF is undergoing
clinical testing (54), and compstatin, a 13-residue cyclic
peptide that inhibits activation of the classical and
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alternative complement pathways, is in clinical trials for
macular degeneration (55). Complement inhibition also
blocks pulmonary fibrosis (56), a long-term complica-
tion of DAH (57). As pulmonary fibrosis is also seen in
lupus patients without prior overt episodes of DAH (1),
it will be of interest to examine whether clinically silent
DAH with alveolar microhemorrhage can cause pulmo-
nary fibrosis. Finally, in view of the severity of disease in
IL-10–deficient mice, it may be of interest to evaluate
recombinant IL-10 as a potential therapy.
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Genome-Wide Association Analysis Reveals Genetic
Heterogeneity of Sj€ogren’s Syndrome According to Ancestry
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Objective. The Sj€ogren’s International Collabora-
tive Clinical Alliance (SICCA) is an international data
registry and biorepository derived from a multisite observa-
tional study of participants in whom genotyping was per-
formed on the Omni2.5M platform and who had undergone
deep phenotyping using common protocol-directed meth-
ods. The aim of this study was to examine the genetic etiol-
ogy of Sj€ogren’s syndrome (SS) across ancestry and disease
subsets.

Methods. We performed genome-wide association
study analyses using SICCA subjects and external controls
obtained from dbGaP data sets, one using all participants
(1,405 cases, 1,622 SICCA controls, and 3,125 external con-
trols), one using European participants (585, 966, and 580,
respectively), and one using Asian participants (460, 224,
and 901, respectively) with ancestry adjustments via princi-
pal components analyses. We also investigated whether

subphenotype distributions differ by ethnicity, and whether
this contributes to the heterogeneity of genetic associations.

Results. We observed significant associations in
established regions of the major histocompatibility com-
plex (MHC), IRF5, and STAT4 (P 5 3 3 10242, P 5 3 3
10214, and P 5 9 3 10210, respectively), and several novel
suggestive regions (those with 2 or more associations at
P < 1 3 1025). Two regions have been previously impli-
cated in autoimmune disease: KLRG1 (P 5 6 3 1027

[Asian cluster]) and SH2D2A (P 5 2 3 1026 [all partici-
pants]). We observed striking differences between the asso-
ciations in Europeans and Asians, with high heterogeneity
especially in the MHC; representative single-nucleotide
polymorphisms from established and suggestive regions
had highly significant differences in the allele frequencies
in the study populations. We showed that SSA/SSB autoan-
tibody production and the labial salivary gland focus score
criteria were associated with the first worldwide principal
component, indicative of higher non-European ancestry
(P 5 4 3 10215 and P 5 4 3 1025, respectively), but that
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subphenotype differences did not explain most of the
ancestry differences in genetic associations.

Conclusion. Genetic associations with SS differ
markedly according to ancestry; however, this is not
explained by differences in subphenotypes.

Sj€ogren’s syndrome (SS) is a systemic autoim-
mune disease affecting primarily the lacrimal and sali-
vary glands and occurs in ;0.5–1% of the population
(1). Patients typically present with dry eyes and/or dry
mouth, but confirmation of the diagnosis using Ameri-
can College of Rheumatology (ACR) classification crite-
ria requires a positive result for any 2 of the 3 following
tests: presence of SS autoantibodies (primarily SSA and
SSB), presence of focal lymphocytic sialadenitis in labial
salivary gland (LSG) biopsy, and degree of eye damage
due to keratoconjunctivitis sicca (KCS) (2).

While there have been relatively few family studies in
SS compared to the number of family studies in other auto-
immune diseases, there is an increased prevalence of autoim-
mune diseases in families with SS (3), and the sibling risk
ratio in a Taiwanese population was recently estimated to be
19% (4). Genetic variants in multiple HLA class II genes in
the major histocompatibility complex (MHC) region 6p21.3
have been well established as SS risk factors (5). More
recently, a genome-wide association study (GWAS) of SS in
subjects of European descent (6) established associations of
SS with gene regions IRF5–TNP03, STAT4, IL12A,
FAM167A–BLK, DDX6–CXCR5, and TNIP1. In addition, a
GWAS of SS in Han Chinese participants identified GTF2I
as a susceptibility locus in that population (7).

The Sj€ogren’s International Collaborative Clinical
Alliance (SICCA) is an international data registry and
biorepository derived from a multisite observational study for
which participants were enrolled between 2004 and 2012
from the University of Buenos Aires, Argentina; Peking
Union Medical College, Beijing, China; Rigshopitalet,
Copenhagen, Denmark; Kanazawa Medical University,
Ishikawa, Japan; King’s College, London, UK; University of
California, San Francisco (UCSF), California; Aravind
Eye Hospital, Madurai, India; Johns Hopkins University
(JHU), Baltimore, Maryland; and University of Pennsylvania,
Philadelphia, Pennsylvania. In addition to whole-genome
genotyping, SICCA participants underwent extensive
phenotyping using common comprehensive protocol-
directed methods for collection of data and specimens across
all sites (2,8). More information about the SICCA registry is
available online at http://sicca-online.ucsf.edu. SICCA col-
laborators in addition to those who are authors are listed in
Appendix A.

Although the small set of genes described above
have been identified as contributing to SS susceptibility,

relatively little is known compared with what is known
about other autoimmune diseases, particularly how suscep-
tibility and severity are affected by ancestry and how sub-
phenotypes may be influenced by different genes and/or
ethnicity. For example, in systemic lupus erythematosus
(SLE), Northern Europeans have less severe disease
including lower susceptibility for nephritis (9,10), and
double-stranded DNA (dsDNA)–negative SLE has a
genetic profile different from that of dsDNA-positive SLE
(11). One population-based study of SS in a multiethnic
cohort in the greater Paris area showed that non-
European participants had a higher prevalence of SS, were
younger, and were more likely to have SS autoantibodies
and polyclonal hypergammaglobulinemia compared with
non-European participants (12).

The SICCA registry offers a unique opportunity to
expand our knowledge of the genetic etiology of SS in 2
principal ways: 1) it is the first international SS cohort
including participants of non-European ancestry and par-
ticipants of European ancestry genotyped together on a
whole-genome platform, and 2) extensive phenotyping
using consistent methods across all sites allows these
genetic data to be analyzed in conjunction with clinical
data on disease manifestations, enabling the combined
effects of genetics, ancestry, and subphenotypes to be
jointly examined.

PATIENTS AND METHODS

Study population and clinical data. SICCA. All SS
patients are SICCA participants who fulfilled the ACR classifica-
tion criteria for primary SS (2). This collection is described in
detail in refs. 2 and 8. All research was approved by an institu-
tional review board or appropriate ethics committee at each
SICCA site. Table 1 shows the distribution of these participants
according to self-reported ethnicity.

Evaluation of the classification criteria relies on the fol-
lowing measures from clinical data that we use in our analysis: 1)
presence of SSA/Ro or SSB/La autoantibodies; 2) a focus score
of .1, measuring the degree of focal sialadenitis in LSG biopsy
specimens (13); and 3) an ocular staining score (OSS) of $3,
measuring the degree of damage due to KCS (14). Fulfillment of
2 of the 3 criteria items described above is sufficient for classifica-
tion as SS according to the ACR. SICCA participants who were
unambiguously negative for SS (i.e., at least 2 of 3 criteria were
known to be negative) were also included in the control group,
along with healthy external (out-of-study) controls (see below).

External controls. Out-of-study controls were obtained
from 3 dbGaP data sets: Age-Related Eye Disease Study
(AREDS; phs000001.v3.p1) Genetic Variation of Refractive
Error Substudy (phs000429.v1.p1), Collaborative Study of Nico-
tine Dependence (COGEND; phs000404.v1.p1), and IgA
Nephropathy GWAS (IGANGWAS; phs000431.v2.p1). Table 1
shows the distribution of these participants according to self-
reported ethnicity (see also Supplementary Methods, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40040/abstract). Specimens obtained from
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AREDS and COGEND participants were typed on the Illumina
HumanOmni2.5M-4v1 platform, and IGANGWAS participants
were typed on the Illumina Human610-Quad v1 platform.

Genotyping and quality assurance. DNA specimens
obtained from SICCA participants were genotyped in 2 phases on
the Illumina HumanOmni2.5-4v1 or Illumina HumanOmni2.5M-
8v1-1 array (2.5 million single-nucleotide polymorphisms [SNPs]
genome-wide) at the Center for Inherited Disease Research.
Quality control and merging of genotypes from the 2 phases were
performed at the University of Washington Genetics Coordinat-
ing Center, as previously described (15). SNPs were removed if
they were monomorphic or positional duplicates; had a missing
call rate of $2%; had 2 or more discordant calls in 170 SICCA
duplicates; had 1 or more discordant calls in 38 cross-phase
SICCA duplicates; had 5 or more Mendelian errors in 76 SICCA
and HapMap trios; had a Hardy-Weinberg equilibrium test P
value of ,1024 in participants with self-identified European
ancestry; or contained large chromosomal anomalies such as
regions of aneuploidy. After quality control was performed (post–
quality control), 1,444,884 SNPs were analyzed; these SICCA
genotype data are available through dbGaP (accession no.
phs000672.v1.p1). For this analysis, SNPs with a minor allele fre-
quency (MAF) of ,2% were removed.

Samples with unresolved identity issues (unexpected
duplicates or genotypes inconsistent with expected family structure)
or no case report form were removed. All remaining samples had
call rates of $98%. For this analysis, family members were removed
by selecting a maximum set of unrelated (through third-degree rela-
tionships via identical by descent analysis) participants. The num-
bers of post–quality control samples are shown in Table 1.

All external control data sets were filtered to have $2%
MAFs and $98% genotyping of SNPs and individuals. Additional
cross-study quality control performance is described in Supplemen-
tary Methods (available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40040/abstract). Over-
lap in post–quality control SNPs between the 1,444,884 SNPs from
the Omni2.5M chip and the 483,279 SNPs from the Illumina 610K
chip resulted in 302,689 SNPs for analyses in the Asian cluster,
which included IGANGWAS controls; this is hereinafter referred
to as the 300K overlap SNP set.

Statistical analysis. Ancestry. Principal components
analysis (PCA) using EigenStrat (16) was used for ancestry

estimation (see Supplementary Methods, available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/
10.1002/art.40040/abstract). Three PCAs were performed: an
intercontinental PCA of all participants (see Supplementary Fig-
ure 1, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40040/abstract), yielding
PC1 (principal component 1), PC2, and so on; an intracontinental
PCA of a European-only cluster (Supplementary Figure 2), yield-
ing EPC1 (European PC1), EPC2, and so on; and an
intracontinental PCA of an Asian-only cluster (Supplementary
Figure 3), yielding APC1 (Asian PC1), APC2, and so on. The
Asian cluster was also split into Chinese and Japanese clusters
(APC1 .0, APC1 ,0) for some analyses.

Based on the leveling of the scree plots, we used EPC1 to
adjust for ancestry within the European cluster, and we used
APC1 and APC2 to adjust for ancestry within the Asian cluster. In
the intercontinental PCA, the top 4 PCs were sufficient to cluster
major populations: PC1 differentiated European versus Asian;
similarly, PC2 differentiated African ancestry, PC3 differentiated
American Indian ancestry, and PC4 differentiated Indian ances-
try. PCs 5–9 were each highly correlated with one of the top 3
European or top 2 Asian PCs (see Supplementary Methods,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40040/abstract); therefore,
we adjusted for 9 PCs in our all-subjects regressions to account for
both intercontinental substructure and the intracontinental sub-
structure of these population groups.

GWAS. Due to the multiethnic and multiplatform
nature of our study, we performed multiple phases of analysis
using logistic regression for each SNP as a predictor of case–
control status: 1) analysis of all SICCA participants and external
controls (AREDS and COGEND) genotyped on the Omni2.5M
platform (1,444,854 SNPs), adjusting for 9 PCs, sex, and smoking
status (see Supplementary Methods, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40040/abstract); 2) analysis of only the European cluster,
adjusting for the top intra-European PC (EPC1), sex, and
smoking status (see Supplementary Methods); 3) meta-analysis of
the 2 Asian clusters, including Chinese external controls
(IGANGWAS) typed on the Illumina 610 Quad, for SNPs in the
300K overlap set. Analysis of the China and Japan subgroups
were performed via logistic regression, adjusting for the top 2

Table 1. Numbers of participants according to data source and self-reported ethnicity*

Registry European African Asian
Hispanic/Native

American
Mixed/other/
unspecified

SICCA
All† 1,840 83 913 358 161
Participants with SS 669 51 570 164 59
Participants without SS 1,109 31 306 191 101

AREDS 1,659 0 0 0 0
COGEND 910 464 0 46 47
IGANGWAS 0 0 897 0 0
HapMap 18 11 8 16 0

* SICCA 5 Sj€ogren’s International Collaborative Clinical Alliance; SS 5 Sj€ogren’s syndrome; AREDS 5 Age-
Related Eye Disease Study; COGEND 5 Collaborative Study of Nicotine Dependence; IGANGWAS 5 IgA
Nephropathy genome-wide association study (GWAS).
† Includes participants with an ambiguous SS classification due to missing data and participants with second-
ary SS not included in the GWAS.
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Figure 1. Manhattan plots of the results of the genome-wide association studies (GWAS) with logistic regression in patients with Sj€ogren’s syn-
drome. A, Global GWAS (1,405 cases, 1,622 Sj€ogren’s International Collaborative Clinical Alliance [SICCA] controls, and 3,125 external con-
trols) using 1,444,854 single-nucleotide polymorphisms (SNPs), with adjustment for 9 intercontinental principal components (PCs) and smoking
(l 5 1.02). B, European subgroup GWAS (585 cases, 966 SICCA controls, and 580 external controls) using the same set of SNPs described in A,

with adjustment for 1 intra-European PC and smoking (l 5 1.002). C, Meta-analysis of the Chinese (l 5 1.03) and Japanese (l 5 1.03) subgroups
of the Asian GWAS (460 cases, 224 SICCA controls, and 901 external controls) using 302,688 SNPs, with adjustment for 2 intra-Asian PCs.
Insets, Q–Q plots. MHC 5 major histocompatibility complex; Chr. 5 chromosome.
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intra-Asian PCs (APC1 and APC2) and sex. The number of
subjects included in each analysis is described in Figure 1 and Sup-
plementary Table 1 (available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40040/
abstract).

Regulatory evidence for sites of interest was collected from
RegulomeDB (17) and ANNOVAR (18) data; evidence for associ-
ation with related phenotypes was collected from National Center
for Biotechnology Information Phenotype–Genotype Integrator
(http://www.ncbi.nlm.nih.gov/gap/phegeni). For follow-up in the
KLRG1 region, we imputed genotypes for all European and Asian
participants up to the 1000 Genomes reference panel starting from
the 300K overlap SNP set, using IMPUTE2 software (19).

SNP selection for downstream analyses. We undertook
several analyses in order to determine whether or not the appar-
ent differences between Asian and European associations were
true heterogeneity of association or were attributable to other
factors such as differences in allele frequency between popula-
tions or disease heterogeneity between population groups and/or

sites. For these analyses and for multivariate modeling, we chose
representative SNPs from our case–control analyses: one SNP
per region with at least 2 associations that were suggestive (P 3

1025) or stronger in any of our 3 GWAS (all participants, Euro-
pean cluster, and Asian cluster). We also selected representative
SNPs from the top hits in published European (6) and Asian (7)
GWAS. SNPs with the strongest association from the 300K over-
lap set were selected to allow comparisons and multivariate
modeling with our full Asian control data; in some cases, a proxy
SNP was chosen. A total of 24 SNPs were selected (see Supple-
mentary Methods and Supplementary Table 2, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40040/abstract).

Heterogeneity. We quantified heterogeneity between the
European and Asian GWAS using Q and I2 statistics from meta-
analysis of the 2 studies, using Plink. For the MHC region, we also
imputed HLA alleles using SNP2HLA (20) and the HapMap
CEU (Utah residents with ancestry from northern and western
Europe) reference panel for the Europeans and a Pan-Asian

Table 2. Top SNPs in regions having 2 or more suggestive or stronger associations in the case–control analyses*

GWAS Chr. (kbp) Gene region SNP OR 95% CI P

All subjects 1 (156,774) PRCC/SH2D2A rs16837677 1.54 1.29–1.84 2 3 1026

All subjects 1 (156,774) PRCC/SH2D2A rs16837672 1.53 1.28–1.83 2 3 1026

All subjects 2 (191,944) STAT4 rs11889341 1.40 1.26–1.56 9 3 10210

European 2 (191,965) STAT4 rs7574865 1.51 1.31–1.75 2 3 1028

All subjects 2 (191,965) STAT4 rs7574865 1.35 1.21–1.50 5 3 1028

Europeans 2 (191,969) STAT4 rs8179673 1.48 1.28–1.71 8 3 1028

European 3 (14,715) GRIP2/CCDC174 rs79407237 0.61 0.49–0.75 5 3 1026

European 3 (14,682) GRIP2/CCDC174 rs17318848 0.63 0.51–0.77 9 3 1026

European 5 (76,591) PDE8B rs181851 0.67 0.56–0.79 3 3 1026

European 5 (76,600) PDE8B rs11949070 0.67 0.57–0.80 5 3 1026

All subjects 5 (76,620) PDE8B rs10474500 0.75 0.66–0.85 8 3 1026

All subjects 5 (76,553) PDE8B rs10464287 1.53 1.27–1.84 9 3 1026

All subjects 6 (32,591) MHC (HLA–DRB1, HLA–DQA1) rs9271573 2.02 1.82–2.23 3 3 10242

All subjects 6 (32,623) MHC (HLA–DQA1, HLA–DQB1) rs3021302 2.24 1.97–2.54 2 3 10235

European 6 (32,591) MHC (HLA–DRB1/HLA2DQA1) rs9271573 2.29 2.01–2.62 3 3 10234

European 6 (32,679) MHC (HLA–DQB1/HLA–DQA2) rs9275572 2.28 1.99–2.61 7 3 10233

Asian 6 (33,056) MHC (HLA–DPB1) rs9277554 1.65 1.37–2.00 3 3 1027

Asian 6 (33,053) MHC (HLA–DPB1) rs9277464 1.65 1.37–1.99 3 3 1027

All subjects 7 (128,580) IRF5/TNP03 rs3823536 1.49 1.34–1.65 3 3 10214

All subjects 7 (128,716) IRF5/TNP03 rs59110799 1.72 1.49–1.99 3 3 10213

European 7 (128,580) IRF5/TNP03 rs3823536 1.54 1.36–1.76 7 3 10211

European 7 (128,581) IRF5/TNP03 rs3807306 1.50 1.32–1.71 6 3 10210

All subjects 7 (103,405) RELN rs7341475 1.39 1.23–1.57 3 3 1027

All subjects 7 (103,404) RELN rs73180120 1.36 1.20–1.54 1 3 1026

European 7 (103,405) RELN rs7341475 1.43 1.22–1.68 9 3 1026

European 9 (138,947) NACC2 rs4842091 1.39 1.21–1.61 5 3 1026

European 9 (138,948) NACC2 rs11103291 1.39 1.21–1.61 5 3 1026

Asian 12 (9,163) KLRG1/M6PR rs1805673 0.62 0.51–0.74 6 3 1027

Asian 12 (9,154) KLRG1/M6PR rs11048434 0.63 0.53–0.75 6 3 1027

All subjects 13 (47,951) HTR2A/LINC00562 rs7999279 1.42 1.23–1.63 1 3 1026

European 13 (47,951) HTR2A/LINC00562 rs7999279 1.52 1.27–1.81 3 3 1026

European 13 (82,162) LOC105370283-PTMAP5 rs17074492 1.53 1.31–1.79 6 3 1028

European 13 (82,177) LOC105370283-PTMAP5 rs67218188 1.49 1.28–1.74 5 3 1027

All subjects 13 (82,162) LOC105370283-PTMAP5 rs17074492 1.37 1.20–1.56 2 3 1026

All subjects 14 (46,407) MIS18BP1/LINC00871 rs1957173 0.61 0.50–0.74 7 3 1027

All subjects 14 (46,375) MIS18BP1/LINC00871 rs17116722 0.60 0.49–0.74 1 3 1026

All subjects 16 (69,704) NFAT5 rs7192380 1.28 1.16–1.42 2 3 1026

All subjects 16 (69,633) NFAT5 kgp11747098 1.26 1.14–1.40 7 3 1026

European 16 (13,002) SHISA9 rs9938751 0.59 0.48–0.73 1 3 1026

European 16 (12,988) SHISA9 rs8046800 0.61 0.50–0.76 5 3 1026

* Up to 2 single-nucleotide polymorphisms (SNPs) are included for each genome-wide association study (GWAS)/
gene. Chr. 5 chromosome; OR 5 odds ratio; 95% CI 5 95% confidence interval.
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reference panel (described in ref. 21) for the Asians. Associations
with HLA allele doses in each population group were analyzed in
Plink, and the results were meta-analyzed to assess heterogeneity.
In order to investigate or exclude heterogeneity of disease sub-
types, we repeated some analyses using only cases meeting all 3 of
the classification criteria.

RESULTS

Global GWAS. Our global GWAS (Figure 1A) of
the approximately 1.4 million post–quality control SNPs
showed genome-wide significant peaks in established SS
regions, namely the MHC, STAT4, and IRF5. We also
observed several suggestive association peaks, as shown in
Figure 1A and Table 2, with the most significant being in
RELN (odds ratio [OR] 1.4, P 5 3 3 1027) on 7q22.1, and
on 14q21.2 between MIS18BP1 and LINC00871 (OR 0.61,
P 5 7 3 1027). A suggestive region on 1q23.1 (OR 1.5,
P 5 2 3 1026) included SH2D2A, which has been shown
to be associated with other autoimmune disorders. Our
top SNPs in SH2D2A were located in peaks of DNase I
hypersensitivity sites for numerous cell types, and this
region has been shown via ChIP-Seq to bind to protein
CCAAT/enhancer binding protein b (CEBPB), a known
regulator of immune and inflammatory response genes.
Additional suggestive regions were in PDE8B (OR 0.75,
P 5 8 3 1026) on 5q13.3 and NFAT5 (OR 1.28, P 5 2 3

1026) on 16q22.1.
European versus Asian GWAS. We performed

subpopulation GWAS in our 2 largest ethnic groups. The
European subgroup was analyzed using the same set of 1.4
million SNPs as described above; the Asian group was ana-
lyzed using the 300K set of SNPs overlapping with the
Asian external controls that were added to increase power
for this analysis. Figures 1B and C show Manhattan plots
for the European and Asian GWAS, respectively, and
details of the top SNPs are shown in Table 2. Two aspects
are striking. First, the MHC region, while being the most
significant region in the Asian participants, had a much
weaker effect than that in the Europeans (in Europeans,
peak OR 2.29, 95% confidence interval [95% CI] 2.01–
2.62, P 5 3 3 10234; in Asians, peak OR 1.65, 95% CI
1.37–2.00, P 5 3 3 1027). Second, the KLRG1 region (for
the top SNP, OR 0.62, P 5 6 3 1027) had the next stron-
gest associations in Asians but did not appear to be associ-
ated in Europeans. KLRG1 has been shown to be
associated with SLE (22). Top SNPs in this region show
strong evidence of immune regulation; ChIP-Seq analysis
has shown that they bind to multiple proteins including
NF-kB subunit 1 in B lymphocytes and are within DNase I
hypersensitivity sites of B lymphocytes, Th1 cells, and
Th17 cells.

The European GWAS also showed multiple sug-
gestive association peaks (Figure 1B and Table 2); the

strongest association (OR 1.5, P 5 6 3 1028) was in
LOC105370283, a noncoding RNA, on 13q31.1 and near
pseudogene PTMAP5. Other suggestive gene regions were
CCDC174 (OR 0.61, P 5 5 3 1026) on 3p25.1, NACC2
(OR 1.39, P 5 5 3 1026) on 9q34.3, and SHISA9/
CKAMP44 (OR 0.59, P 5 1 3 1026) on 16p13.12.

MHC region. Figures 2A and B show MHC region
associations in the Asian and European clusters, respec-
tively. In order to determine whether the observed differ-
ences were attributable to power differences, we randomly
selected a subset of the European cases and controls, with
sample sizes equal to those in the Asian analysis (460 cases
and 1,125 controls) and repeated the analysis. Figure 2C
shows the results of that analysis, which continued to dem-
onstrate striking differences in significance and the location
of peaks that are not explained by sample size differences.
The top SNPs in Europeans were rs9271573 (P 5 3 3

10234) and rs9275572 (P 5 7 3 10233), which flank HLA–
DQA1 and HLA–DQB1, as shown in Figure 2B. The top
SNP in a secondary peak, rs6937545 (P 5 6 3 10230), is
downstream of HLA–DRA. The top SNPs in 2 association
peaks in Asians (Figure 2A) were rs9277554 (P 5 3 3

1027) near HLA–DPB1 and rs6903608 (P 5 1 3 1026) in
HLA–DRB9 (between HLA–DRA and HLA–DRB1).

We also analyzed associations in imputed HLA
alleles in the European and Asian subsets (Supplementary
Table 3, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40040/
abstract) and conducted a meta-analysis to assess hetero-
geneity. Of 41 alleles (of a total of 361) with significant
(P , 0.0001) associations in Europeans, Asians, or in the
meta-analysis, 17 had an I2 value of .80%, indicating high
heterogeneity, with an I2 value of 96.4 for HLA–
DQA1*0103 (OR in Europeans [OREuro] 0.45, and OR in
Asians [ORAsia] 1.56) and an I2 value of 94.9 for HLA–
DQB1*0201 (OREuro 2.38 and ORAsia 1.03). In addition, 7
associations in Asians (all in HLA–DPA1/DPB1) could not
be analyzed in Europeans due to low frequency.

KLRG1 region. In order to determine whether
there might be associations in Europeans with untyped
SNPs in the KLRG1 region, we imputed up to the 1000
Genomes reference panel starting from the set of SNPs
common to both the Omni2.5M and Illumina 610K plat-
forms. Supplementary Figure 4 (available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40040/abstract) shows associations of geno-
typed and imputed SNPs in the KLRG1 region for Euro-
pean and Asian participants separately. These data
continued to show an Asian-only effect of multiple
KLRG1 SNPs on SS risk. Supplementary Table 4 (avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40040/abstract)
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shows the allele frequencies of the suggestive KLRG1
SNPs in various participant subgroups in our data set, indi-
cating that the external controls were similar to internal
controls, and that effect sizes were higher in the Chinese
cluster than in the Japanese cluster.

Representative SNPs and multivariate modeling.
We selected 24 representative SNPs in 20 regions with at
least 2 suggestive (P , 1 3 1025) or stronger associations in
any of our 3 GWAS (all subjects, Europeans, and Asians)

and from the top hits (or proxies) in published European
(6) and Asian (7) GWAS (see Patients and Methods). Sup-
plementary Table 2 (available on the Arthritis & Rheumatol-
ogy web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40040/abstract) contains details of the SNP/proxy selection,
and Supplementary Table 5 (available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40040/abstract) contains results from
the 3 GWAS. Although STAT4 and IRF5 SNPs did not

Figure 2. Major histocompatibility complex association plots. A, Asian subgroup. B, European subgroup. Inset. Relative positions of top single-
nucleotide polymorphisms and HLA genes from dbSNP. C, European subgroup (blue) with sample sizes (460 cases and 1,125 controls) equal to
those in the Asian subgroup (red).
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meet the criteria for suggestive associations in our Asian
GWAS, the ORs for these SNPs were similar across anal-
yses. TNFAIP3 also had similar ORs across analyses and
has been implicated previously in both European (23)
and Asian (7) studies. Interestingly, the results of this
analysis suggested that one of the GTF2I SNPs may be
associated in Europeans, although it previously was impli-
cated only in Asians (7). According to our data, BLK and
CXCR5 SNPs had a stronger effect in Asians, whereas the
effect of IL2A was much lower.

We also performed multivariate modeling of these
SNPs in the European and Asian subgroups separately,
adjusting for intra-European and intra-Asian PCs,
respectively (see Patients and Methods). We executed
logistic regression analysis with backward selection, with
thresholds of P , 0.01 for the European subset and
P , 0.05 for the Asian subset due to the smaller sample
size. The results of this analysis are shown in Supplemen-
tary Table 6, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40040/abstract. These data continue to support that
GTF2I is a risk variant in Europeans and also indicate
that the effect of the PRCC–SH2D2A region may be
more prominent in Asians or non-Europeans.

Investigation of sources of heterogeneity. As
shown in Supplementary Figure 5 (available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40040/abstract), we plotted the heterogeneity
P value from the Q statistic for the 24 representative SNPs
between the European and Asian analyses versus the differ-
ence in MAF between controls in the 2 population groups.
Although most of these SNPs had highly significant allele
frequency differences, there was also substantial heteroge-
neity of association; i.e., the frequency differences did not
fully explain these differences in association.

One potential source of genetic heterogeneity is
the heterogeneity of underlying subphenotypes in the

population groups. Table 3 shows the percentage of cases
positive for SSA/SSB autoantibodies, focus score criteria,
and OSS criteria. The percentage of cases positive for
these criteria was much higher in the Asian cluster com-
pared with the European cluster, which may be attribut-
able to ascertainment and/or associations between
ethnicity and subphenotypes (see below). Next, we studied
the degree to which global ancestry, represented by our
top 3 worldwide PCs, correlates with the subphenotypes
described above. As shown in Table 3, we observed
strongly significant correlations between PC1 (European/
Asian axis) and all 3 subphenotypes (for SSA/SSB,
r 5 20.27 [P 5 5 3 10247); for focus score, r 5 20.18
[P 5 2 3 10221]; for OSS, r 5 20.12 [P 5 2 3 10214]). We
also observed strongly significant correlations between
PC3 (American Indian/non–American Indian axis) and
the focus score and OSS, although the correlation coeffi-
cients were modest (absolute value ,0.1).

Because it is possible that the relationship between
ancestry and subphenotype was confounded by the geo-
graphic recruitment site, we adjusted for site via meta-
analysis and provide site-specific statistics for PC1 (see
Supplementary Table 7, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40040/abstract). The mean value for PC1 was
higher or equal throughout in the subphenotype-negative
versus the subphenotype-positive cases, with the exception
that values were slightly lower for the India site (SSA/SSB)
or the Denmark and JHU sites (OSS). We observed a very
strong association between SSA/SSB status and PC1, both
adjusted for strata (meta-analysis P 5 4 3 10215, heteroge-
neity Q 5 0.38) and within the sites having the most vari-
ance in PC1 (i.e., higher power to detect associations): for
UCSF, P 5 8 3 1027; for Argentina, P 5 1 3 1025; for
UK, P 5 0.00065; and for JHU, P 5 0.0040. For the focus
score and OSS, the strata-adjusted P values were P 5 4 3

1025 and P 5 0.071, respectively, and the most strongly

Table 3. Subphenotype differences between the European and Asian clusters, and correlations with
the top 3 worldwide PCs, in SICCA participants*

SSA/SSB Focus score OSS

European cluster, no. meeting
criteria/total no. (%)

553/1,663 (33) 526/1,568 (34) 1,126/1,600 (70)

Asian cluster, no. meeting
criteria/total no. (%)

439/704 (62) 351/647 (54) 575/680 (85)

Top 3 worldwide PCs
PC1, r (P) 20.27 (5 3 10247) 20.18 (2 3 10221) 20.12 (2 3 10214)
PC2, r (P) 20.025 (0.16) 0.0053 (0.77) 20.013 (0.49)
PC3, r (P) 20.035 (0.055) 20.054 (0.0034) 20.050 (0.0059)

* PC1 5 principal components cluster 1; SICCA 5 Sj€ogren’s International Collaborative Clinical Alli-
ance; OSS 5 ocular staining score.
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associated strata is Argentina for both (P 5 5 3 1026 and
P 5 0.0061, respectively). We concluded that the degree of
European ancestry is likely to be protective for these
subphenotypes (see Discussion).

Finally, to understand whether this difference was
driving the apparent European and Asian heterogeneity,
we re-analyzed our data using only cases positive for all 3
subphenotypes. As shown in Figure 3, we plotted the 95%
CIs for associations in the European and Asian cases, for
all SS cases, and for only those meeting all 3 subphenotype
criteria. In most cases, the 95% CIs for associations in the
2 European groups and the 2 Asian groups were more sim-
ilar to each other than to the 95% CIs for associations in
the 2 groups meeting 3 criteria, indicating that sub-
phenotypes are not driving differences in association. A
notable exception was HLA–DPB1, for which the 95% CIs
in Europeans became more similar to those in Asians
when the analyses were restricted to cases positive for 3 cri-
teria; HLA–DPB1 was associated with positive SSA/SSB
and focus score status in both Europeans (for SSA/SSB,
OR 1.69 [P 5 1.3 3 1028]; for focus score, OR 1.36
[P 5 0.00071]) and Asians (for SSA/SSB, OR 1.64
[P 5 0.00032]; for focus score, OR 1.47 [P 5 0.0049]). It
was common in our study for effect sizes to become stron-
ger when the analyses were restricted to cases positive for
all 3 criteria; this was particularly true for HLA–DQB1 and
HLA–DQA1 in Europeans. HLA–DQA1 and HLA–DQB1
alleles were very strongly associated with SSA/SSB and

focus score status in the European participants (for SSA/
SSB, OR 4.42 [P 5 1.2 3 10234] and OR 3.20 [P 5 1.0 3

10232], respectively; for focus score, OR 2.98 [P 5 1.6 3

10221] and OR 2.52 [P 5 3.7 3 10224], respectively) but
not in the Asian participants.

DISCUSSION

The current study is the first international multi-
ethnic GWAS of SS and to our knowledge is the only inter-
national cohort with standardized deep phenotyping. Thus,
it is particularly well-suited to assess relationships between
ancestry and genetic etiology and how these may differ
depending on the clinical subtypes of SS, particularly for
the 2 largest ethnic groups, Europeans and Asians.

The results of our GWAS implicate several novel
suggestive regions of association (having at least 2 SNPs
with a P value of less than 1 3 1025). Two of these,
SH2D2A and KLRG1, have been associated with other
autoimmune diseases. It has been suggested (24) that a P
value more liberal than standard genome-wide significance
(P , 5 3 1028) is appropriate in this case, because genes
are often associated with multiple autoimmune diseases
and involve overlapping clinical subphenotypes. SH2D2A
has been associated with juvenile rheumatoid arthritis
(25), multiple sclerosis (26), and inflammatory neuropa-
thies (27,28). SH2D2A encodes a T cell–specific adapter
protein (TSAd) expressed in activated T cells, natural

Figure 3. Associations in Europeans versus associations in Asians. Cases designated 3-positive are positive for the SSA/SSB, focus score, and
ocular staining score criteria. The single-nucleotide polymorphisms are ordered according to decreasing heterogeneity (het) based on higher Q
values. 95% CI 5 95% confidence interval.

1302 TAYLOR ET AL



killer cells, and endothelial cells and is thought to function
in T cell signal transduction (29). We also found regulatory
evidence for this region: it has been shown to bind to
CEBPB, a regulator of immune and inflammatory
responses, and our top SNPs in this region are within
DNase I hypersensitivity peaks for numerous cell types.
KLRG1 has been shown to be associated with SLE in a
previous study (22) that examined both adult and
childhood-onset SLE in multiple ethnic groups. In that
study, significant haplotypes varied by ethnicity, with the
most significant haplotype being in Asian Americans, and
with European Americans having no significantly associ-
ated haplotype. This corroborates our finding of KLRG1
being associated with SS only in Asians.

The strongest novel region in our 3 GWAS was
observed in the European GWAS (OR 1.5, P 5 6 3 1028)
in LOC105370283, a noncoding RNA on 13q31.1 that is
near pseudogene PTMAP5. This region was associated
(P 5 5 3 1029) with C-reactive protein, a biomarker of
inflammation, in the Framingham cohort (30) and contains
a DNase I hypersensitivity site for human retinal epithelial
cells. Another interesting suggestive region was NFAT5;
members of the NF-AT family of proteins are transcription
factors involved in the immune response.

Striking differences between our European and
Asian GWAS pertain to the significance and locations of
MHC associations. The locations of MHC peaks in
Europeans are consistent with those observed in a previous
study (6), which also identified genes HLA–DQA1, HLA–
DQB1, and HLA–DRA as being most significant. The
peaks observed in the Asians in our study are similar to the
2 previously reported independent association signals (7);
both studies showed an association peak at HLA–DPB1.
Although the top peak reported in ref. 7 was between
HLA–DRB1 and HLA–DQA1, HLA–DRB9 is within the
same region of long-range linkage disequilibrium in MHC
class II. We observed high heterogeneity between Euro-
pean and Asian associations in our representative markers
for the peak MHC regions. Similarly, high MHC heteroge-
neity between European and Chinese participants has
recently been reported in SLE (31).

We have shown that the first worldwide ancestry
PC is significantly associated with subphenotypes, espe-
cially SSA/SSB autoantibody production, even within sites
and adjusting for site differences. Because this PC
distinguishes between European and Asian clusters, this
could be attributed to either the presence of Asian ances-
try or the absence of European ancestry. However, associa-
tion of PC1 with subphenotypes within Argentinians, and
a much weaker association with the American Indian axis
(PC3), leads us to believe that the degree of European
ancestry is primarily driving the PC1 association. Further

work is needed to confirm this finding, with more detailed
ancestry admixture data. If European ancestry is indeed
protective for all SS subphenotypes, this implies that Euro-
pean ancestry is protective for SS in general, as has been
seen in SLE. This is consistent with a study by Maldini
et al (12), which demonstrated a higher prevalence of SS
and SS autoantibodies in non-Europeans versus
Europeans in the greater Paris area. More population-
based studies of SS prevalence are needed to confirm this
hypothesis.

Finally, we demonstrate that the heterogeneity of
association seen in many of the top regions is not
explained, in most cases, by differing subphenotype dis-
tributions within different ethnic groups. Allele frequen-
cies in these SNPs differed significantly between the
European and Asian subgroups and likely reflect different
underlying haplotype structures, as has been shown for
KLRG1 in SLE (22). Because associated variants are likely
only tagging the actual causal variants, whether disease-
causing mutations are present in some populations but not
others or actually have different biologic effects in different
populations, will be the subject of future research.

A limitation of the current study is the paucity of
non-European control data sets. We included 2 European
control data sets derived from dbGaP (AREDS and
COGEND), which were genotyped on the same platform
and in the same laboratory concurrently. We identified
these in advance and thus were able to do duplicate
genotyping in a small subset of cases, for quality control. We
obtained a control data set for our Asian cluster,
IGANGWAS; however, it was genotyped on the Illumina
610 Quad platform, with only ;300,000 SNPs common to
both platforms. Thus, our Asian analysis was limited to this
smaller set, and comparisons between the ancestry groups
have this caveat. We performed an imputation of this data
set up to the 1.4 million post–quality control SNPs of the
Omni2.5M platform, and during the quality control process
compared the frequencies of the imputed external versus
internal controls (SICCA participants without SS) for each
SNP. The resulting Q–Q plot indicated systematic bias of
the imputed SNPs; therefore, we chose not to include these
data in the final analysis. Related to this, the 24 SNPs that
we used for heterogeneity comparisons and multivariate
modeling were drawn from the 300K overlap SNP set, which
sometimes resulted in weak proxies; this may have led to
overestimation or underestimation of the heterogeneity of
causal variants and their effects in multivariate models.

A related limitation of our study is that it may not
have had sufficient power to identify novel variants; recently
discovered variants in European (6) and Asian (7) cohorts
have identified risk alleles with ORs as low as 1.28 and 1.44,
respectively. Our all-subjects analysis had 80% power to
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detect ORs of 1.31–1.50 (for MAFs of 0.1–0.45), while our
European and Asian analyses had power to detect ORs of
1.49–1.75 and 1.65–2.01, respectively. We are very encour-
aged by the presence of suggestive genes already known to
influence autoimmunity, which we consider the most prom-
ising for future follow-up. These data are also available for
use in larger collaborations that may be more appropriately
suited to establishing novel associations.

Our SS case–control comparison used the ACR
2012 criteria for SS and included SS-negative subjects who
were positive for 1 criterion, with external Asian controls
added to increase power. Our results for the top SNPs were
very similar if the subjects positive for only 1 criterion are
omitted or if the newer 2016 ACR/European League
Against Rheumatism criteria (32) were used (see Supple-
mentary Table 8, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40040/abstract).

In summary, we have conducted the first multiethnic
GWAS in SS and analyses of European versus Asian associ-
ations. Several suggestive association peaks warrant further
follow-up in future studies, particularly in 2 regions previ-
ously implicated in autoimmune diseases. We observed
strong associations between SS subphenotypes and genetic
ancestry; however, this does not explain the heterogeneity of
the associations seen in the European versus Asian subpop-
ulations. Issues of genetic etiology, ancestry, and sub-
phenotype heterogeneity have been studied very little in SS
compared with autoimmune diseases such as SLE. Our
study gives new insights into these relationships and pro-
vides a basis for future work on the genetic etiology of SS.
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Anti–RNPC-3 Antibodies As a Marker of Cancer-Associated Scleroderma

Ami A. Shah,1 George Xu,2 Antony Rosen,1 Laura K. Hummers,1 Fredrick M. Wigley,1 Stephen J. Elledge,3 and
Livia Casciola-Rosen1

Objective. Prior studies have demonstrated an
increased risk of cancer-associated scleroderma in patients
with anti–RNA polymerase III (anti–RNAP III) auto-
antibodies as well as in patients who are triple-negative for
anticentromere (anti-CENP), anti–topoisomerase I (anti–
topo I), and anti–RNAP III (also known as anti-POL)
autoantibodies (referred to as CTP negative). In a recent
study of 16 CTP-negative scleroderma patients with coinci-
dent cancer, 25% of the patients were found to have auto-
antibodies to RNPC-3, a member of the minor spliceosome
complex. This investigation was undertaken to validate the
relationship between anti–RNPC-3 antibodies and cancer
and examine the associated clinical phenotype in a large
sample of scleroderma patients.

Methods. Scleroderma patients with cancer were
assayed for anti-CENP, anti–topo I, anti–RNAP III, and
anti–RNPC-3 autoantibodies. Disease characteristics and
the cancer–scleroderma interval were compared across
autoantibody groups. The relationship between autoanti-
body status and cancer-associated scleroderma was
assessed by logistic regression.

Results. Of 318 patients with scleroderma and can-
cer, 70 (22.0%) were positive for anti–RNAP III, 54
(17.0%) were positive for anti–topo I, and 96 (30.2%) were
positive for anti-CENP. Twelve patients (3.8% of the over-
all group or 12.2% of CTP-negative patients) were positive
for anti–RNPC-3. Patients with anti–RNPC-3 had a short
cancer–scleroderma interval (median 0.9 years). Relative
to patients with anti-CENP, patients with anti–RNPC-3
and those with anti–RNAP III had a >4-fold increased
risk of cancer within 2 years of scleroderma onset (for
anti–RNPC-3–positive patients, odds ratio [OR] 4.3, 95%
confidence interval [95% CI] 1.10–16.9 [P 5 0.037];
for anti–RNAP III–positive patients, OR 4.49, 95% CI
1.98–10.2 [P < 0.001]). Patients with anti–RNPC-3 had
severe restrictive lung disease, gastrointestinal disease,
Raynaud’s phenomenon, and myopathy.

Conclusion. Anti–RNPC-3 autoantibodies, similar
to anti–RNAP III autoantibodies, are associated with an
increased risk of cancer at the onset of scleroderma.
These data suggest the possibility of cancer-induced auto-
immunity in this subset of patients with scleroderma.

Patients with systemic sclerosis (SSc; scleroderma)
have an elevated risk of cancer compared with individuals
in the general population (1). Recent data have demon-
strated that a close temporal relationship exists between
the cancer diagnosis and the first clinical signs of sclero-
derma in a subset of patients (2,3). This clustering is most
notable in patients with anti–RNA polymerase III (anti–
RNAP III) autoantibodies (2–6), who have a .5-fold
increased risk of cancer within 2 years of scleroderma onset
(3). Findings from biologic studies have strongly suggested
that paraneoplastic development of autoimmunity and
scleroderma can occur in patients with anti–RNAP III
autoantibodies. Genetic alterations (somatic mutations
and/or loss of heterozygosity) of the POLR3A gene, which
encodes for RNAP III, are also specifically identified in
these patients’ cancers, but not in the cancers in sclero-
derma patients with other autoantibodies (7). Further-
more, these patients develop mutation-specific T cell
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immune responses and anti–RNAP III autoantibodies that
react with both mutant and wild-type RNAP III proteins
(7). In aggregate, these studies suggest a model of cancer-
induced autoimmunity in which autoantigen mutation in
cancers may trigger the development of anti-tumor
immune responses that then result in autoimmunity (8).

In addition to patients with anti–RNAP III auto-
antibodies, there are other subsets of scleroderma patients
who demonstrate a similar clustering of cancer diagnosis
with the first clinical signs of scleroderma. This clustering
is most notable among older patients developing sclero-
derma who are positive for antinuclear antibodies (ANAs)
but negative for the 3 most common scleroderma auto-
antibodies observed in US cohorts (anticentromere [anti-
CENP], anti–topoisomerase I [anti–topo I], and anti–
RNAP III [also known as anti-POL] autoantibodies [CTP
negative]) (2,3). These individuals likely represent a heter-
ogenous population of scleroderma patients in whom dif-
ferent autoantigens, both known and novel, are targeted.

We recently utilized phage-immunoprecipitation
sequencing and PLATO (parallel analysis of in vitro trans-
lated open-reading frames) (9,10) to identify unique auto-
antibodies in CTP-negative scleroderma patients with a
clustering of cancer diagnosis and scleroderma onset (11).
Specifically, 16 CTP-negative patients with scleroderma
and cancer and with a short cancer–scleroderma interval
(#5 years) were studied. Four (25%) of these 16 patients
had autoantibodies to multiple adjacent peptides within
RNA-binding protein–containing 3 (RNPC-3) (11), a 65-
kd protein component of the minor spliceosome complex
that participates in removal of U12-type introns from pre–
messenger RNA (12,13). The minor spliceosome complex
consists of several small nuclear RNAs (snRNAs) and
multiple protein components, including the small nuclear
ribonucleoproteins (snRNPs) 25, 35, and 48, programmed
cell death protein 7, and the Sm proteins. RNPC-3 has 2
RNA recognition motifs, indicating that it likely contacts
one of the snRNAs of the minor spliceosome. This anti–
RNPC-3 specificity (also known as anti-U11/U12) has pre-
viously been described in patients with scleroderma, with
a reported prevalence of 3.2% in the University of Pitts-
burgh scleroderma cohort (14).

In this investigation, we sought to verify whether
anti–RNPC-3 antibodies are associated with a short
cancer–scleroderma interval in a large sample of patients
with scleroderma and cancer, as this would provide addi-
tional evidence to support a model of cancer-induced auto-
immunity. We also compared the prevalence of anti–
RNPC-3 antibodies in CTP-negative patients with and
those without cancer to determine whether anti–RNPC-3
autoantibodies are a marker of cancer risk overall. Simi-
larly, we examined the clinical phenotype in these patients

to identify whether any unique clinical characteristics could
be a sign of an underlying cancer. In addition, we assayed
anti–RNPC-3 antibodies in cancer patients without sclero-
derma to define whether anti–RNPC-3 antibodies are can-
cer biomarkers more broadly.

PATIENTS AND METHODS

Study population. Patients with scleroderma and an
available serum sample were identified through the institutional
review board–approved Johns Hopkins Scleroderma Center data-
base. All patients were diagnosed as having scleroderma according
to the American College of Rheumatology (ACR) 2013 classifica-
tion criteria or the ACR 1980 classification criteria (15,16), or
according to whether they had at least 3 of 5 features of the CREST
syndrome (calcinosis, Raynaud’s phenomenon, esophageal dysmo-
tility, sclerodactyly, telangiectasias). Demographic data, date of
symptom onset, cutaneous SSc subtype (17), organ-specific disease
severity scores (18,19), smoking status, and cancer diagnosis (date of
onset, site, histologic findings, and therapy) were ascertained in all
patients at the first visit and longitudinally at 6-month intervals for
relevant parameters. All clinically obtained pulmonary function test
results and echocardiogram findings were recorded. The date of
scleroderma onset was defined as the date of the first scleroderma
symptom, categorized as either Raynaud’s or non-Raynaud’s phe-
nomenon. The date of cancer diagnosis was obtained from pathol-
ogy reports or medical record review when available, and was
otherwise defined by patient report. The cancer–scleroderma inter-
val was calculated as the difference between these 2 dates.

Cancer cohort and autoantibody status. We first
examined our entire cohort of scleroderma patients with cancer
and an available serum sample (n 5 325). The serum sample
obtained closest to the date of cancer diagnosis was studied for
each participant. Autoantibodies against topo I, RNAP III, and
CENP-A/B were assayed by enzyme-linked immunosorbent assays
(ELISAs) using commercially available kits (Inova Diagnostics),
and autoantibody levels of $40 units were defined as a true posi-
tive finding for our primary analyses. A sensitivity analysis was also
performed, with antibody positivity redefined as a threshold of
$20 units. Autoantibodies to RNPC-3 were assayed by immuno-
precipitation of 35S-methionine–labeled protein, generated by in
vitro transcription and translation from complementary DNA
encoding full-length RNPC-3 (purchased from Origene Technolo-
gies) as described previously (20). Representative data from the
immunoprecipitation assay to detect RNPC-3 antibodies are avail-
able upon request from the corresponding author. We restricted
our primary analyses to patients who were positive for only 1
scleroderma autoantibody, as previously described (3). Of 325
patients with complete autoantibody data, only 7 patients were
excluded from our analyses, because these patients were positive
for multiple autoantibodies (largely overlapping with positivity for
anti-CENP antibodies). Five of the 7 patients also had anti–
RNPC-3 antibodies, of whom only 3 were moderately or strongly
positive. Therefore, our study population consisted of 318 sclero-
derma patients with cancer.

Patients were subdivided into 5 autoantibody subgroups
for analysis: patients positive for anti–RNAP III, anti–topo I,
anti-CENP, or anti–RNPC-3 autoantibodies and patients nega-
tive for all 4 tested autoantibodies (anti-CENP, anti–topo I, anti–
RNAP III, and anti–RNPC-3 [CTPR negative]). Demographic
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Table 1. Characteristics of the study population*

Variable

Anti–RNAP III
positive
(n 5 70)

Anti–topo I
positive
(n 5 54)

Anti-CENP
positive
(n 5 96)

Anti–RNPC-3
positive
(n 5 12)

CTPR
negative
(n 5 86) P

Age at SSc onset,
mean 6 SD years

52.7 6 13.0 43.8 6 16.3 43.8 6 14.7 50.1 6 11.7 47.9 6 13.7 0.0007

Age at cancer diagnosis,
mean 6 SD years

56.3 6 10.8 52.2 6 14.8 56.3 6 13.4 48.6 6 13.2 56.3 6 12.8 0.1059

SSc–cancer interval,
median (IQR) years

1.0 (21.3, 8.9) 7.7 (0.3, 14.1) 11.1 (1.3, 25.8) 0.9 (25.0, 2.7) 7.5 (1.4, 16.7) 0.0001†

Non-RP–cancer interval,
median (IQR) years

0.8 (22.0, 5.5)
(n 5 69)

6.0 (21.4, 13.0)
(n 5 52)

5.3 (21.5, 13.8)
(n 5 95)

20.1 (28.5, 0.5) 3.7 (21.2, 12.0)
(n 5 85)

0.0021†

RP–cancer interval,
median (IQR) years

0.8 (21.7, 8.5)
(n 5 68)

7.7 (0.3, 14.1) 9.2 (20.1, 24.6) 0.9 (25.0, 2.7) 8.7 (0.8, 16.4)
(n 5 78)

0.0008†

Disease duration at first visit,
median (IQR) years

1.6 (1.0, 4.2) 3.6 (1.5, 12.2) 13.5 (5.1, 26.2) 2.2 (1.1, 6.6) 6.1 (1.0, 12.4) 0.0001†

Female sex, no. (%) 52 (74.3) 43 (79.6) 86 (89.6) 12 (100) 66 (76.7) 0.024
Race, no. (%)

White 69 (98.6) 46 (85.2) 93 (97.9)
(n 5 95)

9 (75) 75 (88.2)
(n 5 85)

0.001

African American 1 (1.4) 5 (9.3) 2 (2.1)
(n 5 95)

3 (25) 8 (9.4)
(n 5 85)

Other 0 (0) 3 (5.6) 0 (0)
(n 5 95)

0 (0) 2 (2.4)
(n 5 85)

Smoking, no. (%)
Never 33 (47.2) 27 (50) 48 (50.5)

(n 5 95)
7 (58.3) 35 (40.7) 0.912

Former 29 (41.4) 22 (40.7) 37 (39)
(n 5 95)

4 (33.3) 43 (50)

Current 8 (11.4) 5 (9.3) 10 (10.5)
(n 5 95)

1 (8.3) 8 (9.3)

ACR 2013 SSc classification
criteria, no. (%)‡

92 (95.8) 70 (100) 54 (100) 12 (100) 82 (95.4) 0.201

Cutaneous SSc subtype, no. (%)
Diffuse 54 (77.1) 23 (42.6) 6 (6.3) 3 (25) 29 (33.7) ,0.001
Limited 16 (22.9) 31 (57.4) 90 (93.8) 9 (75) 57 (66.3)

Baseline MRSS, median (IQR) 18 (8, 30)
(n 5 69)

6 (3, 15)
(n 5 51)

2 (2, 4)
(n 5 91)

2 (2, 4) 4 (2, 13)
(n 5 77)

0.0001†

Baseline Medsger disease severity
score, no. (%)§

Severe RP (pits, ulcers,
gangrene)

9 (12.9) 25 (46.3) 32 (33.3) 7 (58.3) 21 (25)
(n 5 84)

,0.001

Severe GI disease 5 (7.1) 12 (22.2) 21 (21.9) 3 (25) 26 (30.6)
(n 5 85)

0.005

Severe lung disease 17 (34)
(n 5 50)

23 (57.5)
(n 5 40)

29 (44.6)
(n 5 65)

8 (88.9)
(n 5 9)

31 (49.2)
(n 5 63)

0.019

Baseline FVC, mean 6 SD %
predicted

84.6 6 14.3
(n 5 62)

73.2 6 16.9
(n 5 49)

90.0 6 16.1
(n 5 91)

66.1 6 17.8 77.7 6 19.5
(n 5 78)

,0.0001

Baseline DLCO, mean 6 SD %
predicted

83.6 6 20.2
(n 5 55)

74.7 6 22.4
(n 5 46)

85.2 6 25.1
(n 5 79)

64.2 6 23.4
(n 5 8)

71.4 6 22.1
(n 5 70)

0.0005

Baseline RVSP, median (IQR)
mm Hg

33.2 (26, 38)
(n 5 38)

31 (27.5, 35.5)
(n 5 32)

35 (28, 43)
(n 5 53)

43 (35, 51)
(n 5 6)

34 (30, 42)
(n 5 57)

0.0206†

FVC ever ,70% of predicted,
no. (%)

22 (31.4) 34 (63) 26 (27.1) 9 (75) 36 (41.9) ,0.001

RVSP ever .45 mm Hg,
no. (%)

14 (20) 16 (29.6) 34 (35.4) 6 (50) 33 (38.4) 0.062

Myopathy ever, no. (%)¶ 10 (14.3) 5 (9.3) 6 (6.3) 4 (33.3) 15 (17.4) 0.027
Tendon friction rubs ever,

no. (%)
32 (45.7) 12 (22.2) 3 (3.1) 0 (0) 8 (9.3) ,0.001

Renal crisis, no. (%) 9 (12.9) 1 (1.9) 1 (1.0) 1 (8.3) 6 (7.0) 0.009
Death, no. (%) 25 (35.7) 21 (38.9) 26 (27.1) 7 (58.3) 35 (40.7) 0.134
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features, the cancer–scleroderma interval, and scleroderma phe-
notypic features were compared across the autoantibody sub-
groups. For continuous variables, differences in mean values
were assessed by analysis of variance, unless unequal variances
were suggested by the Bartlett’s test; in this instance, the Kruskal-
Wallis test was applied as a nonparametric test. Dichotomous
and categorical variables were compared using the Fisher’s exact
test. Characteristics were also compared between anti–RNPC-3–
positive and anti–RNPC-3–negative patients using the Student’s
t-test or, where appropriate, the Fisher’s exact test.

We also performed logistic regression analysis to exam-
ine whether anti–RNPC-3 and other autoantibodies were associ-
ated with an increased risk of cancer-associated scleroderma.
Cancer-associated scleroderma was defined by a short cancer–
scleroderma interval (62 years), as previously described (3). The
cancer–scleroderma interval was also examined graphically by
generating scatterplots of age at scleroderma onset and age at
cancer diagnosis for each autoantibody type.

Comparison cohort of CTP-negative scleroderma
patients without cancer. Sixty CTP-negative scleroderma patients
without cancer were also studied. The prevalence of anti–RNPC-3
positivity was compared between CTP-negative patients with cancer
and those without cancer by chi-square test. We examined whether
the clinical phenotype differed between anti–RNPC-3–positive
patients with and those without cancer using the Wilcoxon–Mann-
Whitney test or, where appropriate, the Fisher’s exact test.

Comparison cohort of healthy controls and those with
other disease states. Twenty-five healthy controls, 45 patients
with pancreatic cancer, and 35 patients with lupus and cancer
were also assayed for anti–RNPC-3 antibodies, in the same
manner as described above.

Statistical analysis. All statistical analyses were per-
formed using Stata version 13 (StataCorp). Two-sided P values less

than 0.05 were considered statistically significant. Odds ratios
(ORs) with 95% confidence intervals (95% CIs) were determined.

RESULTS

Patients. In total, 318 scleroderma patients with
cancer were analyzed (Table 1). Seventy patients (22.0%)
were positive for anti–RNAP III antibodies, 54 (17.0%)
were positive for anti–topo I, 96 (30.2%) were positive for
anti-CENP, and 12 (3.8%) were positive for anti–RNPC-3,
leaving 86 patients (27.0%) in whom other autoantibody
specificities are likely targeted (the CTPR-negative group).
None of the controls (healthy subjects, patients with pan-
creatic cancer, or patients with lupus and cancer) had evi-
dence of anti–RNPC-3 antibodies.

Association of anti–RNPC-3 autoantibodies with
a short cancer–scleroderma interval and severe clinical
phenotype. The cancer–scleroderma interval was signifi-
cantly different across the 5 autoantibody subgroups.
This finding persisted regardless of whether scleroderma
onset was defined by the onset of Raynaud’s phenome-
non (P 5 0.0008), onset of the first non–Raynaud’s symp-
tom (P 5 0.0021), or onset of the first symptom (either
Raynaud’s or non–Raynaud’s phenomenon; P 5 0.0001).
Patients with anti–RNPC-3 autoantibodies had a short
cancer–scleroderma interval (median 0.9 years), similar
to that observed in patients with anti–RNAP III anti-
bodies (median 1.0 years). This temporal clustering
between cancer and scleroderma in patients positive for

Table 1. (Cont’d)

Variable

Anti–RNAP III
positive
(n 5 70)

Anti–topo I
positive
(n 5 54)

Anti-CENP
positive
(n 5 96)

Anti–RNPC-3
positive
(n 5 12)

CTPR
negative
(n 5 86) P

Cancer site, no. (%)
Female/gynecologic

Breast 27 (38.6) 17 (31.5) 29 (30.2) 6 (50) 18 (20.9) NT
Other gynecologic 5 (7.1) 3 (5.6) 9 (9.4) 2 (16.7) 7 (8.1) NT

Lung 6 (8.6) 9 (16.7) 11 (11.5) 0 (0) 6 (7) NT
Hematologic 3 (4.3) 0 (0) 8 (8.3) 2 (16.7) 11 (12.8) NT
Skin 8 (11.4) 12 (22.2) 24 (25) 2 (16.7) 25 (29.1) NT
Other 21 (30) 13 (24.1) 15 (15.6) 0 (0) 19 (22.1) NT

* The study population comprised 318 patients with systemic sclerosis (SSc) and cancer in the autoantibody subgroups of patients who were positive
for anti–RNA polymerase III (anti–RNAP III; also known as anti-POL), anti–topoisomerase I (anti–topo I), anticentromere (anti-CENP), or anti–
RNPC-3 autoantibodies and patients who were quadruple-negative for anti-CENP/anti–topo I/anti–RNAP III/anti–RNPC-3 (CTPR negative). IQR 5
interquartile range; non-RP 5 non–Raynaud’s phenomenon; MRSS 5 modified Rodnan skin thickness score; RVSP 5 right ventricular systolic pres-
sure; NT 5 not tested.
† P values were determined using the Kruskal-Wallis test.
‡ The 4 remaining patients in the anti-CENP–positive group and 3 of the 4 in the CTPR-negative group met at least 3 of the 5 criteria for the
CREST syndrome (calcinosis, Raynaud’s phenomenon, esophageal dysmotility, sclerodactyly, telangiectasias); 1 patient in the CTPR-negative
group met the American College of Rheumatology (ACR) 1980 classification criteria for SSc.
§ Severe RP (pits, ulcers, gangrene) was defined as a Medsger severity score of $2 at baseline. Severe gastrointestinal (GI) disease was defined
as a requirement for high-dose medications to treat gastroesophageal reflux disease, antibiotics needed for bacterial overgrowth, presence of mal-
absorption syndrome, episodes of pseudoobstruction, or a requirement for total parenteral nutrition. Severe lung disease was defined as a forced
vital capacity (FVC) or diffusing capacity for carbon monoxide (DLCO) of ,70% of predicted.
¶ Myopathy was defined as a history of abnormal muscle enzyme levels or abnormal findings on electromyography, muscle biopsy, or magnetic resonance
imaging.
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anti–RNPC-3 and those positive for anti–RNAP III is
shown in Figure 1. As illustrated, tight clustering on or
around the line of perfect agreement (representing a
cancer–scleroderma interval of 0) was seen for patients
with anti–RNPC-3 autoantibodies (Figure 1), consistent
with the possibility of an increased risk of cancer-
associated scleroderma.

Relative to patients with anti-CENP autoantibodies,
patients with anti–RNPC-3 antibodies and those with anti–
RNAP III antibodies had a .4-fold increased risk of cancer
within 2 years of scleroderma onset (for those with anti–
RNPC-3, OR 4.3, 95% CI 1.10–16.9 [P 5 0.037]; for those
with anti–RNAP III, OR 4.49, 95% CI 1.98–10.2
[P , 0.001]) (Table 2). When we broadened our reference
group to include patients with anti-CENP, patients with
anti–topo I, and CTPR-negative patients, we found that
patients with anti–RNPC-3 and those with anti–RNAP III
had .3-fold increased odds of cancer within 2 years of
scleroderma onset (for those with anti–RNPC-3, OR 3.57,
95% CI 1.01–12.6 [P 5 0.048]; for those with anti–RNAP
III, OR 3.72, 95% CI 1.99–6.98 [P , 0.001]). These findings
persisted in our sensitivity analyses in which autoantibody
positivity was redefined at a lower cutoff of $20 units (data
not shown).

All of the patients with anti–RNPC-3 autoanti-
bodies were female, and the patients in this autoantibody
subset were more likely to be African American (25% of
patients) (Table 1). There were statistically significant dif-
ferences in age at scleroderma onset (P 5 0.0007) and dis-
ease duration at first visit (P 5 0.0001) across the
autoantibody subgroups. Patients with anti–RNPC-3

antibodies and those with anti–RNAP III antibodies had
a mean age at scleroderma onset of .50 years, and both
subgroups had a shorter time to presentation for clinical
evaluation than did the other autoantibody subgroups;
this latter finding is likely attributable to the aggressive
phenotype associated with these 2 autoantibodies (6,14).
Patients with anti–RNPC-3 antibodies had less severe
cutaneous and articular disease, as assessed by subtype
distributions as well as by the modified Rodnan skin
thickness score and the presence of tendon friction rubs.
However, patients with anti–RNPC-3 antibodies had
more severe restrictive lung disease at baseline, with a
lower forced vital capacity and diffusing capacity for car-
bon monoxide and a higher Medsger severity score for
lung disease compared with the other autoantibody sub-
groups. Anti–RNPC-3–positive patients also had associ-
ated pulmonary hypertension, which was defined as an
elevated right ventricular systolic pressure (RVSP) on
baseline echocardiography, although it is important to
note the small size of the sample of patients with an esti-
mated RVSP value available for this analysis. Anti–
RNPC-3–positive patients had an associated myopathy
(33.3% of patients) as well as severe gastrointestinal dis-
ease and severe Raynaud’s phenomenon.

Given the small sample size, pairwise comparisons
between the anti–RNPC-3 autoantibody subgroup and
every other autoantibody subgroup were not performed
because of the high likelihood that associations would be
observed by chance alone. However, we compared anti–
RNPC-3–positive and –negative patients and confirmed
that anti–RNPC-3–positive patients had statistically signifi-
cant associations, with a short cancer–scleroderma interval,
severe restrictive lung disease consistent with interstitial
lung disease, a higher baseline RVSP, severe Raynaud’s
phenomenon, and a history of myopathy (data not shown).

Although anti–RNPC-3 autoantibodies are not
commercially available for clinical use, indirect immuno-
fluorescence patterns on ANA testing may provide
insights into autoantibody associations in CTP-negative

Figure 1. Relationship between age at cancer diagnosis and age at
scleroderma onset. The red line in each graph denotes perfect agree-
ment between age at cancer diagnosis and age at scleroderma onset
(i.e., cancer–scleroderma interval of 0). CTPR-negative refers to the
group of patients who were negative for all 4 autoantibodies tested
(anticentromere [anti-CENP], anti–topoisomerase I, anti–RNA poly-
merase III [also known as anti-POL], and anti–RNPC-3).

Table 2. Relative odds of cancer-associated scleroderma according
to autoantibody subgroup*

Autoantibody OR (95% CI)

Anti-CENP Reference
Anti–RNA polymerase III 4.49 (1.98–10.2)
Anti–topoisomerase I 1.72 (0.65–4.54)
Anti–RNPC-3 4.3 (1.10–16.9)
Remaining (CTPR negative) 1.13 (0.45–2.87)

* Cancer-associated scleroderma was defined as cancer and scleroderma
occurring within 2 years of each other. Values are the odds ratio (OR)
(95% confidence interval [95% CI]) relative to the anticentromere (anti-
CENP)–subgroup as reference. CTPR negative 5 quadruple-negative for
anti-CENP/anti–topoisomerase I/anti–RNA polymerase III (also known as
anti-POL)/anti–RNPC-3.
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patients who might have this specificity. Of the 12 anti–
RNPC-3–positive patients, 11 had available data on
ANA patterns. Nine (81.8%) of the 11 patients had a
speckled ANA pattern.

As some of the phenotypic features that are associ-
ated with anti–RNPC-3 autoantibodies are similar to that
seen in patients with anti–U1 RNP autoantibodies, we also
assessed whether anti–U1 RNP was present among these
patients. No patient with anti–RNPC-3 autoantibodies was
moderately to strongly positive for anti–U1 RNP on ELISA.

Patients with anti–RNPC-3 antibodies also had a
worse prognosis, with a shorter time to death, as compared
with patients in the other autoantibody subgroups (median
survival 9.0 years in anti–RNPC-3–positive patients versus
.20 years in all other antibody subgroups; P , 0.0001 by
log-rank test) (details available upon request from the
corresponding author). While statistical comparisons of all
tumor types were not possible with our small sample size, it
is noteworthy that most malignancies in the anti–RNPC-3–
positive group (66.7% of patients) were gynecologic tumors
in women, with 50% of these patients having breast cancer
(P 5 0.075 for comparison across antibody subgroups).

Prevalence of anti–RNPC-3 autoantibodies and
clinical phenotype of anti–RNPC-3–positive patients does
not differ by cancer status. Among the CTP-negative
scleroderma patients, there were no significant differences
in the prevalence of anti–RNPC-3 antibodies by cancer
status (12 [12.2%] of 98 patients with cancer were anti–
RNPC-3 positive, compared with 8 [13.3%] of 60 patients
without cancer; P 5 0.842). We examined whether unique
phenotypic features could identify the subset of patients
with an underlying cancer among anti–RNPC-3–positive
patients, as clinical differences could aid in risk stratifica-
tion for cancer screening. Our sample size was limited to
12 anti–RNPC-3–positive patients with cancer and 8 anti–
RNPC-3–positive patients without cancer. There were no
statistically significant differences in age at scleroderma
onset, age at cancer diagnosis, disease duration at first
visit, sex, race, cutaneous subtype, organ-specific severity
scores, baseline pulmonary function, history of myopathy,
or history of articular disease (data not shown).

DISCUSSION

This investigation found that scleroderma patients
with anti–RNPC-3 autoantibodies have a short cancer–
scleroderma interval (median 0.9 years), similar to that
observed in patients with anti–RNAP III antibodies (median
1.0 years). Relative to patients with anti-CENP auto-
antibodies, patients with anti–RNPC-3 antibodies and those
with anti–RNAP III antibodies had a .4-fold increased risk
of cancer occuring within 2 years of scleroderma onset. The

presence of anti–RNPC-3 autoantibodies did not signify an
increased risk of cancer overall, but did identify a subset of
patients who have an increased risk of cancer at the time of
the first clinical manifestations of scleroderma. The tempo-
ral association between cancer and scleroderma in patients
with anti–RNPC-3 antibodies is very similar to that observed
in patients with anti–RNAP III antibodies, and strongly sug-
gests that additional, serologically defined subsets of sclero-
derma patients may have cancer-induced autoimmunity
(2,3,7,8). Although the mechanistic relationship between
cancer and scleroderma among patients with anti–RNPC-3
antibodies is unknown, these data support the idea that can-
cer might initiate scleroderma-specific immune responses
and also provide a rationale for targeted malignancy screen-
ing at the time of scleroderma onset.

In our study of scleroderma patients with cancer,
patients with anti–RNPC-3 were more likely to be African
American and to have severe interstitial lung disease, gas-
trointestinal disease, and Raynaud’s phenomenon. Even
among a cohort of patients with a history of cancer,
patients with anti–RNPC-3 had a faster time to death from
scleroderma onset than did patients without anti–RNPC-
3, which may be consistent with the aggressive phenotype
of these patients. Overall, our findings related to the clini-
cal phenotype and prevalence estimates (3.8% in the Johns
Hopkins cohort and 3.2% in the University of Pittsburgh
cohort) are similar to those previously described for anti-
U11/U12 antibodies in the University of Pittsburgh sclero-
derma cohort (14). Our data suggest that patients with
anti–RNPC-3 may be more likely to have a myopathy,
which has not been described before; further study is
required to validate this finding in a larger cohort.

Recognizing that the prevalence of anti–RNPC-3
antibodies was low in our cohort, we were unable to iden-
tify any significant clinical phenotypic differences between
anti–RNPC-3–positive patients with cancer compared with
those without cancer. Anti–RNPC-3 autoantibodies were
unique to scleroderma and were not found in cancer
patients without scleroderma, demonstrating that anti–
RNPC-3 antibodies are not cancer biomarkers in non-
scleroderma populations.

As in patients with anti-RNAP III autoantibodies,
these data support the practice of careful cancer screen-
ing at the onset of scleroderma in patients with anti–
RNPC-3 autoantibodies. As we begin to identify more
subsets of patients with possible cancer-associated sclero-
derma, it will be critical to consider evidence-based
approaches to define the optimal cancer screening algo-
rithm in these patients to maximize cancer dectection
while minimizing the risks associated with false positive
testing. The approach to cancer screening in scleroderma
may vary by autoantibody subtype. In our small sample of
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anti–RNPC-3–positive patients with cancer, 50% of the
malignancies were breast cancers, suggesting that mam-
mography is important. The remaining cancers seen in
our anti–RNPC-3–positive patients were gynecologic,
hematologic, and skin in origin.

Our study was conducted in the largest cohort of
well-characterized patients with scleroderma and cancer to
date, but it was limited by the small sample size of patients
with anti–RNPC-3 autoantibodies. While we observed sta-
tistically significant differences, it is important to note that
we could not perform pairwise comparisons between each
pair of autoantibody subgroups, due to our sample size. In
addition, our control group was restricted to scleroderma
patients who were CTP negative and without cancer. Finally,
although our data demonstrating a clustering of cancer diag-
nosis with scleroderma onset suggest a paraneoplastic mech-
anism of scleroderma onset, similar to that in patients with
anti-RNAP III autoantibodies, this investigation did not
examine whether genetic or posttranslational alterations of
RNPC-3 are present in the cancer tissue of these patients.

In conclusion, anti–RNPC-3 autoantibodies are
associated with an increased risk of cancer at scleroderma
onset, similar to the findings in patients with anti–RNAP
III autoantibodies. These data suggest the possibility of
cancer-induced autoimmunity in this subset of patients
with scleroderma, and biologic studies of autoantigen
alterations in tissue samples from anti–RNPC-3–positive
patients with cancer remain an important priority. Aware-
ness of the association between anti–RNPC-3 antibodies
and cancer in patients with scleroderma provides an
opportunity for early cancer detection and intervention,
which may improve overall outcomes.
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Objective. Bruton’s tyrosine kinase (BTK) trans-
mits crucial survival signals from the B cell receptor
(BCR) in B cells. Pharmacologic BTK inhibition effec-
tively diminishes disease symptoms in mouse models of
autoimmunity; conversely, transgenic BTK overexpression
induces systemic autoimmunity in mice. We undertook
this study to investigate BTK expression and activity in
human B cells in the context of autoimmune disease.

Methods. Using intracellular flow cytometry, we
quantified BTK expression and phosphorylation in sub-
sets of peripheral blood B cells from 30 patients with rheu-
matoid arthritis (RA), 26 patients with primary Sj€ogren’s
syndrome (SS), and matched healthy controls.

Results. In circulating B cells, BTK protein expres-
sion levels correlated with BTK phosphorylation. BTK
expression was up-regulated upon BCR stimulation in
vitro and was significantly higher in CD271 memory B
cells than in CD272IgD1 naive B cells. Importantly,
BTK protein and phospho-BTK were significantly
increased in B cells from anti–citrullinated protein anti-
body (ACPA)–positive RA patients but not in B cells from
ACPA-negative RA patients. BTK was increased both in

naive B cells and in memory B cells and correlated with
frequencies of circulating CCR61 Th17 cells. Likewise,
BTK protein was increased in B cells from a major frac-
tion of patients with primary SS and correlated with
serum rheumatoid factor levels and parotid gland T cell
infiltration. Interestingly, targeting T cell activation in
patients with primary SS using the CTLA-4Ig fusion pro-
tein abatacept restored BTK protein expression in B cells
to normal levels.

Conclusion. These data indicate that autoimmune
disease in humans is characterized by enhanced BTK
activity, which is linked not only to autoantibody forma-
tion but also to T cell activity.

B lymphocytes play a crucial role in various sys-
temic autoimmune diseases. This is evident from the char-
acteristic autoantibody repertoire, the genetic associations
identified, and the promising efficacy of B cell–targeted
therapies in rheumatoid arthritis (RA), systemic lupus ery-
thematosus (SLE), and Sj€ogren’s syndrome (SS). Auto-
antibodies directed against nuclear self antigens in SLE
and SS or anti–citrullinated protein antibodies (ACPAs) in
RA often appear in patient serum before the onset of clini-
cal symptoms (1–3). In primary SS (4), the presence of cir-
culating nuclear autoantibodies and germinal centers
(GCs) in salivary glands correlates with disease severity
(5–7). Moreover, genetic studies have implicated several
genes involved in activation and differentiation of B cells
in the pathogenesis of primary SS and SLE, including
BLK, BANK1, LYN, and BAFF (1,8,9). Next to being pre-
cursors of plasmablasts and plasma cells that secrete auto-
antibodies, B cells can engage T cells by supporting
follicular Th cell differentiation, antigen presentation, pro-
duction of inflammatory cytokines, and induction of ter-
tiary lymphoid structures (10,11). Although effects of B

Supported by the Dutch Arthritis Foundation (Reumafonds,
grants 09-1-302 and 13-2-301). The open-label Active Sj€ogren Abatacept
Pilot study was supported by an unrestricted grant from Bristol-Myers
Squibb, France, who also supplied study medication.

1Odilia B. J. Corneth, PhD, Sandra M. J. Paulissen, PhD,
Marjolein J. W. de Bruijn, BSc, Jasper Rip, MSc, Melanie Lukkes, BSc,
Jan Piet van Hamburg, PhD, Erik Lubberts, PhD, Rudi W. Hendriks,
PhD: Erasmus Medical Center, Rotterdam, The Netherlands; 2Gwenny
M. P. Verstappen, MSc, Hendrika Bootsma, MD, PhD, Frans G. M.
Kroese, PhD: University Medical Center Groningen, Groningen, The
Netherlands.

Address correspondence to Rudi W. Hendriks, PhD, Depart-
ment of Pulmonary Medicine, Room Ee2251a, Erasmus MC Rotterdam,
PO Box 2040, NL 3000 CA Rotterdam, The Netherlands. E-mail:
r.hendriks@erasmusmc.nl.

Submitted for publication June 17, 2016; accepted in revised
form January 26, 2017.

1313



cell–depleting regimens in primary SS are inconclusive
(12–14), the efficacy of neutralizing BAFF in SLE and the
efficacy of rituximab (an anti-CD20 antibody that
eliminates B cells) in RA indicate that intelligent modula-
tion of B cell function or survival may be key to successful
treatment of systemic autoimmunity (1,15).

Promising drug candidates for autoimmune dis-
eases include newly developed inhibitors of Bruton’s tyro-
sine kinase (BTK), which is a pivotal signaling molecule
that directly links B cell receptor (BCR) signals to B cell
proliferation and survival through activation of the tran-
scription factor NF-kB (16). The importance of BTK sig-
naling to B cells is evident from the severe B cell deficiency
in patients with X-linked agammaglobulinemia, who have
mutations in the BTK gene (16,17). The BTK small-
molecule inhibitors ibrutinib and acalabrutinib have shown
robust antitumor activity and limited adverse effects in
clinical studies in patients with various B cell malignancies
(18,19). In murine models of SLE and RA, promising
results have been obtained with BTK inhibition, which
could prevent or ameliorate lupus nephritis or joint inflam-
mation by correcting BCR-mediated B cell activation and
autoantibody production (20–26) and also by dampening
myeloid cell activation (18,24–26).

In the mouse, BTK protein expression levels in
naive B cells are rapidly up-regulated upon BCR engage-
ment or when B cells are activated by Toll-like receptor
(TLR) or anti-CD40 stimulation (27,28). Several mecha-
nisms are involved in this positive feedback regulation,
including microRNA-185 and NF-kB signaling (29,30).
Sufficient BTK expression is crucial for normal B cell
development and function in mice (31,32). On the other
hand, appropriate regulation of BTK protein expression in
B cells is crucial for maintaining immune tolerance,
because CD19-hBtk–transgenic mice (with modest B cell–
restricted human BTK overexpression under control of the
CD19 promoter) spontaneously develop SLE/primary SS–
like disease pathology (28). In these mice, B cells are resis-
tant to apoptosis, which aids their differentiation into
autoantibody-producing plasma cells (28). CD19-hBtk–
transgenic mice manifest spontaneous GC formation, anti-
nuclear autoantibodies, and lymphocyte infiltration in vari-
ous organs, including salivary glands (28). We recently
found that BTK overexpression in B cells disrupts T cell
homeostasis and promotes follicular Th cell differentia-
tion, both in aging mice and in a collagen-induced arthritis
model (33).

The finding that a modest increase in BTK expres-
sion in B cells is sufficient to induce systemic autoimmune
disease in mice prompted us to examine BTK expression
levels and regulation in B cell subsets in peripheral blood
of healthy controls and patients with autoimmune disease.
We show that human B cells also up-regulate BTK protein

levels upon activation, and we provide data on aberrant
expression levels and phosphorylation status of BTK in B
cells from ACPA-positive RA patients. Likewise, we found
that BTK protein was increased in B cells from a majority
of patients with primary SS.

PATIENTS AND METHODS

Patients and healthy individuals. Data on characteris-
tics of the patients and healthy controls are available upon
request from the corresponding author.

RA patients. Cohorts of ACPA-positive and ACPA-
negative treatment-naive patients with early RA who were
matched for the Disease Activity Score (DAS) in 44 joints (34),
the presence of rheumatoid factor (RF), and the duration of
symptoms have been described previously (35). All patients met
the American College of Rheumatology/European League
Against Rheumatism (EULAR) 2010 classification criteria for
RA (36). Fifteen ACPA-positive and 15 ACPA-negative patients
were included and matched with 15 healthy controls.

Patients with primary SS. We included 26 patients
with primary SS who were naive to treatment with biologic
disease-modifying antirheumatic drugs (DMARDs) and who ful-
filled the American–European Consensus Group criteria for SS
(37); we matched these patients with 26 healthy controls. Fifteen
of the patients with primary SS had participated in the previously
reported Active Sj€ogren Abatacept Pilot (ASAP) study
(METc2009.371) (38). They had been treated with intravenous
abatacept on days 1, 15, and 29 and every 4 weeks thereafter until
week 24, a regimen that improved disease activity as previously
reported (38). Patients were not treated with DMARDs or pred-
nisone for at least 1 month prior to or during this study.

Serum and peripheral blood mononuclear cells (PBMCs)
were collected from all healthy controls and patients at baseline
(untreated) and from the 15 abatacept-treated patients with
primary SS at 4, 12, 24, 36, and 48 weeks after the first dose.
Experimental procedures were approved by the Erasmus Medical
Center and University Medical Center Groningen medical ethics
committees. All patients provided written informed consent.

Isolation and culture of human peripheral blood B
cells. PBMCs were isolated by standard Ficoll-Paque (GE
Healthcare) density gradients. Subsequent purification of naive B
cells was performed using a human Naive B Cell Isolation Kit II
(Miltenyi Biotec), and B cell purity (.95%) was verified using
flow cytometry. B cells were cultured in the presence of 10 mg/ml
F(ab0)2 goat anti-mouse IgM (Jackson ImmunoResearch), 2 mg/
ml recombinant CD40L (R&D Systems), or 2 ng/ml lipopolysac-
charide (LPS) for 3 days.

Flow cytometry procedures. Fluorescence labeling of
cells and measurement of intracellular BTK levels were per-
formed as described previously (28) (a list of antibodies used
is available upon request from the corresponding author).
BTK gate settings were based on isotype controls, fluores-
cence minus one controls, and analysis of T cells, which lack
BTK expression. For staining of phosphorylated BTK, PBMCs
were left unstimulated or were stimulated for 30 seconds with
F(ab0)2 anti-human IgM (20 mg/ml; SouthernBiotech) and sub-
sequently fixed with Cytofix and permeabilized with Phosflow
Perm Buffer III (BD Biosciences). Flow cytometric measure-
ments were performed on an LSRII flow cytometer (BD Bio-
sciences), and data were analyzed using FlowJo software (Tree
Star).
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Immunohistochemistry. Parotid gland biopsy speci-
mens were obtained from 15 patients with primary SS at baseline,
and paraffin-embedded sections were stained with rabbit anti-
human CD3 antibody (Ventana Medical Systems) and counter-
stained with hematoxylin using standard procedures. Numbers of
CD31 cells/mm2 were analyzed using HistoQuest software.

Laboratory assessments of serum. Baseline levels of
serum immunoglobulin classes and RF were measured by
nephelometry.

Statistical analysis. Significance of continuous data
was calculated using the nonparametric Mann-Whitney U test
or one-way analysis of variance (ANOVA) or repeated-
measures ANOVA with Tukey’s multiple comparison test.
P values less than 0.05 were considered significant. Significance
of correlations was determined with a nonparametric Spear-
man test. To determine the significance of the effect of abata-
cept on BTK levels in B cells within patients over time, a
generalized estimating equation was performed using SPSS sta-
tistical software (IBM).

RESULTS

BTK protein expression is up-regulated in in vitro–
activated human B cells and correlates with BTK phos-
phorylation. Upon BCR stimulation of human B cells, a
signaling cascade is initiated whereby BTK is phosphory-
lated in its kinase domain at position Y551 (18). To verify
this, we stimulated fractions of PBMCs from healthy con-
trols with anti-IgM in vitro and found induction of phospho-
BTK in B cells by phosphoflow analysis (Figure 1B).

Parallel to the findings in murine B cells (27,28),
we observed that anti-IgM stimulation in vitro also
induced an up-regulation of BTK protein expression in
human B cells, as detected by intracellular flow cytome-
try; average mean fluorescence intensity values
increased ;1.4-fold (Figures 1A and C). Other stimuli,
including recombinant CD40L, LPS, and imiquimod

Figure 1. Bruton’s tyrosine kinase (BTK) protein expression and phosphorylation in human B cells are correlated and up-regulated upon B cell
receptor stimulation in vitro. A, Representative graph of intracellular BTK expression in magnetic-activated cell-sorted B cells from a healthy
control after 3 days of stimulation with anti-IgM (10 mg/ml), recombinant CD40L (rCD40L; 2 mg/ml), or lipopolysaccharide (LPS; 2 ng/ml). B,

Representative graph of BTK phosphorylation in healthy control B cells that were either left unstimulated or were stimulated for 30 seconds
with anti-IgM (20 mg/ml). C, BTK expression in magnetic-activated cell-sorted B cells from healthy controls that were either left unstimulated or
were stimulated for 3 days with anti-IgM (10 mg/ml). Symbols represent specimens from individual subjects. D, BTK protein and phospho-BTK
expression in B cells from healthy controls expressing high or low levels of BTK at baseline. E, Correlation between BTK protein and phospho-
BTK expression in B cells from 20 subjects. Data are representative of 2 individual experiments. MFI 5 mean fluorescence intensity.
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(a TLR-7 agonist), induced a limited but consistently
detectable increase in BTK protein levels (Figure 1A
and data not shown). To further study the relationship
between BTK protein expression and phosphorylation
of BTK at Y551 in human B cells, we measured BTK
protein and phospho-BTK in gated CD191 B cells from
unstimulated fractions of PBMCs from 20 subjects. Sig-
nals for BTK protein and phospho-BTK varied consid-
erably between individuals, but these were strongly
correlated in individual subjects (Figures 1D and E).
From these findings, we conclude that BTK protein
expression levels are a sensitive and functional indicator
of BTK activity in human B cells.

Differential expression of BTK protein in individual
peripheral blood B cell subsets. In contrast to phosphoflow
analysis, which is difficult to perform in conjunction with
cell surface markers, the staining procedure for total BTK
protein allows for quantification of BTK expression levels in

individual B cell subsets. This enabled us to compare BTK
expression between subsets of unstimulated peripheral
blood B cells from healthy controls ex vivo (gating strategy is
shown in Figure 2A). We observed that BTK expression
levels were significantly higher in antigen-experienced
CD271IgD1 and CD271IgD2IgM1 nonswitched mem-
ory B cells compared with CD272IgD1 naive B cells and
CD271IgD2IgM2 switched memory B cells (Figures 2B
and C). These data indicate that BTK protein levels are
tightly regulated during B cell differentiation and suggest
that up-regulation of BTK expression in specific B cell
subsets may have a physiologic function.

BTK protein and BTK phosphorylation are
increased in peripheral blood B cells of ACPA-positive RA
patients. To investigate BTK activity in the context of auto-
immune disease, we studied peripheral blood B cells from
15 ACPA-positive and 15 ACPA-negative treatment-naive
RA patients who were matched for the DAS, and we

Figure 2. Differential expression of Bruton’s tyrosine kinase (BTK) in subsets of peripheral B cells from healthy controls. A, Gating strategy for
naive B cells, IgD1 and IgD2 nonswitched memory B cells, and switched memory B cells used throughout the study. Live lymphocytes were
gated based on the absence of a cell death marker and the forward scatter and side scatter. B, Representative histograms of BTK expression in
several B cell subsets from a healthy control. Numbers indicate mean fluorescence intensity (MFI); dashed lines represent the peak in naive B
cells. C, BTK expression in different B cell subsets in healthy controls. Symbols represent specimens from individual subjects. Dashed line indi-
cates average MFI in total B cells. Data are representative of 6 individual experiments.
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Figure 3. Increased expression of Bruton’s tyrosine kinase (BTK) in B cells from anti–citrullinated protein antibody (ACPA)–positive patients
with rheumatoid arthritis (RA). A, Proportions of total B cells among live cells and proportions of naive B cells, IgD1 and IgD2 nonswitched
memory B cells, and switched memory B cells among total B cells in RA patients and healthy controls (HC). B, BTK protein expression in total
B cells. Representative flow plots show BTK protein expression in an ACPA-positive patient, an ACPA-negative patient, and a healthy control.
C, Phospho-BTK expression in total B cells. Representative flow plots show phospho-BTK expression in an ACPA-positive patient, an ACPA-
negative patient, and a healthy control. D, Correlation between BTK protein and phospho-BTK expression in ACPA-positive patients (squares),
ACPA-negative patients (triangles), and healthy controls (circles). E, BTK protein expression in the indicated B cell subsets in RA patients and
healthy controls. Symbols represent specimens from individual subjects; bars show the median. MFI 5 mean fluorescence intensity.

included 15 age/sex-matched healthy controls (further infor-
mation is available upon request from the corresponding
author). The proportions of total B cells and the distribution
over naive and various memory B cell subsets were not sig-
nificantly different between RA patients and healthy con-
trols (Figure 3A). Interestingly, when we quantified BTK
expression in total B cells, we found that BTK protein levels
were significantly increased (;1.4-fold) in ACPA-positive
RA patients compared with ACPA-negative RA patients
and healthy controls (Figure 3B) (representative flow
cytometry dot plots are available upon request from the
corresponding author). Similar results were found for
phospho-BTK levels in unstimulated B cells, consistent with
the significant correlation observed between total BTK and

phospho-BTK signals (Figures 3C and D). Compared with
ACPA-negative RA patients and healthy controls, ACPA-
positive RA patients showed increased BTK protein expres-
sion both in CD272IgD1 naive B cells and in all the indi-
vidual CD271 memory B cell subsets (Figure 3E). In
ACPA-positive RA patients, BTK was differentially
expressed between different B cell subsets, as observed in
healthy controls (further information is available upon
request from the corresponding author). Taken together,
our intracellular flow cytometry analyses demonstrate that
in ACPA-positive RA patients, but not in ACPA-negative
RA patients, relative BTK expression values were increased
in all B cell subsets, including naive and memory B cells,
compared with healthy controls.
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BTK expression levels in B cells correlate with
frequencies of circulating CCR61 Th17 cells. Since
we found that BTK-overexpressing B cells in transgenic
mice have the capacity to disrupt T cell homeostasis (33),
we wondered whether BTK expression levels in RA
patients correlated with parameters of T cell activity. We
found that BTK protein levels correlated significantly with
frequencies in peripheral blood of Th17-lineage cells,
which have recently been implicated in RA etiology (39)
(Figures 4A and B) (gating strategy is available upon
request from the corresponding author). Although BTK
protein levels and frequencies of follicular helper T (Tfh)
cells did not correlate significantly (Figure 4C), we did
observe a positive correlation of BTK protein levels with
inducible costimulator (ICOS) expression on Tfh cells
(Figure 4D). The latter finding is interesting, because we
previously found that in mice overexpressing BTK in B
cells, the expression of ICOS on T cells, including Tfh cells,
was increased (33). No correlation was found with other T
cell subsets, including Th1 and Treg cells (data not shown).
In summary, the finding that BTK protein levels correlate
with the frequencies of Th17-lineage cells and with Tfh cell

ICOS expression suggests that BTK activity is linked to T
cell activation in RA.

Peripheral blood BTK protein expression is
increased in a major fraction of patients with primary SS.
To explore whether increased BTK activity is unique to RA
or can also be found in other autoimmune disorders, we
investigated BTK expression in 26 treatment-naive patients
with primary SS and 26 age/sex-matched healthy controls.
Because of the reported decrease in CD271 memory B
cells in patients (6,40–42), we first quantified peripheral B
cell subsets. Proportions of B cells in PBMCs from patients
with primary SS were higher than in those from healthy
controls, possibly due to lymphopenia of CD41 T cells,
as absolute numbers were comparable. In patients with
primary SS, more circulating B cells were naive, and
proportions of nonswitched and switched memory B cells
were decreased (Figure 5A and data not shown).

BTK protein levels were significantly increased
in CD272IgD1 naive B cells, CD271IgD2IgM1 non-
switched memory B cells, and CD271IgD2IgM2 switched
memory B cells in patients with primary SS compared with
healthy controls (Figure 5B) (representative flow cytometry
dot plots for total B cells are available upon request from
the corresponding author). In 16 of 26 patients with primary
SS (62%), relative BTK expression values in CD272IgD1

naive B cells were .1.2-fold those in healthy controls. BTK
levels were significantly increased in CD861 cells within
this population, although proportions of CD861 naive B
cells were similar to those in controls and still very low
(0.25% of all naive B cells) (data not shown; further infor-
mation is available upon request from the corresponding
author). BTK expression correlated with CD86 expression
on naive B cells in patients with primary SS and healthy con-
trols (further information is available upon request from
the corresponding author). Importantly, in patients with
primary SS, BTK levels were increased even in naive
CD862 B cells compared to levels in healthy controls.
Patients with primary SS showed differential BTK expres-
sion between different B cell subsets, similar to ACPA-
positive RA patients and healthy controls (further informa-
tion is available upon request from the corresponding
author). In summary, in a major proportion of patients with
primary SS, we observed increased BTK protein expression
in various B cell subsets, including naive B cells, paralleling
our findings in ACPA-positive RA patients.

BTK expression levels in B cells correlate with
serum autoantibodies and parotid gland T cell infiltration
in patients with primary SS. Next, we wondered whether
BTK levels correlated with clinical or immunologic param-
eters in patients with primary SS. Scores on the EULAR
Sj€ogren’s Syndrome Disease Activity Index (ESSDAI) (43)
and serum IgG levels were not correlated with relative
BTK levels (data not shown). However, total serum IgM

Figure 4. Correlation of Bruton’s tyrosine kinase (BTK) expression
with Th17-lineage cells and inducible costimulator (ICOS) expres-
sion on follicular helper T (Tfh) cells. Shown are correlations
between BTK protein expression and Th17 cells (CCR61CXCR32)
(A), Th17.1 cells (CCR61CXCR31) (B), Tfh cells (CXCR51) (C),
and ICOS expression by Tfh cells (D), measured by flow cytometry
in specimens from ACPA-positive patients (squares) and ACPA-
negative patients (triangles). MFI 5 mean fluorescence intensity.
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Figure 5. Increased expression of Bruton’s tyrosine kinase (BTK) in B cells from patients with primary Sj€ogren’s syndrome (pSS). A, Proportions of total
B cells among live cells and proportions of naive B cells, IgD1 and IgD2 nonswitched memory B cells, and switched memory B cells among total B cells
in patients with primary SS and healthy controls (HC). B, BTK expression measured by intracellular flow cytometry in the indicated B cell subsets in
patients with primary SS and healthy controls, normalized to BTK expression in total B cells of healthy controls, which was set to 1.0. Data shown are
from 6 individual experiments. Representative flow plots show BTK protein expression in B cells from 1 patient with high levels of BTK at baseline, 1
patient with low levels of BTK at baseline, and 1 healthy control. Dashed lines represent the peak of BTK expression in naive B cells from the healthy con-
trol. C and D, Correlation of relative BTK levels in B cells with total serum IgM levels (C) and total serum rheumatoid factor (RF) levels (D) in patients
with primary SS. E, Left, CD31 T cells (brown) in parotid gland biopsy specimens from 2 patients with primary SS: 1 with high levels of BTK at baseline
and 1 with low levels of BTK at baseline. Original magnification 3 40 at top; higher-magnification views are shown at bottom. Right, Correlation of rela-
tive BTK expression in total B cells of patients with primary SS with CD31 T cell infiltration of the parotid gland. Symbols represent specimens from indi-
vidual subjects; bars in A and B show the median. MFI 5 mean fluorescence intensity. Color figure can be viewed in the online issue, which is available at
http://onlinelibrary.wiley.com/doi/10.1002/art.40059/abstract.

and RF levels correlated significantly with relative BTK
levels in total B cells in the 26 patients with primary SS
(Figures 5C and D). Levels of Ro 52– and Ro 60–specific
antibodies were higher in patients with high BTK expres-
sion, although this did not reach significance (data not
shown). T cell infiltration in salivary glands is an important
feature of primary SS. Strikingly, BTK expression levels in
total peripheral B cells correlated significantly with num-
bers of infiltrating CD31 T cells/mm2 in parotid gland
infiltrates (Figure 5E). These findings link BTK expression

levels to autoantibody levels and salivary gland immune
cell infiltration.

Abatacept treatment normalizes BTK expression in
B cells from patients with primary SS. Next, we wanted
to investigate whether the increase of BTK expression
levels in autoimmunity was dependent on T cell activa-
tion. To this end, we examined our 15 patients with pri-

mary SS who had been treated for 24 weeks with the
CTLA-4Ig fusion protein abatacept in the previously
reported ASAP study (38), which was aimed at inhibiting
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T cell activity. Abatacept significantly reduced objective
and subjective indicators of disease activity. Scores on the
ESSDAI and EULAR Sj€ogren’s Syndrome Patient
Reported Index (44) as well as levels of RF and IgG
decreased significantly, and health-related quality of life
improved during abatacept treatment (38). Interestingly,
abatacept treatment significantly restored BTK expres-
sion levels in CD272IgD1 naive B cells, CD271IgD1

and CD271IgD2IgM1 nonswitched memory B cells,
and CD271IgD2IgM2 switched memory B cells to levels
comparable to those in healthy individuals (Figure 6).
Taken together, these findings show that targeting T
cell activation in patients with primary SS by abatacept
restored BTK protein expression in B cells to normal levels
after 24 weeks of treatment and suggest the involvement
of a B cell– and T cell–driven proinflammatory loop in
primary SS.

DISCUSSION

We previously found in CD19-hBtk–transgenic

mice that increased BTK protein levels in B cells are

sufficient to disrupt T cell homeostasis and to establish

systemic autoimmunity. Therefore, we decided to inves-
tigate whether BTK-driven proinflammatory loops may
also propagate the development of autoimmune disease
in humans. Upon B cell activation, only a small fraction
of the BTK molecules present in a cell become
detectably phosphorylated in a transient manner.
Therefore, in this study, we made use of the unique
property of BTK that its protein expression levels are
stably up-regulated upon B cell activation (28), allowing
for very sensitive measurements of changes in BTK sig-
naling by intracellular flow cytometry. Importantly,
BTK protein expression levels correlated with phos-
phorylation of BTK at Y551. In the present study, we
show that BTK expression is up-regulated upon BCR
stimulation in vitro and that BTK is differentially
expressed in human B cell subsets ex vivo. Notably, in
healthy controls, ex vivo BTK expression is significantly
increased in CD271IgD2IgM1 and CD271IgD1

nonswitched memory B cells compared to CD272

IgD1 naive B cells and CD271IgD2IgM2 switched
memory B cells. These findings suggest a role for BTK
protein up-regulation in early activation of B cells prior
to or during the GC reaction.

Figure 6. Normalization, upon treatment with abatacept, of Bruton’s tyrosine kinase (BTK) expression levels in B cells from patients with primary
Sj€ogren’s syndrome (pSS). Shown is relative BTK expression in naive B cells (A), IgD1 nonswitched memory B cells (B), IgD2 nonswitched memory B
cells (C), and switched memory B cells (D) from 15 patients with primary SS at baseline (time 0 [T0]), upon abatacept treatment (T4, T12, and T24, indicat-
ing weeks after initiation of treatment), and after discontinuation of treatment (T36 and T48, indicating weeks after initiation of treatment), normalized to
average BTK expression in total B cells from healthy controls (set to 1). Data at left are shown as box plots. Each box represents the 25th to 75th percentiles.
Lines inside the boxes represent the median. Lines outside the boxes represent minimum and maximum values. Graphs at right show the same patients at
T0, T24, and T48. MFI 5 mean fluorescence intensity.
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BTK protein and phospho-BTK were significantly
increased in B cells from ACPA-positive RA patients but
not in those from ACPA-negative RA patients. BTK was
increased both in naive and in memory B cells and corre-
lated with frequencies of circulating CCR61 Th17 cells.
As ACPA positivity is associated with a more severe dis-
ease course, our findings point toward a pathogenic role of
BTK-mediated signaling in RA. Likewise, BTK protein
was increased in naive and memory B cells from a major
fraction (;62%) of patients with primary SS and corre-
lated with serum RF levels and parotid gland T cell infiltra-
tion. Our data suggest that there were 2 subgroups of
patients with primary SS, based on BTK expression levels.
Although BTK levels correlated with autoantibody levels
in serum, they did not show a clear distinction in disease
severity (the ESSDAI score) in our cohort of 26 patients.
In addition, BTK levels in patients expressing low levels of
BTK at baseline decreased upon treatment with abatacept
in a manner similar to that in patients expressing high lev-
els of BTK at baseline. Therefore, from the present study,
we cannot conclude that these 2 subgroups of patients with
primary SS represent distinct subsets of patients, except
for differences in BTK and autoantibody levels and T cell
infiltrates in salivary glands. Analysis of a larger group of
patients is needed to draw conclusions about the relation-
ship between BTK expression and disease severity or fre-
quencies of Th17 cells, and about the relationship between
different clinical parameters.

We found increased BTK levels in subsets of
patients with two distinct autoimmune diseases, indicat-
ing that disrupted BTK expression is not a unique feature
of one disease but may be involved in more autoimmune
diseases. Both RA and primary SS are systemic autoim-
mune diseases, but B cells and autoantibodies have also
been implicated in nonsystemic autoimmune diseases.
Our data show a clear link between high BTK expression
and autoantibodies, suggesting that autoimmune diseases
featuring autoantibody production may be interesting
candidates for future studies.

Several of our findings point to an association of
BTK activity in B cells with T cell activation. These include
the observed correlations of BTK expression levels with
the frequency of circulating Th17 cells and ICOS expres-
sion on Tfh cells in RA patients, and with salivary gland T
cell infiltration in primary SS. In addition, the specific
increase in BTK activity in ACPA-positive RA patients but
not in ACPA-negative RA patients may require the
involvement of T cells, since ACPA production is very
likely T cell dependent (45–47). Interestingly, targeting T
cell activation in patients with primary SS by treatment
with abatacept restored BTK protein expression in B cells
to normal levels, which suggests that increased BTK
expression in circulating B cells of patients with primary SS

depends on T cell activity. However, it is quite difficult to
explain how abatacept treatment would reduce BTK
expression in naive circulating B cells.

A direct effect of abatacept on naive B cells can-
not be excluded, since it has been reported that expres-
sion of CD86 on B cells, even on naive B cells, is
increased in patients with various autoimmune diseases
(48,49), and we show in the present study that increased
CD86 expression on naive B cells is correlated with
higher BTK expression. Nevertheless, our data show that
in patients with primary SS, BTK expression is even
increased in naive resting CD862 B cells, indicating that
elevated BTK levels do not simply reflect the massive B
cell activation in these patients. In addition, B cell–T cell
interaction through costimulatory molecules (50) and/or
T cell–derived cytokines may also affect naive B cells.
The observed correlation between BTK levels in periph-
eral blood B cells and parotid gland T cell infiltration
suggests that at an early stage of disease, either T cell
activity regulates the expression of BTK in the B cell
lineage or elevated BTK levels contribute to local T cell
activity. These two scenarios are not mutually exclusive
and are supported by our findings in BTK-overexpressing
mice, in which the spontaneous autoimmune phenotype
is dependent on a B cell–T cell–mediated proinflamma-
tory feedback loop through CD40–CD40L interaction
(28,33). Further experiments are needed to reveal the
molecular mechanisms that regulate BTK protein expres-
sion in naive B cells in patients with autoimmune disease.

Recent studies have pointed toward a pathogenic
role for BTK signaling in autoimmune disease. In B cells
from RA patients, BTK signaling was required for induc-
tion of interleukin-21 (IL-21) expression by B cells (51).
Even though levels of phospho-BTK were not significantly
different between RF-negative and RF-positive RA
patients, there was a significant correlation between
phospho-BTK and RF titer. In addition, disease activity in
SLE was shown to correlate with expression in peripheral
blood B cells of the transcription factor AT-rich–
interactive domain–containing protein 3A (52), which
interacts directly with BTK (53). It was recently reported
that levels of phospho-Syk, an upstream activator of BTK
that has the capacity to phosphorylate BTK at position
Y551 (18), were higher in peripheral blood B cells from RA
patients, particularly those who were ACPA positive (54).
Those authors also found that treatment with abatacept
significantly reduced the levels of phospho-Syk, but it is
not known whether phospho-Syk levels are also modulated
between different B cell subsets, similar to BTK. In this
context, it is remarkable that increased phospho-Syk was
found both in treatment-naive RA patients and in patients
receiving methotrexate or methotrexate and biologic
agents (54). A recent meta-analysis concluded that the Syk
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inhibitor fostamatinib has moderate effects in the treat-
ment of RA, with mostly mild-to-moderate adverse events
and dose-dependent, transient neutropenia and hyper-
transaminasemia (55).

In summary, both naive and nonswitched memory
B cells in peripheral blood from RA patients and a major
fraction of patients with primary SS showed significantly
increased BTK protein levels, which correlated with
ACPA positivity and severity of salivary gland T cell infil-
tration, respectively. Conversely, in CD19-hBtk–transgenic
mice, we have noticed that BTK overexpression alone is
sufficient to disrupt T cell homeostasis and induce Tfh cell
formation (28,33). Furthermore, CD19-hBtk–transgenic
mouse B cells show higher production of the proinflamma-
tory cytokines IL-6 and interferon-g, which was dependent
on T cells (33). Together, these findings point to a BTK-
dependent proinflammatory feedback loop whereby B
cell–T cell interactions through costimulatory molecules
and proinflammatory cytokine production drive autoim-
munity. Therefore, by interfering with the costimulatory
pathways between T cells and CD80/CD86-expressing den-
dritic cells or activated B cells, abatacept treatment may
disrupt this feedback loop. In this context, it is important
that it has been shown that strong CD28 engagement to
CD86 is crucial for generating the Tfh cells that support
GC development (56). It is therefore attractive to specu-
late that in autoimmune disease, BTK-mediated signaling
in B cells may establish or maintain T cell–propagated
pathology and vice versa. Together with the observed ben-
eficial effects of BTK inhibition in mouse models of auto-
immune disease and its compelling safety and efficacy in
patients with B cell malignancies (18,19), our findings
would make BTK an attractive therapeutic target in auto-
immune diseases, but we will have to await results of the
ongoing clinical trials.
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Clinical Images: Progressive noninfectious anterior vertebral fusion (Copenhagen syndrome) in a 15-year-old boy

The patient, a 15-year-old boy, presented with major thoracolumbar kyphosis with spinal stiffness, but without pain, scoliosis, neu-
rologic symptoms, or difficulty walking. Based on the findings of radiography and magnetic resonance imaging (MRI) of the spine
and the absence of sacroiliac joint involvement, progressive noninfectious anterior vertebral fusion (PAVS) was diagnosed. Trans-
pedicle osteotomy of T12–L1 was performed, which corrected this spinal deformity. Plain radiography revealed an anterior verte-
bral body fusion of T12, L1, and L2 (left). MRI sagittal scanning through the thoracolumbar levels (T2 fast spin-echo sequences)
confirmed T12–L1 and L1–L2 fusion and multilevel lumbar anterior disc space obliteration and erosion (T12 through L5) (right).
Narrowing and erosion of the end plates progresses over time from early childhood and tends to extend rapidly during adolescence,
with eventual anterior bony ankylosis via a thick bony bridge. The narrowing can extend posteriorly, with complete vertebral fusion
resulting. The process may affect one level or several contiguous or noncontiguous levels, and most frequently involves the thoraco-
lumbar junction. Often referred to as “Copenhagen syndrome” (1–3), PAVS is a rare spine disorder mostly seen in childhood. The
disease may be asymptomatic or may present with mild pain or stiffness. Thoracolumbar kyphosis is a characteristic finding. PAVS
represents a distinct clinical and pathologic entity separate from anterior limbus vertebra, Scheuermann’s disease, and thalidomide
embryopathy in children, and from ankylosing spondylitis and diffuse idiopathic skeletal hyperostosis in adults, with which it shares
some features. Its cause remains unknown, but a congenital etiology has been suggested. Treatment comprises bracing during child-
hood in order to slow progression, or surgical correction. The deformity is thought to stabilize in adulthood once fusion is complete.
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Cerebrospinal Fluid Cytokines Correlate With
Aseptic Meningitis and Blood–Brain Barrier Function in

Neonatal-Onset Multisystem Inflammatory Disease

Central Nervous System Biomarkers in Neonatal-Onset Multisystem
Inflammatory Disease Correlate With Central Nervous System Inflammation

Jackeline Rodriguez-Smith,1 Yen-Chih Lin,2 Wanxia Li Tsai,3 Hanna Kim,4

Gina Montealegre-Sanchez,1 Dawn Chapelle,1 Yan Huang,1 Cailin H. Sibley,5 Massimo Gadina,3

Robert Wesley,6 Bibiana Bielekova,2 and Raphaela Goldbach-Mansky1

Objective. To evaluate proinflammatory cytokines
and leukocyte subpopulations in the cerebrospinal fluid
(CSF) and blood of patients with neonatal-onset multi-
system inflammatory disease (NOMID) after treatment,
and to compare inflammatory cytokines in the CSF and

blood in 6 patients treated with 2 interleukin-1 (IL-1)
blockers—anakinra and canakinumab.

Methods. During routine follow-up visits between
December 2011 and October 2013, we immunophenotyped
the CSF of 17 pediatric NOMID patients who were treated
with anakinra, and analyzed CSF cytokine levels in sam-
ples obtained at baseline and at 3–5-year follow-up visits
and compared them to samples from healthy controls.*

Results. CSF levels of IL-6, interferon-g–inducible
10-kd protein (IP-10/CXCL10), and IL-18 and monocyte and
granulocyte counts significantly decreased with anakinra
treatment but did not normalize to levels in the controls,
even in patients fulfilling criteria for clinical remission. CSF
IL-6 and IL-18 levels significantly correlated with measures
of blood–brain barrier function, specifically CSF protein
(r 5 0.75 and r 5 0.81, respectively) and albumin quotient
(r 5 0.79 and r 5 0.68, respectively). When patients were
treated with canakinumab versus anakinra, median CSF
white blood cell counts and IL-6 levels were significantly
higher with canakinumab treatment (10.2 cells/mm3 versus
3.7 cells/mm3 and 150.7 pg/ml versus 28.5 pg/ml, respec-
tively) despite similar serum cytokine levels.

Conclusion. CSF leukocyte subpopulations and
cytokine levels significantly improve with optimized IL-
1 blocking treatment, but do not normalize. The corre-
lation of CSF IL-6, IP-10/CXCL10, and IL-18 levels
with clinical laboratory measures of inflammation and
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blood–brain barrier function suggests that they may
have a role as biomarkers in central nervous system
(CNS) inflammation. The difference in inhibition of
CSF biomarkers between 2 IL-1 blocking agents, ana-
kinra and canakinumab, suggests differences in efficacy
in the intrathecal compartment, with anakinra being
more effective. Our data indicate that intrathecal
immune responses shape CNS inflammation and
should be assessed in addition to blood markers.

Neonatal-onset multisystem inflammatory dis-
ease (NOMID), also referred to as chronic infantile
neurologic, cutaneous, articular syndrome, is the most
severe clinical form of the disease spectrum of cryopyrin-
associated periodic syndromes (CAPS). CAPS are caused
by gain-of-function mutations in the NLRP3 gene that
encodes cryopyrin, a protein that is expressed in hemato-
poietic cells including granulocytes, monocytes, dendritic
cells, and nonhematopoietic cells that include microglial
and reactive astrocytes in the central nervous system
(CNS) (1–3). Two-thirds of patients with NOMID have
de novo germline mutations and ;30% have somatic
mosaicism in NLRP3 (4). Pathogenic NLRP3 mutations
lead to constitutive inflammasome activation with secre-
tion of interleukin-1b (IL-1b) and to moderate elevations
in levels of IL-18.

CAPS patients present with episodic (on the
milder end of the disease spectrum) or continuous (on
the more-severe end of the spectrum) systemic inflamma-
tion that includes recurrent fever flares with neutrophilic
urticaria, arthralgia, and increased levels of acute-phase
reactants. With increasing severity of CAPS, CNS and
organ inflammation become more prevalent and chronic,
which leads to organ damage. Cochlear inflammation
leads to sensorineural hearing loss, chronic papilledema
leads to optic nerve atrophy and peripheral visual field
loss, and chronic increased intracranial pressure can lead
to brain atrophy and mental retardation. These features
are commonly observed in patients with NOMID, and
are more variable or absent in the milder forms of CAPS
(Muckle-Wells syndrome and familial cold autoinflam-
matory disease, respectively) (5,6).

Treatment with IL-1 blocking agents results in
significant clinical and laboratory improvements in
NOMID and has become the standard of care. NOMID
patients with germline or somatic mosaicism do not dif-
fer in disease severity and respond equally to IL-1 block-
ing treatment (4,7). Anakinra can penetrate into the
CNS and treatment improves CNS inflammation by
decreasing cerebrospinal fluid (CSF) pleocytosis, open-
ing pressure and protein levels, papilledema, and inner
ear enhancement (6–8). It currently remains unclear
whether adequate inflammatory control is achieved in

NOMID patients with severe CNS inflammation
receiving treatment with both short-acting (anakinra)
and long-acting (canakinumab and rilonacept) IL-1
inhibitors. We have observed that normalization of
acute-phase reactant levels in the blood does not pre-
clude persistent, low-grade CNS pleocytosis (suggesting
ongoing CNS inflammation) (4,9), and that dose
escalations of the IL-1 blocking agent anakinra, beyond
levels needed to control peripheral inflammation, are
needed to optimally control CNS inflammation (7).

In a previous study we observed that IL-6 levels
in the CSF of untreated NOMID patients were on aver-
age 6 times higher than IL-6 levels in the blood (6), sug-
gesting that IL-6 may be produced in the CNS by
resident cells, as suggested in CNS inflammation in
patients with systemic lupus erythematosus (10) and in
those with neuro-Behçet’s syndrome (2). However, cor-
relations of IL-6 levels with mononuclear cell subsets in
the CSF (6), or their use as a potential biomarker for
CNS disease in NOMID, have yet to be assessed.

In the present study we evaluated 9 cytokines
(including IL-6) in the CSF compared to serum and
determined the correlation between cytokine levels and
blood–brain barrier function and CNS inflammation to
assess their use as biomarkers for CNS inflammation.
We further compared cytokine levels in 6 patients who
sequentially received anakinra and canakinumab.

PATIENTS AND METHODS

Patients and controls. Between December 2011 and
October 2013, we collected (for immunophenotyping) CSF
samples from 17 consecutive anakinra-treated pediatric
NOMID patients who were enrolled in a natural history and
treatment study (NCT00069329) and had returned for routine
follow-up. For the cytokine analyses, we used archived CSF
and plasma/serum samples that were collected, spun, and fro-
zen from baseline (before patients received IL-1 blocking
treatments) and follow-up (after patients started IL-1 blocking
treatments). We immunophenotyped CSF leukocyte subsets
on freshly collected samples (11). One patient was excluded
from the analyses of cell populations due to a technical problem
with the staining procedure (see Supplementary Figures 1A and
1B, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40055/abstract).

Archived baseline (prior to anakinra treatment) and
posttreatment paired CSF and serum samples were available
for 11 of the 17 patients. For the cytokine analyses we included
samples from 4 additional patients with NOMID for whom
matched baseline and posttreatment CSF and serum
samples had been stored, but whose CSF had not been
immunophenotyped for cell subsets (see Supplementary Fig-
ures 1A and B, http://onlinelibrary.wiley.com/doi/10.1002/art.
40055/abstract).

Complete clinical remission was defined by the follow-
ing criteria: erythrocyte sedimentation rate (ESR) #25 mm/hour,
C-reactive protein (CRP) #0.5 mg/dl, CSF white blood cell
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(WBC) count #5 cells/mm3, and protein #40 mg/dl (7). Blood
plasma/serum and CSF samples from patients with NOMID
were compared to serum samples from 11 pediatric age-
matched controls and to 7 CSF samples, respectively. Five of
the CSF samples were from healthy adult controls recruited
for another study (11), and 2 were from pediatric patients with
undifferentiated autoinflammation who had undergone a diag-
nostic lumbar puncture but had no evidence of CNS inflamma-
tion according to medical history, imaging, and CSF markers
(leukocytosis, opening pressure, and protein content).

Longitudinal cytokine analyses of all available CSF and
serum samples were conducted for 21 patients (see Supple-
mentary Figure 1B, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40055/
abstract). To assess the relevance of these biomarkers longitudi-
nally, we included 6 patients who were initially treated with ana-
kinra and subsequently switched to canakinumab (9).* Three of
the 6 patients were ultimately switched back to anakinra.

Written informed consent was obtained from all
patients and/or their legal guardians. The current study was
conducted in accordance with the Declaration of Helsinki, and
the local institutional review board approved the protocol.

Assessment of clinical laboratory CSF parameters.
CSF WBC counts were assessed in the NIH clinical laboratory
(from unspun CSF) and in the laboratory of one of the authors
(BB) (from spun and 50-fold concentrated CSF), as described
(11). Where applicable, CSF and serum samples were utilized
to ascertain routine CSF protein and glucose levels, calculated
CSF/serum albumin quotients, and IgG index to assess blood–
brain barrier function (12).

Cytokine analyses. CSF and blood cytokines (IL-1b,
IL-1 receptor antagonist [IL-1Ra], IL-6, IL-9, IL-10, IL-12p70,
IL-12p40, IL-17, interferon-g–inducible 10-kd protein [IP-10/
CXCL10], interferon-g [IFNg], tumor necrosis factor [TNF],
IL-1a, IL-18, and IFN-a2) were assessed via Bio-Plex multi-
plex assays (Bio-Rad), as previously reported (13). Samples
were stored at 2808C and the majority (except for some base-
line blood and CSF samples) had not been previously thawed.
Of the cytokines assessed, 5 were not included in the tables or
further analyzed (see Supplementary Table 1A, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40055/abstract), including 2 that
were undetectable in most of the CSF samples (IFN-a2, IL-
1a), 2 whose levels were not significantly different from those
in controls and did not change with treatment (IL-9, IL-
12p40), and 1 with levels lower than in controls, with signifi-
cant variability and no change with treatment (IL-17).

Immunophenotyping of leukocytes. We analyzed
absolute values of 5 subpopulations of leukocytes, which
included monocytes, granulocytes, natural killer cells, CD31
cells, and B cells. Sample preparation and immunophenotyp-
ing of leukocytes by flow cytometry were performed as previ-
ously reported (11).

Correlation analyses. Correlations of CSF and blood
cytokine levels with leukocyte subpopulations were mostly
analyzed posttreatment; CSF and blood immunophenotyping
were performed prior to initiation of IL-1 blocking therapy in
only 2 patients. CSF cytokine levels were also correlated with
the following parameters of inflammation in CSF: CSF opening
pressures, WBC count, total protein, and albumin quotient.

Two of the 21 patients had ventriculoperitoneal shunts and
were excluded only from CSF inflammation parameter correla-
tions; both had very high protein levels at baseline, consistent
with decreased circulation of spinal cord CSF related to the
mechanical shunt (14).

Statistical analysis. Statistical analyses and graphing
were performed using GraphPad 6 and Stata (StataCorp)
software. Differences between nonpaired data with parametric
or nonparametric distributions were analyzed using Student’s
t-test and Wilcoxon’s rank sum test, respectively. Paired CSF
and blood samples were analyzed with Student’s paired t-test
using log10 transformation of raw values. Correlations were
assessed with Spearman’s correlation coefficient. Due to the
pilot nature of the study, we provided raw P values, unadjusted
for multiple comparisons.

Table 1. Demographic and baseline clinical characteristics of the
23 pediatric NOMID patients*

Age, mean 6 SD years 6.3 6 5.7
0–3 11 (46)
4–8 5 (25)
9–12 3 (13)
13–18 2 (8)
$18 2 (8)

Sex, female/male 12 (50)/11 (50)
Race

White 10 (46)
Latino 8 (33)
Asian 4 (17)
Black 1 (4)
American Indian 0

NLRP3 mutations† 23 (100)
Growth retardation (below third percentile) 17 (71)
CNS damage

Stroke 2 (8)
Seizures 4 (17)
Papilledema‡ 21 (100)
Below average cognitive function (IQ) 11 (46)

Extremely low (,70) 5 (21)
Borderline (70–79) 2 (8)
Low average (80–89) 4 (16)

Abnormalities on brain MRI
Ventriculomegaly 12 (54)
Arachnoid adhesions 13 (54)

Leptomeningeal enhancement§ 7 (43)
Dura enhancement§ 7 (43)
Cochlear enhancement§ 14 (94)
VP shunt 2 (8)
Inner ear damage (hearing loss) 19 (83)

Mild (.20 to #40 dB) 6 (32)
Moderate (.40 to #70 dB) 7 (37)
Severe (.70 to #95 dB) 5 (26)
Profound (.95 dB) 1 (5)

Bone damage
Bone overgrowth 10 (46)
Joint contractures 13 (58)

Limb length discrepancies 4 (21)

* Except where indicated otherwise, values are the number (%) of
patients. NOMID 5 neonatal-onset multisystem inflammatory dis-
ease; CNS 5 central nervous system; IQ 5 intelligence quotient;
MRI 5 magnetic resonance imaging; VP 5 ventriculoperitoneal.
† Four patients had germline mosaicism.
‡ Recorded in 21 patients.
§ Assessed in 15 of 17 patients; 6 of 23 patients were being treated
with anakinra prior to enrollment.

* Correction added on May 19, 2017, after online publica-
tion: The reference (9) has been added to this sentence.
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RESULTS

Demographic and clinical characteristics. The
mean6 SD age of the NOMID patients at study enrollment
was 6.3 6 5.7 years. Nineteen of 23 patients had germline
NLRP3 mutations and 4 had somatic mosaicism (Table 1).
At baseline, most patients had been receiving treatment with
disease-modifying antirheumatic drugs (DMARDs) and/or
steroids. Patients whose disease was in complete clinical
remission who had been treated with anakinra had received
a mean 6 SD dosage of 4.66 1.4 mg/kg/day and had been
receiving treatment for 2.86 2.8 years, compared to patients
receiving anakinra whose disease was improved but not in
complete remission, who had received an average dosage of
3.4 6 1.4 mg/kg/day and were being treated with anakinra

for 1.6 6 1.3 years.* None of the patients were taking ste-
roids or DMARDs posttreatment, except for 1 patient who
was receiving methotrexate at the time of the sample
collection.

Decrease in CSF and blood cytokine levels with
IL-1 blocking treatment. Baseline CSF levels of IL-18,
IL-6, and IP-10/CXCL10 were significantly higher in
NOMID patients compared to healthy controls (median
12.07 pg/ml versus 0.29 pg/ml, 555.31 pg/ml versus 5.61
pg/ml, and 8,239.0 pg/ml versus 544.19 pg/ml, respectively),
but there was no statistically significant difference in

Figure 1. Cytokine levels in cerebrospinal fluid (CSF) from patients with neonatal-onset multisystem inflammatory disease at baseline (base), when
disease was not in clinical remission (not CR), and when disease was in complete clinical remission. Paired CSF samples were analyzed by Student’s
paired t-test using log10 transformation of raw values. Unpaired comparisons were performed by Student’s unpaired t-test or Wilcoxon’s rank
sum test, depending on data distribution. Symbols represent individual patients; bars show the median. * 5 P , 0.05; ** 5 P , 0.005.
IL-1Ra 5 interleukin-1 receptor antagonist; TNF 5 tumor necrosis factor; IFNg 5 interferon-g; IP-10 5 interferon-g–inducible 10-kd protein.

* Correction added on May 19, 2017, after online publica-
tion: 1.7 years was changed to 2.8 years in this sentence.
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blood levels of IP-10 in healthy controls versus patients
(Figures 1 and 2). In contrast, CSF levels of IL-12p70
were significantly lower in patients versus healthy
controls, and levels of TNF, IFNg, and IL-10 in the
CSF were not significantly different between the 2
groups (Figure 1). CSF IL-6 and IP-10/CXCL10 levels
significantly decreased in patients receiving anakinra
treatment (to a median of 17.5 pg/ml for IL-6 and
2,567.5 pg/ml for IP-10). CSF IL-6 levels were signifi-
cantly lower in patients who were considered to have
met criteria for clinical remission compared to those
who had received treatment but had not met the crite-
ria, but remained elevated compared to levels in healthy
controls (Figure 1). CSF IL-18 levels decreased,

particularly in patients with baseline IL-18 levels of
.20 pg/ml, but this decrease was not statistically
significant.

Levels of IL-1b, TNF, IL-12p70, IFNg, and IL-
10 in the CSF were elevated compared to baseline levels
(significantly for IL-12p70, IFNg, and IL-10). This ele-
vation reached statistical significance in patients who met
the criteria for clinical remission compared to healthy
controls (IL-1b 0.8 pg/ml versus 0.3 pg/ml [P 5 0.001],
TNF 5.02 pg/ml versus 1.7 pg/ml [P 5 0.005], IFNg 69.8
pg/ml versus 26.3 pg/ml [P 5 0.001], and IL-10 3.74 pg/ml
versus 0.96 pg/ml [P 5 0.0001]).

Similar to levels in the CSF, baseline blood levels
of IL-18 and IL-6 were significantly higher in untreated

Figure 2. Cytokine levels in blood from patients with neonatal-onset multisystem inflammatory disease at baseline, when disease was not in clin-
ical remission, and when disease was in complete clinical remission. Paired blood samples were analyzed by Student’s paired t-test using log10

transformation of raw values. Unpaired comparisons were performed by Student’s unpaired t-test or Wilcoxon’s rank sum test, depending on
data distribution. Symbols represent individual patients; bars show the median. * 5 P , 0.05; ** 5 P , 0.005. For IL-6 levels, n 5 10 controls. See
Figure 1 for definitions.
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NOMID patients than in controls (median 538.9 pg/ml
versus 70.4 pg/ml [P 5 0.002] and 65.3 pg/ml versus 22.0
pg/ml [P 5 0.002], respectively) and decreased with
treatment, but remained significantly higher relative to
levels in healthy controls (Figure 2). Unlike levels in the
CSF, baseline blood levels of IP-10/CXCL10 in patients
were similar to levels in healthy controls. IL-12p70 lev-
els, although lower in the CSF of patients with NOMID

versus controls, were significantly higher in the blood of
NOMID patients versus controls. Blood levels of IL-
12p70 remained stable in patients receiving anakinra,
while blood TNF, IL-10, and IFNg levels increased (sig-
nificantly for TNF and IL-10). Blood IP-10 levels
remained unchanged with treatment. As we expected,
after anakinra treatment, blood and CSF levels of IL-
1Ra increased (as they reflect a sum of both endogenous

Figure 3. Leukocyte subpopulation absolute counts in CSF. Statistical analyses were performed by Student’s unpaired t-test or Wilcoxon’s rank
sum test, depending on data distribution. Symbols represent individual patients; bars show the median. * 5 P , 0.05; ** 5 P , 0.005. Arrowheads

represent pediatric controls. NK 5 natural killer (see Figure 1 for other definitions).
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and recombinant IL-1Ra or anakinra). IL-1b levels,
which have been found only at very low levels in patients
with NOMID (6), did not significantly increase.

To compare the amount of cytokine production
in the CNS compared to the blood, matched CSF and
blood samples were analyzed for cytokine CSF:blood
ratios in the same assay, with appropriate serum and
CSF controls. Consistent with results found in a previ-
ous study (6), baseline IL-6 levels were higher in the
CSF than in blood samples; this was also observed for
IP-10 levels in the CSF. Median CSF:blood ratios in
patients were 31- and 11-fold higher than those in con-
trols, with a median CSF:blood ratio of 5.2 for IL-6, and
8.7 for IP-10/CXCL10 (see Supplementary Figure 2,
available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.40055/
abstract). The CSF:blood ratios for IL-6 and IP-10/
CXCL10 progressively decreased with treatment and
were lowest when disease was in clinical remission
(0.5 and 1.2, respectively). The median CSF:blood ratios
for the other cytokines (including IL-1b and IL-18)

demonstrated lower levels in the CSF than in the blood
(with ratios between 0.05 and 0.2) and did not signifi-
cantly change with anakinra treatment, except that the
IL-12p70 and IFNg CSF:blood ratios increased (though
not significantly) after treatment (due to a greater
increase in the CSF than in blood levels).

Significant decrease in CSF monocyte and
granulocyte counts, but no full normalization, during
remission. Patients with NOMID have a predominant

elevation of innate leukocytes in the CSF (11). Although
adaptive immune cells (CD31 cells and B cells) are mildly
increased in the CSF of untreated and anakinra-treated
patients, only numbers of innate immune cells (monocytes,

granulocytes) were significantly higher in patients with
NOMID compared to controls (Figure 3). Monocyte and
granulocyte numbers decreased posttreatment, but mono-
cyte numbers remained on average 3-fold higher in patients

with NOMID who were treated with anakinra in comparison
to controls, while neutrophils remained only ;1.5-fold
higher in anakinra-treated NOMID patients versus controls

Figure 4. Correlations between levels of IL-6, IL-18, and IP-10/CXCL10 in the CSF with central nervous system parameters of inflammation.
For each patient, baseline data (green; n 5 7) were used if available and posttreatment data (black; n 5 12) if baseline data were not available
(total of 19 patients). Two patients were excluded because they had ventricular peritoneal shunts. Correlation coefficients and P values were
assessed using Spearman’s correlation coefficient. Non–linear regression robust straight lines are shown in each graph. WBC 5 white blood cells
(see Figure 1 for other definitions).
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Figure 5. IL-6, IP-10/CXCL10, and IL-18 levels in the CSF of 6 pediatric neonatal-onset multisystem inflammatory disease patients who
received anakinra and canakinumab in sequence. All 6 patients initially received anakinra and were then switched to canakinumab. After cana-
kinumab, 3 patients’ treatments were switched back to anakinra. Plus signs indicate baseline samples. $5 patients with otitis media or sinusitis at
time of procedure. * 5 patient was taking one-fourth of the prescribed dose. ND 5 not done due to no or insufficient CSF sample (see Figure 1
for other definitions).
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(P not significant). B cell counts remained stable, and CD31

T cell counts increased significantly (;3–4-fold) with
treatment.

Significant correlation of CSF IL-6 and IP-10/
CXCL10 levels with monocyte counts during clinical
remission. To investigate associations between inflam-
matory cells and cytokines, we analyzed correlations
between CSF cytokine levels and CSF leukocyte sub-
populations. Posttreatment, only CSF IL-6 levels corre-
lated significantly with the number of CSF monocytes
(r 5 0.51, P 5 0.046). When the illness was in remission,
this correlation became stronger (r 5 0.88, P 5 0.004),
and IP-10/CXCL10 levels also correlated significantly
with CSF monocytes (r 5 0.81, P 5 0.015) (see Supple-
mentary Tables 1B and C, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40055/abstract). We found no relation-
ship between levels of IL-18 or the other cytokines mea-
sured and subpopulations of CSF leukocytes.

Correlation of CSF IL-6 and IL-18 levels with
CSF protein levels and albumin quotient. We
assessed correlations of IL-18, IL-6, and IP-10 levels
with measures of blood–brain barrier function, CSF
total protein level and albumin quotient. Blood–brain
barrier function measures, including total protein level
and albumin quotient, correlated strongly with levels of

IL-18 (r 5 0.81, P , 0.0001 and r 5 0.68, P 5 0.0036,
respectively) and IL-6 (r 5 0.75, P 5 0.0002 and r 5 0.79,
P 5 0.0003, respectively), and moderately with IP-10/
CXCL10 levels (r 5 0.47, P 5 0.043 and r 5 0.54, P 5

0.029, respectively) (Figure 4), but did not correlate
with the other cytokines measured (see Supplementary
Table 2, http://onlinelibrary.wiley.com/doi/10.1002/art.
40055/abstract).

Increased within-patient CSF cytokine levels
and CSF WBC counts when treated with “optimized”
doses of canakinumab versus anakinra. To date, there
are no published comparative studies comparing ana-
kinra and the long-acting anti–IL-1b monoclonal anti-
body canakinumab for treatment of CNS inflammation.
Since CSF IL-6, IP-10, and IL-18 levels correlated with
clinical measures including monocyte counts and blood–
brain barrier function in anakinra-treated patients with
NOMID, we assessed serial CSF and blood IL-6, IP-10/
CXCL10, and IL-18 levels as well as CNS inflammatory
markers in 6 pediatric patients who were initially treated
with anakinra and were then switched to canakinumab.
Three of these patients were switched back to anakinra
(Figure 5). We found that CSF IL-6, IP-10/CXCL10,
and IL-18 levels and WBC counts were significantly
higher when patients were receiving canakinumab than
when they were receiving anakinra (Table 2), despite

Table 2. Comparison of CSF and blood cytokine measurements in pediatric NOMID patients receiv-
ing anakinra and subsequent canakinumab treatment*

Measure Anakinra Canakinumab P

IL-6, pg/ml
CSF 28.5 (14.4–62.7) 150.7 (84.3–275.5) 0.004
Blood† 3.0 (2.7–5.0) 2.8 (2.13–3.0) 0.17

IP-10/CXCL10, pg/ml
CSF 2,148.1 (1,904.3–2,440.7) 3,119.0 (2,458.0–3,655.0) 0.037
Blood† 906.3 (878.7–1,071.4) 1,245.1 (732.8–1,385.7) 0.82

IL-18, pg/ml
CSF 1.3 (0.83–2.3) 3.4 (3.2–4.3) 0.028
Blood† 179.7 (158.2–332.6) 145.5 (131.1–301.6) 0.10

CSF WBCs/mm3‡ 3.7 (1.6–6.0) 10.2 (3.6–23.9) 0.027
CSF protein, mg/dl§ 39.0 (33.7–47.3) 44.3 (38.3–46.3) 0.69
CSF albumin quotient§ 4.4 (3.1–7.0) 5.2 (4.0–5.5) 0.89

* For individual patients, mean anakinra and mean canakinumab values were obtained by taking the
average of the last 3 values during anakinra treatment (prior to canakinumab treatment) and the average
of the last 3 (for cerebrospinal fluid [CSF] measures) or last 2 (for blood measures) values during cana-
kinumab treatment at steady state. For CSF measures, averages were not calculated for 1 patient who had
only 1 value for both anakinra and canakinumab at steady state, and another patient who had only 1 value
for canakinumab at steady state. For blood measures, averages were not calculated for 2 patients who had
only 1 value for canakinumab at steady state. Due to small sample size, raw values were log transformed
to be closely normally distributed, and analyzed by paired Student’s t-test. Values are the back-
transformed median (interquartile range). NOMID 5 neonatal-onset multisymptom inflammatory disease;
IL-6 5 interleukin-6; IP-10/CXCL10 5 interferon-g–inducible 10-kd protein; WBCs 5 white blood cells.
† Blood comparisons were performed among 5 patients due to missing data from canakinumab treat-
ment in 1 patient.
‡ Due to a value of zero, raw values were transformed into arcsine.
§ Analyses were performed on 5 patients; CSF protein and albumin quotient were not recorded for 1
patient each for canakinumab treatment at steady state.
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only infrequent self-reports of headaches. The CSF
cytokine levels and the WBC counts decreased in the 3
patients who switched back to anakinra after canakinu-
mab treatment (see Figures 5B–D and Supplementary
Tables 3B–D, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40055/abstract); however, these results did not reach
statistical significance due to the small number of
patients. In patients receiving either anakinra or cana-
kinumab treatment, ESRs and CRP levels were normal
and blood IL-6, IP-10/CXCL10, and IL-18 levels did not
significantly differ between treatments (see Table 2 and
Supplementary Tables 3A–F, http://onlinelibrary.wiley.
com/doi/10.1002/art.40055/abstract).

DISCUSSION

Increased NLRP3 inflammasome assembly and
IL-1b secretion cause the systemic disease manifestations
of NOMID. However, the regulation of CNS inflamma-
tion, the contribution of CNS resident cells to the devel-
opment of chronic aseptic meningitis and brain damage,
and differences in the effects of various IL-1 blocking
treatments on CNS inflammation remain unknown. Our
data indicate that IL-6 and IP-10/CXCL10 levels are
highly elevated in the CSF and decreased with treatment,
but did not normalize in all patients. Furthermore, IL-18,
IL-6, and IP-10/CXCL10 may be markers for blood–
brain barrier function, and differences in treatment
responses to the 2 IL-1 blocking agents anakinra and
canakinumab suggest differences in CNS penetration.
Collectively, our data suggest a role of serial CSF bio-
marker measurements in assessing and monitoring resid-
ual CNS inflammation in patients with NOMID receiving
different IL-1 blocking treatments.

Elevated granulocyte counts, which represent
.90% of abnormally elevated cell numbers in the CSF
of untreated NOMID patients with aseptic meningitis,
virtually normalized with IL-1 blocking treatment. In
contrast, CSF monocyte levels decreased but remained
significantly elevated even in patients with illness in clin-
ical remission. Of the 9 inflammatory cytokines we
examined to characterize potential low-grade inflamma-
tion, only IL-6 and IP-10/CXCL10 were expressed at
higher levels in the CSF compared to corresponding
serum samples; the levels of both cytokines were signifi-
cantly lower (albeit not completely normalized) with
anakinra treatment compared to canakinumab. Levels
were lowest when patients’ disease was in clinical remis-
sion compared to those in patients who were receiving
treatment but did not fulfill clinical remission criteria.
The presence of higher levels of IL-6 and IP-10 in the
CSF compared to the blood suggests production of

these cytokines in the CNS. Although monocytes in the
CSF can produce IL-1, microglia and astrocytes can
produce IL-6 and IP-10 in response to IL-1b during
active disease and are a likely source for the cytokine
production in the CNS in NOMID (15).

IP-10/CXCL10 is a known downstream marker
of IFN signaling, and levels of IP-10/CXCL10 in the
blood of patients with NOMID are not elevated above
control levels. In contrast, levels of IP-10/CXCL10 in
the blood are highly elevated in patients with IFN-
mediated autoinflammatory diseases (16,17). While it is
necessary to further evaluate the mechanisms that lead
to elevation of IP-10/CXCL10 levels in the CSF but not
the blood of untreated NOMID patients, IFN- and
STAT-1–independent mechanisms of IP-10/CXCL10
up-regulation have been observed in astrocytes and
microglia in the CNS in a murine HIV model (18). IP-
10/CXCL10 production has also been observed in brain
microvascular endothelial cells that form the blood–
brain barrier in response to exposure to serum from
patients with neuromyelitis optica (19). These observa-
tions raise the question of whether the elevation of IP-
10/CXCL10 levels in the CSF may reflect astrocyte,
microglial, and/or brain microvascular endothelial cell
activation in response to blood–brain barrier damage in
NOMID.

In contrast to IL-6, IP-10/CXCL10, and IL-18
levels, which all decreased with treatment, we observed
small but significant increases in the levels of TNF, IL-
12p70, IL-10, and IFNg in the CSF with treatment (in
the context of significant clinical improvement). The
overall levels of these cytokines were much lower in the
CSF than in the blood (10 pg/ml for TNF, IL-12p70,
and IL-10, and 150 pg/ml for IFNg); but the increase in
these levels demonstrates the complexity of interpreting
soluble biomarker levels in biologic fluids. The mea-
sured CSF cytokine levels represent the balance
between their production/secretion and their binding/
uptake by target cells and tissues. In that context the
small increase in cytokine levels could reflect an altered
balance of production and consumption, with fewer
inflammatory or activated tissue cells being able to
consume/bind these cytokines.

Upon treatment with anakinra, CSF protein and
albumin levels declined (7), suggesting improvement of
blood–brain barrier function. The CSF cytokines IL-6,
IP-10/CXCL10, and IL-18 significantly correlated with
measures of blood–brain barrier function. It has been
implied that these cytokines, when elevated, cause the
functional changes in the endothelial cells and astrocytes
layer that constitutes the blood–brain barrier and cause
or aggravate blood–brain barrier dysfunction/breakdown
(19,20). While the elevated levels of IP-10 and IL-6 suggest
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that they are produced intrathecally, the relatively stable
IL-18 CSF:blood ratios before and after anakinra
treatment and the lack of correlation between CSF IL-18
levels and WBC counts suggest that CSF IL-18 may
mainly derive from passage across a “leaky” blood–brain
barrier, although low levels of CNS production cannot be
ruled out. Interestingly, elevations of IL-1 and IL-18 have
been seen in patients with chronic tension headaches
(21), and IL-18–mediated microglia/astrocyte interac-
tions have been associated with the development of allo-
dynia and may play a role in development of persistent
headaches (22).

Our study is limited by the small sample size
(due to the rarity of the disease) and the fact that we did
not correct for the multiple exploratory analyses per-
formed. However, serial, longitudinally collected,
matched CSF and blood samples (including pretreat-
ment CSF samples) were assayed simultaneously, which
reduced interassay variability typically seen with cyto-
kine analyses, and increases the reliability of our data
interpretation. The markers we propose need to be vali-
dated in further follow-up studies and in other diseases.
Multiplex cytokine assays allow for measurement of
multiple cytokines simultaneously from a small sample
volume, but their utility for the assessment of IL-1b and
other low-expressing cytokines is limited. IL-1b is highly
protein-bound; soluble serum, plasma, and CSF levels
are often below 1 pg/ml, which is below the assay’s
detection range. Small variations in IL-1b levels can
have large pathologic effects as seen in the
cryopyrinopathies, but serum IL-1b measurements can-
not reliably be interpreted, thus limiting their use as a
biomarker. Although IL-6 is not a specific marker for
inflammasome activation, it is a known downstream
marker of systemic inflammation in patients with CAPS
(23). In our study, IL-6 correlated best with clinical
markers of CNS inflammation and may be a surrogate
for assessing IL-1 activity in patients with CAPS.

This is the first published study to compare treat-
ment with 2 IL-1 blocking agents, anakinra and cana-
kinumab, and their effects on controlling CNS
inflammation in NOMID/CAPS (6 patients). CSF levels
of IL-6, IP-10/CXCL10, and IL-18 and WBC counts
were significantly higher when patients were being
treated with canakinumab at a time when steady-state
kinetics had likely been established compared to when
patients were receiving anakinra treatment at steady-
state kinetics. CRP levels and ESRs, and blood levels of
cytokines, including IL-6, IP-10/CXCL10, and IL-18,
were similar during anakinra and canakinumab treat-
ment. However, cytokine levels in the CSF were lower
when patients were receiving anakinra compared to
canakinumab treatment, and there was a trend for levels

to go back down when anakinra was reinitiated, in the 3
patients who began treatment with anakinra, switched
to canakinumab, and then back to anakinra. Differences
in CSF penetration of the 2 drugs may contribute to the
differences in low-grade CNS inflammation, which may
be particularly relevant in “low inflammatory states”
when the blood–brain barrier is less penetrant. All
patients enrolled had chronic CNS inflammation prior
to receiving IL-1 blocking treatment. Our data regard-
ing CNS inflammation cannot be extrapolated to
patients with milder forms of CAPS who have less-
severe or only intermittent CNS disease.

The long-term clinical implications of chronic
low elevation of CSF cytokine levels (including IL-1b,
IL-6, IL-18, and IP-10) and persistently elevated mono-
cyte counts in patients with NOMID are currently
unknown, and complications from the illness can take
many years to develop. Therefore, correlations with the
longer-term development of symptoms and damage
need to be studied in the future. Monocytes can confer
proinflammatory and antiinflammatory properties (24);
they play a role in wound repair and tissue surveillance
and their persistence posttreatment may reflect a
homeostatic adaptation (25). Similarly, IL-6 has pro-
and antiinflammatory properties; however, chronically
elevated IL-6 levels in the CSF are seen in acute and
chronic neurologic conditions (26), and have been cor-
related with progression of brain atrophy in patients
with neuro-Behçet’s disease (27). Elevated IL-1b levels
have also been associated with Alzheimer’s disease (28)
and with recurrent headaches (21). This study was not
designed to investigate the long-term effects of chronic
low-grade inflammation but rather was intended to
identify biomarkers that may assist in the assessment
and characterization of low-grade inflammation. Our
data indicate the need for longitudinal assessment of
patients’ clinical function to determine whether the
residual inflammation measured is benign or associated
with long-term consequences such as headaches, cogni-
tion, and progression of brain atrophy.

In summary, our findings indicate that the regu-
lation of inflammation in the CNS compartment cannot
be predicted by blood markers of inflammation and that
drugs that suppress systemic inflammation may not
equally suppress CNS inflammation and suggest the
value of a “personalized approach” guided by CSF bio-
markers to assess residual inflammation and optimize
treatment. Of the markers tested, IL-6, IL-18, and per-
haps IP-10/CXCL10 may be used to monitor efficacy of
IL-1 blocking therapy in controlling CNS inflammation
in NOMID. Differences in blockade of CNS inflamma-
tion between anakinra and canakinumab suggest that
assessment of CSF inflammation, drug penetration into
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the CNS, and pharmacokinetics of IL-1b inhibitors
should be included when designing studies of IL-1b

inhibitors in NOMID and other neuroinflammatory
diseases.
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Analysis of ATP8B4 F436L missense variant in a large
systemic sclerosis cohort

Over the last 7 years, knowledge of the systemic sclero-
sis (SSc) genetic component has increased considerably, due
mainly to large genetic studies including genome-wide associa-
tion studies (GWAS) and Immunochip analysis. However,
there is still a large portion of SSc heritability that remains
unexplained, as is the case with most complex traits (1). One
hypothesis that has been proposed to explain the missing heri-
tability for complex diseases involves rare and low-frequency
variants. These types of genetic variations are not well covered
by GWAS, which are mainly focused on common variants.
However, the use of next-generation sequencing technologies,
such as whole-exome sequencing, has rapidly overcome this
problem. In this regard, Gao et al performed, for the first time,
whole-exome sequencing in SSc and reported a novel gene,
ATP8B4, as a risk factor for the disease (2). They suggested a
missense rare variant (F436L [rs55687265]) as a potential
causal variant for the association signal in ATP8B4. We there-
fore aimed to further evaluate the reported signal of associa-
tion, taking advantage of our access to large cohorts of patients
with SSc.

The ATP8B4 rare variant rs55687265 was genotyped in
6 independent case–control cohorts of European ancestry
(total 7,426 SSc patients and 13,087 healthy controls) (see Sup-
plementary Table 1, on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40058/abstract).
All SSc patients fulfilled the American College of Rheumatol-
ogy 1980 preliminary classification criteria for the disease (3) or
exhibited at least 3 of 5 features of CREST syndrome (calcinosis,
Raynaud’s phenomenon, esophageal dysmotility, sclerodactyly,
telangiectasias) (4). We first performed association analyses to
test whether rs55687265 was associated with SSc susceptibility in
each of the cohorts included in the present study (see Supple-
mentary Methods, http://onlinelibrary.wiley.com/doi/10.1002/
art.40058/abstract). A trend toward association (P 5 0.071) was

observed in the Spanish case–control set (odds ratio [OR] 1.58)
(Table 1). However, we did not observe any suggestive or signifi-
cant association signal in the remaining cohorts. We also
observed opposite effects for the same allele in different popula-
tions. The meta-analysis combining all of the sample sets, which
was performed using an inverse variance fixed-effects model,
showed no significant association with the disease (OR 1.07,
P 5 0.484) (Table 1 and Supplementary Methods). In addition,
stratified analysis based on different clinical sub-phenotypes of
SSc (limited and diffuse cutaneous subtypes, and the presence of
the SSc-specific autoantibodies anticentromere and anti–topo-
isomerase I) did not show significant associations (data not
shown). Thus, we did not find statistically significant differences
in the frequency of the ATP8B4 rs55687265*C allele between the
SSc patients and controls enrolled in the study. A meta-analysis
combining the results of the present study with the results from
the discovery phase of the study reported by Gao et al (2) was
also performed, and again no significant P value was found (OR
1.36, Prandom 5 0.212, heterogeneity q value , 0.01, I2 5 82.68).

The impact of rare variants on the development of
autoimmune diseases remains an unanswered and controver-
sial question (5). Moreover, it has long been recognized that
the identification of rare variant associations with high-
throughput DNA sequencing technologies, such as whole-
exome sequencing, is substantially affected by technical arti-
facts, which may lead to Type I error. This issue becomes espe-
cially important when the sample size of the whole-exome
sequencing study is not large enough, and when there is a large
difference between the case cohort size and the control cohort
size (6,7). The present study highlights the importance of vali-
dation of whole-exome sequencing results with other sequenc-
ing methods, as well as replication of the newly observed
associations in independent studies, in order to detect actual
disease-causing mutations.

In conclusion, in the present study we could not repli-
cate the association of ATP8B4 rs55687265 with susceptibility
to SSc. However, because we did not attempt to evaluate asso-
ciations of other rare or common variants with SSc

Table 1. Association analysis of the ATP8B4 F436L variant in 6 independent systemic sclerosis cohorts,
and meta-analysis*

Minor/major
allele

No. of
cases/controls

MAF,
cases

MAF,
controls

OR
(95% CI)

Cohort
Spain C/G 2,056/2,718 0.008 0.005 1.58 (0.96–2.61)
Germany C/G 909/486 0.019 0.022 0.87 (0.50–1.50)
The Netherlands C/G 435/783 0.013 0.007 1.78 (0.75–4.20)
Italy C/G 1,114/980 0.006 0.011 0.56 (0.28–1.12)
UK C/G 1,456/5,272 0.012 0.011 1.13 (0.77–1.67)
US C/G 1,456/2,848 0.015 0.015 1.00 (0.69–1.45)

Meta-analysis† C/G 7,426/13,087 1.07 (0.88–1.31)

* Self-reported ancestry and genome-wide association study or Immunochip data were used to remove
outliers. None of the odds ratios (ORs) for minor allele frequency (MAF) in cases versus controls were statis-
tically significant. In the Spanish cohort there was a trend toward significance (P 5 0.071). 95% CI 5 95%
confidence interval.
† Heterogeneity q value 5 0.17, I2 5 35.73.
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susceptibility, our findings do not eliminate the possibility that
this gene plays a role.
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Could g/d T cells explain adverse effects of zoledronic
acid? Comment on the article by Reinhardt et al

To the Editor:
We read with interest the recent article by Reinhardt

et al reporting on the abundance of activated g/d T cells in the
enthesis, ciliary body, and aortic valve in Tcrd-H2BeGFP mice
(1). The clinical implications of these findings might be rele-
vant. We suggest, for example, that this particular localization
of g/d T cells may explain the adverse effects of certain drugs.

Zoledronic acid is a drug used to treat osteoporosis,
Paget’s disease, and bone metastasis (2). The use of intrave-
nous zoledronic acid is occasionally associated with the appear-
ance of an acute-phase response within 24–36 hours, mainly
characterized by fever, musculoskeletal symptoms (principally
pain and stiffness of the joints, which suggest an inflammatory
reaction, possibly enthesitis), and eye inflammation (3). In par-
ticular, in some cases, uveitis has been observed after infusion
(4). Moreover, it is known that zoledronic acid might induce
arrhythmias (atrial fibrillation, in particular) (5).

Nitrogen-containing bisphosphonates, such as zoledronic
acid, inhibit osteoclastic bone resorption by blocking farnesyl
pyrophosphate synthase, an enzyme in the mevalonate path-
way, leading to accumulation of isopentenyl diphosphate and
dimethyl-allyl diphosphate in monocytes. This results in the acti-
vation of adjacent g/d T cells and the release of interferon-g and
tumor necrosis factor (6). We have previously demonstrated that
higher numbers of circulating g/d T cells before zoledronic acid
infusion correlate with a higher risk of acute-phase reactions (7).
In addition, g/d T cell numbers decrease after the infusion and
were found to be lower than before zoledronic acid treatment,
even at 12-month follow-up (8). This effect on circulating lym-
phocytes may be attributed to the activation, differentiation, and
homing of these cells at tissue levels (9). Akitsu et al have found
increased homing of g/d T cells in mice with inflammatory arth-
ritis (10).

Given their localization in the enthesis and ciliary body
of mice, we hypothesize that g/d T cells, activated by zoledronic
acid, might induce articular inflammation and uveitis. More-
over, the localization of activated g/d T cells in the aortic valve
may suggest that they have a role even in arrhythmias, in partic-
ular, atrial fibrillation, which has been reported as an adverse
effect of zoledronic acid infusion.

Cristian Caimmi, MD
Maurizio Rossini, MD, PhD
Ombretta Viapiana, MD, PhD
Luca Idolazzi, MD, PhD
Giovanni Adami, MD
Davide Gatti, MD
University of Verona
Verona, Italy
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Reply

To the Editor:
We thank Dr. Caimmi and colleagues for their thought-

ful commentary on our recent publication. The authors specu-
late about a possible connection between tissue-resident
interleukin-17 (IL-17)–producing g/d T cells and zoledronic
acid–induced local inflammation in humans. Zoledronic acid
indeed leads to an accumulation of intracellular isopentenyl
pyrophosphate (IPP) in target cells, which in turn activates
human Vg91Vd21 T cells. However, only a few reports to date
have described the induction of IL-17 in human Vg91Vd21

T cells, either by zoledronate (1), or directly by phosphoantigens
such as IPP (2–5) or the more potent microbial hydroxyl-3-
methyl-but-2-enyl pyrophosphate (HMBPP) (6,7) (Table 1).
Collectively, these studies showed that in healthy human blood
only a minor g/d T cell population produces IL-17 upon stimula-
tion with HMBPP or IPP, whereas IL-17–producing g/d T cell
numbers can increase upon stimulation with specific cytokine
mixtures, during infection or autoimmune and autoinflamma-
tory diseases (Table 1). Although a very interesting hypothesis, it
is thus presently far from established that intravenous injection
of zoledronate could lead to a strong induction of IL-17 secre-
tion by human tissue-resident g/d T cells.

1339



Data on the identification of entheseal T cells in humans
are rare. Although IL-17–producing g/d T cells have been re-
ported to be enriched in the peripheral blood of patients with
ankylosing spondylitis (8), enthesitis-related arthritis (9), or pso-
riatic arthritis (5), presence of g/d T cells within entheseal tissue
has not been systematically addressed to date. However, IL-17–
producing a/b T cells (10), mast cells (11), or type 3 innate lym-
phoid cells (12) have been found in synovial fluid from spondy-
loarthritis patients, whereas IL-17–producing neutrophils were
enriched within inflamed facet joints (13). The presence of
CD81 T cells (14) and macrophages within entheseal tissue has
been described (15). Interestingly, g/d T cells were enriched in
aqueous humor from patients with idiopathic uveitis (16), and
IPP-responsive g/d T cells could be isolated from intraocular flu-
id from patients with Behçet’s disease (17).

Nevertheless, cytokines other than IL-17 might be
secreted by enthesis-, eye-, or heart-resident g/d T cells in
humans, and contribute to the reported symptoms as well.
Since zoledronic acid certainly potently induces secretion of
interferon-g (IFNg), as well as tumor necrosis factor (TNF), by
peripheral blood Vg91Vd21 T cells, it is conceivable that simi-
lar functions are also exerted by tissue-resident Vg91Vd21
T cells. In this context, production of IFNg and TNF by periph-
eral blood Vg91Vd21 T cells could explain adverse effects
such as fever and musculoskeletal symptoms that appear during
the acute-phase reaction in response to zoledronic acid, as
implied in the letter by Caimmi et al.

Assuming that zoledronic acid–inducible g/d T cells
indeed reside within human entheseal, eye, or heart tissue, this
would be of great interest for understanding zoledronic acid–

induced local inflammation, irrespective of their IFNg, TNF,
or IL-17 production capacity. There is, therefore, an urgent
need to determine whether g/d T cells are present in healthy
and inflamed human entheseal, eye, and heart tissue, account-
ing for zoledronic acid–induced arrhythmias and atrial fibrilla-
tion, as well as articular and eye inflammation.

Annika Reinhardt, Dr. rer. nat.
Immo Prinz, Prof. Dr. rer. nat.
Hannover Medical School
Hannover, Germany
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Neonatal cord blood
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1
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Vg91Vd21 T cells
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2
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Vg91Vd21 T cells
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4

Healthy PB
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Healthy PB
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Neonatal cord blood
Vg91Vd21 T cells
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* IL-17 5 interleukin-17; PB 5 peripheral blood; IPP 5 isopentenyl pyrophosphate; TGFb 5 transforming
growth factor b; BacMen 5 bacterial meningitis; CSF 5 cerebrospinal fluid; JIA 5 juvenile idiopathic arth-
ritis; SF 5 synovial fluid; PsA 5 psoriatic arthritis; HMBPP 5 hydroxyl-3-methyl-but-2-enyl pyrophosphate;
BrHPP 5 bromohydrin pyrophosphate; PDCs 5 plasmacytoid dendritic cells.

1340 LETTERS



6. Ness-Schwickerath KJ, Jin C, Morita CT. Cytokine requirements
for the differentiation and expansion of IL-17A- and IL-22-
producing human Vg2Vd2 T cells. J Immunol 2010;184:7268–80.

7. Laggner U, Di Meglio P, Perera GK, Hundhausen C, Lacy KE,
Ali N, et al. Identification of a novel proinflammatory human
skin-homing Vg9Vd2 T cell subset with a potential role in psori-
asis. J Immunol 2011;187:2783–93.

8. Kenna TJ, Davidson SI, Duan R, Bradbury LA, McFarlane J,
Smith M, et al. Enrichment of circulating interleukin-17–
secreting interleukin-23 receptor–positive g/d T cells in patients
with active ankylosing spondylitis. Arthritis Rheum 2012;64:
1420–9.

9. Gaur P, Misra R, Aggarwal A. Natural killer cells and gd T cells
alterations in enthesitis related arthritis category of juvenile idio-
pathic arthritis. Clin Immunol 2015;161:163–9.

10. Bowness P, Ridley A, Shaw J, Chan AT, Wong-Baeza I, Fleming
M, et al. Th17 cells expressing KIR3DL21 and responsive to
HLA-B27 homodimers are increased in ankylosing spondylitis.
J Immunol 2011;186:2672–80.

11. Noordenbos T, Yeremenko N, Gofita I, van de Sande M, Tak
PP, Canete JD, et al. Interleukin-17–positive mast cells contrib-
ute to synovial inflammation in spondylarthritis. Arthritis Rheum
2012;64:99–109.

12. Ciccia F, Guggino G, Rizzo A, Saieva L, Peralta S, Giardina A,
et al. Type 3 innate lymphoid cells producing IL-17 and IL-22
are expanded in the gut, in the peripheral blood, synovial fluid
and bone marrow of patients with ankylosing spondylitis. Ann
Rheum Dis 2015;74:1739–47.

13. Appel H, Maier R, Wu P, Scheer R, Hempfing A, Kayser R,
et al. Analysis of IL-171 cells in facet joints of patients with
spondyloarthritis suggests that the innate immune pathway might
be of greater relevance than the Th17-mediated adaptive
immune response. Arthritis Res Ther 2011;13:R95.

14. Laloux L, Voisin MC, Allain J, Martin N, Kerboull L, Chevalier
X, et al. Immunohistological study of entheses in spondyloar-
thropathies: comparison in rheumatoid arthritis and osteoarthri-
tis. Ann Rheum Dis 2001;60:316–21.

15. McGonagle D, Marzo-Ortega H, O’Connor P, Gibbon W, Haw-
key P, Henshaw K, et al. Histological assessment of the early
enthesitis lesion in spondyloarthropathy. Ann Rheum Dis 2002;
61:534–7.

16. Bertotto A, Spinozzi F, Vagliasindi C, Vaccaro R. gd T cells in
aqueous humour from untreated idiopathic uveitis patients. Br J
Ophthalmol 1995;79:395.

17. Verjans GM, van Hagen PM, van der Kooi A, Osterhaus AD,
Baarsma GS. Vg9Vd2 T cells recovered from eyes of patients
with Behcet’s disease recognize non-peptide prenyl pyrophos-
phate antigens. J Neuroimmunol 2002;130:46–54.

18. Lo Presti E, Caccamo N, Orlando V, Dieli F, Meraviglia S. Acti-
vation and selective IL-17 response of human Vg9Vd2 T lympho-
cytes by TLR-activated plasmacytoid dendritic cells. Oncotarget
2016;7:60896–905.

DOI 10.1002/art.40083

American College of Rheumatology/European League
Against Rheumatism Sj€ogren’s syndrome classification
criteria may not be adequate for extraglandular
disease and necessitate defining “seronegative
Sj€ogren’s syndrome”: comment on the article by
Shiboski et al

To the Editor:
The recently published American College of Rheumatol-

ogy (ACR)/European League Against Rheumatism (EULAR)
criteria for classifying primary Sj€ogren’s syndrome (SS) (1) are

based on a scoring system that can be applied to individuals
who have a positive response on any of the screening questions
or any positive item in the EULAR SS Disease Activity Index
questionnaire (2). A patient is classified as having SS if she/he
has a score of $4 from the classification criteria items. How-
ever, similar to previous SS classification criteria sets (3–6),
there is an inherent problem: the criteria comprise only glandu-
lar manifestations. Most patients with primary SS who need
aggressive treatment (immunosuppressive or biologic agents)
are those with major organ involvement, and a significant pro-
portion of these patients do not have glandular manifestations
severe enough to fulfill the classification criteria. This might be
due to symptoms and signs related to major organ involvement
leading to earlier diagnosis compared to that in patients with
only glandular symptoms. The new classification criteria do not
seem to resolve this problem. We suggest that the criteria be
modified to allow classification (maybe with fewer item scores)
when there is major organ involvement. This would be similar
to the ability to classify a patient with lupus renal involvement
as having systemic lupus erythematosus (SLE) with fewer items
when there is biopsy-proven disease, in the Systemic Lupus
International Collaborating Clinics (SLICC) criteria (6,7).

Our second concern is that anti-SSA/Ro is the only
immunologic marker in the new ACR/EULAR classification
criteria. This is also similar to some of the previous criteria sets
(3–6). The result is that a patient with no detectable autoanti-
bodies may be classified as having primary SS. A few reports
have used the term “seronegative primary SS,” which usually
denotes “anti-SSA/SSB negative.” In clinical practice, our
observation is that the majority of patients with primary SS who
are negative for anti-SSA/SSB are positive for rheumatoid fac-
tor (RF) or antinuclear antibody (ANA). Therefore, there is an
urgent need to define seronegative primary SS. The new, as
well as most of the previous, classification criteria sets allow
classification of individuals who are triple negative (for SSA/
SSB, RF, and ANA) as having primary SS. However, this sub-
group is not adequately defined or studied. We suggest that
clinical and laboratory findings should be evaluated separately
and fulfillment of at least 1 clinical and 1 laboratory criteria
component should be required for classification, as in the 2012
SLICC classification criteria for SLE (7).
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Reply

To the Editor:
Drs. Tezcan and colleagues point out that some

patients with clinically diagnosed SS, presenting with disease-
related extraglandular features and anti-SSA/Ro antibodies (or
a positive lip biopsy result) but without overt glandular mani-
festations (i.e., negative findings on salivary and lacrimal func-
tion tests), would not fulfill the new ACR/EULAR criteria for
primary SS. Tezcan et al also indicate that, in their experience,
these patients are often negative for anti-SSA/Ro antibodies
and positive for RF and ANA, which are not included among
the items in the new criteria set.

The fact that some patients with a given disorder can-
not meet the classification criteria for it is not surprising. Classi-
fication criteria are not designed to assess the diagnosis in
individual cases, but serve to define groups of patients with a
given disease to be included in epidemiologic, clinical, and
treatment studies. To be valid, classification criteria should
have balanced and sufficiently high sensitivity and specificity to
minimize the risk that patients without the disorder may be
included in, and patients with clearcut disease may be excluded
from, specifically designed studies (1). None of the classifica-
tion criteria proposed for the different autoimmune rheumatic
disorders, including those for SS, cover the entire spectrum of
the disorder under consideration. To obtain this (in other
words, to have a sensitivity of, or very close to, 100%) may be
accompanied by an unacceptable loss of specificity.

The 2016 ACR/EULAR classification criteria for SS
were developed using statistical methodology that has been
approved by both the ACR and EULAR for this purpose and
used to define classification criteria for other rheumatic dis-

eases. Thus, the items selected and included in this criteria set
were restricted to those that were most important from the per-
spective of both clinician expert opinion and statistical perfor-
mance. From a methodologic point of view, classification
criteria are quite distinct from diagnostic criteria. Clinicians
should be cautious when adopting classification criteria in clini-
cal practice, since a certain number of patients who do not
meet the criteria for a given disorder will nonetheless have the
disorder. In such cases, clinicians should adopt the therapeutic
approach believed to be potentially beneficial for the patient,
using their best clinical skill and independent of satisfaction of
classification criteria. As pointed out in our report, the gold
standard for the diagnosis of SS remains expert opinion.
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