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

Severe Weight Loss During Early RA Period Associated With Mortality
Decades of prospective follow-up have 
suggested that women who experience 
severe weight loss around the time of 

rheumatoid arthritis (RA) 
diagnosis are at an increased 
risk of death compared to 

women who maintain a stable weight.  
In addition, previous studies have found 
that patients with RA are at an increased 
risk of death relative to the general popu-
lation. In this issue, Sparks et al (p. 18) 
evaluated whether weight change in the 
early RA period is associated with sub-
sequent mortality. They designed their 
study to include non-RA comparators 
to also determine whether any effect of 
weight change on mortality was specific 
for RA or could be generalized to a non-
RA population. 

The investigators tracked 902 women 
with incident RA who were matched for 
age and calendar year of RA diagnosis to 
7,884 non-RA comparators, all of whom 
were drawn from among 121,701 wom-
en in the Nurses’ Health Study. A total of 

371 deaths occurred over 
a mean follow-up of 17.0 
years in the RA cohort, 
and 2,303 deaths oc-
curred over a mean fol-
low-up of 18.4 years in 
the non-RA cohort. The 
researchers found that 
weight loss of >30 pounds 
during the peri-RA period 
was associated with a haz-
ard ratio for mortality of 
2.78 as compared to stable 
weight, which was similar 
to that in the non-RA co-
hort (2.16). Thus, severe 
weight loss during the ear-
ly RA period was associ-
ated with an increased risk 
of subsequent mortality in women with RA 
as well as those without RA. 

In addition, the researchers found that 
a weight gain of >30 pounds was not as-
sociated with mortality in either the RA or 
the non-RA cohort. 

p.  18

No statistically significant interaction 
between RA/comparator status and weight 
change category in relation to mortality 
was identified. The findings provide evi-
dence against the RA-specific obesity par-
adox for mortality in patients with RA.

In this issue, Miller et al (p. 88) report on their effort to develop 
a method for analyzing sensory neuron responses to mechanical 
stimuli in vivo.  They also evaluate whether these neuronal responses 

changed after surgical destabilization of the medial 
meniscus (DMM). 

The investigators performed DMM or sham surgery 
on 10-week-old male C57BL/6 wild-type or Pirt-GCaMP3+/– mice, and 
8 weeks after surgery, the experiments were performed.  First, they 
assessed knee and hind paw hyperalgesia in wild-type mice.  Next, they 
injected the retrograde label DiI into the ipsilateral knee to quantify the 
number of knee-innervating neurons in the L4 DRG in wild-type mice.  
They found that DiI labeled similar numbers of neurons in the L4 DRG 
of mice subjected to sham surgery and mice subjected to DMM. 

The investigators found that increased numbers of small to 

medium-sized dorsal root ganglion (DRG) neurons respond to 
mechanical stimuli 8 weeks after DMM surgery. The researchers 
do not think that the increased number of responses is due to the 
recruitment of large-diameter afferents such as large-sized Aβ fibers. 
Instead, they believe the response is consistent with cell bodies of 
C and Aδ fibers.  These DRG neurons responded to physical stimuli 
directed toward the operated knee and ipsilateral hind paw in mice 
after DMM compared to sham-operated mice. 

Moreover, the magnitude of responses was similar between 
mice subjected to sham surgery and mice subjected to DMM. They 
then performed in vivo calcium imaging on the ipsilateral L4 DRG 
of the Pirt-GCaMP3+/- mice while applying mechanical stimuli to 
the ipsilateral hind limb. The results suggest that nociceptors had 
become sensitized by lowering the response threshold.

Visualization of Peripheral Neuron Sensitization in a 
Mouse Model of Osteoarthritis

Figure 1. Schematic representation of the study design for weight change 
during the early rheumatoid arthritis (RA) period in RA patients and matched 
comparators. Triangles indicate questionnaire cycles during 40 years of 
prospective follow-up (f/u) in the Nurses’ Health Study (NHS). The peri-RA 
period was defined as up to 4 years before and 4 years after the RA diagnosis. 
The peri-index period was defined as up to 4 years before and 4 years after 
the index date (for matched non-RA comparators).

p.  88

http://onlinelibrary.wiley.com/doi/10.1002/art.40346/full
http://onlinelibrary.wiley.com/doi/10.1002/art.40342/full


Rituximab Is an Effective Treatment for Adult-Onset  
IgA Vasculitis
Adult-onset vasculitis (Henoch-Schön-
lein) (IgAV) is a rare form of small-vessel 
vasculitis that is often severe. It is char-

acterized by galactose-
deficient IgA1-dominant 
immune complexes that 

deposit in target organs and are believed to 
initiate tissue damage. Adult-onset IgAV 
is typically treated with a combination of 
glucocorticoids and immunosuppressive 
agents, although this treatment is consid-
ered controversial since many patients 
experience refractory or relapsing disease 
despite treatment. The B cell–depleting 
antibody rituximab (RTX) has been 
proven effective in the treatment of anti-
neutrophil cytoplasmic antibody–associ-
ated vasculitis. Maritati et al (p. 109) thus 
sought to determine whether RTX might 

also be a safe and effective treatment for 
adult-onset IgAV.

Their multicenter observational study 
included patients with adult-onset IgAV 
who had received RTX because of refrac-
tory/relapsing disease or contraindications 
to conventional glucocorticoid/immunosup-
pressive therapy. They evaluated 22 patients 
who received 375 mg/m2/week for 4 consec-
utive weeks or 2 doses of 1,000 mg 2 weeks 
apart, with a median of 24 months of follow-
up. Sixteen of the patients received RTX 
as add-on therapy and 6 as monotherapy. 
The team analyzed the rates of remission 
and relapse as well as the variations over 
time in the estimated glomerular filtration 
rate (GFR), proteinuria, C-reactive protein 
(CRP) level, Birmingham Vasculitis Activity 
Score, and prednisone dose.

p.  109

The researchers found evidence 
that RTX is an effective and safe thera-
peutic option for adult-onset IgAV. While 
the majority (90.9%) of patients in the 
study achieved remission, 35% of those 
in remission had a subsequent relapse of 
disease. The clinical presentation of the 
relapse varied, and in severe cases, retreat-
ment with RTX was effective.

The treated patients also experienced 
significant reductions in 24-hour protein-
uria, CRP level, and prednisone dose from 
RTX initiation through the last follow-up 
visit. The investigators estimated that the 
GFR remained stable. RTX was generally 
well tolerated. One patient died at month 
60 after RTX, but this was probably unre-
lated to the drug, given the long period of 
time since treatment.

SB5 is a proposed biosimilar agent for adalimumab (ADA). In this 
issue, Weinblatt et al (p. 40) report the results of a phase III trial 
designed to evaluate the safety, efficacy, and pharmacokinetics of 

SB5 in comparison with reference ADA in patients 
with rheumatoid arthritis (RA). They found a 
similar American College of Rheumatology 20% 

improvement criteria (ACR20) response rate at week 24 in patients 
with moderate-to-severe RA who were treated with SB5 and those 
treated with reference ADA. Both SB5 and reference ADA were 
well tolerated and had comparable safety profiles.  The results thus 
demonstrate equivalent efficacy between the two agents.

Their study included 544 patients who were randomized to 
receive a study drug.  The full analysis set included 269 patients in 
the SB5 group and 273 patients in the reference ADA group.  The 
ACR20 response rate at week 24 was 72.4% in the SB5 group and 
72.2% in the reference ADA group.  The difference in the ACR20 
response rate was within the predefined equivalence margin of 
±15%.  The SB5 and reference ADA treatment groups were also 
comparable across other end points, including ACR 50% and ACR 
70% improvement response rates, the Disease Activity Score 
in 28 joints based on the erythrocyte sedimentation rate, and 
pharmacokinetic data.  The investigators documented similar 
rates of treatment-emergent adverse events (TEAEs), serious 
TEAEs, serious infections, and injection site reactions.  They also 

found comparable immunogenicity with regard to the incidence of 
treatment-boosted and treatment-emergent antidrug antibodies 
as defined by the American Association of Pharmaceutical 
Scientists guidelines.

Phase III Study Shows Biosimilar Agent Is Just as 
Effective as Adalimumab

p.  40

Figure 1. Time-response curves of the American College of Rheumatology 20% 
improvement response (ACR20) in the per-protocol set of patients treated with SB5 or 
reference adalimumab (ADA). The symbols in each curve represent the actual ACR20 
responses in each treatment group at each visit, and the curve is fitted by nonlinear 
mixed models using an exponential time-response model.
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http://onlinelibrary.wiley.com/doi/10.1002/art.40339/full
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Clinical Connections
Detection of Subclinical Arthritis in Mice by a 
Thrombin Receptor–Derived Imaging Agent   
Friedman B, et al, Arthritis Rheumatol 2018;70:69–79.

CORRESPONDENCE 
Maripat Corr, MD:  mpcorr@ucsd.edu 

KEY POINTS 

•  RACPPs are a class of 
fluorescent functional 
imaging probes that can 
noninvasively detect 
extracellular activation of 
proteases in vivo.

•  Functional detection of 
thrombin with an RACPP 
in vivo suggests that this 
enzyme is activated in 
preclinical arthritis.

•  As investigative tools, 
RACPPs support the 
histologic identification 
of cellular and molecular 
processes involved in the 
onset of arthritis. 

SUMMARY  
Ratiometric activatable cell-penetrating peptides (RACPPs) are imaging probes that detect protease activa-
tion in vivo.  Cleaved RACPP is distinguished from uncleaved probe by an increase in the ratio of Cy5:Cy7 
fluorescence and by the generation of tissue-adherent Cy5-labeled fragments.  Given the reports of throm-
bin activation in rheumatoid ar thritis, the study by Friedman and colleagues used an RACPP with a peptide 
linker derived from protease activated receptor 1 (PAR-1) that is cleaved by active thrombin in 2 models 
of murine ar thritis.  In a spontaneous transgenic ar thritis model, cleaved RACPP was detected in the ankles 
of mice with chronic ar thritis, but not in those of unaffected siblings.  In the K/BxN serum–transfer model, 
cleaved RACPP was detected in ankles prior to swelling.  Probe fluorescence was localized largely to syno-
vial tissues in foci with frank cellular inflammation.  The data indicate that RACPP can detect early synovitis, 
may predict clinical ar thritis worsening, and suggest reciprocal interactions between thrombin activation 
and inflammation in early ar thritis.  Such RACPP-based imaging probes may find utility in the study of early 
inflammatory ar thritis.



Clinical Connections

Tsou P.-S. et al, Arthritis Rheumatol 2018;70:98–108.

CORRESPONDENCE 
Amr H. Sawalha, MD:  asawalha@umich.edu

SUMMARY  
Epigenetic regulation (mechanisms that 
modify gene expression without altering gene 
sequences) plays an important role in lupus.  
Lupus T cells undergo epigenetic remodeling 
as the disease becomes more active.  This 
precedes T cell differentiation, suggesting that 
epigenetic remodeling of naive CD4+ T cells 
is an early event in lupus flares. Bioinformatics 
analyses supported by microRNA expression 
data suggest that the epigenetic regulator EZH2 
drives epigenetic remodeling in naive CD4+ T 
cells from patients with lupus flares. Tsou and 
colleagues show that EZH2 is overexpressed in 
CD4+ T cells from lupus patients compared to 
healthy controls, possibly due to down-regulation 
of 2 microRNAs (miR-26a and miR-101) which 
target and regulate EZH2 expression. Using 
genome-wide DNA methylation analysis, 
the investigators identified a role of EZH2 in 
mediating CD4+ T cell adhesion via epigenetic 
de-repression of junctional adhesion molecule 
A (JAM-A).  JAM-A was overexpressed in lupus 
CD4+ T cells and was down-regulated by EZH2 
inhibitors.  CD4+ T cell adhesion to endothelial 
cells was increased in lupus, and blocking JAM-A 
or inhibiting EZH2 abrogated this adhesion.  
These data reveal a novel role of EZH2 in T 
cell adhesion in lupus, mediated by epigenetic 
de-repression and up-regulation of JAM-A. 
EZH2 inhibitors are currently in clinical trials for 
cancer. In the context of the present findings, the 
pharmacologic repurposing of EZH2 inhibitors 
for lupus may be worthy of investigation. 

KEY POINTS 
•  EZH2 is overexpressed in CD4+ T cells from lupus patients 

and mediates increased T cell adhesion through epigenetic  
de-repression of JAM-A. 

•  JAM-A is up-regulated in lupus CD4+ T cells and can be 
down-regulated with EZH2 inhibitors. 

•  Inhibiting EZH2 or JAM-A significantly reduced lupus CD4+ 
T cell adhesion to endothelial cells. 

•  Targeting JAM-A or EZH2 is a novel therapeutic approach to 
consider in lupus.

EZH2 Modulates the DNA Methylome and 
Controls T Cell Adhesion Through Junctional 
Adhesion Molecule A in Lupus Patients

http://onlinelibrary.wiley.com/doi/10.1002/art.40338/full


EDITORIAL

Bone Reading to Predict the Future

Martin Englund,1 Aleksandra Turkiewicz,1 and Pawel Podsiadlo2

Human skeletal remains may provide information
about health status and injuries from hundreds of thou-
sands of years ago. However, the bones in living individu-
als have the potential to tell us something about future
health as well. In this issue of Arthritis & Rheumatology,
Kraus et al report their findings regarding the prediction
of osteoarthritis (OA) progression using medial tibial sub-
chondral trabecular bone texture (TBT) from plain knee
radiographs (1). The ability of medial TBT to predict pain
progression (an increase in Western Ontario and McMas-
ter Universities Osteoarthritis Index [WOMAC] score),
radiographic OA progression (a loss of joint space width
[JSW]), and OA status (a combination of pain and radio-
graphic OA progression), over 24–48 months was as-
sessed. The covariates age, sex, body mass index, race,
and baseline JSW, WOMAC pain score, and pain medica-
tion use were also included in the predictive models. The
authors report that the predictive capabilities of the mod-
els for progression of OA that included medial TBT as a
covariate were improved (area under the receiver operat-
ing characteristic curve [AUC] 0.633–0.649) compared to
those that did not include TBT (AUC 0.608). They sug-
gest that the finding supports the hypothesis that TBT
could be valuable in OA clinical trials as a means of
increasing study power, reducing costs, and/or enhancing
trial efficiency, by enriching the trials with participants
who have a predicted high risk of OA. Although the
reported improvement was modest, the finding is another

important step toward developing tools that can be used
to predict clinically relevant OA.

Plain knee radiography is a cheap, widely avail-
able, low-radiation, and, in general, safe imaging tech-
nique that is routinely used in everyday health care. It
allows for not only ruling out serious injuries or disease
such as fracture or bone tumor, but also verifying struc-
tural changes in the knee joints that are indicative of OA.
The loss of joint space and the formation of osteophytes
detected on plain radiographs are, however, relatively late
structural evidence of OA. Interestingly, routine knee
radiographs contain more information than is provided in
the radiologist’s or treating physician’s typical review or
measurements. Tools that use such additional information
from plain knee radiographs to predict OA or OA pro-
gression at earlier stages are therefore highly attractive.
Subchondral TBT analysis is an example of a biologically
relevant way of predicting OA from plain knee radio-
graphs. Bone is not a static tissue. On the contrary, it is
constantly undergoing remodeling depending on both
systemic and local biomechanical signaling pathways. The
trabecular network is the key structure of the part of
the tibia that sits below the compact cortical surface
(Figure 1). The dimension and orientation of the individ-
ual trabecula and its complete 3-dimensional networks
change under biomechanical load. Biomechanics play an
important role in the initiation and progression of OA
(2). Secondary analysis of subchondral TBT from plain
knee radiographs using fractal image analysis software has
already produced promising results for predicting current
and future joint health.

Fractals were introduced by Lynch et al, who
applied fractal signature analysis to macroradiographs of
knees with OA and knees without OA (3). They defined
the fractal signature as a set of fractal dimensions calcu-
lated at different trabeculae sizes. Fractal dimension is a

1Martin Englund, MD, PhD, Aleksandra Turkiewicz, PhD,
CStat: Lund University, Lund, Sweden; 2Pawel Podsiadlo, PhD: Cur-
tin University, Perth, Western Australia, Australia.

Address correspondence to Martin Englund, MD, PhD, Clinical
Sciences Lund, Orthopedics, Lund University, Klinikgatan 22, Wigerthu-
set, Lund N/A SE-221 85, Sweden. E-mail: martin.englund@med.lu.se.

Submitted for publication September 11, 2017; accepted in
revised form October 5, 2017.

1

ARTHRITIS & RHEUMATOLOGY
Vol. 70, No. 1, January 2018, pp 1–3
DOI 10.1002/art.40349
© 2017, American College of Rheumatology



measure of irregularity in bone texture represented by
changes in pixel brightness, and its higher values corre-
spond to more irregular bone textures. They detected
changes in vertical and horizontal TBT at individual tra-
beculae sizes at different stages of OA. Buckland-Wright
et al extended the study to knees and hands without OA
and with early, moderate, and advanced OA (4). Their
work was followed by the work of Podsiadlo and col-
leagues using directional fractal signature analysis (5–7).
They have reported the ability of TBT to predict joint
replacement and detect preradiographic and early OA.
Other groups have reported predictive capabilities of
TBT in loss of joint space (8) or differences in bone tex-
ture in knees with and without cartilage damage or bone
marrow lesions (9). The studies described above consis-
tently indicate that TBT has the potential to be a useful
imaging-based marker for OA prediction.

It is against this backdrop that Kraus et al set out
to predict OA progression. For well-selected subjects from
the Osteoarthritis Initiative, they constructed regression
models with 6 TBT parameters derived from the nadir
and center of the curves with linear and quadratic compo-
nents fitted into fractal signatures. There are advantages
to this interesting approach. Collinearity between parame-
ters is reduced. This improves the assessment of which
parameters are the most related to outcome. Using the
curves instead of fractal dimensions at individual scales
has the positive result of reducing the amount of data.
However, there is also loss of detail using this method;

past studies suggest that fractal signatures might not follow
any particular form or curve, but rather exhibit changes
specific to small, medium, and large scale ranges (4–7).
Therefore, the analysis based on curves could potentially
miss changes in TBT such as those reported for early OA
in previous studies. Further, for the TBT analysis, the
authors used a semiautomated method that is initialized
with 6 bone landmarks selected manually by a human
expert. High interrater reliability and reproducibility
of the method were reported. However, because of the
human involvement, reading a large number of knee
radiographs would become inevitably time-consuming
using this method. Fortunately, this barrier has been over-
come by the use of a validated and fully automated bone
selection method (9). With this tool, large-scale studies
such as the recently conducted analysis of over 6,000 knee
radiographs at baseline and 3 follow-ups from the Multi-
center Osteoarthritis Study have become feasible (7).

The present study is the authors’ third assessment
of the ability of medial TBT to predict OA progression.
Unlike the 2 others (10,11), this study also includes
prediction of pain progression (an increase in WOMAC
score) and its combination with structural OA progression
(a loss of JSW). The inclusion of pain progression is a
valuable and important addition because that is ultimately
what is relevant to the patient, and it is well established in
the literature that progression of structural changes in OA
does not necessarily come with pain. The cases displaying
progression were characterized by thickening of

Figure 1. Example of a knee radiograph (from ReadMyXray [http://readmyxray.curtin.edu.au]) with regions of interest selected for analysis of the
subchondral trabecular bone texture.
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horizontal and thinning of vertical trabeculae of the
affected medial TBT. These results are consistent with
those reported in previous fractal-based prediction stud-
ies, and have support from validations of predictive ability
of medial and lateral TBT that were conducted using
alternative prediction systems based on dissimilarity mea-
sures (12,13).

We would like to highlight that prediction research
poses distinct methodologic challenges. Specifically, its
performance measures and validation techniques are dif-
ferent from those commonly used in association research.
The two basic measures used in prediction research are
discrimination and calibration. Discrimination is the ability
of a prediction model to distinguish between subjects with
and those without the outcome of interest. Kraus et al
used AUC as a measure of discrimination. Calibration is a
measure of the agreement between predicted and ob-
served outcome. In a well-calibrated model, we can expect
that in a group of persons with predicted risk between
80% and 90%, the outcome would be observed in ~85%
of the group members. The study by Kraus et al did not
include this important measure that could suggest TBT to
be potentially useful for enriching clinical trials. Validation
techniques in predictive modeling can be either internal or
external. Internal validation uses resampling techniques,
such as repeated cross-validation, bootstrapping, or split-
set on the study sample, while external validation requires
data from a new independent sample. None of these vali-
dations were provided in the present study by Kraus and
colleagues. Because the prediction models were generated
to provide the best fit for the study sample, they could
potentially be overfitted, and hence provide an optimistic
assessment of the predictive ability.

In conclusion, there is a need for a cheap, accu-
rate, and widely available tool that would support clini-
cians and researchers in predicting risk or making an
earlier diagnosis of knee OA, so that clinical trials, treat-
ments, and preventive actions can be initiated earlier and
justified more convincingly. Bone texture analysis of often
already existing knee radiographs is a promising ap-
proach. However, further work on validation, especially
external validation, and improved reporting of perfor-
mance measures, including calibration, are needed to
establish the capability and utility of bone texture analysis
in the prediction of OA risk. OA web sites featuring
online tools and analyses such as MyJointPain (https://
www.myjointpain.org.au) and ReadMyXray (http://read
myxray.curtin.edu.au) could be useful in the validation
process.
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EDITORIAL

Ratiometric Optical Imaging of Subclinical Inflammation With
a Thrombin-Cleavable Probe: A Future Tool for the In Vivo
Visualization of Clinically Silent Synovitis?

Katalin Mikecz

It is universally accepted that effective treatment
of rheumatoid arthritis (RA) requires initiation of ther-
apy at the early phase of articular inflammation. In
addition to clinical and serologic assessments, imaging
of joint tissues provides useful information for the early
diagnosis of RA (1). Although radiographic imaging can
be used to detect bone erosions and to monitor disease
progression in terms of bone involvement, radiography
does not detect early synovitis. More advanced muscu-
loskeletal imaging modalities, including magnetic reso-
nance imaging (MRI) and ultrasound (US), have been
developed to visualize early inflammatory changes in the
synovial tissue of affected joints. MRI and US are now
widely used to help diagnose RA in its preradiographic
stage as well as identify joints with low-grade inflamma-
tion in patients during clinical remission of RA (1,2).

Optical imaging using intravenous fluorescent
dyes or fluorescence-tagged probes has the potential to
enable rapid visualization of inflammatory foci within
the joints (3). The near-infrared (NIR) fluorescent dye
indocyanine green (ICG) has shown promise as a safe
and inexpensive agent for the detection of early inflam-
matory changes in an animal model of arthritis (4) and in
patients with various forms of articular inflammation
including RA (5,6). In human studies, performed on the
hands, there was good agreement between the results of
optical imaging and those of MRI or power Doppler US
(5,6). However, ICG is a nonspecific probe and its
accumulation in the joints largely depends on enhanced
vascular permeability within the inflammatory foci.

Therefore, there is increasing interest in the develop-
ment of functional imaging probes that target arthritis-
associated molecules within the affected tissues in a
disease process–specific manner (3).

In this issue, Friedman and colleagues (7) report
successful noninvasive in vivo imaging of established and
subclinical synovitis in mouse models of inflammatory
arthritis using a thrombin-cleavable dual-fluorescence
ratiometric probe. This ratiometric activatable cell-pene-
trating peptide (RACPP) probe, recently developed by
this group (8), takes advantage of fluorescence resonance
energy transfer (FRET) and thrombin cleavage. Briefly,
this ‘smart’ probe has 3 components: the NIR fluorophore
Cy7 attached to a polyanionic peptide domain, the far-red
fluorophore Cy5 attached to a polycationic peptide
domain, and a short linker peptide between the 2 domains
having a modified amino acid sequence (NleTPRSFL)
from the cleavage site of thrombin-specific protease-acti-
vated receptor 1 (8). The intact (uncleaved) probe natu-
rally forms a hairpin structure, in which the proximity of
fluorophores results in quenching of Cy5 fluorescence
(with an emission peak in the far-red spectrum) by
Cy7 (with an emission peak in the NIR spectrum) via
FRET. Upon thrombin cleavage, the distance between the
fluorophores increases and FRET is canceled, resulting in
the restoration (increase) of Cy5 fluorescence intensity, a
decrease in Cy7 emission intensity, and also in preferen-
tial retention of the Cy5-containing polycationic fragment
within the tissue. The ratio of Cy5 and Cy7 fluorescence
emission serves as the readout of thrombin activity.

This ratiometric probe was originally designed to
monitor blood coagulation (i.e., thrombus formation)
in vivo in real time at high spatial and temporal resolution
(8). The involvement of active thrombin in inflammation,
most notably in inflammatory arthritis (9,10), has obvi-
ously prompted Friedman and colleagues to use the
above-described RACPPNleTPRSFL probe for the ratiomet-
ric detection of joint inflammation in 2 animal models
of RA. Indeed, the presence of thrombin in rheumatoid
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joints has been reported before (9). Thrombin, a down-
stream participant of the coagulation cascade, is not only
involved in the proteolytic generation of fibrin (which is
also deposited in RA joints) from fibrinogen, but it also
can generate the anaphylatoxin C5a from complement
component C5. C5a has been shown to attract and acti-
vate neutrophils and has been found indispensable for the
spontaneous development of arthritis in K/BxN-trans-
genic mice (10).

To detect established arthritis with the ratiometric
RACPPNleTPRSFL probe, Friedman et al used the sponta-
neous autoimmune K/BxN-transgenic model (11) of RA.
The passive version of this model, K/BxN serum–transfer
arthritis (11), was used for the detection of subclinical
inflammation. The authors successfully mapped high
Cy5:Cy7 emission ratios to regions of active inflamma-
tion in the arthritic (swollen) hind paws of K/BxN-trans-
genic mice. The correct anatomic sites of ratiometric
signal detection were confirmed by localization of high
Cy5 fluorescence intensity within the inflamed synovium
in tissue sections prepared from the arthritic joints. Cy5:
Cy7 emission ratios also positively correlated with the
physical parameters of arthritis, such as visually observ-
able swelling and measurable joint thickness. Intrigu-
ingly, using this probe in the serum-transfer model, the
authors found increased Cy5:Cy7 emission ratios in
the yet asymptomatic joints of normal mice 1 day after the
transfer of K/BxN serum, suggesting that the probe could
be used to detect subclinical synovitis. The localization of
the thrombin-cleaved probe predicted the onset of overt
arthritis in the serum-transfer arthritis model in most,
albeit not all, of the joints imaged, but the probe was
more effective in predicting full-blown arthritis in the
ankle than in the interphalangeal joints.

As demonstrated by immunohistochemistry, high
Cy5 fluorescence on day 1 of serum-transfer arthritis colo-
calized with neutrophils, mast cells, and macrophages infil-
trating the synovium, as well as with citrullinated histone 3,
a marker of neutrophil extracellular traps (NETs) released
from neutrophils activated by, at least in part, locally pro-
duced C5a fragments. The specificity of thrombin cleavage
in generating high Cy5:Cy7 emission ratios was verified by
ex vivo treatment of arthritic joint tissue sections with the
RACPPNleTPRSFL probe in the presence of a thrombin
inhibitor (which abolished the high Cy5 fluorescence sig-
nal), and by treatment of the tissue sections with an analog
probe having a linker not cleavable by thrombin, which
failed to disrupt FRET between Cy7 and Cy5. On the basis
of their findings, the authors hypothesize that reciprocal
regulation between thrombin activation and inflammation
exists in arthritis, i.e., inflammatory tissue damage can
induce tissue factor release with subsequent activation of

proteases, including thrombin, in the coagulation cascade,
while thrombin can be involved in the recruitment and
activation of inflammatory cells upon generation of C5a
fragments. Additionally, NETs, produced by activated neu-
trophils, contain multiple citrullinated antigens that may
be recognized by anti–citrullinated protein antibodies
(ACPAs), potentially leading to immune complex deposi-
tion and further recruitment of inflammatory cells in the
joints of ACPA-positive RA patients.

The study by Friedman and colleagues adds two
pieces of important information to existing knowledge.
First, the authors demonstrate that the ratiometric
thrombin-cleavable optical probe is capable of detect-
ing clinically silent synovitis in a mouse model of
inflammatory arthritis. Second, they outline a molecular
mechanism that may drive the vicious circle between
inflammation and the activation of the coagulation sys-
tem in the arthritic joints. The limitations of the study,
acknowledged by the authors, are that imaging of the
joints on day 1 of serum-transfer arthritis was per-
formed at a single time point, and that images were
captured only at the medial and plantar aspects of the
hind paws, resulting in negative findings for some joints
that subsequently became swollen.

While the etiology and time course of inflamma-
tory arthritis are different in mice and humans (12), it is
very likely that there are similarities between the two spe-
cies in the pathology of early synovitis. Moreover, the
presence or activity of thrombin has been reported in the
inflamed joints of both humans and mice (9,10). The
question arises whether the thrombin-cleavable imaging
agent described by Friedman et al in the mouse serum-
transfer arthritis model is suitable for the detection of
subclinical arthritis in humans (e.g., in seropositive but
asymptomatic siblings of RA patients) before the onset of
RA symptoms, or during clinical remission of established
disease in RA patients. Since tissue penetration by far-red
fluorescence (emitted by Cy5) is limited compared to
NIR fluorescence (emitted by Cy7 or ICG), the ratiomet-
ric probe relying on enhancement of fluorescence emis-
sion in the far-red spectrum may not be able to perform
well in human joints that lie much deeper below the sur-
face than those in mice. In humans, even the NIR fluores-
cent ICG, with deep tissue penetrance, has been found
useful for imaging inflammatory foci only in the small
joints of the hand (5,6,13), but not in larger joints.

Potential toxicity or other adverse effect of the
imaging probe described in the study by Friedman et al
is much less of a concern, since an analogous imaging
agent with a peptide linker cleavable by tumor cell–
released proteases was approved by the Food and Drug
Administration for use in a first-in-human phase I
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clinical trial (14). The imaging agent (named AVB-620)
used in the clinical study was well tolerated upon infu-
sion into patients before they underwent breast cancer
surgery, and it helped the surgeons identify residual
tumor tissue in the breast area as well as metastatic
foci in sentinel lymph nodes intraoperatively (14).

In summary, while the ratiometric RACPPNleTPRSFL
probe holds promise as a safe and potentially powerful
imaging tool capable of detecting silent synovitis in clinical
settings, the optical properties of the probe, i.e., the com-
position or chemistry of fluorophores, may need to be
improved to enable deep tissue penetration and effective
in vivo visualization of early inflammatory processes in
human joints.
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REVIEW

Genetics and the Classification of Arthritis in Adults
and Children

Peter A. Nigrovic,1 Soumya Raychaudhuri,2 and Susan D. Thompson3

Current classification of primary inflammatory
arthritis begins from the assumption that adults and
children are different. No form of juvenile idiopathic
arthritis bears the same name as an adult arthritis, a
nomenclature gap with implications for both clinical
care and research. Recent genetic data have raised ques-
tions regarding this adult/pediatric divide, revealing
instead broad patterns that span the age spectrum.
Combining these genetic patterns with demographic and
clinical data, we propose that inflammatory arthritis
can be segregated into 4 main clusters, largely irrespec-
tive of pediatric or adult onset: seropositive, seronega-
tive (likely including a distinct group that usually begins
in early childhood), spondyloarthritis, and systemic.
Each of these broad clusters is internally heterogeneous,
highlighting the need for further study to resolve etiolog-
ically discrete entities. Eliminating divisions based on
arbitrary age cutoffs will enhance opportunities for col-
laboration between adult and pediatric rheumatologists,
thereby helping to promote the understanding and treat-
ment of arthritis.

Introduction to a family feud

In the 1887 short story The Canterville Ghost,
English author Oscar Wilde wrote that “we have really
everything in common with America nowadays, except,
of course, language.” An analogous relationship holds
between adult and pediatric rheumatology. We examine
patients in the same way, order the same tests, and pre-
scribe the same medications. Curiously, however, we
don’t treat the same diseases.

For adult rheumatologists, most inflammatory
arthritis falls under the umbrella of rheumatoid arthritis
(RA), divided in turn into subcategories of seropositive
and seronegative. Beyond RA, most arthritis falls into a
second family, spondyloarthritis, which is characterized by
a tendency to develop enthesitis and spine involvement
and whose members include ankylosing spondylitis and
psoriatic arthritis (PsA).

Pediatric rheumatologists live in a different world.
Primary inflammatory arthritides in children are grouped
together as juvenile idiopathic arthritis (JIA), and
divided into 6 mutually exclusive International League of
Associations for Rheumatology (ILAR) subcategories,
with a seventh—undifferentiated JIA—as a catchall for
cases that do not fit into any category or that fit into
more than 1 category (1). No type of JIA shares the exact
name of any adult arthritis (Table 1). Kids are not little
adults, after all.

Or are they? Nomenclature has consequences.
Different names imply different diseases. Nomenclature
determines who can enroll in studies, who can be man-
aged according to algorithms, and who can receive insur-
ance coverage for medications. Nomenclature underlies
our ability to track diseases longitudinally, including when
patients diagnosed as having JIA grow up. If adult and
pediatric rheumatologists use different names for what
turn out to be the same diseases, then nomenclature rep-
resents a wedge between our communities that could
complicate efforts to work together, obscuring not only
areas of similarity but also areas of genuine divergence.

Fortunately, recent studies, principally in the field
of genetics, have begun to point toward new ways of
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identifying patterns across the age spectrum. The present
review seeks to integrate these observations in a “big pic-
ture” view of arthritis classification in adults and chil-
dren, suggesting ultimately that the nomenclature gap
between pediatric and adult arthritides reflects more
about how physicians cluster than how diseases do.

The limits of eminence-based classification

Historically, arthritis has been classified by clinical
phenotype, as adjudicated by experts. Reliance on expert
opinion is sometimes referred to as “eminence-based med-
icine,” a tongue-in-cheek contrast with evidence-based
medicine. Sometimes, clinical observation works well. For
example, RA, gout, and rheumatic fever were distin-
guished from one another on the basis of patient demo-
graphics, joint distribution, chronicity, and blood uric acid
levels (2,3). Yet pattern recognition has its limits, and
RA itself is an excellent example. The identification of
rheumatoid factor (RF) and then anti–citrullinated protein
antibodies (ACPAs) uncovered a fault line that would have
been difficult to identify clinically, since seropositive RA
and seronegative RA exhibit extensive phenotypic overlap.
Yet, these conditions differ in genetic associations, in
immune complexes and complement fixation within the
joint, and in synovial T cell populations (4–8). RA thus
exemplifies how shared phenotype is an imperfect guide to
shared pathophysiology.

Another problem with eminence-based classifica-
tion is that physicians know best what they see. In general,
pediatric rheumatologists treat children and adult rheuma-
tologists treat adults. Indeed, the dividing line between
JIA and adult arthritis—a sharp cutoff at the 16th birthday
—has always reflected medical custom more than disease
biology, despite its decisive role in nomenclature, regula-
tory and insurance approvals, and arthritis research.

The genetics revolution

Fortunately, over the last decade, the shaky ground
of clinical phenotype has found a robust ally in genetics.
Genetic associations have one critical advantage over
almost any other kind of clinical or laboratory observa-
tion: genes predate disease. A serologic or histopathologic
finding may be a cause, an effect, or an epiphenomenon.
In contrast, genetics means causality, even though estab-
lishing which variant is at fault and how it works is often a
daunting challenge (9).

The first genetic associations with arthritis were
with the HLA region, responsible for peptide antigen
presentation to T cells. These associations include RA
with HLA–DRB1*04 and related alleles, and ankylosing
spondylitis with HLA–B*27 (10–12). Advancing genetic
methods, including sequencing and statistical imputa-
tion, have enhanced the understanding of these associa-
tions, showing, for example, that the HLA–DRB1
association reflects key amino acids that enhance pre-
sentation of citrullinated peptides (13–15).

Definition of the broader genetic landscape has
been transformed by genome-wide association studies
(GWAS). GWAS take advantage of the fact that germ-
line DNA recombination is relatively rare. Genetic poly-
morphisms therefore tend to travel together in large
blocks of DNA, termed haplotypes. By characterizing
one or a few variants on each haplotype, we can assess
which polymorphisms an individual is likely to carry,
without having to sequence every nucleotide. Comparing
individuals with and without disease can then identify
loci associated with disease risk. The largest GWAS in
RA was a meta-analysis that employed almost 30,000
cases and 74,000 controls to identify 101 risk loci, while a
study of 2,800 cases and 13,000 controls identified 28
regions associated with risk of oligoarticular and sero-
negative polyarticular JIA (16,17), with more regions
identified recently (18).

Sometimes, GWAS data ignite a conceptual
revolution. For example, GWAS helped to define the con-
nection between ankylosing spondylitis and the inter-
leukin-17 (IL-17) pathway, fueling a successful program
of therapeutic development (19,20). More commonly,
however, genetic findings are ambiguous. Only 16% of
RA risk haplotypes contain any variant that alters protein
sequence (16). This implies that most “hits” are regula-
tory rather than coding, and these are much harder to
identify, in particular since haplotypes often contain sev-
eral genes (on average, nearly 4 in patients with RA) (16).
Finally, the increment in disease risk associated with each
GWAS hit is often small. In RA, the HLA carries an odds
ratio (OR) of only ~2.8 (although some alleles carry

Table 1. Current classification of the idiopathic arthritides in adults
and children*

Adult arthritis Pediatric arthritis

Rheumatoid arthritis Oligoarticular JIA
Seropositive rheumatoid arthritis Persistent oligoarthritis
Seronegative rheumatoid arthritis Extended oligoarthritis

Spondyloarthritis Polyarticular JIA, RF negative
Axial spondyloarthritis Polyarticular JIA, RF positive
Peripheral spondyloarthritis Psoriatic JIA
Psoriatic arthritis Enthesitis related arthritis
IBD-associated arthritis Systemic JIA
Infection-associated arthritis Undifferentiated JIA
Other spondyloarthritis

Adult-onset Still’s disease

* Modified from the classifications reported by Petty et al (1) and
Taurog et al (54). JIA = juvenile idiopathic arthritis; RF = rheuma-
toid factor; IBD = inflammatory bowel disease.
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higher risk), whereas most non-HLA loci have an OR in
the range of 1.1–1.4; the same holds for JIA (21,22).

These challenges have sometimes led to skepticism.
How much can a genetic locus with a disease risk OR of
1.1 really tell us about how RA works? Such concerns are
unfounded. GWAS evaluate the effect of common genetic
polymorphisms (those with a minor allele frequency of
>1%). Due to evolutionary pressure, common variants usu-
ally have relatively minor functional impact, and therefore
these variants have a correspondingly small effect on dis-
ease risk (23). The impact of this natural variation does not
necessarily reflect the importance of the gene itself. For
example, a noncoding variant near HMGCR exhibits a
decidedly modest effect on cholesterol levels, and yet it
tags the target of blockbuster statin therapy, hydroxy-
methylglutaryl-coenzyme A reductase (9,23). Correspond-
ingly, RA GWAS have identified targets with established
therapeutic efficacy, including IL-6 and CTLA-4/CD28
(16). Of course, if no functionally divergent polymorphisms
happen to be common, then GWAS cannot evaluate a
locus. Moreover, GWAS will not find rare variants, even if
their effect size is large. Mechanisms related to arthritis
incidence may be less important in established arthritis.
Finally, even when a genetic variant is known, understand-
ing how it modulates disease risk requires extensive investi-
gation using complementary approaches (24).

Despite these limitations, genetic association
means human relevance, free of translatability concerns
that trouble in vitro studies, cell lines, or mice. GWAS
thus provide a roadmap of potential “pressure points” for
human diseases, including arthritis, and represent an
important tool that can be combined with other methods
to unravel disease pathogenesis (9).

Using genetics to help define categories of arthritis

If genetics reflects mechanism, then shared genet-
ics is strong prima facie evidence of a common patho-
physiology. This principle can help define disease
clusters. Figure 1 illustrates the association of specific
genetic loci with disease risk in different types of arthri-
tis, anchored on the oligoarticular and RF-negative
polyarticular JIA subset (17,25), illustrating how other
forms of arthritis overlap or diverge. For adult-onset
Still’s disease (AOSD), little or no data are available,
and even seronegative RA is characterized only superfi-
cially. Nevertheless, the comparison makes clear that
some diseases resemble each other and others do not.

Of course, genes cannot be the whole story, not
least because disease concordance in monozygotic twins
is relatively modest, estimated at 16% for ACPA-positive
RA and 25% for JIA (22,26). An effort to group “like

with like” will also need to incorporate epidemiology
and clinical features. The features we decide to include,
and to disregard, represent an educated guess about
what matters. Studies of genetics help us see underlying
patterns, but do not (yet) allow us to escape eminence-
based classification altogether.

Importantly, since all types of inflammatory arthri-
tis share the same immune system and a common joint
target, we can expect that they will often share biologic
pathways. Clusters within arthritis are therefore likely to
resemble overlapping Venn diagrams, with some patients
on the borders. If the radiologist’s favorite plant is the
hedge, then the rheumatologist’s favorite color may need
to be shades of gray.

Even if we cannot assume that children and adults
are different, age at disease onset still means something.
Environmental exposures such as viral infections, smok-
ing, and periodontitis vary with age, as do anatomy and
physiology, as for example endocrine function. In many
cases, early onset may also reflect genetic loading. For
example, children with lupus bear a greater number of
GWAS-defined risk variants than do individuals who pre-
sent with lupus as adults, while RA that begins early car-
ries a higher disease risk in family members than does RA
that presents at an older age (27,28). Ankylosing spondyli-
tis of early onset is often more severe than later-onset dis-
ease, at least with respect to hip disease (29–31). Thus,
even within the “same” disease, patients who present as
children will be different from those who develop disease
in their 40s, who in turn will be different from those who
present in their 70s. This is not a difference between chil-
dren and adults per se, but rather reflects age at onset as
a disease phenotype that—like others—is a function of
genes and environment.

Taking these considerations into account, we will
outline 4 general clusters of immune-mediated arthritis
that transcend the adult/pediatric divide. If the world is
divided into “lumpers” and “splitters,” we will err on the
side of lumping, unless there are compelling reasons to
split, recognizing that genetics, epigenetics, and other
features will almost certainly permit these broad cate-
gories to be subdivided into more discrete etiologic enti-
ties going forward.

Seropositive RA. Perhaps the clearest example of a
disease that crosses age categories is the chronic arthritis
known in adults as seropositive RA, and in children as RF-
positive polyarticular JIA (or sometimes childhood-onset
RA, or CORA). Both the adult variant and the pediatric
variant are strongly associated with HLA alleles that favor
presentation of citrullinated peptides, and share other
genetic associations as determined by GWAS (32,33)
(Figure 1). Seropositive (RF+) arthritis essentially never

CLASSIFYING ADULT AND PEDIATRIC ARTHRITIS 9



occurs in very young children, and the chronic anterior uve-
itis that is characteristic of JIA is very rare in this popula-
tion, if it occurs at all. Indeed, below the age of 6 years,
RA-associated HLA–DRB1 alleles are protective against

arthritis (34). In both children and adults, seropositive
patients exhibit a shared pattern of joint involvement and a
predilection for nodule formation, while sustained drug-free
remission almost never occurs. Thus, both genetically and

Locus Chr Marker Other autoimmune diseases
HLA 6 DRB1:08
HLA 6 DRB1:11
HLA 6 DRB1:13
HLA 6 DRB1:04
HLA 6 Gly13/Ser11
HLA 6 His13/Val11
HLA 6 B27

PTPN22 1 rs6679677 T1D,  Vit, T1Dab, MS, AITD, Crohn's
STAT1/STAT4 2 rs10174238 SLE, SSc, PBC, Celiac
PTPN2 18 rs2847293 T1D, Celiac, Crohn’s , T1Dab, IBD
ANKRD55 5 rs71624119 Crohn's
IL2/IL21 4 rs1479924
TYK2 19 rs34536443 PBC, Psoriasis
IL2RA 10 rs7909519 T1D
SH2B3/ATXN2 12 rs3184504 T1D,  HT, T1Dab, Celiac, Vit, PBC
LTBR 12 rs10849448 PBC
ERAP2/LNPEP 5 rs27290 Crohn's, IBD
UBE2L3 22 rs2266959 IBD, SLE, Celiac, Psoriasis
IRF1 5 rs4705862
RUNX1 21 rs9979383
IL2RB 22 rs2284033
IL6R 1 rs11265608
FAS 10 rs7069750
IL6 7 rs6946509
ZFP36L1 14 rs12434551 MS
COG6 13 rs9532434 Psoriasis
PRRL5 11 rs7127214

Risk allele Risk alleles are correlated, R2 > 0.5
Protective allele Same region, R2 < 0.5
No association No association

No data available
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Figure 1. Overlap of genetic susceptibility between juvenile idiopathic arthritis (JIA) and other forms of inflammatory arthritis. The identified loci
include HLA regions associated with each disease and non-HLA loci meeting genome-wide significance in oligoarticular and rheumatoid factor
(RF)–negative polyarticular JIA (polygoJIA) (17,25). HLA alleles or amino acids conferring risk and those considered to be protective are shown,
along with non-HLA loci that were considered to be risk loci if the lead single-nucleotide polymorphism (SNP) was the same as, or in linkage dis-
equilibrium (R2 > 0.5) with, the listed polygoJIA SNP. In every case in which markers were correlated, the direction of association was the same.
Some loci showed potential overlap, where the association with both diseases achieved genome-wide significance but the SNPs were not in close
linkage disequilibrium (R2 < 0.5), possibly reflecting distinct variants (direction of effect not specified). Other associated autoimmune diseases are
also listed (data obtained from ref. 17). Data on each inflammatory arthritis were obtained from the following sources: for polygoJIA, refs. 17, 25,
and 38; for seronegative rheumatoid arthritis (RA), refs. 47, 86, and 87; for seropositive polyarticular JIA (polyJIA), refs. 25, 32, and 33; for RA
(majority seropositive), refs. 16 and 88; for psoriatic JIA, ref. 25; for psoriatic arthritis, refs. 89–94; for enthesitis related arthritis, ref. 25; for anky-
losing spondylitis, refs. 95–98; and for systemic JIA, refs. 64 and 65. Chr = chromosome; T1D = type 1 diabetes; Vit = vitiligo; T1Dab = type 1 dia-
betes antibodies; MS = multiple sclerosis; AITD = autoimmune thyroid disease; SLE = systemic lupus erythematosus; SSc = systemic sclerosis;
PBC = primary biliary cirrhosis; IBD = inflammatory bowel disease; HT = hypothyroidism.
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clinically, seropositive RA and RF+ polyarticular JIA repre-
sent a convincing disease cluster.

Seronegative RA plus seronegative oligoarticular
and polyarticular JIA. In adult arthritis, “leftover” condi-
tions in which seropositivity is not evident and no other dis-
tinguishing features are present are grouped together as
seronegative RA. In children, seronegative arthritis is
divided by the number of joints affected in the first 6
months of disease: oligoarticular JIA (<5 affected joints)
versus polyarticular seronegative JIA (≥5 affected joints).
Oligoarticular JIA is further divided into arthritis that
remains limited to a few joints versus arthritis that becomes
polyarticular over time (persistent versus extended oligoar-
ticular JIA). Thus, current nomenclature divides these
patients into 4 different groups.

This division is problematic. In JIA, early treat-
ment may obscure the natural history of oligoarticular-
onset JIA. Pediatric rheumatologists know that children
who start out with oligoarticular disease are unlikely to
stay that way if the wrist or ankle is involved or if
inflammatory markers are elevated (35). Such patients
are usually treated with systemic disease modifiers,
potentially forestalling the accumulation of additional
inflamed joints. Some patients with oligoarthritis by
clinical examination have polyarthritis by imaging (36).
Peripheral blood gene expression signatures and HLA
associations cluster not along the oligo/poly divide
but by age at disease onset, <6 years versus ≥6 years
(37,38). JIA investigators therefore often employ the
etymologically peculiar yet useful term “polygoJIA” to
indicate a seronegative population that transcends the
ILAR-defined boundaries, encompassing both polyartic-
ular and oligoarticular subsets without regard for the
number of joints involved.

Recent studies suggest that lumping should go
even further. Hinks and colleagues characterized HLA
associations in >5,000 JIA patients and 14,000 controls
(25). Oligoarticular JIA and RF-negative polyarticular
JIA were similar, down to the level of specific amino acids
within the antigen-binding grove of HLA–DRB1. In con-
trast, psoriatic JIA and enthesitis related arthritis (ERA)
appeared somewhat different, and RF-positive polyarticu-
lar JIA was clearly distinct, resembling instead adult
seropositive RA. Importantly, polygoJIA resembled adult
seronegative RA, at least with respect to HLA associa-
tions, strongly suggesting that this subgroup crosses the
pediatric/adult boundary (Figure 1).

These considerations do not imply that seronega-
tive arthritis is homogeneous. The strongest case for a
splinter group is found at the early end of the age spec-
trum. Pediatric-onset arthritis exhibits a remarkable inci-
dence peak between the ages of 2 years and 4 years (39).

In these early-onset patients, typically considered to
encompass children presenting before the age of 6 years,
girls outnumber boys 3:1 and most present with relatively
few inflamed joints, often only a single swollen knee.
Many develop chronic anterior uveitis, an extraarticular
manifestation of arthritis with no adult equivalent, particu-
larly in children positive for antinuclear antibodies (ANAs)
(39,40). Early-onset patients exhibit another remarkable
feature: many will enter long-term drug-free remission, a
rarity in adults with inflammatory arthritis (41–43). Thus,
early-onset arthritis appears phenotypically distinct from
other arthritides across the age spectrum.

Despite these differences, it is not yet clear that
genetic data draw the same boundary. As noted, Hinks
and colleagues found that oligoarticular JIA, seronegative
polyarticular JIA, and seronegative RA share many HLA
associations (25) (Figure 1). While early-onset arthritis
may be a distinct disease, an alternative (if less appealing)
hypothesis is that the “same” disease is skewed by early-
childhood physiology or exposures in favor of fewer joints,
predilection for uveitis, and recapture of immune toler-
ance. For example, the chronic anterior uveitis that is an
archetypical characteristic of these children is also seen in
children without JIA, but almost never in adults (44,45).
We suspect that further study will show that patients with
early-onset arthritis may be distinguishable on the basis of
distinct HLA associations, consistent with the findings of
earlier studies (34,38), as well as associations outside the
HLA (as suggested by the data presented in Figure 1).
However, more work is required before young children
can be split from the seronegative population with confi-
dence, not least because the borders of this subgroup
remain to be defined.

How does seronegative arthritis relate to seroposi-
tive disease? Statistical considerations indicate that some
seronegative patients are “really” seropositive, perhaps
reflecting ACPAs missed by standard assays (46). Further-
more, many GWAS risk loci overlap, including loci shared
commonly among autoimmune diseases (e.g., PTPN22,
STAT4, and TYK2), loci shared among forms of arthritis
but not by other autoimmune diseases (RUNX1 and,
potentially, IL2/IL21, IL2RB, and IL6R), and loci that
have so far been observed selectively in polygoJIA (IRF1,
FAS, IL6, and PPRL5) (Figure 1). However, biologic dif-
ferences (as summarized above) and contrasting HLA
associations remain, as do shared and discordant genetic
associations beyond the HLA, exemplified by the closer
genetic similarity of polygoJIA than RA to type 1 dia-
betes, another early-onset disease (47,48).

There are again at least 2 ways in which seroposi-
tive and seronegative arthritides could be related. First,
seropositive and seronegative arthritis could be distinct
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entities, arising in different ways. Second, in patients “des-
tined” to develop arthritis, the presence of the HLA could
determine whether arthritis will be seronegative or
seropositive. Since citrullination increases with inflamma-
tion, citrulline autoreactivity would then serve as an ampli-
fication loop, accounting for the greater severity and
persistence of seropositive disease. Both alternatives have
been seen in animal models. In some arthritic mice, citrul-
linated antigens represent the key autoantigen, while in
others anticitrulline reactivity amplifies arthritis arising
through reactivity to collagen (49,50). Within families,
seropositive or seronegative arthritides tend to cluster with
arthritis of the same type, but each also increases the risk
of the other (28,51). As shown in Figure 1, more than
one-half of the GWAS risk loci for polygoJIA also confer
risk for (mostly seropositive) RA (16,17). Thus, seronega-
tive and seropositive arthritis are related, but whether as
siblings or as cousins remains to be established.

Spondyloarthritis. Perhaps nowhere is the gulf
between pediatric and adult classification as large as in
the family of conditions referred to with terms including
spondyloarthropathy, ankylosing spondylitis, axial spondy-
loarthritis, PsA, seronegative enthesopathy and arthropa-
thy, juvenile PsA, psoriatic JIA, and ERA. Broadly, these
syndromes share a propensity for involvement of the
sacroiliac joints and spine, as well as reactive new bone
formation in addition to bone erosion, arthritis favoring
the large joints of the lower extremity and the distal inter-
phalangeal joints, an intermittent course of disease,
dactylitis, inflammatory lesions of the bone, colon, and
skin, acute anterior uveitis (rather than the chronic ante-
rior uveitis of polygoJIA), and genetic association with
HLA–B*27 (52–54) (Figure 1). A further hallmark, and
in all likelihood a shared pathologic theme, is inflamma-
tion of entheses as well as synovium (55).

In the context of adult disease, this spectrum is
reflected well in common nomenclature (54,56,57). The
term “spondyloarthritis” is recognized as a unifying over-
arching category, while individual clusters under this
umbrella receive more specific names on the basis of clini-
cal manifestations, severity, and concomitant conditions
(e.g., psoriasis). Discrete criteria are defined for research,
but in practice, overlap is recognized as the norm rather
than the exception.

Within pediatric rheumatology, the state of affairs
is more confused. In part, this is because the disease pre-
sentation in children is often ambiguous (58). For exam-
ple, overt psoriasis may lag behind arthritis by a decade or
more. Moreover, a family history of psoriasis is nonspeci-
fic, antiarthritis medications such as methotrexate can
suppress skin disease, and the possibility of tumor necrosis
factor inhibitor–induced psoriasis clouds classification in

children who develop psoriasis later. To complicate mat-
ters, psoriatic JIA echoes the older-onset/younger-onset
divide seen in JIA generally. Younger patients (onset at
age <6 years) tend to be ANA positive and to develop a
mixed large joint/small joint oligoarthritis and chronic
anterior uveitis, whereas the disease in older patients
more closely resembles adult PsA—an observation that
could lend credence to the possibility mentioned above,
namely that early childhood physiology skews disease pre-
sentation (59,60). Thoughtful observers have questioned
whether there is any value to distinguishing PsA in chil-
dren. We do not share this hesitation, not least because
the prevalence of overt psoriatic manifestations in
patients with JIA (at least 7% in most North American
and European series) so greatly exceeds the prevalence of
psoriasis among children in general (~1–2%) that a
chance association seems implausible, while manifesta-
tions such as nail pits and dactylitis are exquisitely specific
to adult PsA (58,61). Nevertheless, the utility of a psori-
atic category remains an open debate within pediatric
rheumatology.

Some of the confusion also represents self-inflicted
injury. In adopting the term ERA, ILAR created a yawn-
ing nomenclature gap with adult rheumatology. To make
room for ERA, criteria were defined that render it more
difficult for patients with enthesitis to be classified as hav-
ing psoriatic JIA. This is a choice that might puzzle adult
rheumatologists, not only because enthesitis is a canonical
manifestation of PsA, but more generally because it
attempts to resolve by definition a question that should
really be addressed with data, namely the role of enthesi-
tis in psoriasis-associated arthritis in children (61).

Here again, genetic studies are beginning to shed
some welcome objective light (25). Although the number
of patients with ILAR-defined psoriatic JIA and ERA is
small even in the largest series, Hinks and colleagues
found that psoriatic JIA exhibited HLA associations that
seemed at least partially distinct from polygoJIA but
resembled those of adult PsA (25) (Figure 1). Both ERA
and, to a lesser extent, psoriatic JIA exhibited associations
with HLA–B*27 (findings confounded by the fact that this
allele is an inclusion criterion for ERA and a potential
exclusion criterion for psoriatic JIA, while the number of
psoriatic JIA patients was too low for statistical confi-
dence). These results support the suggestion of Colbert
and colleagues that spondyloarthritis transcends the pedi-
atric/adult divide, even if, in practice, children within this
family are sometimes difficult to distinguish clinically
(62).

Systemic arthritis. A final disease cluster that
exemplifies the nomenclature challenges facing pediatric
and adult rheumatology includes systemic JIA and AOSD.
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These conditions are sundered from one another by dis-
tinct diagnostic criteria (1,63). Here, genetics cannot yet
guide us. Recent studies in systemic JIA found an associa-
tion with HLA–DRB1*11 and distinguished systemic JIA
genetically from polygoJIA (64,65) (note the complete
lack of overlap in Figure 1). However, no comparable
studies are available for AOSD. Nevertheless, clinical simi-
larity between these disorders is widely recognized. Both
are characterized by fevers and evanescent rashes, striking
elevations in markers of systemic inflammation, including
ferritin and D-dimer, development of intractable arthritis
in a subset of patients, risk of developing macrophage
activation syndrome, a roughly even ratio of male patients
to female patients, low uveitis risk, and a remarkable
response to IL-1 and/or IL-6 inhibition in many patients
(66). Unlike seropositive arthritis, which is epidemiologi-
cally an adult disease with a pediatric “tail,” systemic
arthritis is most prevalent in early childhood, while in most
affected adults, the disease presents in the younger end of
the age spectrum (67–70). Like systemic JIA, AOSD is
characterized by sky-high levels of IL-6 and IL-18, and
peripheral blood gene expression signatures are similar
(71–73). Finally, both systemic JIA and AOSD resolve in a
substantial subset of patients (74). Thus, although geneti-
cally defined subcategories will likely emerge, the prepon-
derance of evidence suggests that systemic JIA and AOSD
should be considered part of the same systemic (Still’s)
spectrum (75).

Other approaches to disease categorization

ANA as a marker of subtypes within juvenile
arthritis. The high frequency of ANAs in children with
arthritis has prompted the proposal that non-ERA, non-
systemic seronegative juvenile arthritis should be divided
into ANA-positive and ANA-negative subsets (76,77). For
this purpose, ANA positivity is often defined as a titer of
≥1:160 on 2 occasions at least 3 months apart, and corre-
lates not only with a higher risk of chronic anterior uveitis
but also with female predominance, younger age at onset,
a lower number of involved joints, and other distinguish-
ing features (78–80). However, ANA titer tends to wax
and wane, and ANA positivity is not uncommon even in
healthy children (81). Uveitis risk is not restricted to chil-
dren with a persistently high ANA titer, and ANA positiv-
ity does not correlate with peripheral blood gene
expression or the disease course independent of age at
onset (37,39,42,82). Whereas children with early-onset
arthritis are more commonly ANA positive, differences
between ANA-positive and ANA-negative JIA could sim-
ply reflect enrichment for early-onset seronegative arthri-
tis. Nevertheless, autoantibodies are an important mirror

of pathogenesis (4), and a pathogenic understanding of
childhood arthritis must ultimately explain why some chil-
dren that cluster phenotypically also exhibit substantial
levels of ANAs.

“Big data” to define disease categories. One
promising approach to identifying disease subcategories
uses bioinformatics to find patterns within complex data
sets. Recently, Yeung and colleagues employed this strat-
egy in children with non–systemic JIA (83). As input
variables, they selected patient demographics, time to
diagnosis, clinical and laboratory data as used for ILAR
categorization, ANAs, standard measures of disease activ-
ity, laboratory parameters, and cytokines and chemokines
as measured by multiplex assay. Using machine learning,
they identified 5 patient clusters, which were superior to
the ILAR categories in terms of defining homogeneous
groups (based on the same variables). These clusters were
replicated in a validation cohort and correlated with dis-
ease trajectory over 6 months. The features of each clus-
ter can be briefly summarized as follows: cluster I, older
age at diagnosis, low circulating cytokine levels, and skew-
ing toward a Th1 response; cluster II, low disease activity,
low circulating cytokine levels, and skewing toward a Th1
response; cluster III, any age at diagnosis, high disease
activity, and moderate levels of Th1-, Th17-, and macro-
phage-associated cytokines; cluster IV, young age at diag-
nosis, short interval between onset and diagnosis, elevated
platelet levels, lower hematocrit levels, and tendency to
express macrophage- and Th2-type cytokines; and cluster
V, older age at diagnosis, longer interval between onset
and diagnosis, and lower disease activity but higher levels
of circulating cytokines.

The complexity of these clusters highlights the chal-
lenges intrinsic to such studies. Investigators choose what
to include, what to leave out, and how to weight one fea-
ture against another. If the investigators had used different
variables (e.g., genetic risk alleles), prioritized some over
others, or included adult as well as pediatric patients, then
they would have arrived at a different set of clusters, and
these would also likely have been replicated at validation.
Furthermore, the variables tested must be the important
ones—imagine an attempt to classify pneumonias without
including the causative pathogen. The goal of big data
studies is to define arthritis subtypes that differ in patho-
genesis, and therefore in prognosis and therapy. Which big
data will best address this goal is not a trivial question.

Thesis: There is no such thing as juvenile idiopathic
arthritis

The considerations raised in this review suggest
that the adult/child divide is a poor foundation for the
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classification of arthritis. Put more forcefully, there is
very little evidence that there is such a thing as JIA,
any more than there is juvenile cellulitis or juvenile
pneumonia. Of course, each form of arthritis will have
its own age predilection; yet, even the most narrowly
defined pediatric phenotype, ANA-positive persistent
oligoarthritis with chronic anterior uveitis, is not a dis-
ease of children per se but rather of young children,
sparing the 12-year-old almost as completely as the
40-year-old. Conversely, seropositive polyarthritis in a
14-year-old girl is not a rare form of JIA, but rather
the most common idiopathic inflammatory arthritis in
the Western world. Almost all forms of arthritis cross
the adult/pediatric divide. Distinctions baked into cur-
rent nomenclature simply reflect the fact that adult and
pediatric rheumatologists have historically addressed
disease classification separately rather than together.

We are left therefore not with forms of juvenile
arthritis and forms of adult arthritis, but rather with forms
of arthritis, period. Erring on the side of lumping rather
than splitting, we highlight 4 clusters: 1) seropositive
arthritis, 2) seronegative arthritis, encompassing seroneg-
ative RA and polygoJIA, likely with a distinct subgroup
with onset typically before the age of 6 years, 3) spondy-
loarthritis, including ankylosing spondylitis and PsA, and
4) systemic arthritis (Figure 2). Of these, all but early-
onset seronegative arthritis present to both pediatric and
adult rheumatologists. Growing understanding will no
doubt allow us to split these clusters into smaller,

biologically discrete entities, as exemplified by the recent
identification of what appears to be a form of systemic
arthritis mediated by loss of function at LACC1 (84,85).
However, we need to let the data generate the splits, rather
than a priori assumptions about differences between
children and adults.

It is important to emphasize that even if the dis-
eases are similar across the age spectrum, it does not follow
that management is the same. There are many ways in
which kids are really not little adults. These include the
growing skeleton, drug metabolism and toxicity, differential
diagnosis, exposures and comorbidities, psychosocial devel-
opment, and where and how we care for patients. For some
purposes, it will still make sense to study children and
adults separately, not because the diseases are different
but because the patients are. We need rheumatologists
who are pediatricians and rheumatologists who are inter-
nists, and perhaps some who are both. If we recognize the
similarities as well as the differences among our diseases,
then we will all be better positioned to learn from each
other and from our patients.
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Weight Change During the Early Rheumatoid Arthritis Period
and Risk of Subsequent Mortality in Women With
Rheumatoid Arthritis and Matched Comparators
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Objective. To investigate whether weight change
during the early rheumatoid arthritis (RA) period is
associated with subsequent mortality and to evaluate
whether there is an RA-specific effect.

Methods. We identified patients with incident RA
during the Nurses’ Health Study (NHS; 1976–2016) and
created a comparison cohort by matching each RA
patient with up to 10 non-RA comparators by age and
calendar year of the RA diagnosis (index date). To cap-
ture weight change around the early RA period (“peri-
RA/index”), we used weight measurements collected 2–4
years before and 2–4 years after the index date. We used
Cox regression analysis to estimate hazard ratios (HRs)
for mortality according to peri-RA/index weight change
categories, separately in each cohort and in the combined
cohorts, evaluating for an RA-specific effect.

Results. Among 121,701 women in the NHS, 902
patients with incident RA were identified and matched to
7,884 non-RA comparators. In the RA cohort, 371 deaths
(41.1%) occurred during a mean follow-up of 17.0 years
after the early RA period, and 2,303 deaths (29.2%)
occurred in the comparison cohort during a mean follow-
up of 18.4 years. Weight loss of >30 pounds during the
peri-RA period had a hazard ratio (HR) for mortality of
2.78 (95% confidence interval [95% CI] 1.58–4.89) com-
pared to stable weight; results in the comparison cohort
were similar (HR 2.16, 95% CI 1.61–2.88). A weight gain
of >30 pounds had no association with mortality in
patients with RA (HR 1.45, 95% CI 0.69–3.07) or com-
parators (HR 1.19, 95% CI 0.89–1.59). For mortality, there
was no statistically significant interaction between RA/
comparator status and weight change category (P = 0.68).

Conclusion. Severe weight loss during the early RA
period was associated with an increased subsequent mor-
tality risk for women with and those without RA. These
results extend prior observations by including non-RA
comparators and finding no protective association between
weight gain and mortality, providing evidence against an
RA-specific obesity paradox for mortality.

The increased mortality risk for patients with
rheumatoid arthritis (RA) compared to the general popu-
lation may be attributable to altered immunity, medication
side effects, systemic effects of inflammation, worsened
physical function, accumulation of multimorbidities, and
excessive unhealthy behaviors such as smoking (1–5). The
contribution of metabolic and inflammatory factors (such
as obesity) to RA etiology and outcomes has received
increased attention recently (6,7). Several studies have
investigated the effect of body mass index (BMI) on mor-
tality in patients with RA. In RA cohorts, obesity has been
associated with 34–67% decreased mortality compared to
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that in patients with a normal BMI (8–11). Follow-up stud-
ies suggested that this “obesity paradox” for mortality in
RA may be explained by pathologic unintentional weight
loss in the few years preceding death rather than a biologic
protective effect of obesity. According to this explanation,
patients with longstanding RA who reach normal weight or
a BMI category of underweight have higher observed mor-
tality and are relatively less healthy than RA patients who
maintain obesity or a BMI category of overweight (11,12).

In patients with other chronic diseases and in
the general population, similar findings of a paradoxical
protective effect of overweight or obesity, as well as
increased mortality risk with unintentional weight loss,
have been reported (13–16). Studies evaluating obesity,
weight change, and mortality in RA have typically had
a long duration and a relatively short follow-up period
prior to death. Therefore, previously observed associa-
tions may not have been specifically related to RA, but
rather may have been detecting a general phenomenon
related to multimorbidities, aging, or frailty (13,17).

We hypothesized that the early RA period is the
window of time most likely to specifically contribute to
weight change in RA patients with active symptoms due to
systemic inflammation prior to treatment and changes in
physical activity and diet with active symptoms (18,19).
Therefore, to investigate the specific effect of weight
change on mortality in RA, weight measurements are
needed before the RA diagnosis and at the end of the early
RA period to effectively capture weight changes that might
occur during the entire early RA period. Furthermore, a
non-RA population is required to establish that the
observed effects are specifically related to RA and not to
multimorbidities, aging, or frailty. Because weight loss
often immediately precedes death, a lengthy period
between weight change and death assessment enhances the
ability to associate weight loss with RA.

Within the Nurses’ Health Study (NHS), we inves-
tigated the effect of weight change during the early RA
period on subsequent mortality and included a non-RA
comparison cohort to determine whether there was an
RA-specific effect. We hypothesized that severe weight
loss and severe weight gain during the early RA period
would be associated with an increased risk of mortality
compared to stable weight, but that the effects would be
similar in patients with RA and individuals without RA.

PATIENTS AND METHODS

Study population. In 1976, the NHS enrolled 121,701
female registered nurses in the US (ages 30–55 years). Women
in the NHS completed questionnaires at baseline and then
every 2 years, providing data on anthropometrics, behaviors,

sociodemographics, diet, medications, and diseases. The
response rate during follow-up in the NHS has been high, with
>90% of subjects returning questionnaires each cycle (1). All
aspects of this study were approved by the Partners HealthCare
Institutional Review Board.

Incident RA cohort. We excluded participants who had
prevalent RA or other connective tissue disease (CTD) prior to
the NHS baseline in 1976. Women who self-reported a diagno-
sis of RA or other CTD after the initial questionnaire were
mailed a screening questionnaire (20). For those with positive
screening results, medical records were obtained and reviewed
by 2 rheumatologists to confirm that the diagnosis of RA met
the 1987 American College of Rheumatology classification
criteria (21). Details regarding RA characteristics at diagnosis,
including date of diagnosis, serologic status, radiographic
changes/erosions, and nodules, were obtained from review of
the medical records. Seropositivity was defined as positivity for
rheumatoid factor or cyclic citrullinated peptide (CCP) anti-
bodies based on tests performed during routine medical care.
Because women in whom RA was diagnosed prior to the clini-
cal use of CCP antibody testing would not have had this test
during clinical care, CCP antibody status was generally avail-
able only in women diagnosed with RA later during follow-up.
We analyzed only RA patients who had weight measurements
available for 2 questionnaire cycles before as well as 2 cycles
after the date of the RA diagnosis (Figure 1).

Matched non-RA comparison cohort. To evaluate for an
RA-specific effect of weight change on mortality, we created a
comparison cohort of women without RA within the NHS. To
control for age and temporal trends, we matched each RA pa-
tient with up to 10 non-RA comparators, based on age and calen-
dar year. We defined the index date for matching as the date of
the RA diagnosis, as previously described (5). Participants in the
NHS were eligible to be a comparator if they had never reported
RA or any other CTD prior to or on the index date and had
weight measurements obtained at 2 follow-up cycles before as
well as 2 cycles after the index date. Because the women were
matched based on the same age in years and same calendar year,
exactly 10 comparators with complete exposure data may not
have been available for every woman with incident RA.

Weight change in the early RA/index period. In all par-
ticipants, weights (in pounds) were prospectively self-reported.
Measurements obtained by self-report have been validated as
being highly accurate compared to standardized measurements
(r = 0.98) (22). We investigated weight change during the early
RA period, because this is the window of time during which
weight change is most likely to be related to RA-specific pro-
cesses (Figure 1).

We chose the initial weight (weight 1), reported 2 cycles
(minimum of 2 years and maximum of 4 years) prior to the date
of the RA diagnosis, because the weight measurement immedi-
ately preceding the RA diagnosis might have been affected by
RA symptoms prior to a definitive clinical diagnosis. We chose
the subsequent weight (weight 2), reported 2 cycles after the
date of the RA diagnosis (minimum of 2 years and maximum of
4 years), to capture the early RA period, which is often defined
as the first 2 years after diagnosis (23–25). Therefore, we cap-
tured weight change in the “peri-RA” period, which encom-
passed the entire early RA period. For comparators, we used a
parallel strategy to identify weights before and after the index
date to define analogous “early index” and “peri-index” periods,
even though these comparators had not been diagnosed with
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any disease at the index date. In this study, the entire peri-RA/
index period typically encompassed 6 years (Figure 1).

We created categories of weight change based on the
absolute weight gain or loss, by comparing the initial and subse-
quent weights (Dweight = weight 2 � weight 1). We defined
stable weight as |Dweight| ≤10 pounds, mild loss as Dweight
<�10 to �20 pounds, moderate loss as Dweight <�20 to �30
pounds, severe loss as Dweight <�30 pounds, mild gain as
Dweight >10 to 20 pounds, moderate gain as Dweight >20 to 30
pounds, and severe gain as Dweight >30 pounds.

Identification of deaths. As previously described in detail,
deaths were identified by systematic searches of the National
Death Index and state vital records (26). This search was supple-
mented using family and postal authority reports. Use of these
methods ascertained >98% of deaths in the NHS (27). Women
who died during the peri-RA or peri-index periods were not
included in the analysis, since weight change could not be calcu-
lated. Complete death data were available until May 31, 2016,
which was the end of the analysis.

Covariates. We considered covariates as confounders
based on their association with both RA risk and mortality, as
shown in previous studies. All covariates except RA disease char-
acteristics were assessed at the same questionnaire cycle at which
weight 1 was obtained. BMI was categorized as underweight, nor-
mal, overweight, or obese (28). Age (in years) was used as a con-
tinuous variable. Annual household income was based on the
home address and US Census Bureau tract-level data as a proxy
for socioeconomic status (<$40,000 or ≥$40,000). Physical activity
was first measured starting in 1980, using a validated survey, and
was converted into continuous weekly hours of moderate or vigor-
ous activity (29). Dietary factors were assessed using semiquantita-
tive food frequency questionnaires in 1980, 1984, 1986, and every
4 years until 2014 (30). Participants were classified into tertiles of
the Alternate Healthy Eating Index to rank dietary quality, using
previously described methods (31). For the assessment of

multimorbidities at baseline, we used the validated Multimorbidity
Weighted Index (MWI) derived using the NHS and related
cohorts, composed of 74 distinct self-reported prevalent and seri-
ous conditions (such as cancer, diabetes, and cardiovascular dis-
ease), with each condition weighted by the effect on physical
health-related quality of life (32). As in previous work, we
excluded conditions affecting only men, premenopausal condi-
tions not assessed in the NHS, and RA or other CTD (for a total
of 64 conditions in this analysis) (5). In analyses of RA patients
only, we further considered RA severity factors at diagnosis,
including seropositivity as well as radiographic changes/erosions
and nodules, that were collected from medical records at the time
of the RA diagnosis. Data on RA-specific medications were
unavailable, but participants had not yet been diagnosed with RA
at baseline, when the initial weight measurement was reported.

Statistical analysis. We reported descriptive statistics at
baseline (time of weight 1) according to the 7 categories of
weight change (stable, mild loss, moderate loss, severe loss, mild
gain, moderate gain, and severe gain) during the peri-RA/index
period, separately for the RA and comparison cohorts. We
reported the proportion of women in each weight change cate-
gory according to cohort.

We investigated the effect of weight change during the
peri-RA/index period on subsequent mortality. We initially per-
formed analyses separately in each cohort. Person-years accrued
from the end of the early RA/index period (starting after com-
pletion of the questionnaire that measured weight 2) until the
end of follow-up, date of death, or date of censoring, whichever
came first. Loss to follow-up and self-reported RA or CTD (for
comparators) were censoring events. We used Cox regression
analysis to estimate hazard ratios (HRs) and 95% confidence
intervals (95% CIs) for the association of weight change during
the peri-RA/index period and subsequent mortality, with adjust-
ment for age and questionnaire period. The next multivariable
model adjusted for baseline BMI category. The final

Figure 1. Schematic representation of the study design for weight change during the early rheumatoid arthritis (RA) period in RA patients and
matched comparators. Triangles indicate questionnaire cycles during 40 years of prospective follow-up (f/u) in the Nurses’ Health Study (NHS).
The peri-RA period was defined as up to 4 years before and 4 years after the RA diagnosis. The peri-index period was defined as up to 4 years
before and 4 years after the index date (for matched non-RA comparators).
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multivariable model included age, questionnaire period, BMI
category, smoking status, income, physical activity, dietary qual-
ity, and MWI. Given that these factors are not only confounders
but also mediate the effect of weight change on mortality, we
did not adjust for time-varying covariates that occur after base-
line in multivariable models, because it would be inappropriate
to include mediators in Cox regression models. For the RA
cohort, we additionally included severity factors at the time of

diagnosis, consisting of serologic status, nodules, and radio-
graphic changes/erosions.

We used Kaplan-Meier curves to display death-free
survival according to each of the 7 weight change categories
after the end of the early RA/index period, defined as the
questionnaire in which weight 2 was reported. We constructed
separate plots for the RA and comparator cohorts. We tested
for a difference between the curves using a log rank test.

To examine whether weight change during the peri-RA/
index period had a differential effect in women with RA com-
pared to matched comparators, we combined both cohorts into
a single analysis using an indicator variable. We tested for a mul-
tiplicative interaction for mortality between RA/comparator sta-
tus and weight change, using an interaction term between these
variables, and reported the P value.

We tested for the proportional hazards assumption by
comparing nested models with and those without interaction
terms with follow-up time using likelihood ratio tests. The pro-
portional hazards assumption was met in all analyses. In all ana-
lyses, 2-sided P values less than 0.05 were considered significant.
Analyses were performed using SAS version 9.4.

RESULTS

Among 121,701 women in the NHS, we identified
902 patients with incident RA and 7,884 matched non-RA

Table 2. Percent of women in each weight change category during
the peri-RA or peri-index period*

Body weight change
RA cohort
(n = 902)

Comparison cohort
(n = 7,884)

Severe loss (>30 lb) 3.0 1.6
Moderate loss (>20–30 lb) 3.1 2.3
Mild loss (>10–20 lb) 9.7 6.7
Stable (�10 lb) 64.3 69.1
Mild gain (>10–20 lb) 12.3 14.1
Moderate gain (>20–30 lb) 5.2 4.1
Severe gain (>30 lb) 2.4 2.3

* The peri–rheumatoid arthritis (peri-RA) period was defined as up
to 4 years before and 4 years after the RA diagnosis. The peri-index
period was defined as up to 4 years before and 4 years after the index
date for matched non-RA comparators.

Table 3. Hazard ratios (HRs) for mortality according to weight change during the peri-RA or peri-index period in the RA and comparison
cohorts in the Nurses’ Health Study*

Deaths/
person-years

Mortality
rate†

Age-adjusted HR
(95% CI)‡

Age and pre–
RA/index BMI–
adjusted HR
(95% CI)§

Multivariable HR
(95% CI)¶

Multivariable and
RA severity–
adjusted HR
(95% CI)#

RA cohort (n = 902)
Severe loss (>30 lb) 19/275 6,909 3.51 (2.12–5.80) 3.10 (1.80–5.33) 2.78 (1.58–4.89) 2.71 (1.54–4.77)
Moderate loss (>20–30 lb) 16/376 4,251 1.47 (0.86–2.52) 1.36 (0.77–2.40) 1.35 (0.76–2.38) 1.32 (0.75–2.34)
Mild loss (>10–20 lb) 41/1,274 3,219 1.72 (1.22–2.42) 1.71 (1.21–2.41) 1.78 (1.25–2.54) 1.75 (1.22–2.49)
Stable (�10 lb) 218/10,530 2,070 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Mild gain (>10–20 lb) 51/2,229 2,288 1.26 (0.92–1.73) 1.27 (0.93–1.74) 1.21 (0.88–1.67) 1.25 (0.90–1.74)
Moderate gain (>20–30 lb) 18/870 2,069 1.30 (0.79–2.14) 1.33 (0.81–2.19) 1.05 (0.63–1.75) 1.08 (0.64–1.80)
Severe gain (>30 lb) 8/452 1,770 1.58 (0.76–3.28) 1.44 (0.69–3.01) 1.45 (0.69–3.07) 1.57 (0.74–3.32)

Comparison cohort (n = 7,884)
Severe loss (>30 lb) 55/1,480 3,717 2.98 (2.27–3.91) 2.42 (1.81–3.22) 2.16 (1.61–2.88) –
Moderate loss (>20–30 lb) 69/2,311 2,986 1.87 (1.47–2.38) 1.70 (1.33–2.18) 1.50 (1.17–1.92) –
Mild loss (>10–20 lb) 209/8,205 2,547 1.46 (1.26–1.68) 1.39 (1.20–1.61) 1.24 (1.06–1.43) –
Stable (�10 lb) 1,532/104,883 1,461 1.00 (reference) 1.00 (reference) 1.00 (reference) –
Mild gain (>10–20 lb) 296/22,892 1,293 1.14 (1.00–1.29) 1.13 (1.00–1.28) 1.09 (0.96–1.24) –
Moderate gain (>20–30 lb) 94/6,625 1,419 1.34 (1.09–1.65) 1.29 (1.05–1.59) 1.20 (0.97–1.48) –
Severe gain (>30 lb) 48/3,679 1,305 1.42 (1.06–1.89) 1.36 (1.01–1.81) 1.19 (0.89–1.59) –

* Weight data were obtained every 2 years during follow-up. The peri–rheumatoid arthritis (peri-RA) period was defined as up to 4 years before
and 4 years after the RA diagnosis. The peri-index period was defined as up to 4 years before and 4 years after the index date for matched com-
parators. Each RA patient was matched with up to 10 comparators without RA or other connective tissue disease, for age and calendar year at
the index date. 95% CI = 95% confidence interval.
† Per 100,000 person-years.
‡ Adjusted for age in years (continuous) and calendar year.
§ Additionally adjusted for pre-RA/index date body mass index (BMI) (<18.5, 18.5–24.9, 25–29.9, 30–34.9, ≥35 kg/m2).
¶ Additionally adjusted for cigarette smoking (never, past, current), physical activity (hours of moderate or vigorous exercise per week [continu-
ous]), US Census Bureau tract-level household income (<$40,000 or ≥$40,000/year), the Alternative Healthy Index dietary score (tertiles), and the
Multimorbidity Weighted Index (continuous).
# Additionally adjusted for RA serologic status (seropositive, seronegative), rheumatoid nodules, and radiographic changes/erosions according to
medical record review at the time of RA diagnosis. This model was not applicable to the comparison cohort.
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comparators for whom weights measurements were avail-
able during the peri-RA/index period. The characteristics
of both cohorts at the beginning of the peri-RA/index pe-
riod are shown in Table 1, stratified by weight change. In
both cohorts, subjects with severe weight loss (>30 pounds)
were older, exercised less frequently, had worse dietary
quality, were more likely to be obese, were more likely to
have ever smoked, and had a higher MWI than those with

stable weight. Those with severe weight gain (>30 pounds)
were younger than those with stable weight but exercised
less, had a less healthy diet, were more likely to be obese,
were more likely to ever have smoked, and had a higher
MWI. In the RA cohort, patients with severe weight gain
were less likely to be seropositive, have rheumatoid nod-
ules, or have radiographic changes/erosions compared with
those in the other weight change categories.

Figure 2. Kaplan-Meier survival curves for mortality after the early RA or index period according to weight change during the peri-RA or peri-
index period in the RA cohort (n = 902) (A) and the comparison cohort (n = 7,884) (B). See Figure 1 for other definitions.
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Weight change during the peri-RA/index period.
Table 2 shows the proportion of women in the RA and
comparison cohorts in each category of weight change
during the peri-RA/index period. Stable weight was most
common in both cohorts (64.3% in the RA cohort and
69.1% in the comparison cohort). The percentage of
women who lost weight was higher in the RA cohort
(15.8% [3.0% with severe weight loss]) than in the com-
parison cohort (10.6% [1.6% with severe weight loss]). A
similar proportion of women in the RA and comparator
cohorts gained weight during the peri-RA/index period
(for any gain, 19.9% and 20.5%, respectively; for severe
gain, 2.4% and 2.3%, respectively).

Mortality rates after the early RA or matched
index period. In the RA cohort, 371 deaths (41.1%)
occurred during 16,006 person-years of follow-up after the
early RA period (mean � SD follow-up per woman 17.0�
8.8 years) (Table 3). In the comparison cohort, 2,303
deaths (29.2%) occurred during 150,075 person-years of
follow-up after the early index period (mean � SD follow-
up per woman 18.4 � 9.4 years). The RA cohort had a
higher absolute mortality rate (1,770–6,909 deaths/100,000
person-years) across all weight change categories com-
pared with the comparison cohort (1,293–3,717 deaths/
100,000 person-years).

Mortality in the RA cohort according to weight
change during the peri-RA period. In the age-adjusted
model, severe weight loss during the peri-RA period had an
HR for subsequent mortality of 3.51 (95% CI 2.12–5.80)
compared to stable weight. There was no statistically signifi-
cant association between moderate weight loss or any level
of weight gain during the peri-RA period (compared to
stable weight) andmortality. However, mild weight loss dur-
ing the peri-RA period had an HR for mortality of 1.72
(95% CI 1.22–2.42) compared to stable weight. These asso-
ciations persisted after adjustment for baseline BMI,
although the HR for mortality in women with severe weight
loss was attenuated (HR 3.10, 95% CI 1.80–5.33). In the
multivariable model with adjustment for baseline BMI,
smoking, physical activity, diet quality, income, and multi-
morbidities, severe weight loss (HR 2.78, 95%CI 1.58–4.89)
andmild loss (HR 1.78 , 95%CI 1.25–2.54) remained statis-
tically significantly associated with increased subsequent
mortality compared to stable weight. These associations
were similar after further adjustment for the RA severity
factors of serologic status, rheumatoid nodules, and ero-
sions (for severe loss, HR 2.71 [95% CI 1.54–4.77] com-
pared to stable weight).

Figure 2A shows the Kaplan-Meier curves for sur-
vival after the end of the early RA period. The survival

curves according to weight change categories were statisti-
cally significantly different (P < 0.0001). Survival was worst
in patients with severe weight loss, followed by those with
moderate weight loss and those with mild loss. The curves
for stable weight and all weight gain categories were rela-
tively similar. Among RA patients with severe weight loss,
median survival was 8.0 years (interquartile range [IQR]
4.8–12.0). Among women with stable weight, median sur-
vival was 16.2 years (IQR 10.8–24.0) after the end of the
early RA period.

Mortality in the comparison cohort according to
weight change during the peri-index period. In the age-
and BMI-adjusted analysis performed only in matched
comparators, there were statistically significant associa-
tions of both weight loss and weight gain during the peri-
index period with subsequent mortality compared to
stable weight (for severe loss, HR 2.42, 95% CI 1.81–
3.22; for severe gain, HR 1.36, 95% CI 1.01–1.81). How-
ever, after further adjustment for smoking, physical
activity, diet quality, income, and multimorbidities, only
severe and moderate weight loss remained significantly
associated with mortality. Severe weight loss during the
peri-RA period had an HR for subsequent mortality of
2.16 (95% CI 1.61–2.88) in the multivariable model.

Figure 2B shows the Kaplan-Meier curves for
death-free survival after the end of the early index per-
iod in the comparison cohort. The survival curves
according to weight change categories were statistically
significantly different in this cohort (P < 0.0001). Similar
to the Kaplan-Meier curves for survival in the RA
cohort, the curves for survival in comparators in the
stable weight and weight gain categories overlapped,
while the weight loss categories showed a graded effect
across categories of weight loss. The median survival for
comparators with severe weight loss was 8.8 years (IQR
4.4–14.0). Women with stable weight had a median sur-
vival of 17.9 years (IQR 11.3–26.0) after the end of the
early index period. Survival was longer in comparators
than in women with RA in all analogous weight change
categories.

Combined analysis of women with RA and
matched comparators. Figure 3 shows the multivariable
HRs for mortality in the combined analysis of RA patients
and matched comparators (total of 8,786 women), with
stable-weight comparators as the reference group. In this
analysis, the 95% CIs were wide at the extreme weight
change categories due to a small sample size, particularly
in the RA cohort. Women with RA had a higher HR for
mortality than did comparators in every weight change
category. The highest HR for mortality in both RA
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patients and comparators was in the severe weight loss
category. Women with RA who had severe weight loss
during the peri-RA period had an HR for mortality of
2.92 (95% CI 1.83–4.66) compared to comparators with
stable weight. Comparators with severe weight loss had an
HR for mortality of 2.21 (95% CI 1.66–2.95) compared to
comparators with stable weight. For mortality, there was
no statistically significant interaction between RA/com-
parator status and weight change category (P= 0.68).

DISCUSSION

During 40 years of prospective follow-up, we obser-
ved that severe weight loss (defined as >30 pounds)
around the time of the RA diagnosis, and a similar
matched period among women without RA, was associ-
ated with increased mortality compared to stable weight.
We studied weight change during the period around the
time of the RA diagnosis, because weight change during
this period is more likely to be related to intrinsic disease
processes rather than general aging processes. Although
the absolute risk of death for women with RA was higher
than that for women without RA, there was a similar trend

between the relative risk of mortality and weight change in
both groups. Therefore, studies in which an association of
BMI categories and weight loss with mortality risk in RA
patients was reported may have been detecting general
population effects rather than RA-specific effects.

Previous studies have established that mortality is
increased in patients with RA compared to the general
population (1–4). Recent investigations have focused on
either RA-specific or potentially modifiable factors con-
tributing to this mortality gap (5,33–36). For example,
smoking has been associated with worsened RA severity
factors such as disease activity and erosions, which may in
turn contribute to excess mortality. Our group recently
reported that smoking contributes more to mortality risk
in patients with RA than in matched non-RA comparators
(5). Because patients with RA have excess cardiovascular
disease compared to the general population, cardiometa-
bolic risk factors such as obesity may be related to out-
comes including mortality (37). In contrast to the generally
adverse effects of obesity on many health outcomes, obe-
sity has been paradoxically associated with a decreased risk
of bone erosions in RA compared to a normal BMI (7).
This finding led to other investigations in which obesity

Figure 3. Multivariable hazard ratios (HRs) for mortality according to weight change category during the peri-RA or peri-index period, in the
combined analysis of the RA and comparison cohorts (n = 8,786). 95% CI = 95% confidence interval (see Figure 1 for other definitions).
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was shown to be associated with the expected findings of
worsened disease activity and functional status (7,38,39).
These discrepant results prompted further investigations
of downstream events, including total and cause-specific
mortality in RA (8,9,11,12).

These prior studies investigating the association of
weight change and BMI categories with mortality were typ-
ically performed in RA-only cohorts of longstanding dis-
ease duration with relatively limited follow-up for death.
Therefore, it was unclear whether the associations reported
were related specifically to RA or were describing typical
patterns that might emerge in any population of individuals
who were frail and advanced in age. Patients with a normal
BMI measured near the end of life may have reached this
state due to pathologic weight loss and have higher-than-
expected mortality compared to patients in whom the BMI
category of obesity or overweight was maintained. There-
fore, near the end of life, individuals with a “normal” BMI
may be relatively less healthy than those who are over-
weight or obese and remain that way by not losing weight
(17). This hypothesis is further supported by increased
mortality in patients with a BMI in the underweight cate-
gory, because elderly patients often unintentionally become
underweight due to pathologic states rather than healthy,
intentional weight loss through diet and physical activity
(13). Therefore, studying weight change has been consid-
ered a method to correct the “obesity paradox” of lower-
than-expected mortality in obese persons, particularly near
the end of life (11).

Two previous studies in RA cohorts used weight
loss as a method to correct the obesity paradox for mor-
tality in RA (11,12). Baker and colleagues showed that a
BMI loss of ≥1 kg/m2 was associated with a 2-fold in-
creased risk of death compared to stable weight (11).
Patients who reached a BMI category of underweight
after previously being obese had the highest risk of death
(11). A follow-up study investigated cause-specific mortal-
ity and showed that the highest weight loss rate and
weight loss percentage were associated with a higher risk
of cardiovascular- and cancer-related mortality, while a
BMI category of underweight was associated with an
increased risk of respiratory disease–related mortality
(12). Both studies were performed using data from the
Veterans Affairs RA Registry and therefore were com-
posed of mostly older men (mean age 63.5 years and 63.4
years, respectively), many with established RA (median
duration 7.4 years and 8.2 years, respectively), and had a
relatively limited follow-up for mortality (median dura-
tion 5.5 years and 3.2 years, respectively) (11,12).

Our study differs from these prior studies in sev-
eral important ways. First, we included matched compara-
tors who had identical measures assessed as the patients

with RA. Second, because we identified incident RA dur-
ing follow-up in the NHS, we could investigate weight
change during the early RA period and create a similar
time period for comparators. Therefore, we captured
weight change near the time of RA diagnosis, when dis-
ease-specific processes were most likely to have con-
tributed to weight change. Because pathologic weight loss
often precedes death, we designed our study around RA
diagnosis rather than observing weight changes near the
end of life, which may be related to underlying pathologic
processes leading to death rather than RA-specific pro-
cesses (13). Third, we investigated weight gain in addition
to weight loss. Although pathologic weight loss is well
known to portend a high risk of death in the general pop-
ulation as well as RA patients, weight gain is less studied,
particularly in RA. Weight gain may have had a unique
relationship with mortality in RA, because dietary
changes, medication side effects, and physical activity
changes might result in weight gain during the early RA
period (40). Because prior studies investigating weight
loss included both weight stability and weight gain in the
reference group, the relationship between weight loss,
weight stability, and weight gain was previously unclear
(11,12). Last, our study had a lengthy follow-up that com-
menced after the end of the early RA period.

We observed that severe weight loss (>30 pounds)
increased mortality similarly in the RA and comparison
cohorts. In both cohorts, this association was attenuated,
but not completely explained, by adjustment for baseline
BMI, smoking, physical activity, dietary quality, income,
and multimorbidities. In the RA cohort, adjustment for
RA severity factors at diagnosis, including serologic sta-
tus, nodules, and radiographic change/erosions, did not
explain the increased risk. As expected for a chronic dis-
ease, more RA patients than comparators had a weight
loss of ≥10 pounds (15.8% versus 10.6%). Some of these
patients with weight loss may have had rheumatoid
cachexia, which has previously been associated with worse
RA outcomes and increased mortality (41). However,
because mortality was similar in comparators with severe
weight loss, rheumatoid cachexia does not fully explain
the increased mortality in the RA patients with severe
weight loss.

Although the obesity paradox for mortality may
support the notion that weight gain could be protective
against mortality, we hypothesized that individuals with
severe weight gain would have increased mortality,
which perhaps would be more evident among patients
with RA because factors such as glucocorticoid use and
decreased physical activity would presumably differen-
tially affect those with RA. However, we observed that
the proportion of subjects who experienced weight gain
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was similar in the RA and comparator cohorts (19.9%
and 20.5%, respectively). Furthermore, we observed no
statistical association between weight gain and mortality
compared to stable weight in the early RA period.
Although the point estimate (HR 1.45) for severe
weight gain may suggest a modestly increased mortality
risk in the RA cohort, the confidence interval was wide
and was not statistically significant.

It is possible that the current study was underpow-
ered to detect a true effect of weight gain on mortality risk
in RA, but it is unlikely that weight gain in the early RA
period confers a protective effect against mortality. In the
comparator cohort, there was a statistically significant
association between weight gain and mortality that demon-
strated a dose effect in the age- and BMI-adjusted analysis.
However, this effect was no longer detectable after adjust-
ment for confounders, despite adequate power. Overall,
these results do not suggest that weight gain is strongly
associated with subsequent risk of mortality independent
of known mortality risk factors.

The current study has limitations that should be
considered. The NHS is composed only of women, most of
whom were white and were employed at baseline in 1976.
It is unclear how generalizable these results might be to
other contemporary populations. Overall, our results show-
ing an association between severe weight loss and in-
creased mortality are similar to the results of 2 prior studies
investigating weight loss and mortality that were performed
among mostly men with RA (11,12). We constructed the
weight change period around the RA diagnosis as a time
point that is relevant to all patients diagnosed with RA and
chose the baseline period prior to RA diagnosis to protect
against reverse causation with RA symptoms affecting the
initial weight in patients with RA. It is still possible that
early symptoms may have affected weight at the initial
assessment among those in whom RA developed later.

Although we had detailed data available on co-
variates for adjustment, residual confounding by factors,
such as the severity of multimorbidities rather than just
their presence, may have affected the weight loss associa-
tion. We did not have data available about RA character-
istics after diagnosis, such as medication use, disease
activity, or bone erosions/deformities. When adjusting
for the RA severity factors that were available at diagno-
sis, we observed similar results. Because these RA char-
acteristics are not relevant to comparators without RA,
we would have been unable to investigate the effect of
these factors in the combined analysis of RA patients
and matched comparators. While BMI and weight have
been widely used in epidemiologic analyses, patients with
RA may have body compositions different from those of

non-RA comparators that we were unable to analyze
(42). Because the reason for weight change was unavail-
able, we cannot determine whether women were intend-
ing to lose weight through diet and exercise. We suspect
that severe weight loss may have been attributable to
pathologic processes in most women. Therefore, these
results should not be interpreted as discouraging healthy
weight loss through diet and exercise.

In conclusion, we observed that severe weight loss
during the early RA period was associated with an in-
creased subsequent mortality risk for both RA patients and
matched comparators. Compared to stable weight during
the early RA period, weight gain was not associated with
subsequent mortality risk for either RA patients or matched
comparators. These results emphasize the need to consider
a non-RA population when investigating the relationship
between an exposure and an outcome that are not specifi-
cally related to the disease population of interest. These
results extend prior reports on the effect of weight loss on
mortality in RA and provide evidence that the findings
were related to aging effects in the general population
rather than specifically to RA. Although weight control
during the early RA period may be important in disease
processes such as bone erosions or disease activity, the rela-
tionship between weight change and mortality during the
early RA period is likely similar to that observed in the gen-
eral population.
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Arterial Inflammation Detected With
18F-Fluorodeoxyglucose–Positron Emission Tomography

in Rheumatoid Arthritis

Laura Geraldino-Pardilla, Afshin Zartoshti, Ayse Bag Ozbek, Jon T. Giles, Richard Weinberg,
Mona Kinkhabwala, Sabahat Bokhari, and Joan M. Bathon

Objective. In addition to traditional risk factors,
excess cardiovascular disease (CVD) in rheumatoid ar-
thritis (RA) is attributed to enhanced vascular and/or
systemic inflammation. In several small studies using
18F-fluorodeoxyglucose–positron emission tomography/
computed tomography (18F-FDG–PET/CT) to directly
assess vascular inflammation, FDG uptake was higher in
RA patients than in controls. Using a substantially larger
sample of RA patients, we sought to identify RA disease
characteristics independently associated with vascular
FDG uptake.

Methods. RA patients underwent cardiac FDG-
PET/CT, with aortic inflammation assessed by quantifica-
tion of FDG uptake in the ascending aorta, calculated as
the mean and maximum (max) standardized uptake value
(SUV) of the entire ascending aorta and of its most dis-
eased segment (SUV MDS). Univariate and multivariable
regression models were constructed to model the associa-
tions of patient characteristics with aortic FDG uptake.

Results. Ninety-one RA patients were scanned. In
multivariable models, in addition to the independent

associations of hypertension and body mass index with
increased aortic FDG uptake, the prevalence of rheumatoid
nodules correlated with the SUV mean and SUV MDS
mean measures, while anti–cyclic citrullinated peptide
(anti-CCP) antibodies correlated inversely with these mea-
sures and with the SUV max and SUV MDS max (P <
0.05). A significant association of RA disease activity with
aortic FDG uptake was observed but was restricted to anti-
CCP seropositivity.

Conclusion. Traditional CV risk factors and RA
disease characteristics (rheumatoid nodules and the
Disease Activity Score in 28 joints using the C-reactive
protein level in anti-CCP antibody–positive individu-
als) were independently associated with ascending aor-
tic FDG uptake in RA patients without clinical CVD.

Rheumatoid arthritis (RA) is a chronic autoim-
mune inflammatory disease primarily affecting the sy-
novial joints but with important extraarticular features
including significant effects on the cardiovascular (CV)
system (1). Despite therapeutic advances over past de-
cades, CV disease (CVD) continues to be the leading
cause of excess deaths in RA, with CVD mortality rates
1.5–3-fold higher than those in matched controls (2).
Unfortunately, CV risk algorithms established for the
general population generally underperform in RA (3);
therefore, the development of strategies to better identify
and manage the increased CV risk in RA has become a
priority.

Chronic systemic and/or vascular inflammation is
believed to contribute to the excess risk of atherosclerosis
and CV events in RA. Atherosclerosis is an inflammatory
process reflected in plaque by infiltrating macrophages
and T cells, and reflected systemically by mildly elevated
levels of inflammatory cytokines (such as tumor necrosis
factor [TNF], interleukin-1 [IL-1], and IL-6) and matrix
metalloproteinases (MMPs) (4,5). Mild elevations of
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these cytokines and MMPs are potent predictors of CV
events in the general population, presumably through
their promotion of plaque rupture (6–8). RA is character-
ized by much higher serum levels of the same molecules
(5), which has led to the hypothesis that this amplified sys-
temic inflammatory milieu accelerates atherosclerosis and
plaque rupture in patients with RA. Indeed, a number of
studies have shown circulating and articular measures of
inflammation to be independent predictors of CV events
in RA (9–11). However, an alternate or complementary
hypothesis is that vascular inflammation is also enhanced
in RA patients relative to non-RA controls, but direct
assessments of this hypothesis are few and consist of small
sample sizes (12–14).

Most assessments of atherosclerosis in RA to date
have used imaging techniques that identify the presence
of atherosclerotic plaque and luminal stenosis, but not
arterial wall inflammation. This is a crucial limitation, as
plaque inflammation is believed to represent one of the
early and reversible steps of atherosclerosis (15,16). In
addition, although assumed to occur rarely, rheumatoid
aortitis has been described in the spectrum of rheumatoid
vasculitis independent of atherosclerotic plaque (17–19).
The recent development of techniques that enable coreg-
istration of positron emission tomography (PET) with
computed tomography (CT) (or magnetic resonance
imaging [MRI]) scans coupled with radioisotopes that are
avidly taken up by macrophages (i.e., fluorodeoxyglucose
[FDG]) has enabled the direct identification of inflamma-
tion in vascular walls, providing not only morphologic but
also physiologic information. Importantly, increased FDG
uptake in the vessel wall suggests plaque instability, a risk
factor for plaque rupture and CV events, but it may also
represent vasculitis (20,21). Although identification of
vascular inflammation in the coronary arteries is ulti-
mately preferred, PET imaging of the coronary arteries
remains challenging due to their small caliber as well as
their motion during cardiac cycles (22). However, the
known association of aortic atherosclerosis, as well as aor-
tic FDG uptake, with CVevents in the general population
(20,21) makes the study of aortic inflammation of particu-
lar interest in RA.

Although vascular FDG-PET/CT studies in RA
are few, Maki-Petaja et al reported a level of aortic
FDG uptake in 17 RA patients with high disease activ-
ity equivalent to that of 34 non-RA subjects with stable
coronary artery disease (12). A cross-sectional study of
10 psoriasis patients and 5 RA patients also demon-
strated higher aortic FDG uptake compared with 10
healthy subjects after adjustment for CV risk factors
(13). However, the small RA sample sizes in these
studies were inadequate to identify RA-specific factors

associated with vascular inflammation. In this cross-
sectional study, we hypothesized that RA-specific fea-
tures would be associated with ascending aortic FDG
uptake independent of conventional CV risk factors.

PATIENTS AND METHODS

Patients. The first 91 RA patients enrolled in the Rheu-
matoid arthritis study of the Myocardium (RHYTHM) between
November 2011 and March 2015 constituted the study popula-
tion. RHYTHM is an ongoing study to identify and evaluate fac-
tors associated with subclinical myocardial phenotypes in RA
patients without clinical CVD. Eligibility for the RA patients
required fulfillment of the American College of Rheumatology/
European League Against Rheumatism 2010 classification crite-
ria (23) and age ≥18 years. Participants with a history of clinical
CVD, defined as a self-reported physician-diagnosed myocardial
infarction, heart failure, coronary artery revascularization, angio-
plasty, peripheral arterial disease, or procedures, pacemaker, or
defibrillator devices, or stroke or transient ischemic attack, were
excluded from participation. Additional exclusion criteria
included contraindications to receiving a vasodilator (adenosine
or regadenoson) and an active history of cancer. Patients were
consecutively recruited from the Columbia University Rheuma-
tology Clinics and from local referring rheumatologists. All par-
ticipants provided written consent prior to participation. The
study was in compliance with the Declaration of Helsinki and
approved by the Columbia University Institutional Review
Board. Enrollment for RHYTHM began in 2011 and is ongoing.

Outcome measures. Ascending aortic 18F-FDG–PET/CT
uptake. FDG-PET/CT imaging of the ascending aorta was per-
formed using reproducible, validated methods (24,25). Specifi-
cally, 10 mCi 18F-FDG was administered intravenously after 18
hours of a carbohydrate-free diet (in order to suppress myocar-
dial FDG uptake) and an overnight fast. All patients had a blood
sugar concentration of <200 mg/dl at the time of imaging. Imag-
ing was performed 90 minutes after FDG injection. A CT scan
was obtained for attenuation correction and anatomic coregis-
tration, using a voltage of 120 kVp and mAs of 25. Thereafter,
PET imaging of the chest was performed, with 10 minutes per
bed position. The pitch was 2.8 and slice thickness was 3.27 mm.
Reconstruction of attenuation-corrected images was done using
the ordered-subsets expectation-maximization algorithm with
corrections for normalization, dead time, random events, scatter,
attenuation, and sensitivity. Analyses were restricted to the
ascending aorta, since the CT scan performed for coregistration
was a cardiac CTwhich did not include the upper chest or neck.
The area of interest was defined as the region of the aorta begin-
ning 1 cm above the origin of the left main coronary artery and
ending at the aortic arch in transaxial view.

Ascending aortic inflammation was determined by
18F-FDG–PETuptake in the arterial wall, calculated as the stan-
dardized uptake value (SUV): SUV = r/(a0/w), where r is the
radioactivity concentration (kBq/ml) measured by the PET scan-
ner within a region of interest (ROI), a0 is the decay-corrected
amount of injected radiolabeled FDG (kBq), and w is the weight
of the patient (gm), which is used as a surrogate for a distribu-
tion volume of tracer. ROIs were drawn around the artery in
transaxial orientation to measure the SUV for each ROI. We
used several metrics to report the measured SUV. The SUV
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mean was defined as the average SUV of the entire ascending
aorta (as defined above). Since each slice has a mean and a max-
imum value, we calculated the average of the mean values (SUV
mean) and of the maximum values (SUV max) for all slices. The
SUV of the most diseased segment (SUV MDS) was also
assessed, defined as the average SUV max (SUV MDS max) or
the average MDS mean (SUV MDS mean) for 3 consecutive
slices centered on the aortic slice with the highest SUV and the
adjacent slice superior and inferior to it, providing ~1 cm of the
most inflamed section of the aortic wall. Each study was read by
2 experienced readers (RW and SB) using a Medview display
integrated into Corridor 4DM software, version 7.0 (Invia Medi-
cal Imaging Solutions) (26). Interreader correlation for the SUV
measurements was 0.997.

Coronary artery calcification (CAC). CAC was ascer-
tained with cardiac CT using a multidetector row CT system
and quantified by the Agatston method (27).

Clinical covariates. Information on demographics and
smoking was collected using standardized health questionnaires.
Resting blood pressure (BP) was measured 3 times, and the
mean value of the last 2 measurements was used in the analyses.
Hypertension was defined as a systolic BP of ≥140 mm Hg, a
diastolic BP of ≥90 mm Hg, or use of antihypertensive medica-
tion. Diabetes mellitus was defined as a fasting serum glucose
level of ≥126 mg/dl or use of antidiabetic medication. Body mass
index (BMI) was calculated as weight (in kg) divided by height
(in m2). Prescription and over-the-counter medications taken
within the preceding 2 weeks were documented from containers
supplied by participants. RA disease duration was calculated
from the date of physician diagnosis. RA activity was calculated
using the Disease Activity Score in 28 joints (28) using the C-
reactive protein level (DAS28-CRP) (29). Current and past use
of glucocorticoids and of biologic and nonbiologic disease-modi-
fying antirheumatic drugs (DMARDs) was ascertained by
patient interview and medical records. Nonbiologic DMARDs
included methotrexate, sulfasalazine, hydroxychloroquine, and
leflunomide. Biologic DMARDs included adalimumab, etaner-
cept, infliximab, certolizumab, golimumab, tocilizumab, abata-
cept, tofacitinib, anakinra, and rituximab.

Laboratory covariates. Phlebotomy was performed after
an overnight fast at the same visit as the FDG-PET/CT visit.
Serum and plasma were separated by centrifugation and stored
at –80°C. All analytes were measured in the Biomarkers Core
Laboratory of the Columbia University Irving Institute for Clini-
cal and Translation Research. Anti–cyclic citrullinated peptide
(anti-CCP) antibodies were assessed by enzyme-linked immuno-
sorbent assay (ELISA) using a Quanta Lite CCP3 IgG kit (Inova
Diagnostics) with positivity defined as ≥60 units/ml. Total choles-
terol, high-density lipoprotein (HDL) cholesterol, and triglyc-
erides were measured in plasma by colorimetric assay using
Cobas Integra 400 Plus kits (Roche Diagnostics), and low-density
lipoprotein cholesterol was calculated using the Friedewald for-
mula. IL-6 was assayed by ELISA test kits (R&D Systems).
High-sensitivity CRP was measured by turbidimetric immunoas-
say from Cobas Integra 400 Plus kits. IgM rheumatoid factor
(RF) antibodies were assessed by ELISA, with RF positivity
defined as a concentration of ≥40 units/ml.

Statistical analysis. The analyses in this report were not
conceived in the original design of the RHYTHM study, which
focused on myocardial FDG uptake; rather, they were per-
formed as post hoc analyses, hence with no a priori hypothesis
or power calculation to test the aortic FDG uptake. However,

the question of interest was whether RA-specific characteristics
would identify patients with higher aortic FDG uptake, indepen-
dent of conventional CV risk factors. Because uptake could con-
ceivably represent discrete (or diffuse) atherosclerotic plaque or
diffuse vasculitic involvement, we explored as our primary out-
come several measures of FDG uptake (SUV mean, SUV max,
SUVMDS mean, and SUVMDS max).

The normality of the variables of interest was deter-
mined by graphic assessment and the Kolmogorov-Smirnov test.
Summary statistics for outcomes and predictor variables were
examined, with comparisons made using Student’s t-test and the
Wilcoxon rank sum test for normally and non-normally dis-
tributed continuous variables, respectively. Counts and percent-
ages were calculated for categorical variables and compared
using a chi-square test or Fisher’s exact test, as appropriate.
Linear regression models were constructed to explore the

Table 1. Characteristics of the RA patients (n = 91)*

Demographic characteristics
Age, mean � SD years 55 � 13
Female 73 (80)
Race/ethnicity
Nonhispanic white 36 (40)
Nonhispanic black 12 (13)
Hispanic 40 (44)
Other 3 (3)

RA characteristics
Disease duration, median (IQR) years 7.2 (1.6–14.4)
RF ≥40 units/ml 49 (54)
Anti-CCP ≥60 units/ml 58 (64)
Shared epitope present 53 (58)
DAS28-CRP, mean � SD 3.7 � 1.2
Nodules present 7 (8)
CRP, median (IQR) mg/liter 2.2 (1.0–6.7)
IL-6, median (IQR) pg/ml 2.3 (1.3–7.0)
HAQ score, median (IQR) 1.0 (0.5–1.75)
Any nonbiologic DMARD 69 (76)
Any biologic DMARD 36 (40)
Current prednisone use 30 (33)

Conventional CV risk factors
BMI, mean � SD kg/m2 28 � 6
Ever smoking 39 (43)
Current smoking 9 (10)
Hypertension 38 (42)
Diabetes mellitus 8 (9)
Total cholesterol, mean � SD mg/dl 192 � 35
LDL cholesterol, mean � SD mg/dl 110 � 31
HDL cholesterol, mean � SD mg/dl 60 � 19
Triglycerides, median (IQR) mg/dl 93 (77–132)
Statin use 16 (18)
CAC score >0, no. (%)/median (IQR) 32 (35)/130 (28–573)
CAC score, median (IQR) 0 (0–45)
SUV mean, median (IQR) 1.83 (1.58–2.11)
SUV max, median (IQR) 2.43 (2.14–2.79)
SUV MDS mean, median (IQR) 1.91 (1.64–2.19)
SUV MDS max, median (IQR) 2.59 (2.30–3.11)

* Except where indicated otherwise, values are the number (%). RA =
rheumatoid arthritis; IQR = interquartile range; RF = rheumatoid fac-
tor; anti-CCP = anti–cyclic citrullinated peptide; DAS28-CRP = Disease
Activity Score in 28 joints using the C-reactive protein level; IL-6 =
interleukin-6; HAQ = Health Assessment Questionnaire; DMARD =
disease-modifying antirheumatic drug; CV = cardiovascular; BMI = body
mass index; LDL = low-density lipoprotein; HDL = high-density lipopro-
tein; CAC = coronary artery calcification; SUV = standardized uptake
value; max = maximum; MDS = most diseased segment.
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association of RA disease characteristics and traditional CV risk
factors with ascending aortic 18F-FDG uptake quantified as the
log-transformed SUV mean, SUV max, SUV MDS mean, and
SUV MDS max. Tolerance was calculated to ensure that vari-
ables with excessive collinearity were not comodeled; none of
the variables had a tolerance <0.1. To isolate the association
between CV risk factors and RA disease characteristics with the
measures of ascending aortic FDG uptake, confounders were
defined as those variables associated with both the outcome (as-
cending aortic FDG uptake) and the independent variables (CV
risk factors and RA disease characteristics). All statistical calcu-
lations were performed using Stata software, version 12 (Stata-
Corp) and SAS software, version 9.4 (SAS Institute). In all tests,
a 2-sided alpha level of 0.05 was considered significant.

RESULTS

Patient characteristics. The characteristics of the
study participants are summarized in Table 1. Most
patients (80%) were women with established disease (me-
dian RA duration 7.2 years); however, 25% had disease
duration of <1.6 years. The majority (65%) were seroposi-
tive for RFand/or anti-CCP, and 8% had rheumatoid nod-
ules. Seventy-six percent were treated with a nonbiologic
DMARD and 40% with a biologic DMARD, and one-
third were currently receiving prednisone at a median
daily dose of 5 mg. Forty-two percent had hypertension,
and 43% were current or ever smokers; only 9% had dia-
betes mellitus, 18% were taking statins, and one-third had
a CAC score >0, and the median CAC score of those with

a CAC score >0 was 130 (interquartile range 28–573).
When patients were analyzed by anti-CCP antibody status,
the only differences identified were higher percentages of
RF and shared epitope positivity in the anti-CCP–positive
group (see Supplementary Table 1, available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40345/abstract). Figure 1 shows an
example of high FDG uptake in a patient compared to
low FDG uptake in another patient. For the total group
of RA patients, the median ascending aortic SUV mean,
SUV max, SUV MDS mean, and SUV MDS max values
were 1.83, 2.43, 1.91, and 2.59, respectively (Table 1).

Univariate analysis of the association of patient
characteristics with ascending aortic 18F-FDG uptake. In
univariate analysis (Table 2; also see Supplementary Table 2,
http://onlinelibrary.wiley.com/doi/10.1002/art.40345/abstract),
age, BMI, hypertension, and CAC score were positively
associated with the 4 study measures of ascending aortic
FDG uptake (SUV mean, SUVmax, SUVMDS mean, and
SUV MDS max), while HDL cholesterol levels were nega-
tively associated with these outcome measures. Among RA
characteristics, rheumatoid nodules were positively associ-
ated with SUVmean and SUVMDSmean.

Multivariable analysis of the association of pa-
tient characteristics with ascending aortic 18F-FDG uptake.
In multivariable analyses (Table 3), BMI remained signifi-
cantly associated with all 4 measures of ascending aortic
FDG uptake. In addition, the association of hypertension

Figure 1. Aortic 18F-fluorodeoxyglucose (18F-FDG) uptake in rheumatoid arthritis (RA). Representative 18F-FDG–positron emission tomography/
computed tomography imaging of RA patients with high 18F-FDG uptake (A and B) and low 18F-FDG uptake (C and D) is shown. Coronal views
are shown in A and C; axial views are shown in B and D. Radiotracer uptake in the aorta is diffuse (arrows), with a maximum standardized uptake
value (SUV max) of 2.81 and an SUV max of the most diseased segment (SUV MDS max) of 2.91 for high 18F-FDG uptake compared with an
SUV max of 1.11 and an SUV MDS max of 1.16 for low 18F-FDG uptake.
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with SUV mean and SUV MDS mean persisted, as well
as the association of age with SUV MDS max (Table 3).
Although the association of anti-CCP antibody titer ≥60
units/ml with SUV ascending aortic measures did not
reach statistical significance in univariate analysis, in
adjusted models the association of anti-CCP antibody titer
≥60 units/ml with all 4 measures of ascending aortic FDG
uptake was statistically significant (Figure 2A). Interest-
ingly, the association of RA disease activity (measured by
the DAS28-CRP) with ascending aortic FDG uptake var-
ied depending on anti-CCP antibody status (P for interac-
tion = 0.047); in those with anti-CCP antibody titer ≥60
units/ml, the higher was the DAS28-CRP, the higher were
the SUV mean (Figure 2B) and SUV MDS mean. In
addition, the association of rheumatoid nodules with
SUV mean and SUV MDS mean observed in univariate
analysis remained significant in the adjusted analyses (Fig-
ure 3). No association of the shared epitope with ascend-
ing aortic FDG uptake measures was identified.

DISCUSSION

The key finding in this study is that several RA-
specific features (anti-CCP seropositivity and rheumatoid
nodules) are associated with ascending aortic inflamma-
tion, as measured by 18F-FDG–PET/CT, independent of
conventional CV risk factors. Additionally, we have shown
that the association between RA disease activity and
ascending aortic inflammation was restricted to patients
with anti-CCP seropositivity. Finally, this study supports
the ability of PET imaging as a tool to detect aortic vessel
wall inflammation in RA patients without clinical CVD;
our study is the largest study to date to investigate this vas-
cular outcome in RA using this imaging modality.

CV disease continues to be the leading cause of
death in RA patients. The excess risk compared with con-
trols is only partially explained by traditional CV risk fac-
tors, with RA itself being independently associated with
CVD (30). Inflammation is known to play an important

Table 2. Univariate association of patient characteristics with 18F-FDG–positron emission tomography uptake in the ascending aorta*

Log SUV mean Log SUV max Log SUV MDS mean Log SUV MDS max

Coefficient P Coefficient P Coefficient P Coefficient P

Demographic characteristics
Age, years 0.0037 0.033 0.0045 0.012 0.0036 0.038 0.0051 0.005
Male �0.027 0.64 0.029 0.63 �0.028 0.64 0.062 0.32
Nonhispanic white �0.014 0.77 �0.015 0.76 �0.012 0.80 �0.012 0.82
Nonhispanic black �0.029 0.68 �0.032 0.66 �0.024 0.74 �0.058 0.43
Hispanic 0.028 0.56 0.030 0.53 0.028 0.56 0.034 0.50

RA characteristics
Disease duration, years 0.00087 0.68 0.00044 0.84 0.0013 0.53 0.00083 0.71
RF ≥40 units/ml �0.072 0.12 �0.058 0.22 �0.063 0.18 �0.055 0.27
Anti-CCP ≥60 units/ml �0.090 0.061 �0.086 0.083 �0.090 0.064 �0.100 0.053
Shared epitope present �0.045 0.41 �0.046 0.41 �0.060 0.28 �0.050 0.39
DAS28-CRP 0.024 0.22 0.023 0.25 0.025 0.20 0.016 0.44
Nodules present 0.178 0.039 0.136 0.13 0.198 0.023 0.102 0.28
Log CRP, per mg/liter 0.022 0.23 0.027 0.15 0.020 0.28 0.020 0.30
Log IL-6, per pg/ml 0.0035 0.87 0.0017 0.94 0.011 0.62 �0.0062 0.78
HAQ score, per unit 0.017 0.58 0.024 0.45 0.022 0.47 0.031 0.34
Nonbiologic DMARDs 0.012 0.83 0.023 0.69 0.017 0.77 0.051 0.40
Biologic DMARDs �0.0015 0.98 0.016 0.75 0.010 0.83 0.034 0.51
Current prednisone use �0.014 0.77 �0.018 0.72 �0.010 0.84 �0.018 0.74

Conventional CV risk factors
BMI, kg/m2 0.012 0.004 0.013 0.002 0.011 0.007 0.012 0.005
Ever smoking 0.077 0.099 0.065 0.18 0.090 0.057 0.063 0.21
Current smoking 0.041 0.60 0.018 0.82 0.057 0.47 �0.010 0.90
Hypertension 0.130 0.005 0.107 0.027 0.129 0.006 0.105 0.036
Diabetes mellitus 0.091 0.26 0.059 0.48 0.111 0.17 0.037 0.67
Total cholesterol, per mg/dl �0.0002 0.79 �0.00058 0.40 �0.00022 0.75 �0.0010 0.14
LDL cholesterol, per mg/dl 0.00026 0.72 0.000071 0.93 0.00028 0.71 �0.00032 0.69
HDL cholesterol, per mg/dl �0.0023 0.052 –0.0030 0.012 �0.0025 0.034 �0.0034 0.007
Log triglycerides, per mg/dl 0.083 0.13 0.080 0.16 0.087 0.12 0.073 0.22
Statin use 0.036 0.56 0.058 0.36 0.049 0.43 0.065 0.32
Any CAC 0.088 0.069 0.079 0.12 0.080 0.10 0.082 0.11
Log CAC score + 1 0.020 0.023 0.019 0.040 0.019 0.034 0.020 0.034

* Shown are univariate linear regression coefficients and P values for the association of the RA patients’ demographic and disease charac-
teristics and CV risk factors with ascending aortic 18F-fluorodeoxyglucose (18F-FDG) uptake, measured as the log-transformed aortic
18F-FDG–positron emission tomography mean and maximum SUV and SUV MDS. See Table 1 for other definitions.
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Table 3. Multivariable associations of patient characteristics with 18F-FDG–positron emission
tomography uptake in the ascending aorta*

Extended
multivariable model

Reduced
multivariable model

Coefficient P Coefficient P

Log SUV mean
Age, years 0.00092 0.62 – –
BMI, kg/m2 0.0089 0.045 0.01 0.006
Hypertension 0.095 0.048 0.097 0.025
Ever smoking 0.037 0.41 – –
HDL cholesterol, per mg/dl �0.0014 0.27 – –
Log triglycerides, per mg/dl �0.031 0.63 – –
RF ≥40 units/ml �0.08 0.11 – –
Anti-CCP ≥60 units/ml �0.06 0.24 –0.101 0.02
DAS28-CRP �0.0016 0.93 – –
Nodules present 0.195 0.016 0.195 0.012
R2 0.194 0.0022 0.211 0.0001†

Log SUV max
Age, years 0.0022 0.28 0.0031 0.073
BMI, kg/m2 0.0103 0.035 0.012 0.002
Hypertension 0.056 0.26 – –
Ever smoking 0.029 0.55 – –
HDL cholesterol, per mg/dl �0.0022 0.13 – –
Log triglycerides, per mg/dl �0.057 0.4 – –
RF ≥40 units/ml �0.07 0.18 – –
Anti-CCP ≥60 units/ml �0.058 0.28 �0.091 0.047
Log CRP, per mg/liter �0.002 0.92 – –
Nodules present 0.149 0.074 0.158 0.052
R2 0.161 0.0069 0.177 0.0004‡

Log SUV MDS mean
Age, years 0.0006 0.75 – –
BMI, kg/m2 0.0077 0.091 0.0098 0.011
Hypertension 0.1 0.05 0.097 0.028
Ever smoking 0.055 0.24 – –
Diabetes mellitus �0.028 0.75 – –
HDL cholesterol, per mg/dl �0.0019 0.17 – –
Log triglycerides, per mg/dl �0.028 0.67 – –
RF ≥40 units/ml �0.071 0.16 – –
Anti-CCP ≥60 units/ml �0.064 0.22 �0.102 0.021
DAS28-CRP 0.00086 0.96 – –
Nodules present 0.212 0.012 0.215 0.006
R2 0.185 0.0039 0.207 0.0001§

Log SUV MDS max
Age, years 0.0027 0.19 0.0038 0.038
BMI, kg/m2 0.0089 0.074 0.011 0.009
Hypertension 0.066 0.23 – –
Ever smoking 0.034 0.5 – –
Diabetes mellitus �0.068 0.46 – –
HDL cholesterol, per mg/dl �0.0029 0.057 – –
Log triglycerides, per mg/dl �0.067 0.34 – –
RF ≥40 units/ml �0.06 0.27
Anti-CCP ≥60 units/ml �0.0057 0.18 –0.105 0.03
DAS28-CRP �0.0057 0.79 – –
Nodules present 0.128 0.15 0.125 0.14
R2 0.142 0.016 0.158 0.0010¶

* Shown are multivariable linear regression coefficients and P values for the association of the
RA patients’ demographic and disease characteristics and CV risk factors with ascending aortic
18F-fluorodeoxyglucose (18F-FDG) uptake, measured as the log-transformed aortic 18F-FDG–
positron emission tomography mean and maximum SUV and SUV MDS. See Table 1 for other
definitions.
† Root mean square error (RMSE) of 0.19.
‡ RMSE of 0.20.
§ RMSE of 0.19.
¶ RMSE of 0.21.
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role in all phases of atherosclerosis, from initiation to
atherothrombosis (15,16). Chronically higher levels of cir-
culating inflammatory cytokines in RA patients, relative
to non-RA patients with atherosclerosis, may fuel plaque

inflammation and rupture leading to increased risk of CV
events; however, infiltration of plaque itself with in-
creased numbers of inflammatory cells is hypothesized to
play a key role in this increased risk.

A novel imaging modality, 18F-FDG–PET, has
emerged in the last decade as a marker of atherosclerosis
in the general population as it allows the quantification
of 18F-FDG uptake (vascular inflammation) within the
atheroma and overall in the arterial wall (24,31). SUVs,
the outcome variables in our study, are a measure of
radiotracer uptake normalized for injected dose and
patient weight. SUVs are most commonly used in the
assessment of 18F-FDG–PET/CT oncology studies for
the diagnosis and staging of cancer. In addition to the
anatomic imaging that CT and MRI offer, multimodal
imaging with FDG-PET/CT provides molecular and
functional data allowing the detection of signature
pathologic mechanisms.

More recently, FDG-PET/CT has been used in
cardiac imaging for the diagnosis and follow-up of
patients with inflammatory conditions of the heart includ-
ing sarcoidosis, endocarditis, and pacemaker infections. In
vivo measures of FDG-PETuptake are reproducible, cor-
relate positively with metabolically active macrophages
and macrophage infiltration into the vessel wall, and are
modifiable by different pharmacologic interventions tar-
geted at reducing atherosclerotic inflammation, such as
statins (32–35). More importantly, increased arterial FDG
uptake is known to predict plaque expansion and rupture,
leading to CV events including myocardial infarction and

Figure 2. Adjusted associations of anti–cyclic citrullinated peptide
(anti-CCP) antibody level with measures of 18F-FDG uptake in the
ascending aorta. A, Mean value for each 18F-FDG uptake measure
(with 95% confidence interval) adjusted for age, body mass index,
hypertension, and the presence of rheumatoid nodules, according to
anti-CCP antibody level. B, Interaction plot depicting the association
of RA disease activity (measured by the Disease Activity Score in 28
joints using the C-reactive protein level [DAS28-CRP]) with mean
aortic 18F-FDG uptake (SUV mean), by anti-CCP antibody level
(P for interaction = 0.047). See Figure 1 for other definitions.

Figure 3. Adjusted associations of rheumatoid nodules with mea-
sures of 18F-FDG uptake in the ascending aorta. Values are the mean
and 95% confidence interval, adjusted for age, body mass index,
hypertension, and anti–cyclic citrullinated peptide antibody level. See
Figure 1 for other definitions.
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stroke (20,21). FDG-PET/CT is increasingly used as a pri-
mary outcome measure in randomized controlled trials of
antiatherogenic drugs because arterial inflammation is
believed to represent one of the early and reversible steps
of atherosclerosis (36,37). Several studies have also shown
an association between FDG signal and CV risk factors or
risk scores (21,38–41). Moreover, vascular FDG-PET
imaging has been shown to improve the prediction of
CVD beyond the traditionally used Framingham risk
stratification score (42). All of these features make the
use of FDG-PET vascular imaging compelling in the study
of CVD in RA, an illness in which systemic and articular
inflammation are the sine qua non.

Aortic FDG-PET imaging in 2 previous small stud-
ies of RA patients without clinical CVD revealed signifi-
cantly increased subclinical aortic FDG uptake compared
with that in controls (12,13). Rose et al (13) reported an
SUV mean of 1.49 in RA patients; similarly, we identified
an ascending aortic SUV mean of 1.83 in our RA cohort.
In the general population it is documented that vessel wall
inflammation leads to endothelial dysfunction, aortic stiff-
ening, accelerated atherosclerosis, plaque destabilization,
and adverse CV events (20,21,38). Indeed, Maki-Petaja
et al (12) showed in a study of 17 RA patients that a
decrease in aortic stiffness in response to anti-TNF treat-
ment was paralleled by a decrease in aortic FDG uptake.
Additionally, in a study of 23 RA patients, Bernelot
Moens et al showed that RA patients with long-term clin-
ical remission of disease did not have increased arterial
wall inflammation compared to controls. However, those
receiving TNF inhibitors had increased aortic uptake
compared to subjects receiving nonbiologic DMARDs, an
association explained by longer RA disease duration (43).
Hence, identification of vessel wall inflammation in RA
may detect those patients at highest risk of plaque insta-
bility/rupture and CVevents.

It is also possible in RA that aortic wall inflamma-
tion could represent rheumatoid vasculitis (aortitis), which
the FDG-PET/CT technology would not be able to differ-
entiate from plaque inflammation. The prevalence of aor-
titis in RA had been considered low based on autopsy
studies from the 1970s and 1980s (17,18), but the chal-
lenges in diagnosing aortitis preclude establishing its true
prevalence. Thus, while most studies of vascular FDG
uptake use the SUV max (33,34) as the primary outcome
measure because of their focus on atherosclerotic plaque,
we also explored the SUV mean for both the MDS and
the whole ascending aorta as potential outcomes that
might be more reflective of diffuse homogeneous inflam-
mation as might be envisioned with vasculitis. We specu-
lated that conventional CV risk factors might be related to
the 4 measures of FDG uptake differently from RA-

specific characteristics. However, this did not appear to be
the case, as a conventional CV risk factor (BMI) and an
RA-specific characteristic (anti-CCP titer ≥60 units/ml)
were both independently associated with all 4 measures of
aortic FDG uptake. Likewise, another CV risk factor (hy-
pertension) and another RA-specific characteristic (nod-
ules) were both independently associated with SUV mean
and SUV MDS mean but not with SUV max or SUV
MDS max. It should be noted, however, that SUV max
has been reported to have significantly improved repro-
ducibility as compared to SUV mean since the SUV max
value within an ROI is typically invariant with respect to
small spatial shifts of the ROI, while the SUV mean is only
accurate if the lesion of interest has a uniform true SUV
value (44).

That a component of ascending aortic FDG uptake
in our RA patients is due to plaque is suggested by the
independent association of BMI and hypertension with
aortic FDG uptake; moreover, this association is consistent
with reports in the general population in which arterial
FDG uptake correlated with burden of CV risk factors
(41). In non-RA patients, aortic FDG uptake has also been
associated with baseline CAC as well as its progression
(36,45); however, in our RA patients, the association of
CAC with ascending aortic FDG uptake lost statistical sig-
nificance in the adjusted analysis, which could have been
due to the exclusion of patients with clinical CVD in our
studies, in whom the median overall CAC score was zero.

Interestingly, among the RA-specific characteris-
tics examined, we found a positive correlation between
rheumatoid nodules and FDG uptake even after adjust-
ment for CV risk factors. Surprisingly, in univariate
analyses we observed a negative correlation between
anti-CCP antibody status and ascending aortic FDG-
PET uptake. This apparent counterintuitive association
was explained, at least in part, in the multivariable
analyses by an interaction with disease activity. Thus, in
patients with active disease, anti-CCP seropositivity was
positively associated with FDG uptake. Interestingly,
citrullinated proteins have been demonstrated within
aortic atherosclerotic plaque of autopsied non-RA
patients, and anti–citrullinated protein antibodies
(ACPAs) in RA patients have been associated with an
increase in aortic plaque burden (46), suggesting a role
for ACPAs in the acceleration of atherosclerosis in RA.

Several groups have shown that statin therapy in
non-RA patients results in a significant reduction in arte-
rial FDG-PETuptake after 3 months (32–34). In ankylos-
ing spondylitis, similar results were seen in a small study
evaluating the change in aortic FDG uptake following
treatment with atorvastatin (35). However, we did not find
an association between the use of statins and aortic FDG
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uptake in our cross-sectional study, possibly due to the fact
that only 16 of the patients in our cohort were receiving
statins. Additionally, a reduction in aortic FDG uptake has
been described in a small study of 17 RA patients follow-
ing 8-week treatment with anti-TNF (12). Although in
another study the use of TNF blockers in 13 RA patients
was associated with increased arterial uptake compared to
10 RA patients receiving nonbiologic DMARDs, the asso-
ciation was confounded by RA disease duration (43).
However, we did not see an association between the use of
TNF inhibitors and the extent of ascending aortic FDG
uptake in our cross-sectional study. An interesting question
is whether any RA therapy that can induce disease remis-
sion will also reduce vascular inflammation. To address this
question, the Treatments Against RA and Effect on FDG-
PET/CT (TARGET) trial (ClinicalTrials.gov identifier:
NCT0237402) will evaluate the effect of 2 different
DMARD regimens (anti-TNF plus methotrexate versus tri-
ple therapy with methotrexate, sulfasalazine, and hydroxy-
chloroquine) on aortic and carotid inflammation and will
correlate these findings with changes in RA disease activity
(https://clinicaltrials.gov/ct2/show/NCT02374021?term=
TARGET+RA&rank=1).

Strengths of our study include the comprehensive
phenotyping of the RA cohort for CVand RA characteris-
tics, including both structural and physiologic measures of
atherosclerosis. This, coupled with our large sample size,
allowed us to evaluate for the first time the independent
contributions of conventional CV risk factors and disease-
specific characteristics to increased ascending aortic FDG
uptake in patients with RA.

Limitations of our study include its cross-
sectional nature, which precludes establishment of cau-
sation for our findings and the evaluation of whether
changes in the ascending aortic FDG uptake might par-
allel changes in RA disease features (i.e., disease activ-
ity, markers of inflammation, treatment modifications).
Also, while the consistency in the covariates retained in
our final models across the different SUV measures
makes our findings less likely to be due to chance, our
results should be interpreted with caution.

In conclusion, in addition to conventional CV risk
factors, ascending aortic FDG uptake in RA was associ-
ated with the presence of rheumatoid nodules and
disease activity in those with anti-CCP antibody seroposi-
tivity. Our study results suggest that both traditional CV
risk factors and RA disease characteristics are indepen-
dently associated with ascending aortic wall inflamma-
tion and likely the development of atherosclerosis in RA.
These findings support the use of FDG-PET imaging as
an additional research modality for assessing CV risk in
RA patients.
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Phase III Randomized Study of SB5, an Adalimumab Biosimilar,
Versus Reference Adalimumab in Patients With

Moderate-to-Severe Rheumatoid Arthritis

Michael E. Weinblatt,1 Asta Baranauskaite,2 Jaroslaw Niebrzydowski,3 Eva Dokoupilova,4

Agnieszka Zielinska,5 Janusz Jaworski,6 Artur Racewicz,7 Margarita Pileckyte,2

Krystyna Jedrychowicz-Rosiak,8 Soo Yeon Cheong,9 and Jeehoon Ghil9

Objective. SB5 is a biosimilar agent for adali-
mumab (ADA). The aim of this study was to evaluate the
efficacy, pharmacokinetics (PK), safety, and immuno-
genicity of SB5 in comparison with reference ADA in
patients with rheumatoid arthritis (RA).

Methods. In this phase III, randomized, double-
blind, parallel-group study, patients with moderately to
severely active RA despite treatment with methotrexate
were randomized 1:1 to receive SB5 or reference ADA at
a dosage of 40 mg subcutaneously every other week. The
primary efficacy end point was the response rate based
on the American College of Rheumatology 20% improve-
ment criteria (ACR20) at week 24 in the per-protocol set

(completer analysis). Additional end points included
efficacy, PK, safety, and immunogenicity assessments.

Results. Of the 544 patients randomized to receive
a study drug, the full analysis set comprised 542 patients
(269 in the SB5 group, 273 in the reference ADA group)
and the per-protocol set comprised 476 patients (239
receiving SB5, 237 receiving reference ADA). The ACR20
response rate at week 24 in the per-protocol set was
equivalent between those receiving SB5 and those receiv-
ing reference ADA (72.4% and 72.2%, respectively); the
difference in the ACR20 response rate (0.1%, [95% confi-
dence interval �7.83%, 8.13%]) was within the prede-
fined equivalence margin (�15%). Similar results were
seen in the full analysis set (missing data being consid-
ered a nonresponse). The SB5 and reference ADA treat-
ment groups were comparable across other end points,
including the ACR 50% and ACR 70% improvement
response rates, Disease Activity Score in 28 joints based
on the erythrocyte sedimentation rate, PK data, incidence
of treatment-emergent adverse events, and the antidrug
antibody response. Subgroup analyses showed that the
efficacy and safety of SB5 and reference ADA were
comparable regardless of antidrug antibody status.

Conclusion. The ACR20 response rate at week
24 was equivalent between patients treated with the
biosimilar agent SB5 and those treated with reference
ADA. SB5 and reference ADA were both well tolerated,
with comparable safety profiles, in patients with RA.

Several biologic disease-modifying antirheumatic
drugs (DMARDs) targeted against tumor necrosis factor
(TNF), such as adalimumab (ADA), certolizumab pegol,
etanercept, golimumab, and infliximab (1), have been
developed and approved for use worldwide in patients
with rheumatoid arthritis (RA) and have yielded very
positive clinical outcomes. The use of TNF inhibitors in
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combination therapy for the treatment of RA is recom-
mended by the European League Against Rheumatism
(EULAR) and the American College of Rheumatology
(ACR) (1,2).

Although biologic DMARDs, such as TNF inhibi-
tors, have been used successfully for the treatment of
RA, they are frequently associated with relatively high
costs and substantial financial burden to patients and
health care payers (3). The introduction of biosimilars
offers the potential to reduce costs associated with bio-
logic treatment and increase patient access to such
therapies (3,4), which should improve the sustainability
of health care in RA.

SB5 (brand name Imraldi; Samsung Bioepis) has
been approved by the European Commission as a
biosimilar agent for ADA (Humira; AbbVie) (hereafter
referred to as reference ADA) (5) for the treatment of
RA, juvenile idiopathic arthritis, axial spondyloarthritis,
psoriatic arthritis, psoriasis, pediatric plaque psoriasis,
adult and adolescent hidradenitis suppurativa, Crohn’s
disease, pediatric Crohn’s disease, ulcerative colitis, and
uveitis. SB5 and the reference ADA have an identical
amino acid sequence and similar physicochemical and
in vitro functional properties (6). A phase I study of the
pharmacokinetics (PK) of SB5 in 189 healthy individuals
showed that the PK profile of the biosimilar product was
equivalent to that of the reference ADA. Moreover, SB5
was well tolerated in the phase I study, with a safety
profile similar to that of the reference ADA (6).

The objective of the current study was to analyze
the efficacy, PK, safety, and immunogenicity of SB5 in
comparison with reference ADA following 24 weeks of
therapy in patients with RA whose disease remained
moderately to severely active despite treatment with
methotrexate (MTX).

PATIENTS AND METHODS

Patients. Patients ages 18–75 years who had been diag-
nosed as having RA according to the ACR 1987 revised classifi-
cation criteria (7), who had a disease duration of at least 6
months up to 15 years, and who had been treated with MTX for
≥6 months and had been receiving a stable dosage of MTX (10–
25 mg/week) for ≥4 weeks before screening were eligible for the
study. Additional requirements included the presence of active
disease, defined as ≥6 swollen joints and ≥6 tender joints (from
66 and 68 joints evaluated, respectively) and either an erythro-
cyte sedimentation rate (ESR) of ≥28 mm/hour or serum C-
reactive protein (CRP) level of ≥1.0 mg/dl. Patients who were
treated with biologic agents previously, had any known hyper-
sensitivity to human immunoglobulin proteins or SB5 compo-
nents, had an active or latent tuberculosis infection at the time
of screening, had a serious infection, or had been treated with
intravenous antibiotics within 8 weeks before randomization
were excluded from the study. Additional eligibility criteria and

exclusion criteria are listed in Supplementary Table 1 (available
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40336/abstract). A complete list of all
principal study investigators is shown in Appendix A.

Study design. This phase III multicenter, randomized,
double-blind, parallel-group study was conducted in 51 sites in
7 countries (Bosnia and Herzegovina, Bulgaria, Czech Repub-
lic, Lithuania, Poland, Republic of Korea, and Ukraine) to
evaluate the efficacy, PK, safety, and immunogenicity of SB5 in
comparison with reference ADA in patients with moderately or
severely active RA. This was a 52-week study with a design that
includes a single transition from the reference ADA to SB5 at
week 24. Patients were initially randomized 1:1 to receive SB5
or reference ADA (40 mg subcutaneously every other week)
(see Supplementary Figure 1 for details on the study design,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40336/abstract). At week
24, patients receiving reference ADA were randomized again in
a 1:1 ratio to continue treatment with the reference ADA or to
switch to the biosimilar agent SB5 up to week 52; patients receiv-
ing SB5 continued with SB5 for the 52 weeks of the study.
Results up to 24 weeks are presented herein.

An interactive web response system (IWRS) was used to
register patients, all of whom were assigned a unique patient
number at the time of screening, and randomization was per-
formed using a computer-generated randomization scheme.
Patients were randomized at the level of the study center, and
patient codes generated by the IWRS were used for study drug
allocation. Study drugs were prepackaged and labeled in a dou-
ble-blind manner, with identical appearance, packaging, and
labeling.

As prespecified in the protocol, for the 24-week
interim report, the biostatistician, medical monitor, medical
writer, pharmacologist, and safety monitoring personnel (all
employees of Samsung Bioepis) were unblinded so that they
could perform a formal analysis of the primary efficacy data;
patients, investigators, joint assessors, and other study person-
nel remained blinded throughout the study. The overall ran-
domization code was broken only for reporting purposes for
this interim analysis, once all appropriate clinical data had
been entered into the database, all data queries had been
resolved, and the assignment of patients to the analysis sets
had been completed.

The study was conducted in accordance with the Dec-
laration of Helsinki and International Conference on Har-
monisation Guidelines for Good Clinical Practice. The study
protocols were reviewed and approved by an independent
ethics committee or institutional review board for each study
center. Written informed consent was obtained from all
patients before study entry.

Study end points. The primary end point of the study
was the response rate at week 24 based on the ACR 20%
improvement response criteria (ACR20) (8). Secondary end
points at week 24 included the ACR 50% and ACR 70%
improvement response rates, Disease Activity Score in 28 joints
based on the ESR (DAS28-ESR) (9), and EULAR response
(good, moderate, or no response) (10). In addition, post hoc
analyses were performed to determine the Clinical Disease
Activity Index (CDAI) (11), Simplified Disease Activity Index
(SDAI) (12), remission rates based on a DAS28-ESR of <2.6, a
SDAI score of ≤3.3, or a CDAI score of ≤2.8, and the proportion
of patients with low disease activity based on a DAS28-ESR of
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≤3.2, a SDAI score of 3.3–11.0, or a CDAI score of 2.8–10.0. PK
assessments, including determination of the serum trough con-
centration (Ctrough) up to 24 weeks, were performed in a subset
of patients using blood samples collected from the PK popula-
tion at multiple time points (0, 4, 8, 12, 16, and 24 weeks). The
serum concentrations of the reference ADA or the biosimilar
ADA were measured in a central laboratory (Covance Laborato-
ries, North Yorkshire, UK) using an enzyme-linked immunosor-
bent assay specific for ADA.

Safety assessments included monitoring for vital sign
abnormalities, clinical laboratory abnormalities, adverse events
(AEs; graded as mild, moderate, or severe), serious AEs, and
treatment-emergent AEs (TEAEs).

Immunogenicity assessments included monitoring for
the development of antidrug antibodies and neutralizing anti-
bodies. Immunogenicity was analyzed as either an “emergent”
response (≥1 positive antidrug antibody result up to week 24
among patients negative for antidrug antibodies at baseline) or
a “boosted” response (antidrug antibodies with increased titers
at any time compared with baseline). Antidrug antibodies were
detected using Meso Scale Discovery electrochemilumines-
cence bridging, in which an SB5 single-tagged immunoassay
was utilized. Antidrug antibody levels were measured at 0, 4, 8,
16, and 24 weeks.

Subgroup analyses of the 2 treatment groups were
performed to further examine the ACR responses (ACR20,
ACR50, and ACR70) and PK profiles by antidrug antibody
status. In addition, the ACR20 response and TEAEs were
summarized by age group (<65 years versus ≥65 years).

Statistical analysis. The equivalence margin in the cur-
rent study was determined on the basis of findings in previous
studies of ADA (13,14) and regulatory guidelines (15,16). A
meta-analysis of 2 previous studies (13,14) estimated a risk dif-
ference of 0.424 (95% confidence interval [95% CI] 0.239,
0.609) with a random-effects model, and a risk difference of
0.383 (95% CI 0.306, 0.461) with a fixed-effects model, using the
Mantel-Haenszel weight. To preserve 50% of the effect of ADA
over placebo, one-half of the lower limit of the 95% CI for the
treatment difference between ADA and placebo was calculated
to be 0.12 (0.5 9 0.239) from a random-effects model, and 0.15
(0.5 9 0.306) from a fixed-effects model. A sample size of ≥245
patients per treatment group was required to achieve a signifi-
cance level of 5% and a power of 80% for the primary analysis.
Sample size was determined based on an equivalence margin of
�15%, an expected response rate of 63%, and a 12% dropout
rate. The primary end point was analyzed for the difference
between treatment groups, with 95% CIs, using the
nonparametric covariance method, with geographic region used
as stratification factor and baseline CRP level used as a covariate.

The efficacy outcomes of the ACR20, ACR50, and
ACR70 response rates were analyzed in the full analysis set
(FAS) and in the per-protocol set (PPS). The PPS was the
primary analysis set and included patients who completed the
week 24 visit, had adherence in the range of 80–120% of the
expected number of study drug and MTX doses, and were
without any major protocol deviations that could affect the
efficacy assessment. The FAS comprised all randomized
patients (intent-to-treat principle); patients who were inadver-
tently randomized were excluded from this analysis, provided
that they did not receive study drug. Supportive analysis was
performed using an exponential time-response model (17)
with a prespecified equivalence margin to compare the

ACR20 response between those receiving SB5 and those
receiving reference ADA over the time course of the study.

Demographic and baseline characteristics were com-
pared between the SB5 and reference ADA treatment groups
using the chi-square test for categorical variables or analysis
of variance for continuous variables. Change in the DAS28-
ESR score from baseline to week 24 was deemed equivalent
in the 2 treatment groups if the 2-sided 95% CI of the treat-
ment difference was contained within the equivalence margin
of �0.6. Descriptive statistics were used for the PK, safety,
and immunogenicity analyses. Statistical analyses were per-
formed using SAS version 9.2 or higher (SAS Institute).

RESULTS

Patient characteristics and duration of exposure.
The study was initiated on May 12, 2014, and the last
patient visit for the 24-week report was on May 8, 2015.
The 24-week results are presented herein. The mean
duration of exposure at the 24-week cutoff date was com-
parable between the SB5 and reference ADA groups
(150.7 days versus 148.7 days). Of the 747 patients who
were screened, 544 were randomized to receive either
SB5 (n = 271) or reference ADA treatment (n = 273).
Patient demographics and baseline disease characteristics
were comparable between the SB5 and reference ADA
groups (Table 1) with the exception of age, for which

Table 1. Demographic and baseline clinical characteristics of the
patients with moderate-to-severe rheumatoid arthritis in each treatment
group*

Characteristic
SB5

(n = 271)
ADA

(n = 273)

Mean � SD age, years 49.8 � 12.67 52.5 � 11.91
Sex, no. (%)
Female 217 (80.1) 224 (82.1)
Male 54 (19.9) 49 (17.9)

Race, no. (%)
White 271 (100) 269 (98.5)
Asian 0 (0.0) 4 (1.5)

BMI, mean � SD kg/m2 26.2 � 4.76 27.0 � 5.10
Rheumatoid factor positive, no. (%) 203 (74.9) 185 (67.8)
Disease duration, mean � SD years 5.4 � 4.4 5.5 � 4.3
Weekly methotrexate dose,
mean � SD mg

15.13 � 4.62 15.35 � 4.41

Swollen joint count, mean � SD 15.8 � 8.03 15.5 � 7.54
Tender joint count, mean � SD 23.9 � 11.69 24.1 � 10.82
CRP, mean � SD mg/ml 11.5 � 19.04 12.6 � 18.99
ESR, mean � SD mm/hour 39.6 � 13.27 39.6 � 13.86
HAQ DI score, mean � SD 1.3 � 0.61 1.4 � 0.64
VAS score, mean � SD mm
Pain 59.2 � 20.70 60.8 � 19.71
Patient’s global assessment 58.5 � 20.29 59.4 � 18.65
Physician’s global assessment 59.8 � 16.87 60.6 � 15.38

DAS28-ESR, mean � SD 6.5 � 0.74 6.5 � 0.71

* ADA = reference adalimumab; BMI = body mass index; CRP = C-reac-
tive protein; ESR = erythrocyte sedimentation rate; HAQ DI = Health
Assessment Questionnaire disability index; VAS = visual analog scale;
DAS28-ESR = Disease Activity Score in 28 joints based on the ESR.
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there was a statistically significant difference between the
2 groups (mean age 49.8 years in the SB5 group versus
52.5 years in the reference ADA group; P = 0.01). Differ-
ences in patient characteristics between the age group cat-
egories (<65 years versus ≥65 years), however, were not
significant (P = 0.166). A total of 254 patients (93.7%) in
the SB5 group and 254 patients (93.0%) in the reference
ADA group completed 24 weeks of the study. The dispo-
sition of patients in each treatment group is depicted in
Figure 1. The FAS population included 542 patients: 269
in the SB5 group (2 patients excluded on the basis of the
definition of FAS) and 273 in the reference ADA group.
The PPS population comprised 476 patients: 239 in the
SB5 group and 237 in the reference ADA group.

Efficacy assessments. The primary efficacy end
point (the ACR20 response rate at week 24 in the PPS)
was 72.4% (173 of 239 patients) in the SB5 group and
72.2% (171 of 237 patients) in the reference ADA group
(Figure 2A). Similar responses were observed in the FAS
population, with an ACR20 response rate of 68.0% (183
of 269 patients) in the SB5 group and 67.4% (184 of 273
patients) in the reference ADA group. The adjusted dif-
ference in the ACR20 response rate between the SB5
group and reference ADA group was 0.1% (95% CI
�7.83%, 8.13%) in the PPS, and 0.8% (95% CI �7.03%,
8.56%) in the FAS, both of which were within the prede-
fined equivalence margin (�15% to 15%). The secondary
end points of the ACR50 and ACR70 response rates at
week 24 in the PPS and FAS were also equivalent between
the SB5 and reference ADA groups (Figures 2B and C).

The time-response curves for the ACR20 response
were equivalent between the SB5 and reference ADA
groups and support the robustness of the primary analysis
(Figure 3). The between-group difference in the ACR20

time-response was 8.07 (95% CI �11.884, 28.022); the
upper limit of the CI was lower than the prespecified
equivalence margin of 64.31.

The mean change from baseline to week 24 in
the DAS28-ESR was comparable between the SB5 and

Figure 1. Disposition of the patients in each treatment group. ADA =
reference adalimumab.

Figure 2. Response rates based on the American College of
Rheumatology (ACR) improvement response criteria at week 24 in
the per-protocol set (PPS) and full analysis set (FAS). Patients receiv-
ing the biosimilar agent SB5 and those receiving the adalimumab
(ADA) reference product were assessed for response rates and
adjusted differences in response rates (with 95% confidence intervals
[95% CIs]) according to the ACR criteria for 20% improvement
(ACR20) (A), 50% improvement (B), and 70% improvement (C).
Values shown are the percentage (no./total no.) of patients.
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reference ADA groups (�2.74 versus �2.68) (results in
Supplementary Table 2, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40336/abstract). The least squares mean
for the treatment difference (SB5 versus reference
ADA) in the DAS28-ESR at week 24 was �0.04 (95%
CI �0.26, 0.17), which was contained within the prede-
fined equivalence margin (�0.6 to 0.6).

At week 24, a comparable proportion of patients in
the SB5 and reference ADA groups had a good EULAR
response (34.1% versus 34.6%) or moderate EULAR
response (59.2% versus 58.8%). The mean change in dis-
ease activity scores from baseline to week 24 was compara-
ble between the SB5 and reference ADA groups, both for
the SDAI (�25.98 versus �25.00) and the CDAI (�25.39
versus �24.33) (see Supplementary Table 2, http://online
library.wiley.com/doi/10.1002/art.40336/abstract). Rates of
remission and proportions of patients with low disease
activity were also comparable between the SB5 and refer-
ence ADA groups, regardless of whether these rates were
based on the DAS28-ESR, the SDAI, or the CDAI (see
Supplementary Table 2, http://onlinelibrary.wiley.com/doi/
10.1002/art.40336/abstract).

Subgroup analyses based on the antidrug anti-
body status showed that the ACR responses were com-
parable between the SB5 and reference ADA subgroups
of antidrug antibody–positive patients and antidrug
antibody–negative patients (results in Supplementary
Figures 2A–D, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40336/abstract). ACR improvement responses at week
24 were lower in antidrug antibody–positive patients

treated with SB5 compared with antidrug antibody–neg-
ative patients treated with SB5, whereas there was a
weaker correlation between the presence of antidrug
antibodies and clinical efficacy in the reference ADA
group. The ACR20 response rate at week 24 was com-
parable within each of the treatment groups when ana-
lyzed by age group category (<65 years versus ≥65
years), being 72.9% (156 of 214 patients) and 68.0% (17
of 25 patients), respectively, in the SB5 group and
72.3% (146 of 202 patients) and 71.4% (25 of 35
patients) in the reference ADA group.

Pharmacokinetic results. Analyses of the PK pro-
files in 356 patients (178 patients in each treatment
group) showed that the mean Ctrough values up to week 24
were comparable between the SB5 and reference ADA
treatment groups (Figure 4A). Subgroup analyses based

Figure 3. Time-response curves of the American College of Rheuma-
tology 20% improvement response (ACR20) in the per-protocol set of
patients treated with SB5 or reference adalimumab (ADA). The sym-
bols in each curve represent the actual ACR20 responses in each
treatment group at each visit, and the curve is fitted by nonlinear
mixed models using an exponential time-response model.

Figure 4. Serum trough concentration (Ctrough) of SB5 and reference
adalimumab (ADA) at week 24 among patients in each treatment
group (A) and among subsets of antidrug antibody–positive patients
and antidrug antibody–negative patients within each treatment group
(B). Bars show the mean � SD at each time point.
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on the antidrug antibody status showed lower Ctrough

levels in the antidrug antibody–positive subgroups com-
pared with the antidrug antibody–negative subgroups,
regardless of treatment group assignment (Figure 4B).

Safety results. The TEAEs reported in the study
were as expected for the population and drug class, and
the majority were mild to moderate in severity. Overall,
35.8% of patients in the SB5 group and 40.7% in the ref-
erence ADA group experienced TEAEs up to week 24
(Table 2). The most common TEAEs were nasopharyngitis,
headache, bronchitis, and an increase in alanine amino-
transferase level. TEAEs considered related to the study
drug were reported in 10.1% of SB5-treated patients and
11.7% of reference ADA–treated patients. Serious
TEAEs were reported in 3 patients (1.1%) in the SB5
group and 8 patients (2.9%) in the reference ADA group.
None of the patients developed active tuberculosis. Other
serious infections were reported in 1 patient (0.4%) in the
SB5 group (Escherichia urinary tract infection) and 2
patients (0.7%) in the reference ADA group (bronchop-
neumonia and staphylococcal sepsis). The proportion of
patients reporting injection site reactions was comparable
between the SB5 and reference ADA groups (3.0% versus
2.9%). Up to week 24, the proportion of patients experi-
encing TEAEs leading to treatment discontinuation was
lower in the SB5 group than in the reference ADA group
(0.7% versus 3.7%). Two patients in the reference ADA
group experienced malignancy (lymphoma and metastases

to the spine in 1 patient, papillary thyroid cancer in 1
patient). There were 2 deaths that occurred up to week 24
(attributable to cardiac arrest and pulmonary embolism);
both were reported to occur in patients in the reference
ADA group and were not considered to be related to the
study drug.

TEAEs were reported by 36.0% of patients ages
<65 years and 34.5% of patients ages ≥65 years in the
SB5 group, and by 40.3% of patients ages <65 years
and 42.5% of patients ages ≥65 years in the reference
ADA group. Similarly, the proportion of patients who
experienced any serious TEAEs, as well as the most
commonly reported TEAEs, were comparable within
each treatment group between patients ages <65 years
and those ages ≥65 years. All 3 serious infections
occurred in patients who were <65 years of age.

Immunogenicity. The incidence of antidrug anti-
bodies up to week 24 was comparable between the SB5
and reference ADA groups (33.1% versus 32.0%). At the
same time point, emergent antidrug antibodies were
reported in 32.4% of patients (80 of 247) in the SB5
group and 31.4% of patients (82 of 261) in the reference
ADA group, and boosted antidrug antibody titers were
found in 42.1% of patients (8 of 19) in the SB5 group and
50% of patients (4 of 8) in the reference ADA group.
Approximately one-half of the antidrug antibodies were
found to be neutralizing in both treatment groups. The
percentage of patients who were negative for neutralizing
antibodies at baseline but who had ≥1 neutralizing anti-
body–positive result up to week 24 was comparable
between the SB5 and reference ADA groups (13.6%
versus 14.6%).

DISCUSSION

These results demonstrate equivalent efficacy
between the biosimilar agent SB5 and the reference ADA
with regard to the primary end point (ACR20 response
rate) and other efficacy end points. The ACR20 response
rate observed in this study is similar to that demonstrated
in other historical studies of ADA (13,14,18,19) and simi-
lar to the findings reported for other ADA biosimilars in
development (20,21). The ACR20 time-response model
showed equivalent efficacy over multiple time points
assessed during the study. In addition, secondary end
points such as the ACR50 and ACR70 response rates, the
DAS28-ESR, and the EULAR responses were compara-
ble between the SB5 and reference ADA groups.

The safety profile of SB5 was also comparable to
that of reference ADA, with similar incidence rates of
TEAEs, serious TEAEs, serious infections, and injection
site reactions. Fewer patients in the SB5 group (2 patients

Table 2. Safety findings in the study population*

Variable
SB5

(n = 268)
ADA

(n = 273)

Patients with ≥1 TEAE 96 (35.8) 111 (40.7)
TEAEs reported in ≥2% of patients
Nasopharyngitis 13 (4.9) 25 (9.2)
Headache 9 (3.4) 7 (2.6)
Bronchitis 7 (2.6) 7 (2.6)
Increased ALT levels 6 (2.2) 8 (2.9)
Spinal pain 6 (2.2) 7 (2.6)
Nausea 5 (1.9) 6 (2.2)

Patients with ≥1 serious TEAE 3 (1.1) 8 (2.9)
Serious infections 1 (0.4) 2 (0.7)
Active tuberculosis 0 (0.0) 0 (0.0)
Injection site reactions† 8 (3.0) 8 (2.9)
Malignancy‡ 0 (0.0) 2 (0.7)
Death§ 0 (0.0) 2 (0.7)

* Values are the number (%) of patients. ADA = reference adali-
mumab; TEAE = treatment-emergent adverse event; ALT = alanine
aminotransferase.
† Defined as the high-level group term of administration site reaction.
‡ Lymphoma and metastases to the spine related to the study drug
were reported in 1 patient, and papillary thyroid cancer not related
to the study drug was reported in 1 patient.
§ The reported deaths were attributable to cardiac arrest in 1 patient
and pulmonary embolism in 1 patient; neither was considered to be
related to the study drug.

PHASE III STUDY OF SB5, A PROPOSED ADALIMUMAB BIOSIMILAR 45



[0.7%]) than in the reference ADA group (10 patients
[3.7%]) experienced TEAEs leading to treatment discon-
tinuation. Most of these TEAEs were considered to be
related to the study drug.

Comparable immunogenicity with regard to the
incidence of antidrug antibodies (treatment-boosted
and treatment-emergent antidrug antibodies), as
defined by the American Association of Pharmaceutical
Scientist guidelines (22), was also demonstrated. It is
known that the formation of antibodies to ADA is
associated with increased clearance and reduced effi-
cacy of ADA (5,23). ACR responses at week 24 in the
SB5 group were lower in antidrug antibody–positive
patients compared with antidrug antibody–negative
patients, but there was a weaker correlation between
the presence of antidrug antibodies and clinical efficacy
in the reference ADA treatment group, owing to the
small number of antidrug antibody–positive patients
and a fluctuation in the ACR responses.

The analyses of PK, which are generally consid-
ered to be more sensitive than clinical efficacy end
points (24), showed a clear trend toward lower Ctrough

levels in antidrug antibody–positive patients than in
antidrug antibody–negative patients in both the SB5
and reference ADA groups. When efficacy was com-
pared by Ctrough levels (≥1.274 lg/ml versus <1.274 lg/
ml), which is considered the optimal cutoff trough level
of ADA for achievement of a good EULAR response
at week 24 (25), there was a clear trend in both treat-
ment groups toward higher efficacy in patients with
higher Ctrough levels (≥1.274 lg/ml) compared with
patients with lower Ctrough levels (<1.274 lg/ml).

Patient age had no notable effect on the efficacy
results, which is consistent with previous findings show-
ing that the efficacy of DMARD therapy in elderly
patients with RA was comparable with that in younger
patients (26). We also found no notable influence of
patient age on treatment safety, although according to
historical data on ADA, the frequencies of serious
infections and malignancies have been found to be
higher among ADA-treated patients ages ≥65 years
compared with those ages <65 years (5).

Several ADA biosimilars are currently in various
stages of clinical development, with varying study
designs (27). The current study was conducted to
demonstrate equivalence in terms of clinical efficacy in
a representative study population. The study was
designed to be sensitive enough to detect potential dif-
ferences in efficacy between SB5 and the reference
ADA in accordance with European Medicines Agency
(EMA) guidelines (28,29). The study was not focused
on demonstrating efficacy per se, because the efficacy of

ADA in RA has already been well established. Among
the approved therapeutic indications for ADA, RA has
been the most thoroughly studied and validated, and
reasonably sensitive methods to determine disease activ-
ity are available; therefore, examining the efficacy of
SB5 in comparison with reference ADA in RA is an
appropriate choice for demonstrating similarity in effi-
cacy between the 2 products.

Based on the guidelines of the EMA (28) and the
US Food and Drug Administration (24), demonstration
of the safety and efficacy of treatment for one indication
can be extrapolated to other indications when biosimilar
comparability has been determined by thorough physico-
chemical and structural analyses and by in vitro functional
tests complemented with clinical data (efficacy and safety
data or PK/pharmacodynamic data). SB5 and the refer-
ence ADA were demonstrated to be highly comparable in
a comprehensive similarity exercise using analytic proce-
dures and specific biologic assays. No significant differ-
ences with regard to PK have been observed across
indications for the marketed ADA product. The similarity
of PK characteristics between SB5 and the reference
ADA was confirmed in the most sensitive population,
healthy individuals (6), and results of the present study
provide additional supporting evidence of the PK profile
of these agents in patients with moderate-to-severe RA.
In terms of safety, the types and frequencies of AEs
observed during preapproval studies of ADA were similar
across indications.

Thus, the findings from this phase III multicen-
ter, randomized, double-blind, parallel-group study
showed equivalent efficacy between SB5 and the ADA
reference product, as demonstrated by the ACR20
response rates at week 24 and other secondary efficacy
end points at week 24. SB5 was well tolerated and pos-
sessed PK, safety, and immunogenicity profiles compa-
rable to those of the reference ADA.
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A Randomized Phase IIb Study of Mavrilimumab and
Golimumab in Rheumatoid Arthritis

Michael E. Weinblatt,1 Iain B. McInnes,2 Joel M. Kremer,3 Pedro Miranda,4 Jiri Vencovsky,5

Xiang Guo,6 Wendy I. White,6 Patricia C. Ryan,6 Alex Godwood,7 Marius Albulescu,7

David Close,7 and Gerd R. Burmester8

Objective. This 24-week, phase IIb, double-blind
study was undertaken to evaluate the efficacy and safety
of mavrilimumab (a monoclonal antibody to granulo-
cyte–macrophage colony-stimulating factor receptor a)
and golimumab (a monoclonal antibody to tumor necro-
sis factor [anti-TNF]) in patients with rheumatoid
arthritis (RA) who have had an inadequate response to
disease-modifying antirheumatic drugs (DMARDs) (re-
ferred to as DMARD-IR) and/or inadequate response to
other anti-TNF agents (referred to as anti-TNF–IR).

Methods. Patients with active RA and a history
of DMARD-IR (≥1 failed regimen) or DMARD-IR (≥1
failed regimen) and anti-TNF–IR (1–2 failed regimens)
were randomized 1:1 to receive either mavrilimumab
100 mg subcutaneously every other week or golimumab
50 mg subcutaneously every 4 weeks alternating with
placebo every 4 weeks, administered concomitantly with
methotrexate. The primary end points were the American
College of Rheumatology 20% improvement (ACR20),
50% improvement, and 70% improvement response rates
at week 24, percentage of patients achieving a Disease
Activity Score in 28 joints using C-reactive protein level

(DAS28-CRP) of <2.6 at week 24, percentage of patients
with a score improvement of >0.22 on the Health Assess-
ment Questionnaire (HAQ) disability index (DI) at week
24, and safety/tolerability measures. This study was not
powered to formally compare the 2 treatments.

Results. At week 24, differences in the ACR20,
ACR50, and ACR70 response rates between the mavrili-
mumab treatment group (n = 70) and golimumab treat-
ment group (n = 68) were as follows: in all patients,
�3.5% (90% confidence interval [90% CI] �16.8, 9.8),
�8.6% (90% CI �22.0, 4.8), and �9.8% (90% CI �21.1,
1.4), respectively; in the anti-TNF–IR group, 11.1%
(90% CI �7.8, 29.9), �8.7% (90% CI �28.1, 10.7), and
�0.7% (90% CI �18.0, 16.7), respectively. Differences in
the percentage of patients achieving a DAS28-CRP of
<2.6 at week 24 between the mavrilimumab and goli-
mumab groups were �11.6% (90% CI �23.2, 0.0) in all
patients, and �4.0% (90% CI �20.9, 12.9) in the anti-
TNF–IR group. The percentage of patients achieving a
>0.22 improvement in the HAQ DI score at week 24
was similar between the treatment groups. Treatment-
emergent adverse events were reported in 51.4% of
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mavrilimumab-treated patients and 42.6% of goli-
mumab-treated patients. No deaths were reported, and
no specific safety signals were identified.

Conclusion. The findings of this study demon-
strate the clinical efficacy of both treatments, mavrili-
mumab at a dosage of 100 mg every other week and
golimumab at a dosage of 50 mg every 4 weeks, in
patients with RA. Both regimens were well-tolerated in
patients who had shown an inadequate response to
DMARDs and/or other anti-TNF agents.

Granulocyte–macrophage colony-stimulating fac-
tor (GM-CSF) is a proinflammatory cytokine that plays a
central role in rheumatoid arthritis (RA) pathogenesis
through its effects on the activation, differentiation, and
survival of macrophages, dendritic cells, and neutrophils
(1–4). This knowledge, taken together with the observa-
tion that GM-CSF and its receptor, GM-CSFRa, are up-
regulated in synovial tissue and circulating mononuclear
cells from patients with RA (5–7), supports targeting of
the GM-CSF pathway as a potential therapeutic appro-
ach. Mavrilimumab, a fully human monoclonal antibody
that targets GM-CSFRa, is designed to modulate the
activation, differentiation, and survival of macrophages
and neutrophils, thereby reducing cell numbers in inflam-
matory lesions (8). The efficacy of mavrilimumab has pre-
viously been demonstrated and was well-tolerated in
patients with RA who have had an inadequate response
to disease-modifying antirheumatic drugs (DMARDs)
(9–11) (herein referred to as DMARD-IR). However,
mavrilimumab has not been evaluated in patients with
RA who have had an inadequate response to anti–tumor
necrosis factor (anti-TNF) agents (herein referred to as
anti-TNF–IR).

The use of TNF antagonists in RA has substan-
tially improved outcomes in patients (12). However,
analysis of the Consortium of Rheumatology Research-
ers of North America registry, a database of North Amer-
ican RA patients, indicates that 80% of patients do not
achieve a Disease Activity Score in 28 joints using ery-
throcyte sedimentation rate (DAS28-ESR) of <2.6 (13)
within 12 months of initiating anti-TNF treatment (14).
Therapies targeting other mechanisms involved in the
pathogenesis of RA (inhibition of T cell costimulation
[abatacept]; the B cell–restricted surface antigen CD20
[rituximab]; the interleukin-6 receptor [tocilizumab]; and
JAK kinase [tofacitinib]) are also beneficial (15,16).
Nonetheless, ~30–40% of patients receiving treatment
with an approved biologic agent do not achieve a 20%
improvement response based on the American College
of Rheumatology improvement response criteria

(ACR20) (17–19), highlighting a continued unmet need
for therapies with an alternative mechanism of action.

Against this background, GM-CSF inhibition is a
plausible and novel potential option for the management
of RA. In this phase IIb study, we sought to evaluate the
efficacy and safety of mavrilimumab in patients with a
history of DMARD-IR and anti-TNF–IR. The study inclu-
ded a detailed assessment of patients’ pulmonary function,
because inhibition of GM-CSF signaling by mavrilimumab
has the potential to affect the clearance of surfactant by
alveolar macrophages; anti–GM-CSF autoantibodies are
responsible for ~90% of cases of pulmonary alveolar pro-
teinosis, a rare disease resulting from the accumulation of
lung surfactant due to the development of autoantibodies
that inhibit GM-CSF signaling (20,21). For contextual rele-
vance, we included a parallel treatment arm in which a
TNF antagonist, golimumab, was evaulated. Direct com-
parison of these agents will form the basis of a dedicated
biomarker program, enabling the elucidation of differential
mechanisms of action for these agents, each of which tar-
gets different mediators of inflammation.

PATIENTS AND METHODS

Study design. The study was designed as a phase II mul-
ticenter, exploratory, double-blind, randomized, parallel-group
study in patients with RA (known as EARTH EXPLORER 2),
conducted in accordance with the principles of the Declaration
of Helsinki and the International Conference on Harmonisation
Guidelines for Good Clinical Practice. It was approved by the
appropriate institutional review boards or independent ethics
committees at each site. All patients provided written informed
consent.

Patients ages 18–80 years with adult-onset RA who had
at least moderately active disease, defined as a DAS28 using
C-reactive protein (DAS28-CRP) of ≥3.2 at screening and a
DAS28-ESR of ≥3.2 on day 1, and who had at least 4 swollen
joints at screening and on day 1 and were considered to have a
history of either DMARD-IR (≥1 failed regimen) or
DMARD-IR (≥1 failed regimen) and anti-TNF–IR (1–2 failed
regimens; excluding golimumab) were enrolled. Patients who
experienced treatment failure with a TNF antagonist were
defined as those who had experienced an inadequate response,
safety issue, or intolerance to 1 or 2 anti-TNF agents other
than golimumab, given for at least 3 months, with the last dose
having been administered at least 8 weeks prior to the first
study dose. Key exclusion criteria included a history of, or cur-
rent presence of, inflammatory joint disease or other systemic
autoimmune disorder other than RA. In addition, patients
were excluded if they had ever received biologic therapies
(other than a TNF antagonist) for RA or had received sul-
fasalazine, azathioprine, cyclosporine, or D-penicillamine within
≤28 days of day 1 and leflunomide ≤12 weeks before day 1.

Patients were randomized using an interactive voice
recognition system/interactive web recognition system (IVRS/
IWRS), which proceeded once the investigators had con-
firmed the patients’ eligibility for the study. Patients were
randomized (by IVRS/IWRS) in a 1:1 ratio to receive either
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mavrilimumab subcutaneously (SC) 100 mg every other week
or golimumab SC 50 mg every 4 weeks (starting at week 0)
alternating with placebo every 4 weeks (starting at week 2;
used to maintain the treatment blind), for 24 weeks. Ran-
domization was performed in an equal ratio across the treat-
ment arms and stratified by number of prior anti-TNF
failures (0, 1, or 2). Patients in the DMARD-IR group were
in the anti-TNF stratum of 0.

The choice of mavrilimumab dosage was based on
previous efficacy and safety data from a phase IIa study (9)
in which mavrilimumab 100 mg every other week was used as
the largest dosage, as supported by pharmacokinetic/pharma-
codynamic modeling of the same data. There were no data
available on mavrilimumab dosages of >100 mg every other
week at the time that this study was initiated. Therefore,
mavrilimumab 100 mg every other week was selected. The
golimumab dosage selected for this study (50 mg SC every 4
weeks) was based on the approved dosage recommended in
the prescribing information.

All patients received their randomized study drug for
24 weeks concomitantly with a stable dosage of methotrexate
(7.5–25 mg/week). For their dosage to be considered stable,
patients should have received the same dosage of methotrexate
for at least 4 weeks before screening. Stable dosages of oral
corticosteroids (prednisone ≤7.5 mg/day), analgesics, and non-
steroidal antiinflammatory drugs were permitted during the
course of the study. After week 12, patients who had not
responded adequately to the blinded study treatment (defined
as <20% improvement in both the swollen joint count and the
tender joint count compared with day 1) were eligible to enter
an open-label extension (OLE) study (ClinicalTrials.gov identi-
fier 01712399). After week 24, all patients were eligible for
screening to enter the long-term OLE study.

The primary population for efficacy analyses was the
modified intent-to-treat (mITT) population, including all ran-
domized patients who had received any study drug. The safety
population included all patients who had received any study
drug and had safety data available.

Efficacy assessments. The primary efficacy end points
were the ACR20 improvement response rate as well as the
50% and 70% improvement response rates at week 24, the
percentage of patients with a DAS28-CRP of <2.6 at week
24, and the percentage of patients with a score improvement
of >0.22 in the Health Assessment Questionnaire (HAQ)
disability index (DI) (22) at week 24.

Secondary efficacy end points (assessed at weeks 1, 2, 4,
8, 12, 16, 20, and 24) included the following: change from base-
line in the DAS28-CRP, percentage of patients with a European
League Against Rheumatism improvement response (23) based
on the DAS28-CRP, percentage of patients with a DAS28-CRP
of <3.2, percentage of patients with a DAS28-ESR of <2.6, the
ACR20, ACR50, and ACR70 response rates, change from base-
line in the CRP and ESR, response rates based on achievement
of a Clinical Disease Activity Index (CDAI) score of ≤2.8 (24),
and response rates based on achievement of a Simplified
Disease Activity Index (SDAI) score of ≤3.3 (25).

Immunogenicity assessments. The immunogenicity
potential of mavrilimumab (measured as the presence of any
antidrug antibody response) was determined using a validated
electrochemiluminescence method. Serum samples for deter-
mination of the antidrug antibody response were obtained
predose on day 1, and at weeks 0, 4, 12, 20, and 24.

Safety assessments. Adverse events (AEs) and seri-
ous AEs (SAEs) were graded by investigators according to
their severity and relationship to the study drug. In addition,
investigators assessed the relationship between SAEs and
protocol procedures. Laboratory measurements, vital signs,
pulmonary safety tests (including spirometry, testing for dif-
fusing capacity for carbon monoxide of the lung, chest
radiography, and dyspnea score), and the change from base-
line scores were summarized by treatment group and time
point. Adjudication of lung function abnormalities and pul-
monary AEs, to identify potential cases of pulmonary alveo-
lar proteinosis, was performed by an independent pulmonary
expert committee whose members were blinded with regard
to the treatment group.

Figure 1. Disposition of patients in the randomized phase IIb study of the efficacy and safety of mavrilimumab and golimumab in patients with
rheumatoid arthritis. DMARD-IR = inadequate response to disease-modifying antirheumatic drugs; anti-TNF–IR = inadequate response to anti–
tumor necrosis factor agents; Q4W = every 4 weeks; eow = every other week; AE = adverse event.

MAVRILIMUMAB AND GOLIMUMAB IN RA 51



Statistical analysis. The sample size was selected to
estimate the difference between the mavrilimumab and
golimumab treatment groups with a stated degree of accuracy.
It was not selected to detect differences with statistical
significance (and no power analyses were carried out). With
a sample size of 60 patients per treatment group, the
difference between the upper limit of the 90% confidence
interval (90% CI) and the estimate of the treatment differ-
ence ranged between 9% and 15% for the primary end
points. For each of the primary end points, responses were
analyzed by applying a test of treatment difference in the
proportion of responders, using logistic regression. The
number of TNF antagonist failures was used as a categorical
covariate, and results were reported with 2-sided 90% CIs;
the standard error of the difference in proportions was
estimated using the delta method (26). Patients who with-
drew from treatment for any reason (including entering the
OLE), those who started a new medication for RA, or those
for whom the methotrexate dosage was increased were
imputed as nonresponders for all subsequent assessments.
AE and other safety data were summarized with descriptive
statistics.

RESULTS

Demographic and baseline clinical characteristics
of the patients. The study was conducted at 36 sites in 13
European and South American countries, with patients
randomized and evaluated between March 2013 (first
patient randomized) and February 2015 (last patient, last
visit). In total, 215 patients were screened, with 138 ran-
domized to 1 of the 2 treatment groups (68 to receive
golimumab, 70 to receive mavrilimumab); 14 patients dis-
continued treatment (3 in the golimumab group, 11 in the
mavrilimumab group), and 124 patients (89.9%) com-
pleted the study (Figure 1). All randomized patients were
included in both the mITTand safety populations.

Baseline demographics and disease characteris-
tics were similar between the treatment groups
(Table 1), with the following exceptions: for patients in
the mavrilimumab treatment group compared with the
golimumab group, disease duration was shorter (5.8
years versus 7.6 years) and the baseline CRP concen-
tration was higher (8.3 mg/liter versus 6.5 mg/liter).
Across both treatment groups, a higher level of disease
activity was observed at baseline in the anti-TNF–IR
stratum compared with the DMARD-IR population, in
terms of longer duration of RA, more frequent use of
corticosteroids, higher disease activity according to the
DAS28-CRP, a higher baseline HAQ DI score, and
higher baseline concentrations of CRP. An imbalance
in regional distribution of recruitment between the 2
strata was noted, with more patients in the anti-TNF–IR
stratum than in the DMARD-IR stratum recruited in
South America (~56% versus ~11%).

Efficacy. Overall population (week 24). At week 24,
ACR20, ACR50, and ACR70 improvement responses in
disease activity were observed in 62.0%, 34.8%, and
16.1% of patients, respectively, among those receiving
mavrilimumab 100 mg every other week, compared with
65.6%, 43.4%, and 25.9% of patients, respectively, among
those receiving golimumab 50 mg every 4 weeks. Differ-
ences in the ACR20, ACR50, and ACR70 response rates
between the mavrilimumab and golimumab treatment
groups were�3.5% (90% CI�16.8, 9.8), �8.6% (90% CI
�22.0, 4.8), and �9.8% (90% CI�21.1, 1.4), respectively.

A DAS28-CRP of <2.6 was achieved at week 24 by
17.4% of the mavrilimumab-treated patients and 29.0%
of the golimumab-treated patients, with a difference
between treatment groups of �11.6% (90% CI �23.2,
0.0). Evidence of low disease activity (a DAS28-CRP of
<3.2) at week 24 was observed in 28.9% of the mavrili-
mumab-treated patients and 40.6% of the golimumab-
treated patients. A higher percentage of patients in the
golimumab treatment group (69.0%) than in the mavrili-
mumab treatment group (58.7%) were classified as
responders (HAQ DI score improvement of >0.22) (27);
the difference in the HAQ DI response between the 2
treatment groups was �10.3% (90% CI �23.7, 3.0). The
mean � SEM change from baseline in the HAQ DI score
was �0.44 � 0.07 in the mavrilimumab group and �0.64
� 0.07 in the golimumab group.

The percentages of patients with a CDAI score
of ≤2.8 at week 24 were 5.7% among those receiving
mavrilimumab 100 mg every other week and 17.6%
among those receiving golimumab 50 mg every 4
weeks. An SDAI score of ≤3.3 was reported in 7.2% of
patients receiving mavrilimumab and 18.9% of those
receiving golimumab.

Although treatment differences in the ACR20
response rate and the DAS28-CRP were consistent within
regions, differences in response rates were observed
between the geographic regions of Europe and South
America, irrespective of the drug allocation and stratum.
For example, higher response rates were observed in
patients from South America compared with those from
Europe, both in the mavrilimumab treatment group
(ACR20 response rate, 78.3% versus 53.2%; adjusted
change in the DAS28-CRP, mean � SEM �2.47 � 0.298
versus �1.30 � 0.272) and in the golimumab treatment
group (ACR20 response rate, 85.0% versus 58.3%;
adjusted change in the DAS28-CRP, mean � SEM �2.86
� 0.315 versus �1.56 � 0.275).

Anti-TNF–IR population (week 24). Of the patients
within the anti-TNF–IR group (n = 63), the percentage
achieving an ACR20 response at week 24 was 72.3% (22
of 31 patients) in the mavrilimumab treatment group
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compared with 61.2% (20 of 32 patients) in the
golimumab treatment group (Figure 2A), a difference of
11.1% (90% CI �7.8, 29.9). The percentage of ACR50 or
ACR70 responders was similar between treatment groups,
with a difference between the mavrilimumab and
golimumab treatment groups of �8.7% (90% CI �28.1,

10.7) for the ACR50 response rate and �0.7% (90% CI
�18.0, 16.7) for the ACR70 response rate (Figure 2A).
Similarly, the percentages of patients achieving a DAS28-
CRP of <2.6, improvement in the HAQ DI score of >0.22,
and a DAS28-CRP of <3.2 at week 24 were similar
between the treatment groups (Figures 2B�D).

Table 1. Demographic and baseline clinical characteristics of the patients with rheumatoid arthritis (RA)*

Anti-TNF–IR DMARD-IR Overall population

Mavrilimumab
100 mg

every other week
(n = 31)

Golimumab
50 mg

every 4 weeks
(n = 32)

Mavrilimumab
100 mg

every other week
(n = 39)

Golimumab
50 mg

every 4 weeks
(n = 36)

Mavrilimumab
100 mg

every other week
(n = 70)

Golimumab
50 mg

every 4 weeks
(n = 68)

Demographics
Age, mean � SD years 50.2 � 13.3 46.9 � 10.5 50.2 � 13.3 52.5 � 11.8 50.2 � 13.3 49.9 � 11.4
Female, no. (%) 28 (90.3) 28 (87.5) 28 (71.8) 29 (80.6) 56 (80.0) 57 (83.8)
Race, no. (%)
White 26 (83.9) 25 (78.1) 36 (92.3) 32 (88.9) 62 (88.6) 57 (83.8)
American Indian or native Alaskan 5 (16.1) 7 (21.9) 2 (5.1) 2 (5.6) 7 (10.0) 9 (13.2)
Asian 0 (0.0) 0 (0.0) 1 (2.6) 1 (2.8) 1 (1.4) 1 (1.5)
Black or African American 0 (0.0) 0 (0.0) 0 (0.0) 1 (2.8) 0 (0.0) 1 (1.5)

Region of enrollment, no. (%)
Europe 12 (38.7) 16 (50.0) 35 (89.7) 32 (88.9) 47 (67.1) 48 (70.6)
South America 19 (61.3) 16 (50.0) 4 (10.3) 4 (11.1) 23 (32.9) 20 (29.4)

Weight, mean � SD kg 72.9 � 14.3 76.3 � 17.4 73.1 � 17.3 74.0 � 19.1 73.0 � 16.0 75.1 � 18.8
Body mass index, mean � SD kg/m2 28.2 � 5.5 29.2 � 5.4 26.6 � 2.2 26.5 � 5.1 27.3 � 5.3 27.8 � 5.4

Baseline clinical characteristics
Duration of RA, median years 6.0 8.4 5.4 6.8 5.8 7.6
Methotrexate use
Total no. (%) 31 (100) 32 (100) 39 (100) 36 (100) 70 (100) 68 (100)
Dosage, mean � SD mg/week 15.9 � 3.8 14.1 � 3.7 15.5 � 4.1 15.3 � 3.9 15.6 � 4.0 14.7 � 3.8
<12.5 mg/week, no. (%) 3 (9.7) 10 (31.3) 7 (17.9) 5 (13.9) 10 (14.3) 15 (22.1)
≥12.5�<20 mg/week, no. (%) 21 (67.7) 19 (59.4) 22 (56.4) 24 (66.7) 43 (61.4) 43 (63.2)
≥20–25 mg/week, no. (%) 7 (22.6) 3 (9.4) 10 (25.6) 7 (19.4) 17 (24.3) 10 (14.7)

Corticosteroid use
Total no. (%) 22 (71.0) 22 (68.8) 19 (48.7) 18 (50.0) 41 (58.6) 40 (58.8)
Dosage, mean � SD mg/day 5.4 � 1.2 4.8 � 1.7 5.3 � 1.2 5.4 � 1.0 5.4 � 1.1 5.1 � 1.5
<5 mg/day, no. (%) 0 (0.0) 3 (13.6) 1 (5.3) 0 (0.0) 1 (2.4) 3 (7.5)
≥5 mg/day, no. (%) 22 (100) 19 (86.4) 18 (94.7) 18 (100) 40 (97.6) 37 (92.5)

Previous anti-TNF failures, no. (%)
0 (DMARD-IR population) 0 (0.0) 0 (0.0) 39 (100) 36 (100) 39 (55.7) 36 (52.9)
1 (anti-TNF–IR population) 27 (87.1) 30 (93.8) 0 (0.0) 0 (0.0) 27 (38.6) 30 (44.1)
2 (anti-TNF–IR population) 4 (12.9) 2 (6.3) 0 (0.0) 0 (0.0) 4 (5.7) 2 (2.9)

Anti-TNF failure, no. (%)†
Adalimumab 13 (41.9) 7 (21.9) 0 (0.0) 0 (0.0) 13 (18.6) 7 (10.3)
Certolizumab pegol 7 (22.6) 7 (21.9) 0 (0.0) 0 (0.0) 7 (10.0) 7 (10.3)
Etanercept 10 (32.3) 15 (46.9) 0 (0.0) 0 (0.0) 10 (14.3) 15 (22.1)
Infliximab 5 (16.1) 6 (18.8) 0 (0.0) 0 (0.0) 5 (7.1) 6 (8.8)

Rheumatoid factor–positive, no. (%) 24 (77.4) 24 (75.0) 29 (74.4) 29 (80.6) 53 (75.7) 53 (77.9)
ACPA-positive, no. (%) 23 (74.2) 22 (68.8) 24 (61.5) 30 (83.3) 47 (67.1) 52 (76.5)
DAS28-CRP, mean � SD 6.1 � 0.8 6.0 � 0.6 5.6 � 1.1 5.5 � 0.9 5.8 � 1.0 5.7 � 0.8
DAS28-ESR, mean � SD 6.8 � 0.7 6.8 � 0.6 6.4 � 1.0 6.3 � 0.9 6.6 � 0.9 6.5 � 0.8
HAQ DI score, mean � SD 1.9 � 0.5 1.8 � 0.5 1.4 � 0.6 1.4 � 0.5 1.6 � 0.6 1.6 � 0.5
Swollen joint count, mean � SD 16.1 � 8.4 16.2 � 7.1 12.5 � 4.9 12.9 � 5.4 14.1 � 6.9 14.5 � 6.4
Tender joint count, mean � SD 25.9 � 13.6 28.9 � 14.6 24.4 � 12.4 21.4 � 12.1 25.0 � 12.9 24.9 � 13.7
Geometric mean CRP, mg/liter 10.9 7.0 6.7 6.1 8.3 6.5
Geometric mean ESR, mm/hour 39.9 38.6 36.2 35.5 37.8 36.9

* Anti-TNF–IR = inadequate response to anti–tumor necrosis factor agents; DMARD-IR = inadequate response to disease-modifying antirheu-
matic drugs; ACPA = anti–citrullinated protein antibody; DAS28-CRP = Disease Activity Score in 28 joints using C-reactive protein level; DAS28-
ESR = DAS28 using erythrocyte sedimentation rate; HAQ DI = Health Assessment Questionnaire disability index.
† The prior anti-TNF treatment had failed because there was a lack of initial efficacy (n = 14) or loss of efficacy (n = 48), the medication was
given only in the clinical study (n = 1), or an adverse event occurred (n = 3). Some patients had previously experienced treatment failure with 2
anti-TNF agents; if the reasons for failure were different for the 2 TNFs, both reasons were included.
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At week 24 in the anti-TNF–IR population,
the adjusted change from baseline in the DAS28-CRP
was a mean � SEM –1.99 � 0.3 in those receiving
mavrilimumab 100 mg every other week compared with
–2.24 � 0.3 in those receiving golimumab 50 mg every 4
weeks, with a difference between the mavrilimumab and
golimumab groups of �4.0% (90% CI �20.9, 12.9). The
percentage of patients with a CDAI score of ≤2.8 at week
24 was 6.7% in the mavrilimumab 100 mg every other
week group compared with 9.0% in the golimumab 50 mg
every 4 weeks group. An SDAI score of ≤3.3 was achieved
at week 24 by 10.1% of mavrilimumab-treated patients
and 12.1% of golimumab-treated patients.

Of the 6 patients who had previously experienced
treatment failure with 2 TNF antagonists, an ACR20
improvement response was achieved by 2 of the 3
patients treated with mavrilimumab. In contrast, none of
the 3 patients treated with golimumab achieved an
ACR20 response.

DMARD-IR population (week 24). The ACR20,
ACR50, and ACR70 response rates, the percentage of
patients achieving a HAQ DI score improvement of >0.22
(27), and the percentage of patients achieving a DAS28-
CRP of <2.6 and DAS28-CRP of <3.2 at week 24 in the
DMARD-IR stratum are shown in Figures 3A–D. Differ-
ences in the ACR20, ACR50, and ACR70 response rates
between the mavrilimumab-treated patients and the
golimumab-treated patients were �15.6% (90% CI
�33.8, 2.6), �8.5% (90% CI �27.1, 10.0), and �17.5%
(90% CI �32.2, �2.9), respectively. The adjusted change
from baseline in the DAS28-CRP was a mean � SEM
–1.89� 0.2 in those receiving mavrilimumab 100 mg every
other week compared with –2.27 � 0.2 in those receiving
golimumab 50 mg every 4 weeks, with a difference
between the mavrilimumab-treated and golimumab-
treated patients of �17.9% (90% CI �34.0, �1.9).

Response rates based on achievement of a
CDAI score of ≤2.8 at week 24 in the DMARD-IR

Figure 2. Response to mavrilimumab compared to golimumab over 24 weeks of treatment in patients with a history of an inadequate response to anti–tu-
mor necrosis factor agents. Responses were measured based on the percentage of patients with a response according to the American College of Rheuma-
tology criteria for 20% improvement (ACR20), 50% improvement, and 70% improvement (A), the percentage of patients with a Disease Activity Score in
28 joints using C-reactive protein level (DAS28-CRP) of <2.6 (B), the percentage of patients with a score improvement of >0.22 on the Health Assessment
Questionnaire (HAQ) disability index (DI) (C), and the percentage of patients with a DAS28-CRP of <3.2 (D). Results are shown as the mean � SEM.

54 WEINBLATT ET AL



stratum were 5.1% in the mavrilimumab 100 mg every
other week group and 25.0% in the golimumab 50 mg
every 4 weeks group. The percentage of patients with
an SDAI of ≤3.3 at week 24 was 5.1% among patients
treated with mavrilimumab and 25.0% among those
treated with golimumab.

Disease markers. In the overall population, normal-
ization of the serum CRP concentration and ESR was
demonstrated in both the mavrilimumab treatment group
and the golimumab treatment group. At week 24, the
geometric mean serum CRP concentrations were 4.6 mg/
liter in the mavrilimumab-treated patients and 4.4 mg/liter
in the golimumab-treated patients. The geometric mean
ESR values were 23.4 mm/hour in the mavrilimumab-trea-
ted patients and 22.4 mm/hour in those treated with
golimumab. Serum CRP concentrations and the ESR over
time, in both the anti-TNF–IR and DMARD-IR popula-
tions, are provided in Figures 4A–D. In the anti-TNF–IR

population, treatment with mavrilimumab resulted in a sus-
tained decrease in the geometric mean serum CRP concen-
tration up to 24 weeks. In contrast, after an initial
reduction in concentration, the geometric mean serum
CRP concentrations increased to the values observed at
baseline or above baseline in patients receiving golimumab.
In the same anti-TNF–IR population, the geometric mean
serum ESR declined after both treatments, but started to
increase toward baseline values at later time points, partic-
ularly in the golimumab-treated patients. For patients in
the DMARD-IR population, treatment with either mavrili-
mumab or golimumab resulted in a decrease from baseline
in the geometric mean CRP concentrations and ESR.

Immunogenicity. The overall incidence of anti-
drug antibodies in the mavrilimumab-treated patients
with available immunogenicity data was 3.1% (2 of 64
patients; 1 in the DMARD-IR stratum and 1 in the anti-
TNF–IR stratum).

Figure 3. Response to mavrilimumab compared to golimumab over 24 weeks of treatment in patients with a history of inadequate response to dis-
ease-modifying antirheumatic drugs. Responses were measured based on the percentage of patients with response according to the American College
of Rheumatology criteria for 20% improvement (ACR20), 50% improvement, and 70% improvement (A), the percentage of patients with a Disease
Activity Score in 28 joints using C-reactive protein level (DAS28-CRP) of <2.6 (B), the percentage of patients with a score improvement of >0.22 on
the Health Assessment Questionnaire (HAQ) disability index (DI) (C), and the percentage of patients with a DAS28-CRP of <3.2 (D). Results are
shown as the mean � SEM.
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Safety. Treatment-emergent AEs (TEAEs) in the
overall population are summarized in Table 2, including
the most common TEAEs occurring in ≥3% of patients
and any treatment-emergent SAEs (TESAEs). Two
TESAEs were considered by the investigators to be
related to the study treatment. Both of these events,
Pneumocystis jirovecii pneumonia and “lung disorder”
(Medical Dictionary for Regulatory Activities preferred
term), were reported in the golimumab treatment
group. P jirovecii pneumonia, observed in a 69-year-old
male patient, was classified as severe and developed 8
days after administration of the tenth golimumab dose.
Golimumab was withdrawn, and the patient recovered,
with sequelae. The “lung disorder” was observed in a
patient who presented with lung abnormalities detected
on a chest radiograph at week 24 (end of treatment
visit). Analysis of the subsequent biopsy sample raised
suspicion of a diagnosis of “granulomatous process—
possible sarcoidosis.”

No deaths were reported in either treatment
group. Moreover, no significant safety signals, including
those related to pulmonary events, were identified dur-
ing the study (pulmonary function test results are shown
in Supplementary Table 1, available on the Arthritis &

Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40323/abstract).

DISCUSSION

This phase IIb study was designed to evaluate
the clinical effects and tolerability of the anti–GM-
CSFRa monoclonal antibody mavrilimumab in a mixed
population of biologic agent–naive and biologic agent–
experienced patients with active RA. It was planned to
support the design and potential progression of mavrili-
mumab to phase III development, which has yet to be
initiated. It was not powered to provide a direct com-
parison of mavrilimumab and golimumab.

The selection of the mavrilimumab dosage of
100 mg every other week for this study was based
on efficacy, safety, pharmacokinetic, and pharmacody-
namic data from the phase IIa study (9), in which it
was the highest dosage evaluated. In addition, the
benefit:risk ratio of higher dosages of mavrilimumab
was yet to be proven. However, since the initiation
of the current study, the phase IIb study (EARTH
EXPLORER 1) demonstrated that a mavrilimumab
dosage of 150 mg every other week was more

Figure 4. Adjusted geometric mean C-reactive protein (CRP) levels and adjusted geometric mean erythrocyte sedimentation rate (ESR) over time
in patients with a history of an inadequate response to anti–tumor necrosis factor agents (A and B) and patients with an inadequate response to
disease-modifying antirheumatic drugs (C and D). Results are shown as the mean � SEM.

56 WEINBLATT ET AL

http://onlinelibrary.wiley.com/doi/10.1002/art.40323/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40323/abstract


efficacious than 100 mg every other week in patients
with a history of DMARD-IR (11).

In the overall population, the efficacy of both
mavrilimumab (100 mg every other week) and goli-
mumab (50 mg every 4 weeks) was demonstrated, result-
ing in improved disease-related physical function.
However, the overall study population was heteroge-
neous in terms of medication history (0, 1, or 2 anti-TNF
failures). Therefore, it is important to interpret these
data with caution. The efficacy of mavrilimumab and
golimumab differed between the anti-TNF–IR and
DMARD-IR populations. In the DMARD-IR group,
golimumab yielded numerically higher response rates
compared with mavrilumab. Although the current results
with regard to the efficacy of mavrilimumab are consis-
tent with those previously reported by Burmester et al
(11), evidence from that same study indicated that the
higher dosage of 150 mg every other week had greater
efficacy; therefore, a mavrilimumab dosage of 100 mg
every other week may be suboptimal for clinical efficacy.

However, despite the suboptimal dosage used in this
study, mavrilimumab demonstrated efficacy that was
similar to that of golimumab in the anti-TNF–IR popula-
tion. The individual DMARD-IR and anti-TNF–IR
strata each had a greater degree of homogeneity, but the
relatively low numbers of patients per stratum and treat-
ment group limit the interpretability and generalizability
of the results. Therefore, larger studies are required to
fully evaluate whether a second anti-TNF agent is effica-
cious in an anti-TNF–IR population, and to determine the
optimal mavrilimumab dosage for the same population.

Although there are limited data available, sev-
eral studies have suggested that switching to a different
anti-TNF agent may be associated with clinical benefit
in patients with RA (28–30). Alternatively, therapies
with a different mechanism of action may prove to be
an effective treatment option. To our knowledge, no
randomized controlled study has compared the efficacy
of an anti-TNF agent with that of an experimental
non–TNF antagonist agent in patients with a history of
anti-TNF–IR. We have noted that studies have been
conducted in patients with a history of DMARD-IR
and in patients who have never received treatment with
a biologic agent.

Subgroup analysis of the ACR20 response rate
and DAS28-CRP at week 24 by geographic region
demonstrated higher response rates both with
mavrilimumab and with golimumab in patients from
South America compared with those from Europe. How-
ever, the importance of this observation remains to be
determined. These regional variations may be observed
to a greater extent in the anti-TNF–IR population than
in the DMARD-IR population, since the percentage of
patients with a history of anti-TNF–IR was higher among
those recruited at sites in South America. Interestingly,
the ACR response rates observed in patients both from
South America and from Europe in the current study
were substantially higher than those previously reported
in the phase III golimumab (GO-AFTER) study, in
which a similar cohort of patients was evaluated (30).
For example, in the current study, the ACR20 response
rates at week 24 among patients in the anti-TNF–IR
stratum who were randomized to receive golimumab 50
mg every 4 weeks were 81.2% in those from South
America and 43.8% in those from Europe. In contrast,
the ACR20 response rate reported in patients receiving
golimumab 50 mg every 4 weeks and concomitant
DMARDs in the total GO-AFTER study population
was 34.0% (30).

Individual biomarkers (serum CRP concentra-
tions and ESR) were decreased in both treatment groups
by week 24. However, the observed reduction in the

Table 2. TEAEs occurring in ≥3% of patients in either treatment
group, and TESAEs in the overall population

Mavrilimumab
100 mg every
other week
(n = 70)

Golimumab
50 mg every
4 weeks
(n = 68)

Any TEAE, no. (%) reporting
≥1 event

36 (51.4) 29 (42.6)

TEAEs in ≥3% of patients in
any group, no. (%)

Headache 3 (4.3) 2 (2.9)
Hepatic enzyme levels increased* 3 (4.3) 2 (2.9)
Hypertension 3 (4.3) 1 (1.5)
Nasopharyngitits 4 (5.7) 1 (1.5)
Upper respiratory tract infection 3 (4.3) 2 (2.9)
Viral upper respiratory tract

infection
3 (4.3) 2 (2.9)

TEAEs considered by investigators to
be related to the study drug,
no. (%) reporting ≥1 event

12 (17.1) 11 (16.2)

TEAEs resulting in permanent
discontinuation of the study drug,
no. (%) reporting ≥1 event

3 (4.3) 1 (1.5)

TEAEs resulting in interruption of
the study drug, no. (%) reporting
≥1 event

7 (10.0) 4 (5.9)

TESAEs, no. (%)
Gastroduodenitis 0 (0.0) 1 (1.5)
Hepatic enzyme levels increased* 0 (0.0) 1 (1.5)
Lung disorder† 0 (0.0) 1 (1.5)
Parathyroid tumor, benign 1 (1.4) 0 (0.0)
Peptic ulcer 0 (0.0) 1 (1.5)
Pneumocystis jirovecii pneumonia† 0 (0.0) 1 (1.5)
Vertebrobasilar insufficiency 1 (1.4) 0 (0.0)

* Investigator-reported treatment-emergent adverse event (TEAE)
(i.e., there was no defined threshold).
† Treatment-emergent serious adverse event (TESAE) considered by
the investigators to be related to the study drug.

MAVRILIMUMAB AND GOLIMUMAB IN RA 57



CRP level with golimumab treatment appeared to be
transient in patients within the anti-TNF–IR stratum,
with concentrations returning to baseline values by week
16. We have not found any studies in the anti-TNF–IR
RA population in which the CRP data have been pre-
sented in a manner similar to that in our study. One
study showed that switching to rituximab provided
greater clinical benefit than switching to a second TNF
inhibitor in patients with RA in whom treatment with a
TNF inhibitor had previously failed (29). In that study,
the patients’ clinical characteristics were measured 6
months after study initiation. At the 6-month time point,
there was no difference in the CRP levels between the
rituximab group and the alternative TNF antagonist
group. However, the DAS28-CRP and ESR were signifi-
cantly lower in the rituximab group than in the alterna-
tive TNF antagonist group (29).

Mavrilimumab and golimumab were generally well
tolerated in the present study. The percentage of patients
experiencing any TEAE was higher in the mavrilimumab
treatment group (51.4% versus 42.6% in the golimumab
treatment group). However, the majority of TEAEs were
mild and not considered to be related to the study drug.
The incidence of TESAEs and the incidence of TEAEs
leading to drug discontinuation were low, and no labora-
tory abnormality signals were observed with mavrili-
mumab. No pulmonary safety signals were identified in
the patients following the adjudication of lung function
abnormalities and pulmonary AEs by independent
experts. Notably, following treatment with mavrilimumab,
no serious pulmonary TEAEs and no suspected or con-
firmed cases of pulmonary alveolar proteinosis were iden-
tified. Overall, the safety profiles of mavrilimumab and
golimumab observed in this study were similar to those
reported in previous studies (9,10,31).

The study was limited by not being statistically
powered to directly compare the efficacy of mavrilimumab
and golimumab. In addition, the population was heteroge-
neous. Although stratification allowed analysis of more
homogeneous populations, the relatively low numbers of
patients per stratum and per treatment group limited the
interpretability and generalizability of the results. However,
the strength of the study lies in its novel design. Because of
the inclusion of an active comparator as a reference arm
and a mixed population of patients with or without prior
exposure to a biologic agent, this study offers an effective
approach to investigating new biologic agents in a manner
that reflects the current treatment landscape. Any new drug
for the treatment of RAwould enter a field of biologics and
would be compared to other drugs rather than to placebo.

In summary, mavrilimumab at a dosage of 100
mg every other week was efficacious and well-tolerated

both in patients with a history of DMARD-IR and
in patients with a history of anti-TNF–IR. Recently
published data demonstrated that administration of
mavrilimumab at a dosage of 150 mg every other week
achieved greater efficacy than a dosage of 100 mg every
other week in patients with DMARD-IR (10), suggest-
ing that a higher dosage of mavrilimumab (at least 150
mg every other week) may be expected to achieve
improved benefit in RA patients with a history of an
inadequate response to anti-TNF agents. However, this
hypothesis requires confirmation. In summary, these
data demonstrate that meaningful benefits can be
obtained by targeting the GM-CSF receptor in a broad
population of patients with active RA.
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Subjective Complaints as the Main Reason for Biosimilar
Discontinuation After Open-Label Transition From

Reference Infliximab to Biosimilar Infliximab

Lieke Tweehuysen,1 Bart J. F. van den Bemt,2 Iris L. van Ingen,3 Alphons J. L. de Jong,4

Willemijn H. van der Laan,5 Frank H. J. van den Hoogen,2 and Alfons A. den Broeder2

Objective. To evaluate drug survival, effective-
ness, pharmacokinetics, immunogenicity, and safety in
daily practice after transitioning treatment from origi-
nal reference infliximab (Remicade [REM]) to a
biosimilar infliximab (CT-P13 [Remsima; Inflectra]) in
patients with rheumatoid arthritis, psoriatic arthritis,
or ankylosing spondylitis.

Methods. Of the initial 222 REM-treated patients,
192 agreed to transition to CT-P13 and were included in
this multicenter prospective cohort study. Changes in the
Disease Activity Score in 28 joints using the C-reactive
protein level (DAS28-CRP) and the Bath Ankylosing
Spondylitis Disease Activity Index (BASDAI) and
changes in the CRP levels, infliximab trough levels, and
anti-infliximab antibody levels were assessed after 6
months, and adverse events (AEs) were documented.
Drug survival and prognostic factors were analyzed using
Kaplan-Meier and Cox regression analyses.

Results. During 6 months follow-up, 24% of the
patients (n = 47) discontinued CT-P13. Thirty-seven
patients restarted REM, 7 switched to another biologic

drug, and 3 continued without a biologic drug. The
DAS28-CRP remained stable from baseline to month 6,
with a mean � SD score of 2.2 � 0.9 at baseline to
2.2 � 0.8 at 6 months (difference of 0.0 [95% confidence
interval (95% CI) –0.1, 0.2]). The BASDAI increased
from a mean � SD of 3.8 � 2.0 at baseline to 4.3 � 2.1
at 6 months (difference of +0.5 [95% CI 0.1, 0.9]). The
CRP levels, infliximab trough levels, and anti-infliximab
antibody levels did not change. Just prior to CT-P13
discontinuation, the DAS28-CRP components tender
joint count and patient’s global assessment of disease
activity, as well as the BASDAI were increased com-
pared to baseline. The most frequently reported AEs
were arthralgia, fatigue, pruritus, and myalgia. A
shorter REM infusion interval (hazard ratio: 0.77 [95%
CI 0.62, 0.95]) at baseline was predictive of discontinu-
ing CT-P13.

Conclusion. In our cohort, one-fourth of patients
discontinued CT-P13 during 6 months of follow-up,
mainly due to an increase in the subjective features of
the tender joint count and the patient’s global assess-
ment of disease activity and/or subjective AEs, possibly
explained by nocebo effects and/or incorrect causal
attribution effects.

In September 2013, CT-P13 became the first
biosimilar drug to be approved by the European
Medicines Agency for the treatment of rheumatic dis-
eases (1,2). CT-P13 is a biosimilar of infliximab, a chi-
meric human–murine monoclonal antibody against the
proinflammatory cytokine tumor necrosis factor (3).
Rigorous comparability exercises (including bioanalyti-
cal, preclinical, and clinical analyses [the Programme
Evaluating the Autoimmune Disease Investigational
Drug CT-P13 in Rheumatoid Arthritis Patients (PLA-
NETRA) and Programme Evaluating the Autoimmune
Disease Investigational Drug CT-P13 in Ankylosing
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Spondylitis Patients (PLANETAS) trials]) (4,5) demon-
strated that CT-P13 was highly similar in terms of quality,
efficacy, and safety to the reference infliximab (Remi-
cade [REM]; Janssen), thereby meeting the definition of
a biosimilar drug (6).

In February 2015, CT-P13 was launched as Rem-
sima (Celltrion) and as Inflectra (Hospira) in 12 Euro-
pean countries, including The Netherlands. Remsima
and Inflectra received approval for the same therapeu-
tic indications as REM, including rheumatoid arthritis
(RA), psoriatic arthritis (PsA), and ankylosing spondyli-
tis (AS) (1,2). Since CT-P13 introduced price competi-
tion, transitioning from REM to CT-P13 could reduce
the healthcare expenditures for costly biologic treat-
ments without any difference in health outcomes, which
is important from a social perspective (7,8).

After marketing approval, the NOR-SWITCH
trial (a 52-week randomized double-blind trial) demon-
strated that transitioning from REM to CT-P13 was non-
inferior to continued treatment with REM in patients
with RA, PsA, AS, Crohn’s disease, ulcerative colitis,
and plaque psoriasis (9). This study added to the body of
evidence that REM and CT-P13 are pharmacologically
equivalent.

Since blinded transitioning to a biosimilar drug is
not allowed in daily practice, the effects of open-label
transitioning to CT-P13 are of interest. However, these
data are still scarce (10–12). We therefore decided to
investigate the clinical outcomes in patients who transi-
tioned treatment from REM to CT-P13 in our practices in
a multicenter prospective cohort study, the Biosimilar
Infliximab Options, Strengths and Weaknesses of Inflix-
imab Treatment Change (BIO-SWITCH) study. The aim
of our study was to prospectively evaluate drug survival,
effectiveness, pharmacokinetics, immunogenicity, and
safety after open-label transitioning treatment from REM
to CT-P13 in patients with RA, PsA or AS.

PATIENTS AND METHODS

Patient population. In July 2015, treatment was transi-
tioned from REM to CT-P13 at 4 rheumatology departments
in The Netherlands: St. Maartenskliniek Nijmegen, Maarten-
skliniek Woerden, Radboud University Medical Center Nij-
megen, and Rijnstate Arnhem. Transitioning was done in
accordance with the stance of the Dutch Medicines Evalua-
tion Board, which states that transitioning between a refer-
ence drug and a biosimilar drug is permitted if physicians and
patients are properly informed and adequate clinical monitor-
ing is performed (13).

All patients treated with REM were informed by a letter
about the option to transition to CT-P13. A week before the next
planned REM infusion, patients were contacted by telephone to
ask whether they agreed to the transition. If a patient agreed,

the next infusion was CT-P13. If not, REM was continued. CT-
P13 was administered open label at the same dosage and interval
as REM. Patients ≥18 years of age with a clinical diagnosis of
either RA, PsA, or AS who agreed (transition group) or did not
agree (control group) to transition to CT-P13 were both eligible
for inclusion in the BIO-SWITCH study.

Study design. The BIO-SWITCH study was a multicen-
ter prospective cohort study. It was approved by the local ethics
committee (CMO region Arnhem-Nijmegen) and was registered
at the Dutch Trial Registry (NTR5279) (14). Written informed
consent was obtained from all patients. During the study,
patients received usual care for their disease. This consisted of
routinely monitoring disease activity, setting targets for low dis-
ease activity, and changing treatment until the treatment goal
was reached. Treatment choices about starting or discontinuing
disease modifying antirheumatic drugs (DMARDs), nonsteroi-
dal antiinflammatory drugs (NSAIDs), or corticosteroids were
left to the discretion of the treating rheumatologist.

Study end points. On the day of the first infliximab
infusion during the study (baseline), demographic, disease-
specific, and treatment-specific data were collected. Each
patient was monitored for 6 months.

The primary outcome measure was change in disease
activity at month 6 (�2 months) relative to baseline. Disease
activity in RA and PsA patients was measured with the Dis-
ease Activity Score in 28 joints using the C-reactive protein
level (DAS28-CRP) and its individual components (15). Dis-
ease activity in AS patients was measured with the Bath
Ankylosing Spondylitis Disease Activity Index (BASDAI)
(16). Secondary outcome measures included the CRP level,
the erythrocyte sedimentation rate (ESR), infliximab trough
levels, anti-infliximab antibody levels, and safety.

At baseline and at the 6-month follow-up, a 10-ml serum
sample was obtained and stored frozen at –80°C. After all sam-
ples were collected, they were analyzed at Sanquin Biologicals
Laboratory in Amsterdam. Infliximab trough levels were deter-
mined by a previously validated enzyme-linked immunosorbent
assay (17). Low trough levels were defined as <1.0 lg/ml and
high levels as >5.0 lg/ml. Both cutoff values are consistent with
previously reported group threshold levels (18). If the trough
level was low, antidrug antibodies against infliximab were
detected by a previously validated radioimmunoassay (19).

Safety was evaluated on each infusion day by having
the patient complete a short questionnaire. Safety end points
included the incidence and type of adverse events (AEs) and
serious AEs (SAEs). Reasons for discontinuation of CT-P13
were recorded, and a distinction was made between objective
measurements (e.g., swollen joint count, abnormal laboratory
findings) and subjective health complaints (i.e., symptoms
perceptible only to the patient, such as arthralgia, fatigue,
and headache) (20). Any changes in the use of DMARDs,
NSAIDs, and corticosteroids during the follow-up period were
documented.

Statistical analysis. All analyses were performed with
STATA 13.1 statistical software (StataCorp). Descriptive statis-
tics are reported as either the mean � SD, the median and
interquartile range (IQR), or the frequency, depending on data
distribution. A Kaplan-Meier curve was plotted to depict sur-
vival of patients receiving CT-P13 over 6 months. Primary
effectiveness analyses were performed on the intent-to-treat
population. We intended that nontransitioning patients would
be a quasi-experimental control group. However, due to the high
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acceptance rate for transitioning (n = 192), the control group
was too small (n = 19). Differences between continuous variables
at baseline versus 6 months were analyzed using paired t-test or
Wilcoxon’s signed rank test, depending on distribution. For the
pharmacokinetics and immunogenicity analyses, only patients
with available samples at baseline and at month 6 who were still
taking infliximab (REM or CT-P13) were included.

AEs were reported as the cumulative incidence and the
incidence density per 100 patient-years. In patients who discon-
tinued treatment, AEs that were reported up to the restart of
REM or any other biologic drug or up to day 38 after the last
dose of CT-P13 (>4 times the half-life of 9.5 days) were included.

To identify independent predictors of CT-P13 discon-
tinuation, patient-specific, disease-specific, and treatment-spe-
cific variables that showed an association (P < 0.10) with
discontinuation of CT-P13 in the univariate analyses were
entered in a multivariate Cox regression analysis using a
backward elimination procedure with the lowest Akaike infor-
mation criterion as selection criterion.

RESULTS

Characteristics of the study patients. In July
2015, a total of 222 REM-treated patients with RA,
PsA, or AS were informed about the option to transi-
tion to CT-P13. In total, 196 patients (88%) agreed to
transition treatment to CT-P13, 192 of whom gave
informed consent for collection of their clinical out-
comes data in the transition group of the BIO-

SWITCH study. Of the 26 patients who did not agree
to transition, 19 gave informed consent for participa-
tion in the control group of the BIO-SWITCH study
(Figure 1). The first patients were included in July
2015, and the last 6-month evaluation was performed
in May 2016. Due to the small sample size, we did not
further analyze the data from the control group.

The baseline characteristics of the transition group
are depicted in Table 1. The group consisted of 75 RA, 50
PsA, and 67 AS patients. All patients had longstanding
rheumatic disease (median disease duration 14 years) and
were treated with REM for a median of 7 years. On aver-
age, disease activity at baseline was low. Concomitant use
of conventional synthetic DMARDs (csDMARDs) and
oral corticosteroids differed significantly between the
rheumatic disease groups, which can be explained by the
different treatment guidelines for each disease.

The proportion of patients continuing to take CT-
P13 during 6 months follow-up is depicted in Figure 2.
In total, 47 of 192 patients (24%) discontinued CT-P13
due to a perceived lack of effect (n = 26), an AE (n =
11), or a combination thereof (n = 10). Twenty-five of the
32 reported AEs (78%) could be categorized as subjec-
tive health complaints (see Supplementary Table 1, avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40324/abstract).

Figure 1. Flow chart showing the distribution of study patients from baseline to month 6 in the transition group and the control group of the
BIO-SWITCH study. REM = Remicade (reference infliximab); CT-P13 = biosimilar infliximab.
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The discontinuation rate was not statistically signifi-
cantly different between the 3 rheumatic disease groups
(P = 0.78) or the 4 rheumatology departments (P =
0.55). Of the 47 patients who discontinued CT-P13, 37
restarted REM, 7 switched to another biologic drug,

and 3 continued without biologic drugs (Figure 1). The
individual responses to these treatments are shown in
Supplementary Table 1.

Univariate Cox regression analyses showed that
a shorter REM infusion interval and higher DAS28-
CRP, DAS28 using the ESR (DAS28-ESR), swollen
joint count, and patient’s global assessment of disease
activity at baseline were associated with CT-P13 discon-
tinuation (see Supplementary Table 2, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40324/abstract). In the multi-
variate Cox analyses, which included only RA and PsA
patients (DAS28 not available in AS), a shorter REM
infusion interval (in weeks) appeared to be the only sig-
nificant predictor (hazard ratio 0.77 [95% CI 0.62,
0.95]).

Effectiveness. Using the intent-to-treat analysis,
the mean DAS28-CRP in RA and PsA patients remained
stable from baseline to month 6, from a mean � SD of
2.2 � 0.9 to 2.2 � 0.8 (difference of 0.0 [95% CI –0.1,
0.2]). In AS patients, the mean � SD BASDAI increased
from 3.8 � 2.0 to 4.3 � 2.1 (difference of +0.5 [95% CI
0.1, 0.9]). The median CRP levels did not change during
follow-up, from 2 mg/liter (IQR 0–5) at baseline to 1 mg/
liter (IQR 0–5) at month 6 (difference of +1 [95% CI –1,

Figure 2. Kaplan-Meier curve showing the proportion of patients
who continued to receive treatment with biosimilar infliximab CT-P13
over 6 months. Shown is the survivor function curve (heavy line) with
95% confidence interval (shaded areas). Numbers in parentheses are
the number of patients who discontinued CT-P13 during the interval.

Table 1. Baseline characteristics of the 192 patients who transitioned to a biosimilar drug, by diagnostic group*

Diagnostic group

Total
(n = 192)

RA
(n = 75)

PsA
(n = 50)

AS
(n = 67)

Demographic features
Age, mean � SD years 63 � 13 53 � 11 48 � 11 55 � 14
Female, no. (%) 53 (71) 27 (54) 19 (28) 99 (52)
Body mass index, mean � SD kg/m2 26 � 4 27 � 5 27 � 5 27 � 5
Disease duration, median (IQR) years 19 (11–26) 13 (8–18) 12 (9–20) 14 (9–22)

Disease-specific characteristics
DAS28-CRP, mean � SD 2.1 � 0.8 2.3 � 1.0 – –
BASDAI, mean � SD – – 3.8 � 2.0 –
CRP, median (IQR) mg/liter 2 (1–5) 1 (0–4) 2 (0–6) 2 (0–5)
ESR, median (IQR) mm/hour 14 (9–25) 7 (5–12) 10 (5–20) 12 (5–22)

Treatment-specific characteristics
No. of previous biologic drugs, median (IQR) 0 (0–0) 0 (0–2) 0 (0–1) 0 (0–1)
Reference infliximab (Remicade) treatment
Duration, median (IQR) years 9 (6–13) 5 (4–8) 6 (4–8) 7 (4–9)
Infusion interval, median (IQR) weeks 8 (6–8) 7 (6–8) 8 (6–8) 8 (6–8)
Infusion dose, mean � SD mg/kg 2.9 (1.3) 3.7 (1.3) 3.6 (1.0) 3.3 (1.2)
Total dose, mean � SD mg 228 (107) 300 (111) 305 (110) 274 (114)

Concomitant treatment, no. (%)
csDMARDs 60 (80) 27 (54) 15 (22) 102 (53)
Methotrexate 45 (60) 25 (50) 8 (12) 78 (41)
NSAIDs 35 (47) 26 (52) 34 (51) 95 (49)
Oral corticosteroids 10 (13) 2 (4) 1 (1) 13 (7)

* Data were missing from 15 patients (8%) for the body mass index and 1 patient (0.5%) for the erythrocyte
sedimentation rate (ESR). RA = rheumatoid arthritis; PsA = psoriatic arthritis; AS = ankylosing spondylitis;
IQR = interquartile range; DAS28-CRP = Disease Activity Score in 28 joints using the C-reactive protein level;
BASDAI = Bath Ankylosing Spondylitis Disease Activity Index; csDMARDs = conventional synthetic disease-
modifying antirheumatic drugs; NSAIDs = nonsteroidal antiinflammatory drugs.
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3]; n = 190). The median ESR increased minimally during
follow-up, from 12 mm/hour (IQR 5–22) at baseline to 13
mm/hour (IQR 6–25) at month 6 (difference of +3 [95%
CI 1, 5]; n = 187).

The subgroup analyses (17 of 32 RA and PsA
patients and 10 of 15 AS patients who discontinued CT-
P13) showed that prior to discontinuation of CT-P13,
both the DAS28-CRP and the BASDAI were increased
relative to baseline: from 2.6 (IQR 2.1–3.2) to 3.7 (IQR
3.2–4.2) (difference of +0.8 [95% CI 0.3, 1.3]) and from
4.0 (IQR 2.7–5.9) to 5.6 (IQR 5.1–7.1) (difference of
+1.8 [95% CI 0.4, 3.2]), respectively. The increase in the
DAS28-CRP in this subgroup was caused by significant
increases in the tender joint count and the patient’s glob-
al assessment of disease activity (i.e., subjective assess-
ments), but not the swollen joint count or the CRP (i.e.,
objective assessments) (Figure 3).

Pharmacokinetics and immunogenicity. Paired
samples were available from 136 of the 192 patients
(71%). Infliximab trough levels were not significantly dif-
ferent between baseline (2.0 lg/ml [range 0–25]) and
month 6 (1.9 lg/ml [range 0–22]) (P = 0.45). The percent-
ages of patients with low, intermediate, and high trough
levels were 24%, 57%, and 19% at baseline and 23%,
54%, and 23% at month 6.

Anti-infliximab antibodies were detected in 14 of
the 136 patients with paired samples at baseline (10%)
and in 9 patients at month 6 (7%). Seven patients had
detectable anti-infliximab antibodies at both time points.
Two patients developed anti-infliximab antibodies and
seven patients lost detectable anti-infliximab antibodies
at month 6. In the latter group, 2 patients received corti-
costeroids (oral glucocorticoid dose of 20 mg/day and
intramuscular glucocorticoid injection of 120 mg) 1 week
before blood sampling.

Safety. AEs were reported in 141 patients of the
192 patients (73%) and SAEs in 9 patients (5%) (6
planned surgeries, 1 cardiovascular event, 1 pulmonary
event, and 1 malignancy). A total of 67 patients (35%)
reported 2 or more AEs during the follow-up period. All
AEs that were reported in more than 1 patient are shown
in Table 2. The majority of these AEs could be catego-
rized as subjective health complaints. Of note, 1 infusion
reaction after CT-P13 administration was observed dur-
ing follow-up.

Comedications. Concomitant csDMARD treat-
ment was changed in 15 patients (8% [95% CI 0.05,
0.12]) during follow-up (6 dosage reductions, 4 dosage
escalations, 4 discontinuations, and 1 initiation of a
csDMARD). At month 6, the percentage of patients using

Figure 3. Individual components of the Disease Activity Score in 28 joints using the C-reactive protein level (DAS28-CRP) at baseline and prior
to discontinuation of CT-P13 treatment. Data are shown as box plots. Each box represents the 25th to 75th percentiles. Lines inside the boxes rep-
resent the median. Lines outside the boxes represent the 10th and 90th percentiles. Circles indicate outliers. * = P < 0.05, by paired t-test. TJC =
tender joint count; VAS = visual analog scale; SJC = swollen joint count.
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an NSAID was higher in comparison to baseline (54%
versus 49%; P = 0.004). Oral glucocorticoid use did not
significantly change over the study period (9% versus 7%;
P = 0.29). Intramuscular glucocorticoid injections were
given to 29 patients (15%) and intraarticular glucocorti-
coid injections to 9 (5%).

DISCUSSION

This prospective cohort study shows that treat-
ment with reference infliximab (Remicade) can be open-
label transitioned to a biosimilar infliximab (CT-P13) in
the majority of RA, PsA, and AS patients in daily prac-
tice without changes in effectiveness, infliximab trough
levels, anti-infliximab antibody levels, and safety. How-
ever, an interesting new finding in our study is that one-

fourth of the patients discontinued CT-P13 after the
open-label transition, which was mainly driven by an
increase in the subjective tender joint count and the
patient’s global assessment of disease activity and/or in
subjective AEs, rather than by an increase in objective
signs and symptoms.

Although our control group was too small to ana-
lyze, the discontinuation rate of 24% in the transition
group is much higher than expected based on existing
data on long-term treatment with REM. For example, in
the Anti-Rheumatic Therapy in Sweden (ARTIS) regis-
ter and the Danish Registry for Biologic Therapies in
Rheumatology (DANBIO), 9% and 5% of patients,
respectively, discontinued REM during the fifth and sev-
enth years of treatment (21,22). Interestingly, other
recently published open-label studies on transitioning
from REM to CT-P13 in patients with rheumatic dis-
eases also found an increased dropout rate. In the
DANBIO register, 15% of patients (117 of 768) discon-
tinued CT-P13 during a 1-year follow-up period. The
most frequently reported reasons for discontinuation
were lack of efficacy (n = 51) and AEs (n = 34), but
these were not described in detail (i.e., objective versus
subjective complaints), and in contrast to our study,
restarting REM was not an option in the Danish study
(23). In a small Finnish cohort study, 28% of patients
(11 of 39) discontinued CT-P13 during a median of 11
months. Six patients discontinued because of subjective
reasons; 5 of them restarted REM treatment (10).

Comparing our safety data (with a follow-up dura-
tion of 6 months) with those of the CT-P13 group in the
blinded NOR-SWITCH trial (with a follow-up duration
of 1 year) shows that the occurrence of SAEs (5% versus
9%), infections (2% versus 3% with a urinary tract infec-
tion; 2% versus 4% with a respiratory tract infection), and
infusion-related reactions (0.5% versus 2%) were similar
(9). However, both the percentage of patients in which
AEs resulted in CT-P13 discontinuation (11% in our study
versus 3% in the NOR-SWITCH study) and the occur-
rence of subjective health complaints (e.g., arthralgia
[41% versus 3%]) were higher in our study. This demon-
strates that although the efficacy, pharmacokinetics,
immunogenicity, and safety after transitioning from REM
to CT-P13 was noninferior to continued REM treatment
in the blinded NOR-SWITCH trial, in open-label studies,
the discontinuation rate of CT-P13 is increased due to
subjective health complaints.

In our view, the reason for the substantial discon-
tinuation rate in open-label studies is the awareness on
the part of both patients and physicians of the transition
to the biosimilar drug. Two recent surveys investigating
patient perspectives on biosimilar drugs in diabetes and

Table 2. Adverse events reported during the follow-up period in the
192 patients who transitioned to CT-P13 (transition group)

Adverse event*
Cumulative incidence

(n = 192)†
Incidence density

(95% CI)‡

Arthralgia 79 (41) 91 (72, 114)
Fatigue 16 (8) 18 (11, 30)
Pruritus 11 (6) 13 (6, 23)
Myalgia 10 (5) 12 (6, 21)
Skin rash 10 (5) 12 (6, 21)
Influenza-like illness 9 (5) 10 (5, 20)
Arthritis 7 (4) 8 (3, 17)
Headache 7 (4) 8 (3, 17)
Psoriasis exacerbation 7 (4) 8 (3, 17)
Malaise 6 (3) 7 (3, 15)
Coughing 5 (3) 6 (2, 13)
Dry eyes 4 (2) 5 (1, 12)
Dyspnea 4 (2) 5 (1, 12)
Nausea 4 (2) 5 (1, 12)
Paresthesia 4 (2) 5 (1, 12)
Urinary tract infection 4 (2) 5 (1, 12)
Respiratory tract infection 4 (2) 5 (1, 12)
Diarrhea 3 (2) 3 (1, 10)
Mood disturbance 3 (2) 3 (1, 10)
Gastrointestinal symptoms 3 (2) 3 (1, 10)
Oral candidiasis 2 (1) 2 (0, 8)
Conjunctivitis 2 (1) 2 (0, 8)
Dizziness 2 (1) 2 (0, 8)
Erysipelas 2 (1) 2 (0, 8)
Hypertension 2 (1) 2 (0, 8)
Mouth ulcers 2 (1) 2 (0, 8)
Rhinitis 2 (1) 2 (0, 8)
Skin infection 2 (1) 2 (0, 8)

* The following adverse events could be categorized as subjective health
complaints (i.e., descriptive term for symptoms perceptible only to the
patient): arthralgia, fatigue, pruritus, myalgia, headache, malaise, cough-
ing, dry eyes, dyspnea, nausea, paresthesia, diarrhea, mood disturbance,
gastrointestinal symptoms, dizziness, and rhinitis.
† Values are the number (%) of patients. Adverse events that
occurred in only 1 patient are not shown. No adverse events were
reported twice in the same patient.
‡ Values are the number of adverse events per 100 patient-years
(95% confidence interval [95% CI]). A total of 87 observed patient-
years occurred in the transition group.
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inflammatory bowel disease showed that the majority of
respondents had doubts and concerns about the effec-
tiveness and safety of the biosimilar drugs (24,25). Some
respondents equated lower costs with diminished quality.
Also, respondents had more trust in prescription of
biosimilar drugs by their treating physician than by regu-
latory agencies, highlighting the importance of a good
doctor–patient relationship.

Pretreatment expectancy has long been recog-
nized as a factor that strongly shapes treatment outcome
(26,27). Patients’ own negative expectations may induce
negative symptoms (hyperalgesia or AEs) during treat-
ment, the so-called nocebo response (28). Increases in
disease activity or AEs that occur independently of the
transition may be falsely attributed to the transition
(defined as incorrect causal attribution) (29). It is note-
worthy that in our hospitals, groups of patients received
their infliximab infusions together in one room for years.
When a patient restarted REM treatment because of
complaints, the other patients observed this, potentially
leading to the “groupthink” effect that CT-P13 is inferior
and that REM should be restarted.

To our knowledge, this is one of the first large
multicenter cohort studies on open-label transitioning
from REM to CT-P13 in patients with a rheumatic dis-
ease in daily practice. A strength of our study is that
we closely followed the national guidelines on the use
of biosimilar drugs (e.g., informed consent, monitoring,
possibility of restarting REM) (13). Also, our cohort
was heterogeneous in terms of diagnosis, treatment
duration, and disease activity, allowing translation of
the results to daily practice.

We assessed individual treatment responses to
restarting REM treatment and switching to another bio-
logic drug in the patients who did so. We found that all
reported AEs resolved after discontinuation of CT-P13.
Second, we found that some patients mentioned that
their arthralgia had decreased after restarting REM, and
this was accompanied by lower disease activity scores at
month 6 and month 12. However, it is important to real-
ize that this does not directly mean that REM is superior
to CT-P13 in these patients. It is more likely that the
decrease in the number of tender joints, the patient’s
global assessment of disease activity, and the patient’s
subjective health complaints (most frequently increased
at discontinuation of CT-P13) could be assigned to a pla-
cebo effect (opposite of nocebo effect) or regression to
the mean. Also worth mentioning is that there were
some patients in whom the disease activity did not
improve after restarting REM and in which REM was
nevertheless still being taken at month 12. These patients
received an intramuscular corticosteroid injection or

agreed to a “wait and see” strategy. This highlights the
fact that similar disease activity scores resulted in differ-
ent treatment decisions by the patient and the treating
rheumatologist with regard to discontinuation of CT-P13
and continuation of REM, respectively.

A limitation of our study is that the number of
patients that did not transition to a biosimilar drug was
too small to be included as control group. However, as
mentioned above, the pharmacologic equivalence of
continuing and transitioning was previously demon-
strated in a large independent blinded trial (9). Because
blinded transitioning to a biosimilar drug is not allowed
in daily practice, the major aim of this study was indeed
to examine the results after open-label transitioning to
CT-P13.

Disease activity was not measured at the time of
discontinuation in all patients who discontinued CT-P13.
We believe that these missing values did not bias our
finding that discontinuation due to inefficacy was mainly
driven by the subjective components of the DAS28-CRP,
because most missing values were derived from patients
who discontinued CT-P13 because of subjective AEs. In
fact, physicians were instructed to measure the disease
activity during an outpatient visit if a patient returned
because of a lack of efficacy. In the case of subjective
AEs, an outpatient visit was not always made.

Furthermore, we could not correlate infliximab
trough levels and anti-infliximab antibody levels with dis-
ease activity and AEs at discontinuation of CT-P13, since
we did not collect serum samples at the time of discon-
tinuation. However, we believe that it is unlikely that
changes in immunogenicity at the time of discontinua-
tion would have been found, since the NOR-SWITCH
trial demonstrated similar infliximab trough levels and
anti-infliximab antibody incidences in the REM continu-
ation and CT-P13 transitioning arms. Also, if immuno-
genicity had caused the discontinuation of CT-P13, we
would have expected to find more patients with objec-
tively active disease and/or allergic infusion reactions.

Since noninformed transitioning to biosimilar
drugs is not allowed in daily practice, the only way to
improve the acceptance and persistence rates after tran-
sitioning is to optimize the way in which the transition is
communicated. By sending a brief letter followed by tele-
phone contact, we have shown that the acceptance rate
for transitioning is already high. However, continuing
with CT-P13 treatment was much lower than expected.

Our observation that a substantial number of
patients discontinued CT-P13 because of subjective
health complaints seems relevant for the implementation
of open-label transitioning to all currently approved and
upcoming biosimilar drugs approved for daily practice
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for two reasons. First, it might imply that patients’ and
physicians’ beliefs about transitioning to a biosimilar
drug are associated with the persistence of a biosimilar
drug (i.e., negative beliefs about a biosimilar drug are
associated with a lower rate of continuing treatment with
a biosimilar drug). In this study, we did not measure
these beliefs at baseline, but our observation that a
shorter REM infusion interval (and not pharmacokinet-
ics) was the only baseline characteristic that was predic-
tive of CT-P13 discontinuation may support the
hypothesis that patients who are treated with a shorter
infusion interval feel more dependent on REM and are
consequently more prone to experiencing a nocebo
effect. This seems valid on the face of it, because at the
time, the interval shortening of REM infusions had prob-
ably been due to a perceived lack of effect of the regis-
tered dose. Therefore, future research should focus on
measuring with validated questionnaires the tendency to
experience a nocebo response as well as on causal attri-
bution.

Second, the rate of continuation on biosimilar
drug treatment might be improved by providing a “soft
skills” training and communication protocol for rheuma-
tology and pharmacy staff about how to assuage patient
concerns regarding the effectiveness and safety of a
biosimilar drug and how to respond if a patient has sub-
jective health complaints (e.g., discuss the potential
occurrence of nocebo and incorrect causal attributions
effects or suggest a “wait and see” strategy instead of
immediately restarting the reference drug).

All things considered, the substantial discontinua-
tion rate of CT-P13 due to subjective health complaints
after open-label transitioning might be explained by nocebo
and/or incorrect causal attribution effects. As a result, com-
munication seems to be the determining factor of the suc-
cess of transitioning to a biosimilar drug in daily practice.
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Detection of Subclinical Arthritis in Mice by a
Thrombin Receptor–Derived Imaging Agent

Beth Friedman, Michael A. Whitney, Elamprakash N. Savariar, Christa Caneda,
Paul Steinbach, Qing Xiong, Dina V. Hingorani, Jessica Crisp, Stephen R. Adams,

Michael Kenner, Csilla N. Lippert, Quyen T. Nguyen, Monica Guma,
Roger Y. Tsien,† and Maripat Corr

Objective. Functional imaging of synovitis could
improve both early detection of rheumatoid arthritis
(RA) and long-term outcomes. Given the intersection
of inflammation with coagulation protease activation,
this study was undertaken to examine coagulation pro-
tease activities in arthritic mice with a dual-fluores-
cence ratiometric activatable cell-penetrating peptide
(RACPP) that has a linker, norleucine (Nle)-TPRSFL,
with a cleavage site for thrombin.

Methods. K/BxN-transgenic mice with chronic
arthritis and mice with day 1 passive serum-transfer
arthritis were imaged in vivo for Cy5:Cy7 emission ratio-
metric fluorescence from proteolytic cleavage and acti-
vation of RACPPNleTPRSFL. Joint thickness in mice with
serum-transfer arthritis was measured from days 0 to
10. The cleavage-evoked release of Cy5-tagged tissue-
adhesive fragments enabled microscopic correlation
with immunohistochemistry for inflammatory markers.
Thrombin dependence of ratiometric fluorescence was

tested by ex vivo application of RACPPNleTPRSFL and
argatroban to cryosections obtained from mouse hind
paws on day 1 of serum-transfer arthritis.

Results. In chronic arthritis, RACPPNleTPRSFL fluo-
rescence ratios of Cy5:Cy7 emission were significantly
higher in diseased swollen ankles of K/BxN-transgenic
mice than in normal mouse ankles. A high ratio of
RACPPNleTPRSFL fluorescence in mouse ankles and toes
on day 1 of serum-transfer arthritis correlated with subse-
quent joint swelling. Foci of high ratiometric fluorescence
localized to inflammation, as demarcated by immune
reactivity for citrullinated histones, macrophages, mast
cells, and neutrophils, in soft tissue on day 1 of serum-
transfer arthritis. Ex vivo application of RACPPNleTPRSFL

to cryosections obtained from mice on day 1 of serum-
transfer arthritis produced ratiometric fluorescence that
was inhibited by argatroban.

Conclusion. RACPPNleTPRSFL activation detects
established experimental arthritis, and the detection
of inflammation by RACPPNleTPRSFL on day 1 of
serum-transfer arthritis correlates with disease
progression.

The search for biomarkers to diagnose and moni-
tor inflammatory joint diseases, such as rheumatoid
arthritis (RA), is ongoing and ranges from analyses of
genetics to assays of biologic fluids (1). The need for
direct visualization of inflammatory processes in soft tis-
sues of arthritic joints has given impetus for the develop-
ment of new imaging probes for radiography, ultrasound,
and magnetic resonance imaging (MRI) (2,3). In addi-
tion, optical imaging of molecular processes is an emerg-
ing field that could complement existing imaging
modalities and accelerate therapeutic decision-making.

In murine models of arthritis, near-infrared (NIR)
fluorescence has been used to image inflammation-
activated proteases, including cathepsins and matrix
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metalloproteinases (MMPs) (4–6). Coagulation pro-
teases are also promising biologic indicators of arthritis
(7). In RA, thrombin and tissue factor levels are elevated
in synovial fluid (8,9). In addition, genetic and pharmaco-
logic approaches that reduce thrombin activity also atten-
uate inflammation in murine arthritis models (10–14). A
role of extravascular activation of thrombin in experi-
mental arthritis has been further demonstrated by throm-
bin-based release of a prodrug in arthritic joints (15).

Thrombin has multiple physiologic substrates,
including fibrinogen, factor V, factor VIII, protease-acti-
vated receptor 1 (PAR-1), and PAR-4 (7). In its active
form, thrombin converts fibrinogen to fibrin, and the
extravascular fibrin deposits seen within RA biopsy sam-
ples (16,17) may provide a scaffold for the accumulation
of inflammatory cells (18). The proteolytic activity of
thrombin contributes to inflammation through fibrin-
independent mechanisms as well, including cleaving com-
plement C5 to the inflammatory cell chemoattractant C5a
(10,19). Although the link between thrombin activation
and established inflammation suggests that thrombin sen-
sors could offer physiologic detection of arthritis, little is
known about activation and the spatial distribution of
active thrombin in soft tissues in early arthritis.

To examine the spatial and temporal activation of
thrombin in vivo, we used a previously described ratiomet-
ric activatable cell-penetrating peptide (RACPP) that has a
linker, norleucine (Nle)-TPRSFL, designed to include a
PAR-1–like cleavage site for thrombin (20). This linker
peptide holds a Cy5 far-red fluorescence donor in proxim-
ity to a Cy7 NIR fluorescence acceptor via a hairpin loop
(20). Cy5 emission is substantially quenched in the intact
probe, but upon thrombin cleavage of the linker peptide
there is an increase in the Cy5:Cy7 emission ratio. Protease
cleavage also exposes a polycation domain coupled to Cy5,
which enables tissue adhesion, and effectively tags the site
of protease activity (21). RACPPNleTPRSFL detects physio-
logic levels of active thrombin by a rapid (within minutes)
increase in RACPPNleTPRSFL Cy5:Cy7 ratiometric fluores-
cence in actively clotting blood (20). Clotting-induced
increases in ratiometric fluorescence are significantly inhib-
ited by intravenous coinjection of RACPPNleTPRSFL with
the thrombin inhibitor lepirudin (20). In this study, we
tested if activation of RACPPNleTPRSFL provides an opti-
cal sensor for established and subclinical arthritis, and
if acute ratiometric fluorescence correlates with disease
progression.

MATERIALS AND METHODS

Synthesis of RACPPs. A thrombin-cleavable RACPP
(cleavage sequence NleTPRSFL) and an MMP-cleavable

RACPP (cleavage sequence PLGC(Me)AG) were synthesized
using standard solid-phase 9-fluorenylmethoxycarbonyl syn-
thesis, and all peptides were amidated at their C-termini. A
control uncleavable probe with a methoxy–polyethylene glycol
(mPEG) linker of matching length was also synthesized.
Detailed syntheses including labeling with Cy5 and Cy7 have
been described previously (20,22).

Mice and in vivo arthritis models. Mice were main-
tained at 21°C � 2°C on a 12-hour light/dark cycle with food
and water ad libitum in the University of California, San Diego
(UCSD) animal facility, which is accredited by the American
Association for Accreditation of Laboratory Animal Care. This
study was performed in strict accordance with the recommen-
dations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. The UCSD Insti-
tutional Animal Care and Use Committee approved these
experiments.

Spontaneous arthritis. KRN T cell receptor–transgenic
mice were a gift from Drs. D. Mathis and C. Benoist (Institut
de G�en�etique et de Biologie Mol�eculaire et Cellulaire, Stras-
bourg, France and Harvard Medical School, Boston, MA) and
were maintained on a C57BL/6 background (K/B) (23).
Arthritic mice were obtained by crossing K/B with NOD/Lt (N)
animals (K/BxN). Male (n = 3) and female (n = 6) transgenic
and female nontransgenic siblings (n = 3) were studied at 8
weeks of age. Additional male transgenic mice were used in
pilot studies. Arthritis spontaneously started at ~5 weeks of age
and was fully established by 8 weeks. These strains were bred
and maintained in the UCSD animal facilities.

Serum-transfer arthritis. Arthritic adult K/BxN mice
were bled and their sera were pooled. Male C57BL/6 mice
were purchased from Charles River and were injected with
200 ll K/BxN sera intraperitoneally at 8–12 weeks of age
(day 0) (24).

Measurement of in vivo joint swelling using calipers or
white-light photography. Ankle thickness was measured with
calipers (Mitutoyo America). To image toes for swelling, mice
were anesthetized and the hind paws were elevated and attached
by adhesive to a glass slide mounted on aluminum posts to allow
positioning of the slide on top of the abdomen and exposure of
the plantar surfaces of the paws. White-light images were
obtained with a Nikon D90 camera mounted at a distance of
17.5 cm from the supporting platform and a ruler was used for
calibration. Images were exported with Camera Control Pro2
software. Using these images, the outline of each toe was drawn,
and the area was assessed by ImageJ (National Institutes of
Health) and then divided by the length of the toe to obtain the
aspect ratio, i.e., toe thickness (Supplementary Figures 1 and 2,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40316/abstract). A series
of toe measurements was performed in normal mice to validate
that this method normalized for differences in toe length (Sup-
plementary Figure 1).

In vivo imaging of ratiometric fluorescence. Mice were
intravenously injected with 10 nmoles RACPP in water while
under anesthesia with 2% isoflurane. After 2 hours the mice
were re-anesthetized for white-light and fluorescence imaging.
Images were obtained using a Maestro 2D fluorescence imager
(CRI), engineered with a tunable liquid crystal emission filter.
Using Cy5 excitation (620/20 nm), fluorescence was measured
across a range of wavelengths (640–840 nm in 10-nm steps).
For ratio quantitation, the intensities of Cy5 and Cy7 emission
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were quantified. Cy5 emission was integrated across 660–720
nm, and Cy7 values were extracted by integration across a far-
red range of 760–830 nm using software designed in-house
(20). The software also produced a ratio image (Cy5:Cy7) in
which the value of the ratio was depicted in pseudocolor (low
ratios from low rates of RACPP cleavage at the blue end of the
color bar and high ratios from high rates of proteolytic cleavage
at the red end).

Ratiometric fluorescence quantitation. Fixed regions
of interest (ROIs) were placed over Maestro single-channel
images of the right and left malleoli (Supplementary Figure 3,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40316/abstract) or across
the entire toe. The integrated intensity of fluorescence in each
channel was measured in ImageJ. For each value, background
subtraction was performed, which incorporated the camera
dark current and autofluorescence. The autofluorescence was
calculated from fluorescence imaging of uninjected mice at a
series of exposure times.

Histologic analysis. For microscopic fluorescence
imaging of RACPP that had been cleaved in vivo, mouse hind
paws were embedded in Tissue-Tek and frozen in 2-methylbu-
tane equilibrated in dry ice, and then tissue was stored at
�80°C. Tissue cryosections (15 lm) of mouse hind paws were
directly mounted onto CryoJane tape (Leica) and imaged
while on the tape to preserve the structure of undecalcified,
unfixed bone. Sections were preimaged for ratiometric fluo-
rescence prior to immunostaining at 640 excitation and 685/
40 emission for Cy5 and 785/60 nm emission for Cy7.
Immunostaining was then performed with antibodies conju-
gated to Alexa Fluor 488 for c-Kit (11-1171-81; eBioscience),
Gr-1 (11-5931-85; eBioscience), and F4/80 (60343-50;
Abcam). Anti–citrullinated histone H3 (5103; Abcam) was
unconjugated and anti-rabbit Alexa Fluor 488 secondary anti-
body (A1108; Invitrogen) was used for detection. Antibodies
were visualized with 488 nm excitation and 525/40 nm emis-
sion fluorescence. All images for quantitation were acquired
at 0.4 lm pixel resolution. To assess the staining intensity of
immunotagged inflammatory cells in regions of high and low
RACPPNleTPRSFL cleavage, we adapted the microarray profile
plugin from ImageJ (Supplementary Figure 4, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40316/abstract). Briefly, 144 individ-
ual rectangles (500 pixels each) were placed on ROIs for
RACPP (Cy5) and antibody fluorescence (488 nm) for each
immunostained section. Paired measures of fluorescence inten-
sities for each channel were obtained for ROIs with high and
low Cy5 signal. The fluorescence was normalized to the highest
value for each section and the normalized Cy5 and 488 nm
immunofluorescence values were plotted (n = 3 sections across
3 mice). DAPI staining was imaged on a separate series of sec-
tions at 405 nm (excitation) and 460/60 nm (emission). Confo-
cal images were acquired with a Nikon Ti-E microscope.

Ex vivo assay of protease cleavage of RACPPNleTPRSFL.
Cryosections of tissue harvested from mice on day 1 of arthritis
were incubated with topically applied 2.5 lM RACPPNleTPRSFL
or RACPPPLGC(Me)AG. The effect of protease inhibition on
RACPPNleTPRSFL cleavage was determined by coincubation of
2.5 lM RACPPNleTPRSFL with 350 lM argatroban (S2069; Sel-
leckchem). Confocal images of adjacent control sections incu-
bated with RACPPNleTPRSFL in the absence of inhibitor were
used to locate ROIs with high ratio values (>4) for Cy5:Cy7

intensity. The effect of argatroban was determined from adja-
cent sections using these ROIs (12,096 pixel area) with ImageJ.
A minimum of 3 section pairs each from 4 mice with day 1
serum-transfer arthritis and from 3 normal control mice were
assessed.

Statistical analysis. Statistical analysis was performed
using Prism software version 6.0 (GraphPad Software). Data
are presented as the mean � SEM. Spearman’s and Pearson’s
correlation coefficients were computed to assess linear rela-
tionships. The area under the curve (AUC) from baseline and
receiver operating curves (ROCs) were calculated using Prism
software. One-way analysis of variance and Tukey’s post hoc
test were used for multiple comparisons. P values less than
0.05 were considered significant.

RESULTS

Noninvasive identification of joints with estab-
lished arthritis by RACPP. Protease-dependent cleavage
of RACPPNleTPRSFL has been demonstrated in clotting
blood at high spatial and temporal resolution, and the
cleavage has been traced to thrombin activity (20). The
thrombin inhibitor argatroban attenuates symptoms
in the K/BxN-transgenic model of arthritis (10). Hence,
we examined the activation and spatial localization of
RACPPNleTPRSFL ratiometric fluorescence in this model.
Transgenic mice with measurable ankle swelling and
nontransgenic (BxN) sibling mice were injected with
RACPPNleTPRSFL and imaged after 2 hours of probe cir-
culation (Figure 1A). Other transgenic mice were
injected with an uncleavable probe (RACPPmPEG) that
has a PEG linker substituted for the cleavable PAR-1–
like peptide NleTPRSFL. Higher RACPPNleTPRSFL

cleavage is indicated by an increased ratio of Cy5:Cy7
emission, which is displayed as a redder pseudocolor
(Figure 1A). High ratiometric fluorescence was observed
in the ankles and hind paws of living transgenic mice
(Figure 1A). Quantitation showed significantly increased
RACPPNleTPRSFL Cy5:Cy7 emission fluorescence ratios
in transgenic mice compared to sibling controls (mean �
SD 5.6 � 0.69 versus 2.1 � 0.56; P < 0.01) or transgenic
mice injected with uncleavable RACPPmPEG (1.6 � 0.46;
P < 0.001) (Figure 1B). The broken line in Figure 1B
represents 2 SD below the mean RACPPNleTPRSFL Cy5:
Cy7 emission ratio for arthritic paws.

Ratiometric fluorescence originating from tissue
deep to the skin is illustrated by comparison of cryosec-
tion fluorescence to an image of a swollen toe with high
RACPPNleTPRSFL ratiometric fluorescence from a trans-
genic mouse (Figure 1C). The toe cryosection showed
that the in vivo high ratio patch stemmed from articular
cartilage and periarticular soft tissue (Figure 1D), while
the neighboring toe mirrored the low ratios observed
in vivo (Figures 1C and D).
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Prediction of subsequent joint swelling by
RACPPNleTPRSFL. To evaluate the activation of
RACPPNleTPRSFL in early arthritis, we chose the serum-
transfer model of arthritis because the onset of arthritis
occurs reliably within 3 days of serum inoculation. In this
study, male C57BL/6 mice (n = 6) were injected with 200
ll K/BxN sera on day 0. On day 1, mice were injected with
10 nmoles RACPPNleTPRSFL and imaged 2 hours later
(Figure 2A and Supplementary Figure 5, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40316/abstract). Mice were
monitored daily (from day 0 to day 10) for toe and ankle

swelling. No measurable ankle swelling was detected on
day 1; however, there was an increase in ankle thickness
in some mice on day 2, with significant swelling observed
on day 3 and continuing to day 10 (P < 0.05 versus base-
line) (Figure 2B).

In order to assess a prognostic value of early
ratiometric RACPPNleTPRSFL fluorescence on day 1, we
quantified Cy5:Cy7 emission ratios for a fixed ROI and
compared these values to associated ankle AUCs, since
the latter measures show changes in ankle thickness
over 10 days. Ankle RACPPNleTPRSFL fluorescence
and swelling (AUC) were significantly correlated

Figure 1. In vivo imaging of established arthritis with ratiometric activatable cell-penetrating peptide (RACPP) with the linker Nle-TPRSFL. A,
Cy5:Cy7 emission (em) fluorescence ratios in an arthritic K/BxN–transgenic (Tg) mouse injected with RACPPNleTPRSFL, a control sibling (sib)
mouse injected with RACPPNleTPRSFL, and a K/BxN-transgenic mouse injected with control probe (RACPPmPEG). Mouse ankles were imaged after
2 hours of probe circulation. High Cy5:Cy7 emission fluorescence ratio was noted in the ankle of the K/BxN-transgenic mouse injected with
RACPPNleTPRSFL, and low ratiometric fluorescence was observed in the ankles of the control sibling injected with RACPPNleTPRSFL and the
K/BxN-transgenic mouse injected with RACPPmPEG. B, Cy5:Cy7 emission ratios in transgenic mice injected with RACPPNleTPRSFL (n = 6), their
siblings injected with RACPPNleTPRSFL (n = 5), and transgenic mice injected with RACPPmPEG (n = 3). The broken line represents 2 SD below the
mean RACPPNleTPRSFL Cy5:Cy7 emission ratio in arthritic paws. Symbols represent individual ankles (2 per mouse). * = P < 0.01; ** = P < 0.001.
C, Focus of high RACPPNleTPRSFL Cy5:Cy7 emission in the toe (arrow) of a transgenic mouse. D, Cryosection from the mouse toe shown in C,
showing signals in articular cartilage and periarticular soft tissue.
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(Spearman’s correlation coefficient [r] = 0.71, P =
0.01). All of the mouse ankles with RACPPNleTPRSFL

Cy5:Cy7 ratios of >4 on day 1 eventually developed
swelling. However, 5 of the ankles that had relatively
low RACPPNleTPRSFL Cy5:Cy7 ratios (<4) still devel-
oped marked swelling over the following 9 days (AUC
>5) (Figure 2B).

To extend comparisons of joint swelling and
RACPP uptake to mouse toes, we developed a method to
measure cumulative toe swelling based on quantitation
from white-light images of the plantar surfaces of the hind
paws (Figure 2C and Supplementary Figures 1 and 2).
On day 1 of serum-transfer arthritis, foci of high
RACPPNleTPRSFL ratiometric fluorescence were detected
(Figure 2C and Supplementary Figures 5 and 6, available
on the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.40316/abstract). White-light
images of mouse toes on day 1 of serum-transfer arthritis
did not show any obvious swelling when compared to nor-
mal mice (Supplementary Figure 6). However, quantitation
of toe thickness from aspect ratios, using magnified images,
detected swelling for some toes (Figure 2D). Cumulative
toe swelling was quantified using the aspect ratios for all
toes, which were serially sampled across 10 days, as illus-
trated for 1 hind paw (Figures 2C and D). The AUCs cal-
culated from the toe aspect ratio data were significantly
correlated with the RACPPNleTPRSFL fluorescence ratios
obtained on day 1 for all toes (Spearman’s correlation
coefficient [r] = 0.45, P < 0.0003) (Figure 2D).

We evaluated ROC plots to further assess if
RACPPNleTPRSFL ratiometric fluorescence is predictive
of swelling. Digits with an AUC of ≥1 were considered
swollen (while those with AUCs of ≤1 were classified as
not swollen) based on multiple measures of healthy
mice. Ankles of normal wild-type C57BL/6 mice (n = 4)
injected with 10 nmoles of RACPPNleTPRSFL were used
as unaffected controls, and measures from mice with an
AUC of >1 for ankle swelling were considered arthritic.
Although the number of mice was small, the areas of
the ROC curves suggested that the probe was more
promising at detecting future ankle swelling (AUC 0.81;
P < 0.001) than digit swelling (AUC 0.75; P = 0.002)
(Supplementary Figure 7, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40316/abstract).

Localization of RACPPNleTPRSFL fluorescence
mainly to periarticular regions in acute arthritis. We
examined the tissue localization of increased Cy5:Cy7
ratio of RACPPNleTPRSFL on day 1 of serum-transfer
arthritis. The in vivo image (Figure 3A) and cryosec-
tions of the same paw (Figure 3B) showed regions

Figure 2. In vivo detection of serum-transfer arthritis (STIA) on day
1 with RACPPNleTPRSFL. A, In vivo image of 2 ankles from the same
mouse, demonstrating foci of high RACPPNleTPRSFL Cy5:Cy7 emission
on day 1 of serum-transfer arthritis. B, Left, Ankle thickness in mice
with serum-transfer arthritis. Significant ankle swelling for the
cohort (n = 6) did not begin until day 3. Right, Correlation of
RACPPNleTPRSFL Cy5:Cy7 emission ratios on day 1 with areas under
the curve (AUCs) of individual mouse ankle thicknesses from day 0
to day 10. Circles represent individual mouse ankles. C, White-light
images of the plantar view of the left hind paw of a mouse with
serum-transfer arthritis. Images were obtained at baseline (day 0)
and on days 1 and 8 of serum-transfer arthritis. A corresponding
image of ratiometric fluorescence on day 1 of serum-transfer arthritis
is shown. D, Left, Daily toe aspect ratios from the mouse paw shown
in C, including a toe with a high RACPPNleTPRSFL ratio on day 1
(toe 1) demonstrating subsequent sustained swelling. Right, Correla-
tion of RACPPNleTPRSFL Cy5:Cy7 emission fluorescence ratios on day
1 with AUCs from serially determined aspect ratios of toe thickness
for the complete cohort of 60 toes (n = 6 mice). 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.40316/abstract.
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with high RACPPNleTPRSFL ratiometric fluorescence. In
similar regions, microscopic localization showed high
RACPPNleTPRSFL Cy5:Cy7 ratio intensity deep to the
skin within juxtaarticular soft tissue as well as in scant
areas that were not visualized in vivo (e.g., digit 5 in
Figure 3B). High magnification revealed only a small
focus of uptake in cartilage (Figure 3B). Application of
a DNA stain, DAPI, in a neighboring section (Fig-
ure 3C) showed that the periarticular patch of high
ratio periarticular fluorescence was hypercellular with
abnormal decondensed DNA-stained nuclei. This con-
trasts with the relatively sparse DNA staining on the
opposite side of the toe in a region of low ratio signal.

Colocalization of RACPP fluorescence with
inflammatory cells on day 1 of serum-transfer arthritis.
We examined the cellular composition of foci with
high in vivo ratiometric signal in hind paws from mice
(n = 3) harvested after in vivo RACPPNleTPRSFL

imaging on day 1 of serum-transfer arthritis. Toes that
demonstrated high ratio cleavage were selected for fur-
ther microscopic examination (Figure 4A). Hematoxylin
and eosin staining of neighboring sections demon-
strated areas of cellular infiltration that mapped to
areas of high ratiometric signal (Figure 4B).

To characterize the cellular infiltrate in areas with
high RACPPNleTPRSFL cleavage, we immunostained sec-
tions with antibodies that recognize citrullinated histones,
neutrophils, mast cells, and macrophages (Figure 4C). All
antibody markers showed clusters of immunolabeled cells
that intermingled with high RACPPNleTPRSFL ratiometric
signal. This colocalization indicates that inflammatory
cells in mouse hind paws on day 1 of serum-transfer
arthritis are situated in active protease-enriched niches
(Figures 4C and D). We also immunostained sections
with antibodies for citrullinated histones to test if the neu-
trophil clusters in high cleavage ratio patches were

Figure 3. Microscopic localization of in vivo cleavage of RACPPNleTPRSFL on day 1 of serum-transfer arthritis in a mouse hind paw. A, Foci of
elevated Cy5:Cy7 emission on the medial aspect of digits 1 and 2 of the hind paw of a mouse with serum-transfer arthritis. B, i, Cryosection of the
mouse hind paw shown in A, demonstrating fluorescence on medial surfaces. ii, Higher-magnification view of the boxed area in i. Digit 1 showed
sparse cartilage label in contrast with predominant periarticular ratiometric fluorescence. iii, Higher-magnification view of the boxed area in ii.
Left and right boxed areas show periarticular sites with high and low ratiometric fluorescence, respectively. C, i, DAPI staining of the same mouse
hind paw, illustrating increased cellularity in a high ratiometric fluorescence zone (left box) as compared to a low ratiometric fluorescence zone
(right box). ii, Higher-magnification view of the left boxed area in i, showing decondensed nuclei and DNA extrusions. iii, Higher-magnification
view of the right boxed area in i, showing lower cellularity and sharply condensed DAPI nuclei. Color figure can be viewed in the online issue,
which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40316/abstract.
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activated, because histone citrullination is a signature of
neutrophil extracellular traps (NETs) (25). Citrullinated
histone immunostaining intensity significantly correlated
with the magnitude of Cy5-tagged ratiometric signal
(Pearson’s correlation coefficient [r] = 0.54, P < 0.0001)
(Figures 4C and D).

Ex vivo assay for protease dependence of RACPP
cleavage in the joints of mice with serum-transfer
arthritis. We examined whether RACPP cleavage could
detect ex vivo protease activity in tissues obtained on day
1 of serum-transfer arthritis from mice that had not been
injected in vivo with RACPP. Sites of inflammation
were independently identified by immunostaining for
citrullinated histones (Figure 5A). Topical application

of RACPPNleTPRSFL on cryosections resulted in high
ratiometric fluorescence in regions of citrullinated his-
tones (Figure 5A), indicating that the probe itself did not
instigate release of nuclear DNA during in vivo testing.
In contrast to the high ratiometric fluorescence ob-
served with thrombin-cleavable RACPPNleTPRSFL, topically
applied MMP-cleavable RACPPPLGC(Me)AG showed low
ratiometric signal in the vicinity of citrullinated his-
tones, although higher ratios were detected in the artic-
ular cartilage (Figure 5A). The cartilage signal is
consistent with the findings of prior studies in which
RACPPPLGC(Me)AG signal was observed in healthy ster-
nal cartilage (Supplementary Figure 8, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.

Figure 4. In vivo ratiometric fluorescence of ratiometric activatable cell-penetrating peptide (RACPP) with the linker Nle-TPRSFL on day 1 of
serum-transfer arthritis in relation to cellular inflammation. A, Focal high Cy5:Cy7 emission in a mouse toe on day 1 of serum-transfer arthritis in vivo.
B, Cryosection of the mouse toe shown in A, showing densely hematoxylin and eosin (H&E)–stained cell infiltrates (left) mapping to foci of high Cy5:
Cy7 emission (right). Bar in the left panel = 250 lm. C,Dual-channel images of Cy5 for RACPPNleTPRSFL and 488-nm immunolabeling for citrullinated
histone (Cit His) (H3), c-Kit, F4/80, and Gr-1 to image posttranslationally modified histones, mast cells, macrophages, and neutrophils, respectively.
D, Scatterplot quantification of dual-channel overlap (n = 3 mice). Cy5 fluorescence correlated with immunostaining for citrullinated histone, c-Kit,
F4/80, and Gr-1. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40316/abstract.
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wiley.com/doi/10.1002/art.40316/abstract) (22). In the
presence of argatroban, the ratiometric signal from
RACPPNleTPRSFL topically applied on cryosections
obtained from mouse paws on day 1 of serum-transfer
arthritis was inhibited and thus remained at the base-
line observed in nonarthritic mice (Figure 5C and Sup-
plementary Figure 9, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40316/abstract).

DISCUSSION

We assessed detection of murine joint inflamma-
tion in arthritis with an RACPP designed with the pep-
tide NleTPRSFL encompassing the cleavage site of
the thrombin receptor PAR-1 (20). High-magnitude
RACPPNleTPRSFL ratiometric fluorescence (Cy5:Cy7

emission ratios >4) (Figure 1B) distinguished the swol-
len joints of transgenic mice with established arthritis
from the joints of unaffected control mice. Upon micro-
scopic examination of high ratiometric fluorescence in
transgenic mouse joints, we observed signal in joint car-
tilage, synovium, and periarticular regions. High-magni-
tude foci of RACPPNleTPRSFL ratiometric fluorescence
were also detected as early as day 1 of serum-transfer
arthritis. Notably, these signals were a predictor of sub-
sequent joint swelling in individual mouse ankles and
toes. Microscopic examination of joints on day 1 of
serum-transfer arthritis revealed that foci of high
RACPPNleTPRSFL ratiometric fluorescence were largely
restricted to periarticular tissues that were densely pop-
ulated by mast cells, macrophages, neutrophils, and
NETs. Interestingly, there was little extension of high-
magnitude RACPPNleTPRSFL fluorescence into the joint

Figure 5. Inhibition of the cleavage of ratiometric activatable cell-penetrating peptide (RACPP) with the linker Nle-TPRSFL ex vivo by the
thrombin inhibitor argatroban in cryosections obtained from the hind paws of mice on day 1 of serum-transfer arthritis. A, Immunostaining for
citrullinated histones (Cit His) to identify sites of inflammation in mouse tissue. Citrullinated histone H3 immunofluorescence (left) overlapped
with RACPPNleTPRSFL fluorescence (middle) on a cryosection obtained from a mouse on day 1 of serum-transfer arthritis. In contrast, the signal
from a matrix metalloproteinase sensor (RACPPPLGC(Me)AG) (right) did not overlap with densely immunostained citrullinated histone–positive
regions. B, Reduction of RACPPNleTPRSFL fluorescence in inflamed citrullinated histone–positive regions after coincubation of RACPPNleTPRSFL

with argatroban. Bar = 100 lm. C, Quantitation of effects of thrombin inhibition by coincubation of topical argatroban and RACPPNleTPRSFL.
Argatroban reduced Cy5:Cy7 emission ratios to levels observed in healthy mice (day 0). Values are the mean � SEM. * = P < 0.0001 by one-way
analysis of variance with Dunnett’s post hoc test.
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space or cartilage. Taken together, the data show
that RACPPNleTPRSFL ratiometric fluorescence noninva-
sively detects established arthritis and predicts clinically
significant acute arthritis. The high spatial resolution of
RACPPNleTPRSFL also revealed local differences in pro-
tease activation in affected joints in acute versus chronic
arthritis.

Several features of the RACPPNleTPRSFL probe
design facilitated these studies. RACPPs report active
proteases with a larger dynamic spectral range than
single wavelength probes (26), including those that are
optically silenced by quenching (6,15,27,28). Dual fluo-
rescence also affords an additional advantage, since
uncleaved low ratio fluorescence can be used to confirm
the probe’s tissue distribution. Thus, the high intensity
but low cleavage ratio fluorescence observed in cartilage
on day 1 of serum-transfer arthritis indicates that the
low-magnitude cleavage ratio is not a result of lack of
access of the RACPP to the joint space but instead
results from lower levels of protease activity. Another
advantage is that high Cy5:Cy7 fluorescence ratios were
detected after only 2 hours of in vivo circulation and did
not require an extensive washout period. Based on
ex vivo inhibition of RACPPNleTPRSFL ratiometric fluo-
rescence by coapplication of the thrombin inhibitor arga-
troban to cryosections obtained from mice on day 1 of
serum-transfer arthritis, we suggest that the rapid in vivo
accumulation of high RACPPNleTPRSFL ratiometric fluo-
rescence is likely due to probe cleavage by activated
thrombin (20), but contributions from other proteases
cannot be excluded.

A role of thrombin in disease modulation was previ-
ously reported in K/BxN-transgenic mice (10). Building on
this observation, we suggest that thrombin activation,
reported by RACPPNleTPRSFL ratiometric fluorescence, is
localized to periarticular areas in the chronic transgenic
and early serum-transfer arthritis models. Arthritis initia-
tion in the K/BxN model is hypothesized to stem from the
deposition of anti–glucose-6-phosphate isomerase autoan-
tibodies (29) in joint soft tissue (30) and on charged carti-
lage surfaces (10,31). This pattern of antibody deposition
is paralleled by high-magnitude RACPPNleTPRSFL ratio-
metric fluorescence microscopically detected in the hind
paws of K/BxN-transgenic mice with established arthritis.
Somewhat surprisingly, the microscopic foci of high
RACPPNleTPRSFL ratiometric fluorescence detected in
cryosections of mouse hind paws obtained on day 1 of
serum-transfer arthritis were largely excluded from carti-
lage, although foci could be detected in neighboring peri-
articular soft tissue. On the other hand, the paucity of
cartilage ratiometric fluorescence on day 1 of serum-
transfer arthritis is consistent with findings from

structural 3-dimensional imaging by MRI that demon-
strate enhanced signal in periarticular areas and around
tendons on day 3 in the serum-transfer arthritis model
(32), but little signal in the joint space itself. Our data
suggest that the periarticular tissue swelling localized by
MRI is likely accompanied by an influx of inflammatory
cells in early serum-transfer arthritis. In this regard,
RACPPNleTPRSFL ratiometric fluorescence would also
likely be more specific for active inflammation than the
perivascular pooling of indocyanine green (33), which
has been approved for clinical use in imaging by the Food
and Drug Administration.

Microscopic examination of joint tissues obtain-
ed from mice on day 1 of serum-transfer arthritis indi-
cated that cleaved probe adheres to regions with clus-
ters of mixed inflammatory cells. Recruitment of
inflammatory cells in collagen-induced arthritis accom-
panies early endothelial activation as demonstrated by
in vivo imaging with NIR fluorescence–conjugated
anti–E-selectin antibodies (34). Other in vivo imaging
approaches using conjugation of fluorophores to anti-
bodies or markers for macrophages and/or phagocytes,
such as F4/80 (35), folate (27,36), and S100A8/9 (37),
have previously demonstrated increases in populations
of joint inflammatory cells in acute and established
arthritis. The present study expands on these findings
with the demonstration that the influx of multiple types
of inflammatory cells appears to be coordinated and
targeted to regions of high RACPPNleTPRSFL ratiomet-
ric fluorescence with elevated protease activities.

Previous work with functionally activated probes
for myeloperoxidase activity (38) or cleavage by inflam-
mation-associated enzymes such as cathepsins and
MMPs (4–6) has allowed monitoring of arthritis progres-
sion. In this study, we used an alternative approach and
imaged mice by injection of RACPPNleTPRSFL before visi-
ble swelling (determined by eye or caliper measure) in
the serum-transfer arthritis model and then followed
individual mice serially for clinical swelling. Mouse
ankles that had foci of high-magnitude RACPPNleTPRSFL

Cy5:Cy7 emission ratios (>4) on day 1 of serum-transfer
arthritis developed sustained swelling as measured
by calipers. However, 5 of 12 mouse ankles that
subsequently developed swelling had low-magnitude
ratiometric fluorescence (Cy5:Cy7 ratio <4) on day 1 of
serum-transfer arthritis and were considered false nega-
tives. Several factors may have limited the detection of
cleaved probe in these ankles. First, the number of views
was restricted by the time required to position the mice
under anesthesia. Images were captured only from the
medial view of the ankles and the plantar views of the
paws. Since the lateral aspect and the dorsum of the hind
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foot were not imaged, this may have reduced the sensitiv-
ity for predicting later swelling. Activation of other pro-
teases in arthritis is dynamically regulated, as suggested
by recent observations of MMP-12 and MMP-13 in
serum-transfer arthritis (5), so that sampling thrombin
activation at a single 2-hour time point 1 day after serum
injection may not detect all areas of future disease.

The serum-transfer arthritis model is known to
be heavily neutrophil dependent (39), and NETs associ-
ated with neutrophil activation are present in the joints
(40). The present study demonstrates that both of these
markers of inflammation emerge within 24 hours of
serum injection and are targeted to synovial and
neighboring soft tissues where there is elevated
RACPPNleTPRSFL ratiometric fluorescence. The early
targeting of inflammatory cells may reflect thrombin
activation of complement pathways to yield the neutro-
phil chemoattractant C5a independent of C3 (10,19).
Conversely, thrombin is itself generated via tissue factor
pathways that are activated by tissue damage and by
NETs (41,42). Thus, the present work provides visual-
ization of a spatial overlap between RACPPNleTPRSFL

signal intensity and citrullinated histones, which is con-
sistent with a model of positive feedback between the
generation of NETs and thrombin activation (Supple-
mentary Figure 10, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40316/abstract).

The clinical use of RACPPNleTPRSFL could extend
to monitoring other neutrophil predominant forms of
arthritis, such as gout (43), or other disease states that are
characterized by inflammation and NET formation, such
as vascular injury from vasculitis (42,44). Furthermore, in
this study there were multiple inflammatory cell types that
mapped to the region of high fluorescence intensity, indi-
cating a broader potential for RACPPNleTPRSFL than
solely detecting neutrophil activity. In a T cell–dependent
murine model of multiple sclerosis, a prior generation
probe indicated that thrombin activation preceded the
onset of neurologic signs, increased at disease peak, and
was correlated with deleterious histologic changes and
clinical severity (45). Taken together, the findings of the
present study suggest that functional imaging with the
RACPPNleTPRSFL biosensor could be used to monitor
both the development and progression of synovitis and
other inflammatory disease states.
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Predictive Validity of Radiographic Trabecular Bone Texture in
Knee Osteoarthritis
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Objective. To evaluate radiographic subchondral
trabecular bone texture (TBT) as a predictor of clini-
cally relevant osteoarthritis (OA) progression (combi-
nation of symptom and structural worsening).

Methods. The Foundation for the National Insti-
tutes of Health (FNIH) OA Biomarkers Consortium
undertook a study of progressive knee OA cases (n = 194
knees with both radiographic and pain progression over
24–48 months) and comparators (n = 406 OA knees not
meeting the case definition). TBT parameters were extract-
ed from a medial subchondral tibial region of interest by
fractal signature analysis of radiographs using validated
semiautomated software. Baseline TBT and time-
integrated values over 12 and 24 months were evaluated
for association with case status and separately with radio-
graphic and pain progression status, adjusted for age, sex,

body mass index, race, baseline Kellgren/Lawrence grade,
baseline joint space width, Western Ontario and McMas-
ter Universities Osteoarthritis Index pain score, and pain
medication use. C statistics were generated from receiver
operating characteristic curves.

Results. Relative to comparators, cases were char-
acterized by thinner vertical and thicker horizontal trabec-
ulae. The summed composite of 3 TBT parameters at
baseline and over 12 and 24 months best predicted case
status (odds ratios 1.24–1.43). The C statistic for predict-
ing case status using the TBT composite score (0.633–
0.649) was improved modestly but statistically significantly
over the use of covariates alone (0.608). One TBT parame-
ter, reflecting thickened horizontal trabeculae in cases, at
baseline and over 12 and 24 months, predicted risk of any
progression (radiographic and/or pain progression).

Conclusion. Although associations are modest, TBT
could be an attractive means of enriching OA trials for pro-
gressors since it can be generated from screening knee
radiographs already standard in knee OA clinical trials.
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Trabecular bone texture (TBT) analysis is a method
of determining the state of the vertical and horizontal tra-
beculae of a standardized region of interest of bone. Base-
line TBT of the subchondral tibial bone in cohorts with
knee osteoarthritis (OA) has been shown to predict OA
structural progression, as defined by radiography and/or
magnetic resonance imaging (MRI), over the ensuing 12–
48 months (1–3), as well as knee joint replacement (4) and
incident OA (5). TBT also changes concurrently with loss
of joint space width (JSW), joint space area, and cartilage
volume on MRI in knee OA progression (1,2). Notably,
TBT has not previously been evaluated for its ability to
predict pain progression or the combination of pain pro-
gression and structural progression.

TBT data are generated from a plain knee radio-
graph using a method known as fractal signature analysis
based on prior work by Dr. Buckland-Wright (6) (summa-
rized in ref. 1). TBT is a particularly attractive potential
means of enriching OA trials for progressors since it can
be generated from data extracted from the types of
screening knee radiographs already standard in any knee
OA clinical trial. In all fields, trial enrichment markers
significantly improve the chances for successful phase
transitions, the probability that a drug candidate will
advance into the next phase of development (7). It is esti-
mated that 2 in 4 phase III trials without selection
biomarkers will fail versus only 1 in 4 trials with selection
biomarkers (7).

The reasons for the translational failure of anti-
OA drugs are multifold. They include the poor relation-
ship between joint structural pathology (especially joint
space narrowing [JSN] on radiographs) and symptomatic
disease in individual patients, the limited responsiveness
of existing biomarkers (8), the existence of multiple phe-
notypes of OA that may each require somewhat different
approaches for optimizing treatment (9), and the phasic
progression of OA (10) that results in enrollment of low
numbers of progressors in the absence of effective enrich-
ment strategies. A secondary analysis of a failed phase III
clinical trial of risedronate for knee OA demonstrated the
potential utility of biomarkers (11). Although risedronate
failed to demonstrate superiority in the attenuation of
knee OA structural deterioration based on JSN in that
trial, C-telopeptide of type II collagen (CTX-II) levels
decreased with risedronate therapy, and urinary concen-
trations of CTX-II at 6 months correlated with radiologic
progression at 24 months. TBT analyses in that trial
demonstrated a dose-dependent therapeutic drug effect
characterized by retention of normal trabecular structure
in the knees of progressors with JSN (12). Even a modest
strategy of enriching a trial for OA progressors or reduc-
ing screen failure rates (i.e., risedronate trials had a

screen failure rate of 73% [13]) could have significant cost
implications. Not surprisingly, a European League Against
Rheumatism committee of OA researchers, clinicians,
and patients has listed identification of predictors of OA
progression as a high research priority, especially where
this might enable stratified interventions (14).

Other than knee alignment, meniscal pathology,
bone marrow lesions, synovitis, and frequent knee pain
(15–18), there are currently few validated alternatives for
enriching OA trials for structural progressors. The data
acquired by MRI (related to the meniscus, bone marrow,
and synovium) are relatively costly and sometimes inac-
cessible. The inexpensive and readily accessible data tradi-
tionally relied upon to identify progressors, such as the
OA risk factors of age, sex, and body mass index (BMI),
have been shown to be poor predictors in a heteroge-
neous population of OA patients (1,19,20).

The objective of our study was to investigate the
ability of baseline and short-term (over 12–24 months)
radiographic medial subchondral TBT to predict clinically
relevant medial knee OA progression (a combination of
symptom and structural worsening) over 48 months. We
hypothesized that TBT could be a valuable adjunct for
enriching OA clinical trials for clinically relevant progres-
sor subjects, thereby providing a means of increasing
study power and potentially reducing study costs or
enhancing trial efficiency due to the need to enroll fewer
trial participants.

PATIENTS AND METHODS

Study design. The Foundation for the National Insti-
tutes of Health (FNIH) OA Biomarkers Consortium undertook
a nested case–control study (194 cases and 406 OA compara-
tors) of progressive knee OA within the Osteoarthritis Initiative,
a unique longitudinal cohort with a publicly available repository
of joint images, biologic specimens, and clinical data obtained at
annual clinic visits (21). Details of the study design have been
published previously (21,22). Briefly, participants eligible for the
present study were those who had at least 1 knee with a Kell-
gren/Lawrence (K/L) grade of 1–3 (23) at baseline determined
at a central reading site and for whom knee radiographs, knee
MRIs, stored serum and urine specimens, and clinical data were
available for the baseline and 24-month visits. One index knee
was selected for each participant. Participants were excluded if
they had a knee or hip replacement between baseline and 24
months or had radiographic or pain progression at the 12-month
follow-up. Knees that had a lateral JSN grade of ≥2 at baseline
were excluded.

Radiography. Radiography of both knees was performed
at all clinic visits using the same nonfluoroscopic fixed-flexion
protocol (SynaFlexer; Synarc) (24). Radiographs were assessed
for K/L grade at the central reading site (23). The minimum JSW
in the medial femorotibial compartment was measured using
automated software (25). Knees were excluded for poor radio-
graphic positioning (defined by baseline medial compartment rim
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distance of >6.5 mm or change in rim distance of >2.0 mm from
baseline to all follow-up time points) because such knees would
make measurement of minimum JSWunreliable.

Definitions of radiographic and symptomatic progres-
sion. Radiographic progression was defined as a loss of ≥0.7
mm in medial minimum JSW from baseline to 24, 36, or 48
months. Knee pain was assessed using the Western Ontario
and McMaster Universities Osteoarthritis Index (WOMAC)
pain subscale (26). Based on an established minimum clini-
cally important difference (MCID) for pain worsening (27),
persistent pain progression was defined as a pain increase of
≥9 points at 2 or more time points (on a 0–100 normalized
scale) from the 24-month pain assessment to the 60-month
pain assessment. (The 60-month time point was assessed to
verify pain persistence if the pain worsening end point was
reached at 48 months.)

Two main outcome groups were defined. Case knees (n =
194) had clinically relevant (both radiographic and pain) progres-
sion, and comparator OA knees (n = 406) lacked the combination
of radiographic and pain progression. Comparator knees could be

subdivided into 3 groups: those with radiographic progression but
not pain progression (n = 103); those with pain progression but
not radiographic progression (n = 103); and OA nonprogressors
(n = 200), who had neither radiographic progression nor pain pro-
gression in the index knee and no joint space loss or pain progres-
sion in the contralateral knee. For better covariate balance among
the groups, the knees selected for the 4 groups were frequency
matched, using K/L grade strata (for grades 1–3) and BMI strata
<25, 25 to <27.5, 27.5 to <30, 30 to <35, and ≥35 kg/m2.

Determination of TBT. TBT data were extracted from
the same nonfluoroscopic fixed-flexion knee radiographs used
for K/L grade and JSW determinations. Radiographic analyses
were performed using validated and commercially available
semiautomated software (KneeAnalyzer; Optasia Medical).
The software provides a complex data set of variables (fractal
dimension and radius) from the medial tibial subchondral bone
of the knee that can be used to plot fractal signature curves
(Figure 1). The software uses a horizontal filter (HF) to gener-
ate data on the vertical trabeculae and a vertical filter (VF) to
generate data on the horizontal trabeculae.

Figure 1. Graphic representation of fractal signature curves at baseline, 12 months, and 24 months. Fractal signature curves are generated by
plotting the fractal dimension versus the radius. Top, Fractal signature curves derived from the horizontal filter of KneeAnalyzer software at
baseline. The horizontal filter yields information about the vertical trabeculae. Bottom, Fractal signature curves derived from the vertical filter of
KneeAnalyzer software at baseline. The vertical filter yields information about the horizontal trabeculae. Line graphs show mean (raw unadjusted)
data on subjects with observations at all 3 time points. Orange lines depict the mean fractal signature curves for primary cases (subjects with knee
osteoarthritis [OA] with radiographic and pain progression from 24 to 48 months after baseline); blue lines depict the mean fractal signature
curves for primary comparators (subjects with knee OA that did not meet the primary case definition).
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Our novel data reduction method relies on a global
shape analysis of the fractal signature curves and enabled us to
convert the very complex fractal signature data from the medial
compartment of each knee radiograph into 6 TBT parameters:
HF intercept, HF linear slope, HF quadratic slope, VF intercept,
VF linear slope, and VF quadratic slope. These parameters are
suitable for subsequent regression and receiver operating char-
acteristic (ROC) curve analyses. Global shape analysis of the
fractal signature curves was performed using mixed models (28)
(assuming an autoregressive error structure). The empirical best
linear unbiased estimate was derived for the mode including the
linear slope and quadratic polynomials of radius.

In slight contrast to our prior work, extraction of the
TBT parameters for these analyses originated from the nadir
(and center) of the fractal signature curves to reduce the cor-
relation between the estimated parameters. The advantage of
this refinement has been to create near orthogonal (non-over-
lapping, independent) TBT parameters more suitable for mul-
tivariable and combinatorial statistical modeling and allowing
the researcher to assess which parameter relates most to the
outcomes under study. The absolute values of the parameters
are therefore not directly comparable to prior published work
but their ability to be predictive of outcomes should be as
good, and their potential use in combination improved due to
the reduction of multicollinearity. The interrater reliability of
TBT is very high, as previously reported (1). To minimize
confusion, all results are reported with reference to the hori-
zontal or vertical filter from which they were generated.

Statistical analysis. In total, 579, 551, and 569 radio-
graphs of suitable quality for TBT analyses were available at
baseline, 12 months, and 24 months, respectively. TBT analy-
ses were based on baseline data and time-integrated values
over 12 months (n = 538) and 24 months (n = 554). The pre-
specified primary analyses evaluated the ability of the 6 indi-
vidual TBT parameters to predict case status (those with both
pain progression and radiographic [joint space loss] progres-
sion; n = 194) versus comparator status (those without both
pain progression and radiographic progression; n = 406).

The 4 prespecified secondary analyses compared the
best (based on univariable modeling) TBT parameter (VF lin-
ear slope) by each type of progressor status. Method 1 com-
pared subgroups with pain progression and joint space loss
progression, pain progression only, and joint space loss progres-
sion only to the nonprogressor reference group (who had nei-
ther radiographic progression nor pain progression). Method 2
compared all progressors (radiographic or pain) to the nonpro-
gressors. Method 3 compared all radiographic progressors to
radiographic nonprogressors. Method 4 compared all pain pro-
gressors to pain nonprogressors.

The main analysis used multivariable regression with
TBT parameters transposed to Z scores (created by subtracting
the value for a subject from the total group mean and dividing by
the standard deviation) in order for 1 unit of change to be com-
parable across the parameters; thereby a Z score of 0 represents
the sample mean. This strategy overcomes the challenge of com-
paring measures that have different ranges. Analyses were
adjusted for covariates including age, sex, BMI, race, baseline
radiographic JSW, baseline K/L grade, baseline knee pain, and
use of pain medications.

The best composite TBTscore was derived by combining
the Z scores of the 3 TBT parameters predictive in univariable
models. Two of the TBT parameters that predicted case status

(VF linear slope and VF quadratic slope) had negative Z scores,
and therefore, they were reverse coded (sign changed) before
they were summed with the HF intercept (for which positive Z
scores predicted case status) to create a composite score. ROC
curve (C statistic) analysis was used to determine the predictive
capability of the parameters. Parameters were evaluated individ-
ually or as a composite of 3 parameters. In addition to baseline
values, TBT parameters were expressed in terms of time-
integrated values over 12 months and 24 months from baseline;
these measures are equivalent to the area under the curve
defined by the individual values for the specific time interval.

RESULTS

Participant characteristics and TBT parameters.
The demographic characteristics of the participants se-
lected for these analyses are listed in Table 1. Bivariate
analyses of baseline demographic characteristics showed
that a lower K/L grade (OR 0.37 [95% CI 0.21–0.66]),
no use of pain medication (OR 0.66 [95% CI 0.44–
1.01]), and a higher level of pain at baseline (OR 0.98
[95% CI 0.97–0.99]) were associated with lower odds of
being a case (having both radiographic progression and
pain progression by 48 months). Other baseline charac-
teristics, including JSW, BMI, age, sex, and race were not
associated with case status. The mean � SD and median
Z scores for baseline TBT parameters in cases and com-
parators are shown in Table 2, and the mean � SD and
median nontransformed values for these parameters are
shown in Supplementary Table 1 (available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40348/abstract).

Table 1. Demographic characteristics of the 579 study participants
with OA*

Characteristic
Comparators
(n = 394)

Cases
(n = 185)

Age, mean � SD years 61.4 � 8.9 62.0 � 8.9
Sex, no. (%) female 236 (60) 108 (58)
BMI, mean � SD kg/m2 30.7 � 4.8 30.8 � 4.8
History of knee injury, no. (%) 143 (36) 65 (35)
Baseline K/L knee grade, no. (%)
1 51 (13) 22 (12)
2 218 (55) 80 (43)
3 125 (32) 83 (45)

Race, no. (%) white 313 (79) 146 (79)
Baseline use of pain medication,
no. (%)

107 (27) 62 (34)

Baseline WOMAC pain score,
mean � SD

12.7 � 16.5 10.1 � 12.8

Baseline joint space width,
mean � SD mm

3.9 � 1.0 3.8 � 1.4

* Cases had knee osteoarthritis (OA) with clinically relevant radio-
graphic and pain progression, and comparators had knee OA but did
not have the combination of both radiographic and pain progression.
BMI = body mass index; K/L = Kellgren/Lawrence; WOMAC = West-
ern Ontario and McMaster Universities Osteoarthritis Index.
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Four of the 6 TBT parameters (HF intercept, HF
linear and quadratic slopes, and VF linear slope) were
associated with one or more of the baseline covariates
(Supplementary Table 2, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40348/abstract). With the exception of the
correlation of HF quadratic slope with HF intercept, the
baseline TBT parameters were generally correlated but
not collinear (Pearson’s correlation coefficient [r] < 0.8)
(Supplementary Table 3, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40348/abstract).

Primary analyses with TBT parameters. Relative
to primary comparators, primary cases were characterized
by higher HF and lower VF fractal dimensions (Figure 1),
reflecting thinner (more complex) vertical trabeculae and
thicker (less complex) horizontal trabeculae, respectively.
Over 12 months and 24 months, HF intercept and VF lin-
ear slope were both significantly associated with case sta-
tus. HF intercept was positively associated with case status,

while VF linear slope was negatively associated with case
status. Over 12 months, VF quadratic slope was negatively
associated with case status (Table 2). The summed com-
posite of these 3 TBT parameters (as Z scores with reverse
coding of the 2 slope components) at baseline and over 12
months and 24 months predicted case status with odds
ratios (ORs) ranging from 1.24 to 1.43 (Table 2). Using
the composite score, the C statistic for predicting case sta-
tus improved modestly but significantly (0.633–0.649) over
the use of the covariates alone (0.608).

Secondary analyses with TBT parameters. The
TBT parameters were further evaluated for their ability to
predict the group into which an individual would be classi-
fied at 48 months, namely, any progression, joint space loss
(radiographic) progression, or pain progression. In each
instance, VF linear slope was the best single and significant
TBT predictor, and was negatively associated with case
status, for each type of progression (Table 3). VF linear
slope best predicted pain progression, with the C statistic
reaching 0.654 based on VF linear slope over 24 months.

Table 2. Primary analyses based on baseline, 12-month time-integrated value, and 24-month time-integrated value TBT parameter Z scores*

TBT parameter
Mean � SD (median)

Z score in cases
Mean � SD (median)
Z score in comparators OR (95% CI)† P

C
statistic†‡

Baseline
HF intercept 0.12 � 0.96 (0.39) �0.06 � 1.01 (0.24) 1.18 (0.98–1.43) 0.0803 0.624
HF linear slope 0.05 � 1.02 (�0.05) �0.02 � 0.99 (�0.06) 1.04 (0.87–1.26) 0.6393 0.613
HF quadratic slope �0.06 � 0.92 (�0.25) 0.03 � 1.04 (�0.29) 0.90 (0.74–1.09) 0.2664 0.618
VF intercept 0.06 � 0.90 (0.09) �0.03 � 1.04 (0.05) 1.15 (0.95–1.39) 0.1502 0.623
VF linear slope �0.09 � 1.07 (�0.00) 0.04 � 0.96 (0.16) 0.86 (0.72–1.04) 0.1162 0.628
VF quadratic slope �0.08 � 0.92 (�0.09) 0.04 � 1.03 (�0.10) 0.84 (0.69–1.01) 0.0688 0.631

12-month time-integrated values
HF intercept 0.15 � 0.97 (0.41) �0.07 � 1.01 (0.27) 1.23 (1.01–1.50) 0.0442 0.622
HF linear slope 0.00 � 1.01 (0.02) �0.00 � 1.00 (�0.05) 0.98 (0.81–1.19) 0.8392 0.603
HF quadratic slope �0.10 � 0.91 (�0.21) 0.04 � 1.04 (�0.23) 0.85 (0.70–1.05) 0.1259 0.617
VF intercept 0.03 � 1.06 (0.11) �0.01 � 0.97 (�0.01) 1.10 (0.91–1.32) 0.3380 0.609
VF linear slope �0.15 � 1.10 (�0.09) 0.07 � 0.95 (0.19) 0.79 (0.65–0.95) 0.0140 0.628
VF quadratic slope �0.09 � 1.05 (�0.21) 0.04 � 0.98 (0.02) 0.81 (0.67–0.99) 0.0364 0.623

24-month time-integrated values
HF intercept 0.15 � 0.96 (0.42) �0.07 � 1.01 (0.26) 1.26 (1.03–1.53) 0.0246 0.628
HF linear slope �0.09 � 0.93 (�0.08) 0.04 � 1.03 (�0.01) 0.85 (0.70–1.03) 0.0995 0.617
HF quadratic slope �0.09 � 0.89 (�0.23) 0.04 � 1.05 (�0.21) 0.84 (0.69–1.03) 0.0901 0.621
VF intercept 0.02 � 1.09 (0.09) �0.01 � 0.96 (0.02) 1.08 (0.90–1.30) 0.4039 0.611
VF linear slope �0.13 � 1.09 (�0.14) 0.06 � 0.95 (0.18) 0.80 (0.66–0.97) 0.0227 0.631
VF quadratic slope �0.06 � 1.03 (�0.21) 0.03 � 0.98 (�0.02) 0.86 (0.71–1.04) 0.1107 0.619

Composite TBT scores as predictors at baseline
and over 12 months and 24 months§

Baseline composite score – – 1.24 (1.03–1.49) 0.0223 0.635
12-month time-integrated value composite score – – 1.32 (1.09–1.60) 0.0047 0.633
24-month time-integrated value composite score – – 1.43 (1.18–1.73) 0.0003 0.649

* Primary analyses included cases (those with knees with radiographic and pain progression from 24 to 48 months) and all comparators (those with
knee osteoarthritis not meeting the case criteria). Data on vertical trabeculae were derived from horizontal filter (HF) data, and data on horizon-
tal trabeculae were derived from vertical filter (VF) data. Data were available on 185 cases and 394 comparators for baseline, 167 cases and 371
comparators for 12-month time-integrated values, and 174 cases and 380 comparators for 24-month time-integrated values. TBT = trabecular bone
texture; OR = odds ratio; 95% CI = 95% confidence interval.
† Adjusted for the baseline covariates joint space width, Western Ontario and McMaster Universities Osteoarthritis Index pain score, age, sex,
race, body mass index, Kellgren/Lawrence grade, and baseline pain medication use.
‡ The C statistic for the model with covariates alone was 0.608.
§ Composite scores are the sum of the 3 parameters HF intercept, VF slope, and VF quadratic term (vertical parameters reverse coded).
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DISCUSSION

These results represent the fourth major valida-
tion of TBT as a predictor of OA progression, deter-
mined radiographically (1,3,29), by MRI (29), and, in
our analysis, by a combination of symptom and radio-
graphic worsening. We noted that, consistent with all
prior analyses, progressor cases were characterized by
trabecular remodeling of both horizontal (thicker) and
vertical (thinner and more complex) trabeculae of
the medial tibial subchondral bone compartment of the
affected knee. Prior work suggested that individuals at risk
of progressive OA have baseline TBT characteristics that
reflect stress shielding of vertical trabeculae by thickened
horizontal trabeculae, resulting in apparently thin vertical
trabeculae due to their hypomineralization as a result of
high subchondral bone turnover (1,2). Buckland-Wright,
the first to apply TBT methodology to the study of OA,
considered increased horizontal trabecular thickness to be
representative of early OA that preceded later changes in
vertical trabeculae (6).

Horizontal trabecular thickening is intuitively
consistent with traditional observations associating
radiographic subchondral sclerosis with OA and OA
progression. In this cohort study, thickening of the

horizontal trabeculae was the characteristic most
predictive of the risk of OA progression and consistent
with the inclusion of subjects with early OA (12–13%
with K/L grade 1; all patients had to have a baseline
JSW ≥0.7 mm, regardless of baseline K/L status; there
were no subjects with K/L grade 4). Also, compatible
with the observation by Buckland-Wright that changes
in vertical trabeculae were indicative of later OA, our
prior study (1), showing greater changes in the vertical
trabecular structures, was skewed toward more severe
knee OA at baseline, with 10% of the included knees
having a K/L grade of 4.

The VF linear slope was the most predictive of
primary case status and predicted all types of progres-
sion, including radiographic progression only and pain
progression only. In secondary analyses, the strongest
odds were observed for TBT (VF linear slope) predic-
tion of OA progression based on the combination of pain
and structural worsening (OR 0.71). As shown by a
recent systematic review, subchondral bone features
have independent associations with structural progres-
sion, pain progression, and joint replacement in periph-
eral OA, especially in the knee (30). These data support
the increasing acceptance of the role of bone in both dis-
ease and illness aspects of OA disease progression.

Table 3. Secondary analyses based on baseline, 12-month time-integrated value, and 24-month time-integrated value VF linear slope TBT Z
scores*

TBT parameter OR (95% CI)† P† C statistic†‡

Method 1: 4-level group
Baseline 0.1873 –
Radiographic only progressors versus nonprogressors 0.86 (0.66–1.12)
Pain only progressors versus nonprogressors 0.83 (0.65–1.08)
Radiographic + pain progressors versus nonprogressors 0.79 (0.64–0.98)

12-month time-integrated value 0.0327 –
Radiographic only progressors versus nonprogressors 0.86 (0.65–1.15)
Pain only progressor versus nonprogressors 0.80 (0.61–1.05)
Radiographic + pain progressors versus nonprogressors 0.71 (0.56–0.89)

24-month time-integrated value 0.0453 –
Radiographic only progressors versus nonprogressors 0.89 (0.68–1.18)
Pain only progressors versus nonprogressors 0.79 (0.61–1.04)
Radiographic + pain progressors versus nonprogressors 0.73 (0.58–0.91)

Method 2: all progressors (radiographic and/or pain) versus nonprogressors
Baseline 0.82 (0.68–0.99) 0.0368 0.602
12-month time-integrated value 0.77 (0.63–0.94) 0.0100 0.605
24-month time-integrated value 0.78 (0.64–0.95) 0.0153 0.606

Method 3: radiographic only progressors versus radiographic nonprogressors
Baseline 0.86 (0.73–1.03) 0.0965 0.624
12-month time-integrated value 0.82 (0.68–0.98) 0.0289 0.632
24-month time-integrated value 0.84 (0.70–1.01) 0.0619 0.623

Method 4: pain progressors versus pain nonprogressors
Baseline 0.85 (0.71–1.01) 0.0656 0.639
12-month time-integrated value 0.78 (0.64–0.94) 0.0083 0.652
24-month time-integrated value 0.78 (0.64–0.94) 0.0083 0.654

* VF = vertical filter; TBT = trabecular bone texture; OR = odds ratio; 95% CI = 95% confidence interval.
† Adjusted for age, sex, race, and baseline Kellgren/Lawrence grade, joint space width, Western Ontario and McMaster Universities Osteoarthritis
Index pain score, body mass index, and pain medication use.
‡ Cannot be calculated for the multinomial outcomes of method 1.
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Although in primary analyses no baseline single
variable was associated with case status, the baseline com-
posite score of 3 variables was significantly predictive of
case status. Moreover, baseline TBT parameters showed
the same trends as the significant TBT 12-month and
24-month time-integrated values, and baseline VF linear
slope predicted any progression (all radiographic and/or
pain progressors versus nonprogressors). Compared to
baseline TBT, the greater predictive capability of 12-month
and 24-month time-integrated values (more proximal to
the 24–48 month end point timeframe) for predicting case
status, pain, and structural progression is consistent with
TBTas an indicator of proximal events.

In contrast to prior studies, TBT parameters in
the present study were computed from the nadir of the
fractal signature curves to generate parameters that
more closely yielded nonoverlapping, i.e., orthogonal,
data. Using this new method, we were able for the first
time to evaluate the utility of the TBT intercept param-
eters. Interestingly, in addition to VF linear slope and
VF quadratic slope terms, the HF intercept contributed
useful information to a composite of 3 TBT parameters
for predicting primary case status.

There are several limitations of our study that are
worth noting. For one, the method of extraction of TBT
parameters from fractal signature curves was slightly dif-
ferent from that of previously published studies, so the
TBT parameters are not directly comparable. Efforts to
standardize methods would be desirable; otherwise, com-
parability across studies will be an ongoing challenge. We
did not include data for the lateral compartment because
medial compartment dominant knee OA was a require-
ment for study inclusion. A recent study demonstrated
that the inclusion of lateral compartment data in predic-
tive models, although not as strong as medial compart-
ment data, provided the best predictive model (3). In
addition, no effort was made in this first-phase biomarker
qualification study to control Type I error. It was curious
that a higher level of baseline pain was associated with
lower odds of being a case; this might mean that knees
with higher pain levels at baseline were less likely to have
met the MCID for pain worsening. Finally, participants in
the main study were excluded based on radiographic pro-
gression and pain progression during the first 12 months
of follow-up in an attempt to identify prognostic biomark-
ers in contrast to correlative biomarkers changing concur-
rently with progression. However, these rapid progressors
may be the subjects most likely to be identified by TBT, so
their exclusion could have lowered the apparent prognos-
tic capability of this imaging biomarker.

The best predictive capability displayed by TBT
parameters for primary case status in our study (C statistic

0.654) was lower than in all previous studies. This may be
because the comparators in our primary analysis included
some noncomposite (radiographic only and pain only)
progressors. The confirmation of this possibility was not
borne out by secondary analyses that compared different
progressor groups, suggesting that the exclusion of indi-
viduals with radiographic progression over the first 12
months of observation might better account for the differ-
ences in this and prior studies.

In summary, these results show that adding TBT
to the currently used predictors will modestly increase the
ability to predict knee OA progression. These results con-
firm the findings of previous studies and together suggest
that baseline TBT might be used in an OA trial enrich-
ment strategy as outlined in Food and Drug Administra-
tion guidance (31). TBTcould be especially attractive as a
means of enriching OA trials for progressors since it can
be generated from data extracted from the types of
screening knee radiographs already standard in any knee
OA clinical trial. Future work will evaluate various combi-
nations of soluble biochemical and imaging biomarkers
for the various ways of proceeding to advance OA-related
biomarkers as drug development tools.
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Visualization of Peripheral Neuron Sensitization in a Surgical
Mouse Model of Osteoarthritis by In Vivo Calcium Imaging

Rachel E. Miller,1 Yu Shin Kim,2 Phuong B. Tran,1 Shingo Ishihara,1 Xinzhong Dong,3

Richard J. Miller,4 and Anne-Marie Malfait1

Objective. To develop a method for analyzing sen-
sory neuron responses to mechanical stimuli in vivo, and
to evaluate whether these neuronal responses change
after destabilization of the medial meniscus (DMM).

Methods. DMM or sham surgery was performed in
10-week-old male C57BL/6 wild-type or Pirt-GCaMP3+/-

mice. All experiments were performed 8 weeks after sur-
gery. Knee and hind paw hyperalgesia were assessed in
wild-type mice. The retrograde label DiI was injected into
the ipsilateral knee to quantify the number of knee-inner-
vating neurons in the L4 dorsal root ganglion (DRG) in
wild-type mice. In vivo calcium imaging was performed
on the ipsilateral L4 DRG of Pirt-GCaMP3+/- mice as
mechanical stimuli (paw pinch, knee pinch, or knee twist)
were applied to the ipsilateral hind limb.

Results. Eight weeks after surgery, mice subjected
to DMM had more hyperalgesia in the knee and hind paw
compared to mice subjected to sham surgery. Intraarticu-
lar injection of DiI labeled similar numbers of neurons in
the L4 DRG of mice subjected to sham surgery and mice
subjected to DMM. Increased numbers of sensory neurons
responded to all 3 mechanical stimuli in mice subjected to
DMM, as assessed by in vivo calcium imaging. The major-
ity of responses in mice subjected to sham surgery and
mice subjected to DMM were in small to medium-sized

neurons, consistent with the size of nociceptors. The mag-
nitude of responses was similar between mice subjected to
sham surgery and mice subjected to DMM.

Conclusion. Our findings indicate that increased
numbers of small to medium-sized DRG neurons res-
pond to mechanical stimuli 8 weeks after DMM surgery,
suggesting that nociceptors have become sensitized by
lowering the response threshold.

Nervous system sensitization, as determined by
quantitative sensory testing, is associated with osteoarthri-
tis (OA) and has been shown to correlate with symptom
severity (1,2). A recent large cohort study demonstrated
an association between the presence of inflammation in
the knee and sensitization (3). In addition, a number of
studies in small cohorts have suggested that following hip
or knee joint replacement, sensitization is often reversed,
and this is associated with symptom relief (4–6).

Sensitization is also a feature of experimental OA
and can be detected by evaluating pain-related behaviors
in animals, including mechanical allodynia and mechani-
cal hyperalgesia of the hind limb (for review, see ref. 7).
Previous work has shown that after destabilization of the
medial meniscus (DMM), mice develop slowly progres-
sive joint damage concurrent with pain-related behaviors
indicative of sensitization, including hind paw mechani-
cal allodynia and knee hyperalgesia, which develop prior
to the manifestation of spontaneous pain behaviors such
as locomotive deficits (8–11). In order to develop tar-
geted analgesic strategies, the neuronal mechanisms that
mediate this sensitization to mechanical stimuli need to
be defined. Therefore, we sought to develop a method
for analyzing peripheral sensory neuron activity in
response to mechanical stimuli in real-time in vivo.

In vivo electrophysiology enables the monitoring of
responses in knee-innervating afferent nerve fibers while
physical stimuli are applied to the knee, but only one fiber
may be measured at a time (12). In contrast, recently
developed in vivo calcium imaging methods allow the
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simultaneous visualization of [Ca2+]i responses of hun-
dreds of neurons within the dorsal root ganglion (DRG)
(13–15). In the present study, we adapted this novel
method in order to visualize sensitization of mouse knee
and hind paw afferents in response to 3 types of physical
stimuli applied to the hind limb after DMM or sham sur-
gery. Mice that had been subjected to surgery were then
subjected to a low-level non-noxious stimulus below the
threshold that would normally elicit a behavioral response,
first through a paw pinch and, second, through a knee
pinch. We also applied a noxious stimulus above the
threshold that would elicit a behavioral response, by apply-
ing a noxious knee twist. We monitored neuronal responses
in the L4 DRGs by real-time in vivo calcium imaging. We
focused on the 8-week time point after surgery because we
have previously shown this to be a transition period from a
state of acute to chronic pain (10,16,17), and it is when all
pain-related behaviors associated with mechanical stimuli
are apparent in the model (10,11,16).

MATERIALS AND METHODS

Animals. A total of 70 mice were used. All animal exper-
iments were approved by the Institutional Animal Care and Use
Committees at Rush University Medical Center, Northwestern
University, and Johns Hopkins University. Animals were housed
with food and water ad libitum and kept on a 12-hour light/dark
cycle. C57BL/6 wild-type and Pirt-GCaMP3+/- mice were bred
at Rush University Medical Center. Pirt-GCaMP3 mice express
the fluorescent calcium indicator GCaMP3 in ~90% of all DRG
sensory neurons, and not in other peripheral or central tissues,
through the Pirt promoter (13,18).

Surgery. DMM surgery was performed in the right knee
of 10-week-old male mice (25–30 gm), as previously described
(10,19), under isoflurane anesthesia (3–4% for induction,
1–2% for maintenance in O2). Briefly, after medial parapatellar
arthrotomy, the anterior fat pad was dissected to expose the
medial anterior meniscotibial ligament, which was severed. The
knee was flushed with saline and the incision closed. Sham sur-
gery followed the same procedure to expose the medial ante-
rior meniscotibial ligament, but the ligament was left intact.
Mice were not administered analgesia after surgery.

Mouse knee and hind paw hyperalgesia. Knee and hind
paw hyperalgesia were measured in wild-type mice (n = 10 naive
mice, n = 9 mice subjected to sham surgery, and n = 10 mice sub-
jected to DMM) using a Pressure Application Measurement
(PAM) device (Ugo Basile) as previously described, by an obser-
ver who was blinded with regard to intervention (16,20,21).
Briefly, mice were restrained by hand and the hind paw was
lightly pinned with a finger in order to hold the knee in flexion
at a similar angle for each mouse. With the knee in flexion, the
PAM transducer was pressed against the medial side of the ipsi-
lateral knee while the operator’s thumb lightly held the lateral
side of the knee. The PAM software guided the user to apply an
increasing amount of force at a constant rate (30 gm/second), up
to a maximum of 450 gm. If the mouse tried to withdraw its
knee, the force at which this occurred was recorded. If the
mouse did not try to withdraw, the maximum possible force of

450 gm was assigned. Two measurements were taken per knee,
and the withdrawal force data were averaged. Hind paw hyperal-
gesia was measured in the same way, but the PAM transducer
was applied to the ventral aspect of the ipsilateral hind paw with
the operator’s thumb against the dorsal aspect.

In vivo calcium imaging. Six to seven weeks after sur-
gery, Pirt-GCaMP3+/- mice were shipped from Rush University
Medical Center to Johns Hopkins University and were allowed
to recover for 1–2 weeks. Eight weeks after surgery, mice were
deeply anesthetized using sodium pentobarbital (40–50 mg/kg
administered intraperitoneally), and the back and operated knee
were shaved. A laminectomy from vertebrae L2 to L6 was per-
formed, and the L4 DRG was exposed, as previously described
(13). The L4 DRG was chosen because it contains the cell bod-
ies of the majority of sensory neurons that innervate the knee of
the mouse (22,23). The mouse was positioned under a laser
scanning confocal microscope (Leica LSI) by clamping the
spinal column at L2 and L6 using forceps attached to microma-
nipulators. Anesthesia was maintained using 1–2% isoflurane in
O2 during imaging, and temperature was maintained using a
homeothermic blanket system. Images were acquired using a 0.5
numerical aperture macro dry objective and an EM-CCD cam-
era (488 nm excitation and 500–550 nm emission). In order to
capture the entire visible area of the DRG, z-stacks were taken
at 600 Hz in 10 steps over a distance of 200–300 lm at a resolu-
tion of 512 9 512 pixels in the x/y plane. A time series was per-
formed such that in total ~15 z-stacks were taken for each
stimulus. Each z-stack took ~7–8 seconds to obtain.

For each mouse (n = 12 subjected to sham surgery and
n = 14 subjected to DMM), physical stimuli were applied to the
ipsilateral limb in the following order. First, a non-noxious 100-
gm force was applied to the hind paw using a calibrated forceps
system (IITC Rodent Pincher). Second, a non-noxious 30-gm
force was applied to the knee using the same calibrated forceps
system. Third, a noxious outward rotation (~60° and ~40–60
mNm torque [12], which is beyond the normal physiologic range
but does not cause joint injury [24,25]) was applied to the knee
by holding the femur in place with a forceps while the hind paw
was used to rotate the lower leg (“knee twist”) until resistance
was encountered. The twisted position was held for the duration
of the stimulus. Because of the increased joint laxity in mice sub-
jected to DMM, the angle applied for mice subjected to DMM
was slightly increased compared to mice subjected to sham sur-
gery in order to encounter the same resistance. Ankle movement
during the knee rotation was minimal, but may contribute to
some of the observed responses. One mouse that had been sub-
jected to sham surgery was excluded from the knee twist analysis
due to excessive movement during imaging.

For each stimulus, baseline images were captured for
5–6 z-stacks (~45 seconds) prior to the application of the stimu-
lus, the stimulus was applied for 5 z-stacks, and an additional
4–5 z-stacks were captured after the stimulus was discontinued.
Between each stimulus, the mouse was allowed to recover for at
least 3 minutes in order to ensure that all previous neuronal
responses had ceased and the fluorescence levels had returned
to baseline. Pilot experiments demonstrated that the order of
the applied stimuli did not change the number of responses,
indicating that these acute stimuli were not sufficient to induce
sensitization and thus did not seem to affect the following stimu-
lus applied. The length of imaging time was limited by the over-
all health of the animal, and on average lasted ~2 hours. The
time between applied stimuli and the overall length of imaging
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are consistent with a study in which in vivo calcium imaging was
performed using a different strain of GCaMP3 mice (Ella-Cre 9
GCaMP3 floxed) (15). At the end of each experiment, a high-
resolution z-stack was taken at a resolution of 1,024 9 1,024
pixels with 4–8 frame averaging to use for counting the total
number of neurons.

Analysis of in vivo calcium imaging. Using Leica soft-
ware, a maximum intensity projection was performed for each
z-stack in a particular time series, and the files were exported for
further processing in Fiji (26) using custom macros and the
Multi-Measure plug-in. Brightness and contrast were adjusted,
and all videos were first analyzed by an observer who was
blinded with regard to intervention to identify responding cells
by looking for an increase in fluorescence during the stimulus
application period. All responding cells were labeled as a region
of interest (ROI) for further analysis. Cells spontaneously re-
sponding prior to application of the stimulus were ignored—in
general, there were few spontaneous responses and there was no
difference between sham-operated mice (mean � SEM 0.13 �
0.04% of all neurons) and mice subjected to DMM (0.19 �
0.04% of all neurons) (P = 0.27). In addition, responses that
occurred upon release of the stimulus were ignored.

The total number of neurons imaged for each DRG was
estimated by counting the number of neurons within a region of
average density and extrapolating to the total DRG area. In
order to confirm the visual assessment, changes in [Ca2+]i were
quantified by calculating the change in fluorescence for each
ROI in each frame t of a time series using the formula: DF/F0 =
(Ft � F0)/F0, where F0 = the average intensity during the base-
line period prior to the application of the stimulus. For each
stimulus, the maximum DF/F0 and area under the curve (AUC)
was calculated for each responding cell in a particular DRG. In
order to compare the sizes of responding cells between sham-
operated and DMM mice for a particular stimulus, the areas of
the ROIs were calculated in Fiji. For each mouse, a frequency

distribution using relative frequencies was computed for the
responding cell areas using a bin range with bin centers from
150–1550 lm2 and a bin width of 100 lm2. Areas >800 lm2

were summed into one bin. The calculated relative frequencies
for each size category were averaged across the mice for either
DMM or sham treatment.

Histopathologic analysis of the mouse knee. Following
in vivo calcium imaging, mice were euthanized by carbon dioxide
inhalation, and knees were collected for histopathologic analysis
and evaluated based on modified Osteoarthritis Research Soci-
ety International recommendations, as previously described (n =
12 mice subjected to DMM and n = 11 mice subjected to sham
surgery) (27) (histopathologic analysis performed by Alison Ben-
dele, Bolder BioPATH, Boulder, CO). Joints were fixed in 10%
formalin, decalcified, embedded in the frontal plane, sectioned
(8 lm), and stained with toluidine blue (0.04% weight/volume).
A coronal section from the mid-joint (area of maximal damage
[19]) was used to score the medial femoral condyles and tibial
plateaus for severity of cartilage degeneration. For each cartilage
surface, scores were assigned individually to each of 3 zones (in-
ner, middle, and outer) on a scale of 0–5, with 5 representing the
most damage (maximal summed score for femoral + tibial carti-
lage degeneration = 30). The largest osteophyte (medial tibia or
femur) was measured using an ocular micrometer.

Retrograde labeling and immunofluorescence. Eight
weeks after surgery, wild-type mice subjected to DMM (n = 6)
and sham-operated control mice (n = 6), along with age-matched
naive control mice (n = 3), were anesthetized with isoflurane (3–
4% for induction and 1–2% for maintenance in O2) and intraar-
ticularly injected in the ipsilateral right knee with 5 ll DiI (2.5
mg/ml in methanol) (D3911; Thermo Fisher). One week after
injection, mice were anesthetized by ketamine and xylazine and
transcardially perfused with phosphate buffered saline (PBS),
followed by 4% paraformaldehyde in PBS. The spinal column
was dissected and postfixed in 4% paraformaldehyde overnight,

Figure 1. Increased primary knee hyperalgesia (A) and increased secondary paw hyperalgesia (B) 8 weeks after surgery in wild-type mice sub-
jected to destabilization of the medial meniscus (DMM) compared to sham-operated mice and age-matched naive mice. Symbols represent individ-
ual mice; horizontal lines and error bars show the mean � SEM. *** = P < 0.001; **** = P < 0.0001. Color figure can be viewed in the online
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40342/abstract.
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followed by cryopreservation in 30% sucrose in PBS. Ipsilateral
L4 DRGs were embedded with OCT (Tissue-Tek), frozen with
dry ice, and cut into 12-lm sections.

For immunostaining, slides were allowed to dry at room
temperature for 2 hours, postfixed with 4% paraformaldehyde
for 10 minutes, and washed with PBS. Sections were blocked
and permeabilized with 5% normal goat serum in 0.1% Triton
in PBS prior to incubation with PGP9.5 rabbit polyclonal anti-
body (Abcam; ab27053) (1:200) overnight at 4°C. Sections were
washed with PBS and incubated with appropriately conjugated
Alexa Fluor 488 antibody (1:500; Invitrogen) for 1 hour at
room temperature. Last, the sections were washed with PBS
and mounted with Vectashield mounting media. DiI (549–565
nm excitation) and PGP9.5 signals were captured using a con-
focal microscope, and the images were analyzed using ImageJ
and Photoshop. For quantification, 3 sections per DRG were

used. The number of neurons that expressed DiI were summed
across the 3 sections and normalized to the total number of
DRG neurons (PGP9.5+) summed across the 3 sections. The
counts for mice subjected to DMM and those subjected to
sham surgery were performed in a blinded manner.

Statistical analysis. GraphPad Prism version 6.07 was
used for statistical calculations. Data are expressed as either the
mean � SEM or the median (interquartile range). For hyperal-
gesia experiments, groups were compared by one-way analysis of
variance (ANOVA) followed by Tukey’s multiple comparison
test. P values less than 0.05 were considered significant. For
numbers of responding cells, clustering, nearest neighbor dis-
tance, change in fluorescence, and AUC, data were tested for
normality by the D’Agostino-Pearson omnibus normality test. If
data passed the normality test, an unpaired t-test was used;
otherwise, a Mann-Whitney test was used. For the size of cells

Figure 2. Increased numbers of L4 dorsal root ganglion (DRG) neuron responses to paw- and knee-directed stimuli 8 weeks after surgery in mice
subjected to destabilization of the medial meniscus (DMM) compared to sham-operated control mice. A, Top, Representative images depicting L4
DRG neurons at baseline and responding to a 100-gm pinch of the ipsilateral hind paw. Bottom, Higher-magnification views of the boxed areas in
the top images, showing responding neurons. Arrows indicate neuron clusters. Bars = 250 lm. B, Percent of total neurons responding to 100-gm
ipsilateral paw pinch (number of responding neurons/number of total neurons in the field of view 9 100) (mean � SEM 5.6 � 0.6% in sham-oper-
ated mice and 8.1 � 0.6% in mice subjected to DMM). C, Percent of total neurons responding to 30-gm ipsilateral knee pinch (mean � SEM 3.4
� 0.4% in sham-operated mice and 5.7 � 0.5% in mice subjected to DMM). D, Percent of total neurons responding to noxious knee twist (mean
� SEM 5.0 � 0.5% in sham-operated mice and 6.6 � 0.5% in mice subjected to DMM). In B–D, symbols represent individual mouse L4 DRG;
horizontal lines and error bars show the mean � SEM. * = P < 0.05; ** = P < 0.01.

IN VIVO CALCIUM IMAGING OF PERIPHERAL NEURON SENSITIZATION IN OA 91



responding to a particular stimulus, a two-way ANOVA followed
by Sidak’s multiple comparisons test was used to compare aver-
age relative frequencies for each size category between sham-
operated mice and mice subjected to DMM, and a Mann-Whit-
ney test was used to compare the median size of responding cells
between sham-operated mice and mice subjected to DMM. For
retrograde labeling, groups were compared by Kruskal-Wallis
test followed by Dunn’s multiple comparison test.

RESULTS

More neurons respond to mechanical stimuli
applied to the hind limb 8 weeks after surgery in mice
subjected to DMM than in mice subjected to sham
surgery. Eight weeks after surgery, wild-type mice that had
been subjected to DMM had increased primary hyperalge-
sia in the knee joint compared to sham-operated and naive
mice (Figure 1A), similar to our previous results (16), and
this was accompanied by secondary hyperalgesia in the
hind paw (Figure 1B). Both behaviors are indicative of

sensitization. Therefore, we focused on this time point for
all imaging experiments and imaged the L4 DRGs, since
these ganglia contain the majority of the cell bodies of sen-
sory neurons that innervate the mouse hind limb, including
both the paw and the knee. For each DRG, we imaged a
similar number of neurons for mice subjected to DMM
(mean � SEM 981 � 69) and sham-operated mice (990 �
53) (P = 0.9194) (Figure 2A). Eight weeks after surgery,
we observed that, for all 3 stimuli, an increased percentage
of neurons in mice subjected to DMM responded com-
pared to sham-operated mice, as evidenced by an increase
in transient [Ca2+]i following stimulation (Figures 2B–D
and Supplementary Videos 1–6, available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40342/abstract).

As a control, a 100-gm pinch was applied to the
contralateral hind paw in a subset of mice subjected to
DMM (n = 4), but no responses were observed. Com-
pared to the non-noxious 30-gm knee pinch, the noxious

Figure 3. Similar size of responding neurons in mice subjected to destabilization of the medial meniscus (DMM) and sham-operated mice. A–C,
Relative frequency distributions of the areas of neurons responding to 100-gm paw pinch (P = 0.9888 for the interaction between size and treat-
ment) (A), 30-gm knee pinch (P = 0.9912 for the interaction between size and treatment) (B), and noxious knee twist (P = 0.9474 for the interac-
tion between size and treatment) (C) in sham-operated mice and mice subjected to DMM. Values are the mean � SEM. D, Area of responding
cells. Values are the median and interquartile range. P = 0.6770 for paw pinch, P = 0.9798 for knee pinch, and P = 0.8089 for knee twist. Color fig-
ure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40342/abstract.
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knee twist induced more responses in sham-operated mice
(P = 0.0199), but the 2 stimuli induced similar numbers of
responses in mice subjected to DMM (P = 0.1908). Fol-
lowing imaging, a subset of mouse knees was analyzed to
confirm joint damage. Similar to previous studies (10,27),
mice subjected to DMM developed moderate levels of
cartilage damage (mean � SEM cartilage damage score
7.7 � 1.0; n = 12) and osteophytes (159 � 16 lm) in the
medial compartment by this time point, while sham-oper-
ated mice did not develop joint damage (mean � SEM 0
� 0 for cartilage damage and osteophyte width; n = 11).

Similar sized neurons respond in sham and DMM
mice. In order to define which types of neurons responded
before and after surgery, we assessed the size distribution
of these cells. The majority of responses to all stimuli were
in small to medium-sized neurons (area <600 lm2), consis-
tent with the size of C and Ad fiber neurons, the majority
of which are nociceptors (28,29) (relative frequencies
shown in Figures 3A–C). However, there was no difference
in the size distribution of responding neurons between
sham-operated mice and mice subjected to DMM for any
of the 3 stimuli (P > 0.8 for all comparisons) (Figures 3A–
C). In addition, the median area was similar between
sham-operated mice and mice subjected to DMM for all 3
stimuli (P = 0.6770 for paw pinch, P = 0.9798 for knee
pinch, and P = 0.8089 for knee twist) and was consistent
with the size of small neurons (284–313 lm2) (Figure 3D).
Taken together, these data suggest that C and Ad fiber neu-
rons have become sensitized by 8 weeks after DMM sur-
gery, as opposed to larger Ab fibers being recruited.

Similar numbers of neurons innervate the knee in
sham-operated mice and mice subjected to DMM. In
order to exclude the possibility that the observed increase
in the number of neurons responding to mechanical
stimuli was merely due to an increase in the number of
sensory neurons innervating the knee 8 weeks after
DMM, we performed retrograde labeling using DiI. Simi-
lar numbers of neurons were labeled in the L4 DRG in
sham-operated mice and mice subjected to DMM 8 weeks
after surgery and in age-matched naive mice (Table 1 and
Supplementary Figure 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40342/abstract).

No change in the spatial organization of responses
between sham-operated mice and mice subjected to
DMM. A recent study using this same in vivo calcium
imaging technique demonstrated that in models of inflam-
matory and neuropathic pain, an increase in the numbers
of neuronal responses was associated with an increase in
neuronal coupling (neurons immediately adjacent to each
other responding to the same stimulus), which may repre-
sent a mechanism for neuronal sensitization through gap

junctions (13). In contrast, in the present study, we found
similar instances of neuronal coupling in both sham-
operated mice and mice subjected to DMM for all 3 stimuli.
(Examples of coupling are shown in Figure 2A.) The per-
centage of coupled responding neurons (Figure 4A) as well
as the mean number of neurons forming the clusters
(Figure 4B) was similar between sham-operated mice and
mice subjected to DMM, suggesting that the formation of
these clusters may be more associated with acute tissue
injury as opposed to the chronicity of pain in this model. In
addition, the median nearest neighbor distance of respond-
ing neurons was similar between sham-operated mice and
mice subjected to DMM for all stimuli (Figure 4C).

No change in the magnitude or duration of re-
sponding neurons between sham-operated mice and mice
subjected to DMM. The intensity of each responding neu-
ron was also assessed by quantifying the change in fluores-
cence with time. Figure 5A shows sample responses to
paw pinch in 1 DRG from a mouse subjected to DMM.
Overall, the maximum magnitude (Figure 5B) and dura-
tion (measured by AUC) (Figure 5C) of the responding
population of neurons remained the same when compar-
ing sham-operated mice and mice subjected to DMM for
all 3 stimuli, suggesting that the increased number of neu-
rons recruited in the case of mice subjected to DMM is
responsible for the increased sensitivity through lowering
of the response threshold to these stimuli. For both

Table 1. Percentage of L4 DRG neurons showing retrograde
labeling 7 days after intraarticular injection of DiI into mouse knees*

No. of
labeled
neurons

Total
no. of
neurons % labeled

Naive mice
Mouse 1 56 389 14.4
Mouse 2 79 445 17.8
Mouse 3 78 506 15.4
Median (IQR) – – 15.4 (� 3.4)

Sham-operated mice
Mouse 1 29 478 6.1
Mouse 2 48 565 8.5
Mouse 3 48 423 11.3
Mouse 4 77 403 19.1
Mouse 5 62 358 17.3
Mouse 6 78 448 17.4
Median (IQR) – – 14.3 (� 9.9)

Mice subjected to DMM
Mouse 1 99 627 15.8
Mouse 2 60 415 14.5
Mouse 3 98 648 15.1
Mouse 4 64 409 15.6
Mouse 5 108 399 27.1
Mouse 6 65 462 14.1
Median (IQR) – – 15.3 (� 4.2)

* There were no significant differences between groups. DRG = dor-
sal root ganglion; IQR = interquartile range; DMM = destabilization
of the medial meniscus.
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Figure 4. Similar spatial organization of responding neurons in mice
subjected to destabilization of the medial meniscus (DMM) and
sham-operated mice. A, Percentage of responding neurons that were
coupled in each dorsal root ganglion (DRG) (number of responding
neurons touching at least 1 other responding neuron/total number of
responding neurons 9 100). Symbols represent individual mice; hori-
zontal lines and error bars show the mean � SEM. P = 0.6222 for
paw pinch; P = 0.3718 for knee pinch; P = 0.3925 for knee twist. B,
Mean number of responding neurons that made up an individual clus-
ter in each DRG. Symbols represent individual mice; horizontal lines
and error bars show the median and interquartile range (IQR). P =
0.4025 for paw pinch; P = 0.7136 for knee pinch; P = 0.4030 for knee
twist. C, Mean nearest neighbor distance for responding neurons in
each DRG. Symbols represent individual mice; horizontal lines and
error bars show the median and IQR. P = 0.8596 for paw pinch; P =
0.4319 for knee pinch; P > 0.9999 for knee twist. Color figure can be
viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.40342/abstract.

Figure 5. Similar magnitude and duration of [Ca2+]i responses in
mice subjected to destabilization of the medial meniscus (DMM) and
sham-operated mice. A, Traces of DF/F0 (where F0 = the average
intensity during the baseline period prior to the application of the sti-
mulus) for dorsal root ganglia (DRG) neurons from a representative
mouse subjected to DMM and 100-gm paw pinch. Individual traces
are shown in gray, and the mean � SEM is shown in black. B, Mean
maximum DF/F0 of responding neurons for each DRG. Horizontal
lines and error bars show the mean � SEM. P = 0.2312 for paw
pinch; P = 0.6151 for knee pinch; P = 0.9646 for knee twist. C, Mean
area under the curve (AUC) of responding neurons for each DRG.
Horizontal lines and error bars show the median and interquartile
range. P = 0.2740 for paw pinch; P = 0.8596 for knee pinch; P =
0.6786 for knee twist. Color figure can be viewed in the online issue,
which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.
40342/abstract.
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sham-operated mice and mice subjected to DMM, the
noxious knee twist induced the largest magnitude and
duration of response, which is consistent with the pain
level induced by this stimulus (Figures 5B and C and
Supplementary Videos 5 and 6, available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40342/abstract).

DISCUSSION

We demonstrated that increased numbers of DRG
neurons responded to physical stimuli directed toward the
operated knee and ipsilateral hind paw in mice 8 weeks
after DMM surgery compared to sham-operated mice,
correlating well with pain-related behaviors. In addition, it
was possible to analyze the size of the population of neu-
rons that became sensitized in an unbiased fashion, since
hundreds of neurons could be monitored simultaneously
without determining a priori which type of fiber to record.

Overall, the majority of responses in both sham-
operated mice and mice subjected to DMM occurred in
small to medium-sized neurons, consistent with the size of
the cell bodies of C and Ad fibers. These fibers encompass
both the nociceptor and C low-threshold mechanorecep-
tor populations (30). It is likely that increased [Ca2+]i
reflects increased excitability of these neuronal popula-
tions since [Ca2+]i has often been used as a surrogate
marker for excitability. However, determining the exact
mechanism underlying any change in excitability requires
electrophysiologic analysis. Thus, it appears that at the
8-week time point after DMM surgery, C and Ad fibers
were sensitized such that increased numbers of neurons
responded to subthreshold stimuli (forces below the
threshold necessary to elicit a behavioral response), such
as paw and knee pinches, and also to a suprathreshold
stimulus (a force that would normally cause a behavioral
response) in the case of the knee twist. Since the mean
magnitude of response to the different stimuli did not dif-
fer between sham-operated mice and mice subjected to
DMM, in this case sensitization may be interpreted as
recruitment of DRG neurons that do not normally sense
these stimuli. These may be “silent nociceptors” that have
become sensitized to mechanical forces and may also be
nociceptors that have become polymodal, such that they
now respond to mechanical forces (14,15,31).

In addition, it does not appear that the increase in
numbers of responses is due to the recruitment of large
numbers of large-diameter afferents (which are low-
threshold sensory neurons, not nociceptors [30]) such as
the large-sized Ab fibers, which have been implicated in
mediating mechanical allodynia in nerve injury models
(32) and have altered electrophysiology properties in a

surgical rat model of OA (33). Our recent observations
that chemogenetic silencing of NaV1.8-expressing DRG
neurons, which are primarily C and Ad fibers, inhibited
mechanical allodynia 8 weeks after DMM (16) further
indicate that it is this subpopulation and not Ab fibers
that mediate mechanical hypersensitivity. Since the entire
pain pathway is intact using this methodology, we are
planning to address supraspinal influences on OA pain in
future studies.

Our results are consistent with in vivo electro-
physiology studies that have shown that noxious outward
rotation of the knee joint causes increased firing of affer-
ents in the knee joint compared to non-noxious rotation
in healthy and monosodium iodoacetate (MIA)–treated
rats and guinea pigs (12,25,34). In addition, the fact that
we observed increased responses in small to medium-
sized DRG neurons is consistent with electrophysiology
studies on joint rotation in the MIA rat model of OA
pain (34,35). The firing rate of C and Ad fiber afferents
is elevated by day 14 after injection of MIA into the knee
joint compared to saline-injected controls, in response to
both non-noxious and noxious rotation of the knee joint
(34). In addition, the mechanical threshold of firing in
response to rotation decreased in MIA-treated rats (35).

While we observed a marked increase in the num-
bers of responding neurons in mice after DMM surgery,
we did not observe a change in the spatial organization of
responding neurons compared to sham-operated mice. A
recent study by Kim et al found that the amount of neu-
ronal coupling seen in mice 7–10 days after sciatic nerve
chronic constriction injury was elevated compared to the
amount of coupling seen in sham-operated mice (13).
Likewise, 2 days after injection of Freund’s complete
adjuvant (CFA) into the hind paw, neuronal coupling was
elevated compared to the amount of coupling seen in
naive mice in response to a wide-range of hind paw pinch
forces (13). This interneuronal coupling was mediated by
communication through gap junctions, and the authors
demonstrated that inhibition of connexin 43 expression in
the DRG reduced the coupling as well as the pain behav-
ior induced by the CFA model. In the present study, we
observed that the majority of neurons responding to paw
pinch, knee pinch, or knee twist were adjacent to at least
one other responding neuron, but we did not observe a
difference in the extent of neuronal coupling between
mice subjected to DMM and sham-operated mice. There-
fore, in this model, it does not appear that neuronal cou-
pling in the DRG mediates the sensitization associated
with the pain behaviors observed at this stage of the
model, but rather may develop as a result of surgery. A
limitation is that we were unable to directly compare to a
nonsurgical naive group in the present study.
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In conclusion, by adapting a novel in vivo imaging
technique, we demonstrated that increased numbers of
small to medium-sized DRG neurons respond to mechani-
cal stimuli 8 weeks after DMM surgery. This result
suggests that nociceptor sensitization occurs through
recruitment of additional nociceptors by decreasing the
response threshold, which may contribute to the develop-
ment of chronic pain behaviors in this model. It is clear,
therefore, that the use of methodology such as that intro-
duced here will provide a powerful new way of screening
novel therapeutic agents that treat OA pain by reducing
the excitability of the set of nociceptors recruited in associ-
ation with the disease.
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EZH2 Modulates the DNA Methylome and Controls T Cell
Adhesion Through Junctional Adhesion Molecule A in

Lupus Patients

Pei-Suen Tsou, Patrick Coit, Nathan C. Kilian, and Amr H. Sawalha

Objective. EZH2 is an epigenetic regulator that
mediates H3K27 trimethylation (H3K27me3) and mod-
ulates DNA methylation. The aim of this study was to
characterize the role of EZH2 in CD4+ T cells in the
pathogenesis of systemic lupus erythematosus.

Methods. EZH2 expression levels were deter-
mined in CD4+ T cells isolated from lupus patients and
healthy controls. The epigenetic effects of EZH2 overex-
pression in CD4+ T cells were evaluated using a genome-
wide DNA methylation approach. Gene expression
profiles and microRNAs (miRNAs) were assessed by
quantitative polymerase chain reaction, while protein
expression was examined by Western blotting. A cell
adhesion assay was used to assess adhesion of CD4+ T
cells to human microvascular endothelial cells.

Results. EZH2 and H3K27me3 levels were in-
creased in CD4+ T cells from lupus patients compared to
healthy controls. T cell production of EZH2 was down-
regulated in the presence of miR-26a and miR-101, and
levels of both miRNAs were reduced in lupus CD4+ T
cells. Overexpression of EZH2 induced in CD4+ T cells
resulted in significant DNA methylation changes. Genes
involved in leukocyte adhesion and migration, including
F11R (which encodes junctional adhesion molecule A
[JAM-A]), became hypomethylated in CD4+ T cells when
EZH2 was overexpressed. Overexpression of EZH2
resulted in increases in JAM-A expression and CD4+ T
cell adhesion. Preincubation of EZH2-transfected CD4+
Tcells with neutralizing antibodies against JAM-A signif-
icantly blunted cell adhesion. Similarly, CD4+ T cells

from lupus patients overexpressed JAM-A and adhered
significantly more to endothelial cells than to T cells from
healthy controls. Blocking JAM-A or EZH2 significantly
reduced the capacity of lupus CD4+ T cells to adhere to
endothelial cells.

Conclusion. The results of this study identify a
novel role of EZH2 in T cell adhesion mediated by epige-
netic remodeling and up-regulation of JAM-A. Blockade
of EZH2 or JAM-A might have therapeutic potential by
acting to reduce T cell adhesion, migration, and extrava-
sation in patients with lupus.

Systemic lupus erythematosus (SLE) is a chronic,
relapsing autoimmune disease that is characterized by
autoantibody production and a wide variety of clinical
manifestations along with multiple organ involvement.
Although the underlying cause of lupus is largely
unknown, substantial research has pointed to the involve-
ment of both genetic and epigenetic mechanisms (1,2). In
particular, DNA methylation, an epigenetic marker that is
heritable, stable, and reversible, has been shown to play
crucial roles in mediating the pathogenesis of lupus (3,4).
It not only affects gene expression patterns and the func-
tion of genes in lupus CD4+ Tcells (5,6), but also primes
interferon-regulated genes in lupus-naive CD4+ Tcells to
be epigenetically poised to respond to interferon upon
activation (4). CD4+ T cells from lupus patients with
active disease show more pronounced defects in DNA
methylation as compared to those from lupus patients
with inactive disease (7–9).

In a recent study by our group, the findings sug-
gested that with lupus flares, naive CD4+ Tcells undergo
a shift in DNA methylation to favor T cell activation.
Furthermore, this shift poises CD4+ Tcells for Th2, Th17,
and follicular helper Tcell responses (10). Bioinformatics
and literature-mining analyses have demonstrated a sig-
nificant enrichment of EZH2 binding sites in loci that
exhibit progressive increases in DNA methylation levels
in conjunction with greater lupus disease activity,
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suggesting that EZH2 has a role in the progression of
lupus. In addition, levels of 2 microRNAs (miRNAs) that
target and regulate EZH2, miR-101 and miR-26a, in naive
CD4+ Tcells from lupus patients were found to be nega-
tively correlated with the extent of lupus disease activity.

In this study, we set forth to further evaluate the
role of EZH2 in CD4+ T cells from patients with SLE.
We sought to determine the expression of EZH2, along
with the 2 miRNAs that control EZH2 expression, in
naive CD4+ T cells from lupus patients in comparison
to healthy controls. Through examination of the
changes occurring in the genome-wide DNA methyla-
tion status after overexpression of EZH2 in naive
CD4+ T cells, we discovered a novel functional role of
EZH2 in CD4+ T cells that has potential therapeutic
implications in the management of lupus.

PATIENTS AND METHODS

Patients and controls. All patients included in our study
met the American College of Rheumatology revised criteria for
the classification of SLE (11). Patients (n = 57; all female, medi-
an age 42 years [range 19–60 years], mean � SD age 40 � 11
years) and healthy controls (n = 40; all female, median age 44
years [range 20–63 years], mean � SD age 44 � 11 years) were
recruited from the University of Michigan Rheumatology Clin-
ics. The SLE Disease Activity Index (SLEDAI) scores (12) in
the patients ranged from 0 to 12, with a mean score of 3 and
median score of 2. All subjects included in this study provided
written informed consent. All procedures in this study were
reviewed and approved by the Institutional Review Board of the
University of Michigan.

Cell isolation and culture. Naive CD4+ Tcells were iso-
lated from the whole blood of subjects using a naive CD4+
T cell isolation kit (Miltenyi Biotec), which allows for the indi-
rect isolation of untouched naive CD4+ T cells, as previously
described (10). In some experiments, isolated naive CD4+
T cells were left unstimulated or were stimulated overnight
with anti-CD3 antibodies (10 lg/ml, precoated on plates) and
anti-CD28 antibodies (2.5 lg/ml). Human microvascular
endothelial cells (HMVECs) were grown in endothelial basal
medium 2 (EBM-2) with growth factors (Lonza). Cells between
passages 3 and 9 were used in the experiments.

Overexpression experiments. Overexpression of EZH2
in naive CD4+ T cells was performed using an Amaxa
4D-Nucleofactor system (Lonza). After isolation and purifica-
tion, naive CD4+ Tcells from healthy subjects were transfected
with 0.1 lg of EZH2, or pCMV6-XL5 as a control vector (both
from OriGene), and cultured in RPMI medium supplemented
with 10% fetal bovine serum (FBS) and 2 mM L-glutamine.
After 5 hours of transfection, the culture medium was changed
to remove the transfection reagent, and the cells were stimu-
lated overnight with anti-CD3 and anti-CD28 antibodies. The
cells were cultured for an additional 48 hours before protein
and RNA were collected. In addition, DNA was extracted for
the DNA methylation assessment (as described below).

Similar procedures were carried out for the miRNA
overexpression experiments, using the Amaxa 4D-Nucleofactor

system. Naive CD4+ T cells from healthy subjects were trans-
fected with 500 nM of miR-26a or 500 nM of miR-101 (mirVana
miRNA mimic; Thermo Fisher Scientific) and stimulated over-
night. RNA was collected on day 3 posttransfection. The cell
survival rate for the miRNA-transfected cells was ~55%.

Extraction of messenger RNA (mRNA) and quantita-
tive reverse transcription–polymerase chain reaction (qRT-
PCR). Total RNA from the cells was isolated using a Direct-zol
RNA MiniPrep kit (Zymo Research). Preparation of comple-
mentary DNA (cDNA) was done using a Verso cDNA synthesis
kit (Thermo Fisher Scientific). Primers for human EZH2, the
DNA methyltransferase genes DNMT1 and DNMT3A, the
methyl-CpG binding protein gene MeCP2, and b-actin, along
with Power SYBR Green PCR Master Mix (Applied Biosys-
tems), were used for qRT-PCR, which was run using a ViiA 7 real-
time PCR system. Primer sequences are as follows: for DNMT1,
forward CGACTACATCAAAGGCAGCAACCTG and reverse
TGGAGTGGACTTGTGGGTGTTCTC; for DNMT3A, forward
CGAGTCCAACCCTGTGATGATTG and reverse CGTGGTCT-
TTGCCCTGCTTTATG; for b-actin, forward GTCAGGCAGCT-
CGTAGCTCTand reverse GCCATGTACGTTGCTATCCA. The
EZH2 primers were KiCqStart SYBR Green primers (Sigma),
and theMeCP2 primers were purchased from Qiagen (QuantiTect
Primer Assays). Expression of miRNAs was analyzed using
TaqMan Advanced miRNA assays (Thermo Fisher Scientific).

Western blotting. Cell lysates were prepared from
CD4+ Tcells obtained from lupus patients and healthy subjects.
Proteins were separated by sodium dodecyl sulfate–polyacry-
lamide gel electrophoresis, and then electroblotted onto nitro-
cellulose membranes. EZH2, junctional adhesion molecule A
(JAM-A), and trimethylated H3K27 (H3K27me3) were
detected using anti-human EZH2 antibodies (Cell Signaling
Technology), anti–JAM-A antibodies (Santa Cruz Biotechnol-
ogy), and anti-H3K27me3 antibodies (Cell Signaling), while b-
actin and histone H3 were used as loading controls (anti–b-actin
antibodies from Sigma-Aldrich; anti-H3 antibodies from Cell
Signaling Technology). Images were visualized using an Omega
Lum C imaging system (Gel Company), and quantification of
the bands was performed using GelQuant.NET (BiochemLab
Solutions).

DNA methylation assessment and analysis. Naive
CD4+ Tcells from 4 healthy subjects, left unstimulated or stim-
ulated overnight, were transfected with an EZH2 overexpres-
sion vector or a control vector. Genomic DNA was then
isolated from the cells and bisulfite converted using an EZ
DNA Methylation kit (Zymo Research). The genome-wide
DNA methylation status of each sample was evaluated using an
Illumina Infinium Methylation EPIC BeadChip array. An Illu-
mina GenomeStudio platform was used to analyze the methyla-
tion data, as previously described (4). The average level of
DNA methylation (b) on each CpG site was compared between
the control and EZH2-overexpressing CD4+ T cells. Differen-
tially methylated CpG sites were defined as those with a differ-
ential methylation score of ≥|22| (equivalent to a P value of less
than 0.05, after adjustment for multiple testing) and a mean
methylation difference of >10% between the 2 groups. Differ-
entially methylated genes were analyzed for Gene Ontology
(GO), network, and pathway enrichments using the DAVID
Bioinformatics Database (version 6.7) (13,14).

In vitro cell adhesion assay. An adhesion assay to assess
the capacity of CD4+ Tcells to adhere to HMVECs was carried
out as previously described (15), with slight modification.
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HMVECs were grown in 96-well plates and stimulated with
tumor necrosis factor (25 ng/ml) in EBM-2 medium containing
0.1% FBS. Overexpression of EZH2 was induced in naive CD4+
T cells in the same manner as described above. The stimulated
EZH2-overexpressing CD4+ T cells (50,000 cells/well in 100 ll
RPMI medium) were labeled with calcein AM cell-permeant
dye (5 lM; Invitrogen), in the presence or absence of neutraliz-
ing antibodies to JAM-A (50 lg/ml; BioLegend) or an isotype
control (mouse IgG1j; BioLegend). The fluorescence-tagged T
cells were washed with phosphate buffered saline (PBS) twice,
and then added to HMVEC cultures and incubated for 30 min-
utes. Nonadherent Tcells were washed off, and the fluorescence
intensity was measured at an absorbance of 485/528 nm using a
Synergy HT fluorescence plate reader (BioTek Instruments).

We also examined the capacity of lupus CD4+ T cells
to adhere to HMVECs. Naive CD4+ T cells were isolated
from lupus patients and stimulated overnight. The cells were
cultured for an additional 2 days before they were assayed for
adhesion capacity in the same manner as described above.
The effect of JAM-A in lupus CD4+ T cells was also evalu-
ated using neutralizing antibodies to JAM-A. After culturing
for 3 days, stimulated CD4+ T cells from lupus patients were

washed in PBS and labeled with calcein AM, in the presence
or absence of neutralizing antibodies to JAM-A or isotype
control. After washing with PBS, the fluorescence-tagged T
cells were subjected to adhesion assays, as described above.

To determine whether inhibition of EZH2 would affect
T cell adhesion, naive CD4+ T cells from lupus patients were
stimulated overnight in the presence of DZNep (5 lM, dissolved
in PBS; Cayman Chemical), and 1 day thereafter, the medium
was changed to remove the stimulants. The T cells were treated
with DZNep for an additional 2 days, and the cells were washed
with PBS twice and then assayed for adhesion. The cell survival
rate of the DZNep-treated cells was ~77%.

Meanwhile, an aliquot of cells was lysed and saved for
Western blotting to check the expression of EZH2, JAM-A, and
H3K27me3 after DZNep treatment. To visualize Tcell adhesion
to HMVECs, dye-tagged stimulated CD4+ T cells from healthy
controls, stimulated CD4+ T cells from lupus patients, and
DZNep-treated CD4+ T cells from lupus patients were plated
on HMVECs that were labeled with the red fluorescence dye
PKH26 (Sigma). Images of the cells were obtained using an
EVOS FL cell imaging system (Thermo Fisher Scientific). In
order to evaluate the effect of EZH2 on cell adhesion,

Figure 1. Expression of EZH2, trimethylated H3K27 (H3K27me3), and microRNAs (miRNAs) in CD4+ T cells isolated from healthy controls
and patients with systemic lupus erythematosus (SLE). A, Protein levels of EZH2 were assessed by Western blotting (WB) (top) and quantified
(bottom) relative to the expression of b-actin in naive CD4+ T cells from lupus patients compared to healthy controls, with no stimulation (NS) or
after overnight stimulation (Stim) with anti-CD3 and anti-CD28 antibodies. B, Expression of EZH2 mRNA was determined in naive CD4+ T cells
from lupus patients compared to healthy controls, after overnight stimulation. C, Levels of H3K27me3 were assessed by Western blotting (top)
and quantified (bottom) relative to the expression of histone H3 in naive CD4+ T cells from lupus patients compared to healthy controls, after
overnight stimulation. D and E, Levels of miR-26a (D) and miR-101 (E) were determined in lupus and healthy control naive CD4+ T cells, after
overnight stimulation. Bars show the mean � SD in each group.
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experiments with GSK126, which inhibits the catalytic activity of
EZH2, but not the expression of EZH2 (16), were performed.
The procedures used were similar to those used in the experi-
ments with DZNep. The final concentration of GSK126 (Cay-
man Chemical) was 5 lM, and DMSO was used as the vehicle
control.

Statistical analysis. Results are expressed as the mean
� SD. To determine differences between groups, the Mann-
Whitney U test was performed, and data were analyzed using
GraphPad Prism (version 6; GraphPad Software). One-way anal-
ysis of variance (ANOVA) followed by Sidak’s post hoc test was
used to compare differences in EZH2-overexpressing or
miRNA-overexpressing cells, and two-way ANOVA with Tukey’s
post hoc test was used to identify differences in EZH2 expres-
sion between healthy control and lupus T cells, with or without
overnight stimulation. To compare the expression changes
before and after EZH2 overexpression, Wilcoxon’s test was per-
formed. P values less than 0.05 were considered significant.

RESULTS

Expression of EZH2, H3K27me3, and miRNA in
lupus patients. We first examined the expression of
EZH2 in CD4+ Tcells isolated from healthy controls and
lupus patients. At the protein level, when the cells were
stimulated, an increase in the levels of EZH2 was
observed in lupus Tcells but not in healthy control Tcells
(Figure 1A). In addition, stimulation of the T cells led to
a significant increase in EZH2 expression in lupus T cells
compared to healthy control T cells. EZH2 mRNA levels
were also observed to be significantly increased in CD4+
T cells from lupus patients compared to CD4+ T cells
from healthy controls (Figure 1B).

Since EZH2 trimethylates the histone H3K27,
we measured this histone using Western blotting. As
shown in Figure 1C, there was a significant increase in
H3K27me3 levels in CD4+ T cells from lupus patients
compared to those from healthy controls, consistent
with the observed increase in EZH2 levels in lupus
samples.

Since both miR-26a and miR-101 control EZH2
expression (16), we then examined the expression of
these miRNAs in healthy control and lupus naive
CD4+ T cells that were stimulated overnight. The levels
of both miR-26a and miR-101 were significantly
reduced in lupus T cells compared to healthy control T
cells (Figures 1D and E). The reduction in expression
of these miRNAs in lupus T cells is consistent with,
and could potentially explain, the higher levels of
EZH2 observed in lupus patients compared to healthy
controls.

Control of expression of EZH2 by miR-26a and
miR-101 in naive CD4+ T cells. To confirm the inhibi-
tory effects of miR-26a and miR-101 on EZH2 expres-
sion in naive CD4+ T cells, we overexpressed either

miR-26a or miR-101 in naive CD4+ Tcells isolated from
healthy controls and stimulated the cells in vitro.
Successful overexpression of miR-26a (Figure 2A) and

Figure 2. Effects of overexpression of microRNAs (miRNAs) miR-
26a and miR-101 on the levels of EZH2 mRNA in stimulated CD4+
T cells. A and B, Naive CD4+ T cells isolated from healthy subjects
were transfected with 500 nM miR-26a, miR-101, or control miRNA
and stimulated overnight. On day 3 posttransfection, overexpression
of miR-26a (A) and miR101 (B) was confirmed using a TaqMan
Advanced miRNA assay. C, EZH2 mRNA levels were determined in
miR-26a–overexpressing and miR-101–overexpressing CD4+ T cells in
comparison to control-transfected cells. Values are the mean � SD.

EZH2 IN LUPUS CD4+ T CELLS 101



miR-101 (Figure 2B) was first confirmed using a
TaqMan Advanced miRNA assay. Indeed, both overex-
pression of miR-26a and overexpression of miR-101
decreased the expression of EZH2 mRNA in stimulated
CD4+ Tcells (Figure 2C).

We also overexpressed both miR-26a and miR-101
simultaneously, hypothesizing that the 2 miRNAs might
act synergistically to suppress EZH2 expression. Surpris-
ingly, miR-101 appeared to negatively impact miR-26a
expression, since simultaneous overexpression of both
miRNAs in CD4+ Tcells led to significantly lower miR-26a
levels compared to the levels in cells overexpressing miR-
26a alone (mean � SD fold increase in miR-26a levels 40.1
� 26.4 in miR-26a–overexpressing Tcells versus 13.9 � 8.0
in miR-26a and miR-101–overexpressing T cells [n = 6
samples per group]; P < 0.05).

Effects of overexpression of EZH2 on genome-
wide DNAmethylation in naive CD4+ Tcells. To examine

the effect of EZH2 on CD4+ T cells, EZH2 was overex-
pressed in naive CD4+ Tcells isolated from healthy sub-
jects. Successful overexpression of EZH2 was confirmed
at both the mRNA level (Figure 3A) and protein level
(Figure 3B). Overexpression of EZH2 also led to
increased H3K27me3 levels (Figure 3B).

We then evaluated DNA methylation changes in
control-transfected or EZH2-overexpressing naive CD4+
T cells, with or without overnight stimulation. When the
cells were left unstimulated, we identified 19 differentially
methylated CpG sites in EZH2-overexpressing naive
CD4+ Tcells (see Supplementary Table 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40338/abstract), of which 8 were
hypermethylated and 11 were hypomethylated in compar-
ison to control-transfected CD4+ Tcells, corresponding to
5 differentially methylated unique genes and 7 differen-
tially methylated unique genes, respectively. When the

Figure 3. Effects of EZH2 overexpression in stimulated CD4+ T cells on the expression of junctional adhesion molecule A (JAM-A) and enzymes
and proteins involved in DNA methylation. A, Overexpression of EZH2 mRNA in EZH2 vector–transfected CD4+ T cells, in comparison to con-
trol vector–transfected CD4+ T cells, was confirmed by quantitative polymerase chain reaction. B, Western blots (WB) (representative results from
1 of 3 experiments) show that EZH2 overexpression was paralleled by increased expression of JAM-A and trimethylated H3K27 (H3K27me3) in
CD4+ T cells; b-actin and histone H3 were used as loading controls. C, Western blots show that JAM-A was overexpressed in stimulated naive
CD4+ T cells from patients with systemic lupus erythematosus (SLE) compared to healthy controls. D–F, Expression of the methyl-CpG binding
protein gene MeCP2 (D) and DNA methyltransferase genes DNMT1 (E) and DNMT3A (F) was compared between EZH2-overexpressing CD4+ T
cells and control cells. Results are the mean � SD (n = 14 samples per group).
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cells were stimulated overnight, a total of 324 differ-
entially methylated CpG sites in EZH2-overexpressing
CD4+ Tcells were identified (see Supplementary Table 1).
Among them, 156 were hypomethylated and 168 were
hypermethylated as compared to control-transfected cells.
A total of 264 differentially methylated genes were identi-
fied in EZH2-transfected CD4+ Tcells following stimula-
tion, with ~50% of them being hypomethylated. The top
hypomethylated gene in both unstimulated and stimulated
EZH2-overexpressing CD4+ T cells was EZH2 (see Sup-
plementary Table 1). These findings are a reflection of the
overexpression of EZH2 in our experiments, since the 2
hypomethylated CpG sites in EZH2 are located in the
gene body, suggesting that these are from the transfected
EZH2 vector. In addition to EZH2, IL34 (gene for
interleukin-34) was the only hypomethylated gene that

was common between the unstimulated and stimulated
EZH2-overexpressing CD4+ Tcells.

We next used the DAVID database for gene func-
tion enrichment analysis, to group the differentially
methylated genes into GO and biologic pathways. The
results showing top pathways and GOs enriched among
the genes that were significantly hypomethylated with
EZH2 overexpression are summarized in Table 1. “Cell
adhesion molecules” and “leukocyte migration” appeared
to be enriched in both the functional annotation pathway
and GO analyses. The genes that overlapped in both
terms included F11R, SELP, and SELPLG. F11R encodes
JAM-A, while SELP codes for p-selectin and SELPLG
codes for p-selectin glycoprotein ligand 1 (PSGL1). Since
p-selectin is predominantly expressed on endothelial cells
to mediate leukocyte adhesion through interaction with

Figure 4. Effects of EZH2 on lymphocyte adhesion. A and B, Stimulated CD4+ T cells overexpressing EZH2 or transfected with a control vector
were assessed for their ability to adhere to human microvascular endothelial cells (HMVECs) overall (A) and in the presence of neutralizing anti-
bodies (ab) to junctional adhesion molecule A (JAM-A) (B). C and D, Naive CD4+ T cells from patients with systemic lupus erythematosus (SLE)
and healthy controls were stimulated overnight and assessed for adhesion to HMVECs overall (C) and in the presence of anti–JAM-A (D). In
these experiments, IgG was used as an isotype control. E–G, Effects of pretreatment with the EZH2 inhibitor DZNep for 3 days, using phosphate
buffered saline (PBS) as a control, were assessed in stimulated CD4+ T cells isolated from lupus patients, in relation to changes in EZH2 mRNA
levels (E), protein levels of EZH2, JAM-A, and trimethylated H3K27 (H3K27me3) (F), and adhesion of the cells to HMVECs (G). H, Stimulated
CD4+ T cells isolated from a lupus patient (green) were assessed for their ability to adhere to HMVECs (red). Representative immunofluores-
cence images show adhesion assay results in cells from a healthy control subject and a lupus patient in the absence or presence of treatment with
DZNep. I, Effects of pretreatment with GSK126 for 3 days, using DMSO as a control, were assessed in stimulated CD4+ T cells isolated from
lupus patients, in relation to adhesion of the cells to HMVECs. Values are the mean � SD. Adhesion is measured as the intensity of fluorescence
(FLU). WB = Western blotting.
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PSGL1 (17), we focused our subsequent studies on F11R
and SELPLG in naive CD4+ Tcells.

Interestingly, SELPLG was hypermethylated in
unstimulated EZH2-overexpressing CD4+ Tcells, whereas
it was hypomethylated after stimulation with anti-CD3
and anti-CD28 antibodies. However, the expression of
PSGL1 remained unaltered with EZH2 overexpression in
stimulated CD4+ T cells (data not shown), while JAM-A
expression was significantly increased (Figure 3B). In
addition, JAM-A was also significantly up-regulated in
stimulated CD4+ Tcells from lupus patients compared to
those from healthy controls (Figure 3C).

Since EZH2 overexpression led to significant
changes in the DNA methylome in CD4+ T cells, we
examined whether EZH2 affects the expression of
enzymes and proteins that are directly involved in DNA
methylation. Indeed, in EZH2-overexpressing cells, the
expression levels of both MeCP2 mRNA (Figure 3D)
and DNMT3A mRNA (Figure 3F) were significantly
lower than those in control-transfected T cells, while
DNMT1 mRNA expression was not affected by EZH2
overexpression (Figure 3E).

Mediation of CD4+ T cell adhesion to endothelial
cells by EZH2 in patients with lupus. Since our pathway
and GO analyses pointed to the involvement of EZH2 in
leukocyte adhesion and migration (Table 1), we examined
whether overexpression of EZH2 affects cell adhesion of
stimulated CD4+ T cells to HMVECs. As shown in
Figure 4A, overexpression of EZH2 increased the adhe-
sion of Tcells to HMVECs.

Since JAM-A was hypomethylated and up-regu-
lated in EZH2-overexpressing naive CD4+ T cells (Fig-
ure 3B), we examined whether the increased adhesion
capacity of these cells was mediated by JAM-A. When
JAM-A was blocked with neutralizing antibodies, the
increased adhesion of EZH2-overexpressing CD4+ T
cells to HMVECs was normalized (Figure 4B). Since we
showed that EZH2 is overexpressed in lupus naive CD4+
T cells following stimulation (Figures 1A and B), we
hypothesized that these cells would behave in a manner
similar to EZH2-overexpressing CD4+ Tcells in terms of
cell adhesion. Indeed, lupus CD4+ T cells showed
enhanced cell adhesion to HMVECs when compared to
healthy control CD4+ Tcells (Figure 4C).

Since we also observed increased JAM-A expres-
sion in lupus CD4+ T cells (Figure 3C), we examined
the effects of blocking the expression of JAM-A. Cell
adhesion of lupus CD4+ T cells was significantly
reduced by blockade of JAM-A (Figure 4D). These
results suggest that EZH2 mediates increased T cell
adhesion in lupus via the overexpression of JAM-A.

To determine whether inhibition of EZH2 can nor-
malize T cell adhesion in lupus, we used DZNep, an
EZH2 inhibitor. DZNep treatment decreased the expres-
sion of EZH2 and JAM-A, and also decreased the levels
of H3K27me3 (Figures 4E and F). Furthermore, as
shown in Figures 4G and H, treating stimulated lupus
CD4+ Tcells with DZNep significantly reduced their abil-
ity to adhere to HMVECs.

To validate the effect of DZNep on T cell adhe-
sion and determine whether this effect is dependent on
H3K27me3, we used GSK126, which inhibits the enzy-
matic activity of EZH2, but not the expression of EZH2.
Similar to what we observed in DZNep-treated cells,
treatment of the cells with GSK126 led to a significant
reduction in lupus T cell adhesion to HMVECs (Fig-
ure 4I), suggesting that EZH2-mediated T cell adhesion
in lupus is dependent on the catalytic activity of EZH2.

DISCUSSION

In this study, we focused on the expression and
function of EZH2 in lupus CD4+ Tcells, and identified a
novel role of EZH2 in T cell adhesion. We previously
demonstrated that this epigenetic modulator might be
mediating proinflammatory epigenetic reprogramming in
naive CD4+ Tcells in lupus patients when increases in dis-
ease activity occur (10). Herein we demonstrate increased
expression of EZH2 and H3K27me3 in naive CD4+ T
cells obtained from lupus patients compared to those
from healthy controls following in vitro stimulation. In
addition, both miR-26a and miR-101, which target
EZH2, were significantly down-regulated in stimulated
lupus naive CD4+ T cells. Overexpression of EZH2 in
naive CD4+ T cells from healthy individuals resulted in
genome-wide DNA methylation changes, and functional
enrichment analysis of the affected genes led us to exam-
ine the role of EZH2 in Tcell adhesion. We demonstrated
that in vitro–stimulated CD4+ T cells, either those iso-
lated from lupus patients or EZH2-overexpressing cells
from healthy subjects, showed increased T cell adhesion
to HMVECs as compared to their corresponding con-
trols. This was mediated through increased expression of
JAM-A in both cases. Blockade of EZH2 by DZNep and
GSK126 efficiently blunted lupus T cell adhesion to
HMVECs, suggesting that blocking EZH2 may be a ther-
apeutic option for lupus.

As the catalytic component of a multiprotein com-
plex, polycomb repressive complex 2, that catalyzes
H3K27me3, EZH2 is involved in chromatin compaction
and gene repression. When phosphorylated, it acts as a
transcriptional activator instead, and this function might
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be independent of its methyltransferase activity (18).
Although EZH2 preferentially targets histones, it has been
shown to serve as a recruitment platform for DNAmethyl-
transferases to directly control DNA methylation and
exert their gene repression activity concurrently (19,20). In
this study, we showed that EZH2 overexpression led to
genome-wide changes in DNA methylation. In addition to
genes involved in cell adhesion and leukocyte migration,
as highlighted in this study, we also discovered genes that
showed differential methylation changes after EZH2 over-
expression; these genes are involved in gene transcription
(such as EMX1 and TAF1), ubiquitination processes
(BTRC and NEDD4L), as well as immune responses
(CTLA4, IL34, HLA-E, OAS2, and PGLYRP4) (Table 1;
see also Supplementary Table 1, http://onlinelibrary.wiley.c
om/doi/10.1002/art.40338/abstract). These findings suggest
that EZH2 is involved in various cellular and physiologic
processes crucial for Tcell survival and function.

The exact mechanism of how EZH2 alters the
methylome in naive CD4+ T cells is not clear. However,
we show that overexpression of EZH2 leads to repressed
expression of both DNMT3A and MeCP2 in naive CD4+
Tcells, which might result in reduced locus-specific DNA
methylation or increased chromatin accessibility. In addi-
tion, the methylcytosine dioxygenase TET1 was hyperme-
thylated in EZH2-overexpressing CD4+ T cells (see
Supplementary Table 1). The bivalent repressive/activat-
ing effect of EZH2 could explain the similar numbers of
differentially hypermethylated CpG sites and differen-
tially hypomethylated CpG sites (168 and 156, respec-
tively) after EZH2 overexpression in naive CD4+ Tcells.

Although the function of EZH2 in Tcell differenti-
ation remains controversial, it is clear that this pleiotropic
enzyme plays a key role in maintaining Tcell homeostasis
(16,21–23). Recently, a new function of EZH2 has been
revealed. In dendritic cells and neutrophils, EZH2 was
shown to control cell adhesion and migration through
direct methylation of talin, which directly links integrins
to the actin cytoskeleton (24). In the current study, we
also showed that EZH2 mediates cell adhesion, albeit in a
different cell type and with a different mechanism. Our
data suggest that EZH2 promotes T cell adhesion to
endothelial cells via, at least in part, demethylation and
up-regulation of JAM-A. This was found to be true both
in naive CD4+ T cells overexpressing EZH2 and in naive
CD4+ T cells from lupus patients, in which expression of
EZH2 is increased.

Despite our findings, the exact role of EZH2 in
lupus T cells is yet to be fully understood. The role of
EZH2 in T cell differentiation and invasiveness is poten-
tially crucial for lupus pathogenesis. EZH2 expression
was previously examined in total CD4+ Tcells from lupus

patients and healthy controls (25). Those investigators
showed that EZH2 mRNA levels were significantly down-
regulated in total CD4+ T cells from lupus patients with
active disease as well as those from lupus patients with
inactive disease. In contrast, we showed that EZH2
mRNA levels were elevated in naive CD4+ T cells from
lupus patients compared to those from healthy controls.
This discrepancy might arise from the different Tcell pop-
ulations that were studied.

The process of T cell entry into inflamed tissue
involves multiple steps, including morphologic changes
occurring in T cells, adhesion of the freely circulating cells
to the endothelium, and subsequent migration into the tis-
sue. In lupus, infiltration of Tcells into inflamed tissue has
been well documented (26,27). Increased endothelial cell
activation, represented by elevated expression of E-selectin,
vascular cell adhesion molecule 1, and intercellular adhe-
sion molecule 1, which leads to increased adhesiveness to
leukocytes has been reported in the skin of lupus patients
(28). In lymphocytes from lupus patients, increased levels of
lymphocyte function–associated antigen 1 and very late acti-
vation antigen 4 have also been reported (29). Li and col-
leagues reported that lupus Tcells displayed a higher ability
to adhere to hyaluronic acid–coated plates, and this was
mediated by the increased phosphorylation of ezrin, radixin,
and moesin and increased expression of CD44 (30). Our
findings identify JAM-A as a novel molecule involved in the
increased cell adhesion, and possibly tissue invasiveness, of
lupus CD4+Tcells.

JAM-A is a member of the immunoglobulin super-
gene family that has been identified at tight junctions
between endothelial cells and epithelial cells. It is also
expressed on some circulating cells, including lymphocytes
(31). JAM-A is engaged in a number of binding interac-
tions, including hemophilic interactions linking adjacent
endothelial and epithelial cells to stabilize intercellular
junctions, as well as heterophilic interactions with leuko-
cyte integrins or JAMs to facilitate leukocyte influx during
inflammation (32,33). The importance of JAM-A in
leukocyte–endothelial cell interactions has been high-
lighted in studies using JAM-A–deficient mice and neu-
tralizing antibodies to JAM-A (34–36). To our knowledge,
we are the first to report that the levels of JAM-A were
elevated in lupus CD4+ T cells, and to show that JAM-A
mediates increased Tcell adhesion to endothelial cells. In
other autoimmune diseases, dysregulated expression of
JAM-A has been reported (37). Decreased expression of
JAM-A was observed in scleroderma skin endothelial
cells, while increased expression of JAM-A was reported
in scleroderma fibroblasts, which mediated myeloid cell
retention on scleroderma skin (37). In peripheral blood
mononuclear cells isolated from rheumatoid arthritis
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patients, F11R was hypomethylated, and an up-regulation
of F11R was observed (38,39), similar to observations in
the current study.

In summary, our findings indicate a novel role of
EZH2 in Tcell adhesion, and a potentially pathogenic role
of EZH2 overexpression in lupus. Up-regulation of EZH2
in lupus CD4+ Tcells, possibly mediated by down-regula-
tion of miR-26a and miR-101, results in an increase in
H3K27me3 levels. EZH2 overexpression in T cells alters
the DNA methylome and highlights the involvement
of EZH2 in leukocyte adhesion and migration, via up-
regulation of JAM-A. We show that increased lupus CD4+
Tcell adhesion is mediated by JAM-A overexpression, and
that blockade of JAM-A or EZH2 can reduce the ability of
CD4+ Tcells to adhere to endothelial cells. These results
suggest that inhibition of JAM-A or EZH2 could be a
potential novel therapeutic approach in the management
of lupus.
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BRIEF REPORT

Rituximab for the Treatment of Adult-Onset IgA Vasculitis (Henoch-Sch€onlein)

Federica Maritati,1 Roberta Fenoglio,2 Evangeline Pillebout,3 Giacomo Emmi,4 Maria L. Urban,1 Rossana Rocco,1

Maria Nicastro,1 Monia Incerti,1 Matteo Goldoni,5 Giorgio Trivioli,1 Elena Silvestri,4 Aladdin J. Mohammad,6

David Jayne,7 Per Eriksson,8 M�arten Segelmark,8 Pavel Novikov,9 Helen Harris,10 Dario Roccatello,2 and
Augusto Vaglio1

Objective. Adult-onset IgA vasculitis (Henoch-
Sch€onlein) (IgAV) is a rare systemic vasculitis charac-
terized by IgA1-dominant deposits. The treatment of
adult-onset IgAV is controversial and is based on the
combination of glucocorticoids and immunosuppressive
agents, but many patients have refractory or relapsing
disease despite treatment. Rituximab (RTX) is a B cell–
depleting antibody of proven efficacy in antineutrophil
cytoplasmic antibody–associated vasculitis. We under-
took this study to test the efficacy and safety of RTX in
a multicenter cohort of patients with adult-onset IgAV.

Methods. In this multicenter observational study,
we included patients with adult-onset IgAV who had
received RTX either for refractory/relapsing disease or
because they had contraindications to conventional glu-
cocorticoid/immunosuppressive therapy. We analyzed
the rates of remission (defined on the basis of the
Birmingham Vasculitis Activity Score [BVAS]) and
relapse as well as the variations over time in estimated
glomerular filtration rate (GFR), proteinuria, C-reactive
protein (CRP) level, BVAS, and prednisone dose.

Results. Twenty-two patients were included; their
median duration of follow-up was 24 months (inter-
quartile range 18–48 months). Sixteen patients received
RTX as add-on therapy and 6 as monotherapy. Twenty
patients (90.9%) achieved remission, and 7 of those 20
patients (35%) had subsequent relapse of disease. There
were significant reductions in 24-hour proteinuria (P <
0.0001), CRP level (P = 0.0005), BVAS (P < 0.0001),
and prednisone dose (P < 0.0001) from RTX initia-
tion through the last follow-up visit; estimated GFR
remained stable. RTX was generally well tolerated. One
patient died after 60 months of follow-up.

Conclusion. Our data suggest that RTX is an
effective and safe therapeutic option for adult-onset IgAV.

IgA vasculitis (Henoch-Sch€onlein) (IgAV) is a sys-
temic small-vessel vasculitis characterized by IgA1-domi-
nant immune deposits. Clinical manifestations include
purpura, gastrointestinal involvement, arthritis, and glo-
merulonephritis (1). IgAV is the most common vasculitis
in children, while it is rare in adults. Childhood-onset
IgAV usually has a benign course that only requires sup-
portive care. In adults, its prognosis is worse, particularly
because of the frequency and severity of renal involve-
ment; indeed, adult-onset IgAV leads to advanced chronic
kidney disease (CKD) or end-stage renal disease (ESRD)
in 10–30% of patients with renal involvement (2).

The treatment of adult-onset IgAV is still a mat-
ter of debate. Glucocorticoids and immunosuppressive
drugs are routinely used, especially in patients with
organ- or life-threatening manifestations (3). However,
the efficacy of these treatments is controversial. In the
only randomized trial performed in adult-onset IgAV,
the addition of cyclophosphamide to glucocorticoids
failed to provide any clear benefit (4). The efficacy of
other immunosuppressive agents such as azathioprine,
mycophenolate mofetil, or cyclosporine has only been
reported in anecdotal cases (3,5). Therefore, effective
therapies are needed in adult-onset IgAV.
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The anti-CD20 monoclonal antibody rituximab
(RTX) has become a standard treatment for remission
induction and remission maintenance in patients with
antineutrophil cytoplasmic antibody (ANCA)–associated
vasculitis (6,7). RTX induces B cell depletion and thus
dampens the expansion of plasma cells that produce
pathogenic autoantibodies. RTX can also impair antigen
presentation by B cells or reduce B cell–mediated stimula-
tion of T cells and other inflammatory cell types (6).
Recent studies have shown that RTX may be effective for
adult-onset IgAV, but they were based on single cases or
small case series (8,9). In this multicenter observational
study, we analyzed the effectiveness and safety of RTX in
patients with adult-onset IgAV who either had relapsing
or refractory disease or had contraindications to conven-
tional glucocorticoid/immunosuppressive therapy.

PATIENTS AND METHODS

Patients and treatment. We reviewed the clinical re-
cords of all patients with adult-onset IgAV treated with RTX at
9 different vasculitis centers in Europe. The diagnosis of IgAV
was based on the American College of Rheumatology 1990 cri-
teria for the classification of Henoch-Sch€onlein purpura (10)
and the 2012 Revised International Chapel Hill Consensus Con-
ference Nomenclature of Vasculitides (1). All patients had to
have a biopsy-proven diagnosis of IgAV. Patients were included
if 1) their age at IgAV diagnosis was >18 years; 2) they had se-
vere involvement of at least 1 organ (including biopsy-proven
IgAV-related nephritis class 3–4 [2]; gastrointestinal involvement
with hemorrhage, ischemia, perforation, and/or abdominal pain
unresponsive to common analgesics and lasting for >24 hours;
pulmonary hemorrhage, episcleritis, cardiac and central nervous
system involvement); 3) other systemic autoimmune or neoplas-
tic diseases were excluded; and 4) RTX was given for the treat-
ment of relapsing or refractory disease or because there were
contraindications to the use of standard-dose glucocorticoids
and/or conventional immunosuppressants.

Allowed RTX schedules included 375 mg/m2/week for
4 consecutive weeks or two 1,000 mg doses given 2 weeks apart;
RTX could be given alone or in addition to other immunosup-
pressive therapies. Glucocorticoids and other immunosuppres-
sants were tapered or withdrawn according to local practice.
RTX was obtained by local hospital pharmacies for off-label
use; all patients signed an informed consent. The study was
performed in accordance with the Declaration of Helsinki and
received ethical approval by the University of Parma Institu-
tional Review Board.

Data collection and disease activity assessment. We
retrieved data regarding patient demographics, clinical manifesta-
tions, disease duration, and treatments prior to RTX therapy and
during post–RTX treatment follow-up, and reviewed all the
pathology reports of diagnostic biopsies. With regard to post-
treatment follow-up, we collected clinical and serologic data at
specific time points (months 1, 6, 12, and last follow-up visit).
Estimated glomerular filtration rate (GFR) was calculated
using the Chronic Kidney Disease Epidemiology Collaboration
equation. Information regarding any types of adverse events

(AEs) was also collected; AEs were graded using the Common
Terminology Criteria for Adverse Events version 4.0 (11). Dis-
ease activity was evaluated using the Birmingham Vasculitis
Activity Score (BVAS), version 3 (12). This score refers to new or
worsening symptoms due to active vasculitis, with higher scores
indicating more active disease. Remission was defined as a BVAS
of 0, or as a BVAS of ≤5 if all scores were due to persistent hema-
turia or proteinuria in the presence of stable or improving renal
function. Relapses were defined as an increase in disease activity
requiring the reinstitution of glucocorticoids or other immuno-
suppressants, or as a significant increase in glucocorticoid dose
(>50% for prednisone doses ≥15 mg/day or >100% for doses
≤12.5 mg/day). Disease was defined as refractory in case of lack
of response to standard-dose glucocorticoids, either alone or
combined with other immunosuppressive therapies.

Tissue biopsies. Renal biopsy findings compatible with
a diagnosis of IgAV-related nephritis were classified as fol-
lows according to Pillebout et al (2): class 1 = “mesangiopathic”
glomerulonephritis; class 2 = focal and segmental glomeru-
lonephritis (segmental endocapillary and/or extracapillary prolif-
eration involving <50% of the glomeruli); class 3 = diffuse and
severe endocapillary proliferative glomerulonephritis; class 4 =
endocapillary and extracapillary glomerulonephritis; class 5 =
global glomerular sclerosis involving >90% of the glomeruli. In
order to investigate which inflammatory cell types are more
abundant in the affected organs of patients with IgAV, we per-
formed immunohistochemical analyses of 3 renal biopsy samples
and 3 skin biopsy samples from patients included in this study.
In addition to routine stainings (e.g., hematoxylin and eosin,
periodic acid–Schiff) and immunofluorescence (to detect
immunoglobulin and complement fraction deposition), we per-
formed immunohistochemistry using monoclonal antibodies
directed to the B cell marker CD20, the Tcell marker CD3, and
the macrophage marker CD163.

Statistical analysis. Continuous variables are expressed
as the median and interquartile range (IQR), while categorical
variables are expressed as the number (%). Variations in contin-
uous variables between 2 time points were assessed using the
Wilcoxon test. Variations in continuous variables across different
time points (baseline, month 1, month 6, month 12, last follow-
up visit) were assessed using Friedman’s test. P values were cor-
rected using Dunn’s multiple comparison test. Corrected P val-
ues less than 0.05 were considered significant. Statistical analysis
was performed using GraphPad Prism software, version 5.

RESULTS

Twenty-two patients were included in this study. Six
of these patients were described in previous reports (8,9);
the data presented herein regarding these 6 patients are
based on a longer follow-up period than that originally
reported. Of the 22 patients, 12 were men; their median
age at diagnosis was 37.5 years (IQR 22.8–49.8 years).
At diagnosis, the most frequent clinical manifestation
was purpura (in 21 patients [95.5%]); it predominantly
affected the lower limbs and was necrotic or bullous in 6
cases (27.3%). Gastrointestinal involvement was found in
18 patients (81.8%); all experienced abdominal pain, and 7
(39%) experienced gastrointestinal hemorrhage. Twenty
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patients (90.9%) had kidney involvement. The median esti-
mated GFR was 76 ml/minute/1.73 m2 (IQR 65–104), and
the median proteinuria was 1,900 mg/24 hours (IQR 580–
3,275) (Table 1). One patient was dialysis-dependent at
diagnosis but became dialysis-free after initial therapy (be-
fore RTX treatment). Fifteen patients (68.2%) underwent
kidney biopsy, which confirmed IgAV in all cases. A diffuse
endocapillary and/or extracapillary IgAV glomerulonephri-
tis (classes 3–4) was observed in 9 of these 15 patients
(60%). At diagnosis, disease activity assessment showed a
median BVAS of 16.5 (IQR 13.0–23.8) (Table 1).

Sixteen patients (73%) had received other treat-
ments prior to RTX; all of them had received glucocorti-
coids, either alone or combined with cyclophosphamide,
azathioprine, mycophenolate mofetil, or other drugs
(Table 1). These 16 patients received RTX (only 1 as
monotherapy) for refractory or relapsing disease. The

remaining 6 patients received RTX as first-line therapy (5
as monotherapy and 1 together with low-dose glucocorti-
coids) because they had contraindications to standard-
dose glucocorticoids or other immunosuppressive agents.
Overall, 16 patients received RTX as add-on therapy and
6 as monotherapy.

At RTX initiation, 18 patients (81.8%) had skin
manifestations, 15 (68.2%) had gastrointestinal involve-
ment, 18 (81.8%) had kidney involvement, and 16 (72.7%)
had arthritis or arthralgia. The median BVAS was 15.0
(IQR 9.5–19.8), the median estimated GFR was 82 ml/
minute/1.73 m2 (IQR 65–101), and the median proteinuria
was 1,700 mg/24 hours (IQR 750–2,375) (Table 2).

One month after RTX treatment, 10 patients
(45.5%) had achieved remission, and the BVAS had
decreased significantly (median BVAS of 6 at month 1 ver-
sus 15 at baseline; P = 0.0005) (Figure 1). At month 6, 16
patients (72.7%) had disease in remission and 6 (27.3%)
had active disease (3 because of persisting disease and 3
because of relapse after remission) (Table 2); as compared
with baseline, the BVAS and prednisone dose decreased
(P = 0.0008 and P = 0.03, respectively). At month 12, 16
patients (72.7%) had disease in remission and 6 (27.3%)
had active disease (persistent disease in 5 and disease
relapse in 1); reductions from baseline were observed for
BVAS (P = 0.0005), proteinuria (P = 0.001), C-reactive
protein (CRP) level (P = 0.0007), and prednisone dose (P
= 0.01) (Figure 1). Thus, during the first 12 months after
RTX treatment, remission was achieved by 20 patients
(cumulative incidence of remission 90.9%), of whom 4
had relapse of disease. After remission, no patient
received RTX as maintenance therapy. Of the 7 patients
who were taking immunosuppressants at the time of RTX
treatment, 3 stopped taking them (Table 2). Eight patients
were taking angiotensin-converting enzyme (ACE) inhibi-
tors and/or angiotensin receptor blockers (ARBs) at the
time of RTX treatment; 4 stopped taking them during the
first 12 months after RTX treatment (Table 2) but
resumed taking them afterward, usually for hypertension,
persistent proteinuria, or nonspecific nephroprotection.

We analyzed the outcomes at months 6 and 12 of
the 6 patients who received RTX alone and compared
them with those of the 16 patients who received RTX
and glucocorticoids/immunosuppressants; no significant
differences emerged (see Supplementary Table 1, avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40339/abstract). No
differences in terms of remission and relapse rates were
found between patients treated with either of the 2 differ-
ent RTX regimens and between patients who received
RTX as first-line therapy and those who received RTX for
refractory/relapsing disease (data not shown).

Table 1. Main characteristics of the 22 patients with IgA vasculitis*

Male sex 12 (54.5)
Age at diagnosis, median (IQR) years 37.5 (22.8–49.8)
Organ involvement at diagnosis
Skin 21 (95.5)
Gastrointestinal 18 (81.8)
Kidney 20 (90.9)
Joint (arthritis/arthralgia) 17 (77.3)
Other sites† 1 (4.5)

BVAS, median (IQR) 16.5 (13.0–23.8)
Estimated GFR, median (IQR)

ml/minute/1.73 m2‡
76.0 (65.0–104.0)

Proteinuria, median (IQR) mg/24 hours 1,900 (580–3,275)
IgA-related nephritis on kidney biopsy§ 15 (68.2)
Class 1 4 (26.7)
Class 2 2 (13.3)
Class 3 6 (40.0)
Class 4 3 (20.0)

Treatments before RTX
Glucocorticoids 16 (72.7)
Cyclophosphamide 7 (31.8)
Azathioprine 7 (31.8)
Mycophenolate mofetil 9 (40.9)
Other 7 (31.8)

Disease duration at time of RTX therapy,
median (IQR) months

13.5 (0.8–25.8)

Indication for RTX therapy
Refractory disease 8 (36.4)
Relapsing disease 8 (36.4)
Contraindications to conventional

glucocorticoid/immunosuppressive
therapy

6 (27.3)

RTX treatment schedule
375 mg/m2/week for 4 consecutive weeks 7 (31.8)
Two 1,000 mg doses given 2 weeks apart 15 (68.2)

* Except where indicated otherwise, values are the number (%). IQR
= interquartile range; BVAS = Birmingham Vasculitis Activity Score;
GFR = glomerular filtration rate; RTX = rituximab.
† One patient had pancreatic involvement.
‡ Calculated using the Chronic Kidney Disease Epidemiology Collab-
oration equation.
§ Kidney biopsy findings for 15 patients are classified as described by
Pillebout et al (2).
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Table 2. Frequencies of organ involvement and main disease parameters at different time points*

Time relative to RTX treatment

Baseline
(n = 22)

Month 1
(n = 22)

Month 6
(n = 22)

Month 12
(n = 22)

Active organ involvement
Skin 18 (81.8) 5 (22.7) 1 (4.5) 3 (13.6)
Gastrointestinal 15 (68.2) 0 2 (9.1) 1 (4.5)
Kidney 18 (81.8) 13 (59.1) 3 (13.6) 3 (13.6)
Joint (arthritis/arthralgia) 16 (72.7) 4 (18.2) 2 (9.1) 1 (4.5)

BVAS, median (IQR) 15.0 (9.5–19.8) 6.0 (4.5–8.5) 5.0 (4.5–10.5) 5.0 (1.5–8.0)
Estimated GFR, median (IQR) ml/minute/1.73 m2† 82.0 (65.0–101.0) 92.0 (54.0–98.5) 78.0 (66.2–90.7) 77.0 (60.0–106.0)
Proteinuria, median (IQR) mg/24 hours 1,700 (750–2,375) 1,730 (618–3,708) 479 (150–3,000) 493 (100–1,000)
Concomitant immunosuppressive treatments
Glucocorticoids and/or immunosuppressants 16 (72.7) 11 (50.0) 6 (27.3) 4 (18.2)
Glucocorticoids 15 (68.2) 11 (50.0) 6 (27.3) 4 (18.2)
Immunosuppressants‡ 7 (31.8) 5 (22.7) 4 (18.2) 4 (18.2)

Patients taking ACE inhibitors and/or ARBs 8 (36.4) 5 (22.7) 4 (18.2) 4 (18.2)
Patients with disease in remission – 10 (45.5) 16 (72.7) 16 (72.7)

* Except where indicated otherwise, values are the number (%). RTX = rituximab; BVAS = Birmingham Vasculitis Activity Score;
IQR = interquartile range; GFR = glomerular filtration rate; ACE = angiotensin-converting enzyme; ARBs = angiotensin receptor
blockers.
† Calculated using the Chronic Kidney Disease Epidemiology Collaboration equation.
‡ At baseline, 4 patients were taking azathioprine, 1 was taking mycophenolate mofetil, 1 was taking sulfasalazine, and 1 was taking
leflunomide. At month 1, 2 patients had stopped taking azathioprine. At month 6, an additional patient had stopped taking azathioprine.

Figure 1. Variations in Birmingham Vasculitis Activity Score (BVAS), C-reactive protein (CRP) level, prednisone dose, estimated glomerular fil-
tration rate (eGFR), and proteinuria throughout the study period. Significant reductions in BVAS (P < 0.0001), CRP level (P = 0.0005), pred-
nisone dose (P < 0.0001), and 24-hour proteinuria (P < 0.0001) were observed after rituximab (RTX) therapy. No significant change of estimated
GFR was found (P = 0.59). These variations were calculated using Friedman’s test and corrected using Dunn’s multiple comparison test. Data are
shown as box plots. Each box represents the 25th to 75th percentiles. Lines inside the boxes represent the median. Lines outside the boxes repre-
sent the 10th and 90th percentiles. Circles indicate outliers. t0 = time of RTX therapy; t1 = month 1; t6 = month 6; t12 = month 12; last fu = last
follow-up visit.
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The median duration of follow-up from the start of
RTX treatment was 24 months (IQR 18–48 months). At
the last follow-up visit, 18 patients had disease in remission,
3 had active disease, and 1 was deceased (month 60 after
RTX treatment). Of the patients with disease in remission,
3 were taking low-dose prednisone (2.5–5 mg/day), and
2 were taking low-dose prednisone and immunosuppres-
sants. Reductions from RTX initiation through the last fol-
low-up visit were observed for the BVAS (P < 0.0001), 24-
hour proteinuria (P < 0.0001), CRP level (P = 0.0005),
and prednisone dose (P < 0.0001) (Figure 1). Estimated
GFR did not change significantly (median 77 ml/minute/
1.73 m2 at last follow-up visit versus 82 ml/minute/1.73 m2

at baseline). At the last follow-up visit, 1 patient had devel-
oped ESRD requiring hemodialysis (month 13 after RTX
treatment), 1 had stage 4 CKD, and 4 had proteinuria >1
gm/24 hours; 8 patients were taking ACE inhibitors or
ARBs. Microhematuria persisted in 8 patients.

When considering the entire follow-up period, we
recorded relapses in 7 of the 20 patients (35%) who had
achieved remission. Relapses occurred a median of 12
months (IQR 6.5–15 months) after RTX treatment; they
involved the kidney in 4 patients, the gastrointestinal tract in
1 patient, and the skin in 2 patients. Of the 4 patients with
relapses involving the kidney, 3 were retreated with RTX
and all achieved remission; only 1 received ACE inhibitors
and developed ESRD. The 2 patients with relapses involving
skin were successfully treated with either sulfasalazine (n =
1) or low-dose glucocorticoids (n = 1); the patient with a
relapse involving the gastrointestinal tract also responded to
resumption of low-dose glucocorticoids.

Circulating CD19+ B cell levels were not system-
atically tested and were only available for 11 patients,
all of whom achieved B cell depletion (<0.01 9 109

cells/liter) after RTX treatment. Given the paucity of
data, we could not establish any association between B
cell return and relapse.

RTX therapy was generally well tolerated. Two
patients experienced infusion reactions; 1 developed
bullous urticaria (grade 3) that responded to oral ste-
roids, while 1 developed mild and self-limited dyspnea
(grade 2). In the first patient, the reaction precluded
subsequent drug infusions. One patient died because of
advanced liver cirrhosis (of undetermined etiology) and
pneumonia (month 60 after RTX treatment), but this
fatal event was probably unrelated to RTX given the
long period of time elapsed since RTX therapy.

DISCUSSION

Adult-onset IgAV is a rare, often severe, small-ves-
sel vasculitis; if left untreated, it usually has an adverse

prognosis (2). Current treatments, including high-dose
glucocorticoids and cyclophosphamide, are only partially
effective and their toxicity may be high (3,4). Our results
identify RTX as an effective therapeutic option for adult-
onset IgAV. In our study, RTX was given for refractory/re-
lapsing disease or as first-line therapy when conventional
immunosuppressive agents were contraindicated. The
remission rate after RTX treatment was 91%, with most
patients achieving remission within 6 months of therapy.
Remission was defined based on the BVAS, a widely used
score for disease activity assessment in systemic vasculi-
tides. However, other parameters such as CRP level and
prednisone dose also declined after RTX treatment.
Renal outcomes were good; although estimated GFR
remained stable, the reduction in proteinuria was marked
(~5-fold at end of follow-up versus baseline). Only 1
patient developed ESRD and 1 developed stage 4 CKD.
Interestingly, the outcomes of patients treated with RTX
monotherapy appeared to be similar to those of patients
receiving combination therapies.

Relapses were common (relapse rate 35%) after
RTX-induced remission; their clinical presentation was
variable, and in severe cases retreatment with RTX
proved effective. Overall, RTX was well tolerated; no
major treatment-related AEs were recorded.

The potential mechanisms of action of RTX in
IgAV are only a subject of speculation. As is the case in
IgA nephropathy (13), in IgAV immune complexes con-
taining galactose-deficient IgA1 are thought to accumu-
late in target organs and initiate tissue damage. We could
measure neither serum galactose-deficient IgA1 nor galac-
tose-deficient IgA1–containing immune complexes; total
serum IgA levels, available in 17 of 22 patients, showed a
slight, progressive reduction after RTX treatment (P =
0.03) (see Supplementary Figure 1, http://onlinelibrary.
wiley.com/doi/10.1002/art.40339/abstract). However, the
slow kinetics and the minor degree of IgA reduction did
not seem to mirror the clinical activity of RTX. We also
performed immunohistochemistry on renal and skin
biopsy samples from IgAV patients (see Supplementary
Figure 2, http://onlinelibrary.wiley.com/doi/10.1002/art.
40339/abstract) to investigate which cell types infiltrate
target tissues; in all cases, CD20+ B cells were either
absent or scarce, while most infiltrating cells were CD3+ T
cells or CD163+ macrophages. Thus, although we cannot
exclude the possibility that RTX in IgAV reduces the
expansion of IgA-producing plasma cells or depletes tis-
sue-infiltrating B cells, its therapeutic efficacy most likely
results from the impairment of other B cell functions such
as antigen presentation and T cell costimulation, as
already postulated for ANCA-associated vasculitis and
other autoimmune conditions (6).
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RTX has recently been investigated in a random-
ized trial of patients with IgA nephropathy. In this trial,
which enrolled patients at high risk of progression (persis-
tent proteinuria >1 gm/day despite ACE inhibitors or
ARBs), RTX failed to reduce proteinuria at 12 months;
serum levels of galactose-deficient IgA1 or antibodies
against galactose-deficient IgA1 were also unaffected
(14). The apparent contrast between our positive findings
and the lack of efficacy of RTX in the IgA nephropathy
trial could be due to several reasons. The chronic and
advanced stage of IgA nephropathy of the patients
enrolled in the trial may have impaired their response to
RTX (14). Additionally, it must be acknowledged that
IgAV and IgA nephropathy are clinically distinct, with
IgAV being certainly more “inflammatory” (15). Their
genetic associations are also different; although they are
both associated with HLA class II variants, other associa-
tions with polymorphisms of genes involved in innate
immune responses (e.g., ITGAM, CARD9) were only
demonstrated for IgA nephropathy (13,15).

Our study has limitations, mainly related to its
retrospective nature and the small sample size. Also,
we cannot exclude the possibility that concomitant
treatments such as other immunosuppressants, ACE
inhibitors, or ARBs, although limited to a minority of
patients, influenced patients’ responses. Nevertheless,
this study represents the largest reported experience on
the use of RTX in adult-onset IgAV. We observed that
RTX effectively induced disease remission, allowed glu-
cocorticoid tapering, and was well tolerated. Larger,
controlled studies are warranted to clarify its role in
the management of this rare condition.
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The Antiretroviral Agent Nelfinavir Mesylate

A Potential Therapy for Systemic Sclerosis

Cecilia G. Sanchez,1 Steven V. Molinski,2 Rafael Gongora,1 Meredith Sosulski,1 Taylor Fuselier,1

Stephen S. MacKinnon,2 Debasis Mondal,3 and Joseph A. Lasky1

Objective. Transforming growth factor b1 (TGFb1)
is considered a key factor in fibrogenesis, and blocking
TGFb1 signaling pathways diminishes fibrogenesis in
animal models. The objective of this study was to deter-
mine whether nelfinavir mesylate (NFV), a drug ap-
proved by the Food and Drug Administration (FDA) for
treating HIV infection, could be repurposed to treat pul-
monary fibrosis in patients with systemic sclerosis (SSc).

Methods. Normal human lung, ventricular, and
skin fibroblasts as well as lung fibroblasts from SSc
patients were used to determine the effects of NFV on
fibroblast-to-myofibroblast differentiation mediated by
TGFb1. The efficacy of NFV was also evaluated in an
animal model of SSc (bleomycin-induced pulmonary
fibrosis). In addition, in silico analysis was performed
to determine novel off-target effects of NFV.

Results. NFV inhibited TGFb1-mediated fibro-
blast-to-myofibroblast differentiation in lung fibroblasts
through inhibition of the TGFb1 canonical pathway. NFV
also inhibited differentiation of skin and ventricular
fibroblasts and adipocyte precursors into myofibroblasts.
Activation of the TGFb1/mechanistic target of rapamycin
pathway inhibited autophagy in lung fibroblasts, favoring
collagen deposition, and NFV counteracted this effect in
a dose-dependent manner. Moreover, NFV significantly

reduced lung injury and collagen deposition in an animal
model of SSc. In silico analysis of NFV binding proteins
revealed new putative beneficial mechanisms of action,
consistent with known common pathways in fibrogenesis.

Conclusion. NFV abrogates TGFb1-mediated fibro-
blast-to-myofibroblast differentiation and pulmonary fibro-
sis through off-target protein binding, a finding that
supports consideration of this FDA-approved medication
as an antifibrotic agent.

There are currently ~75,000 people diagnosed as
having systemic sclerosis (SSc; scleroderma) in the US.
This disease most commonly presents in women ages
30–50 years and carries a high mortality rate (1). SSc-
associated interstitial lung disease (ILD) affects 40% of
patients with SSc and portends a worse prognosis, with
a 9-year survival rate of ~30%, as opposed to almost
72% when ILD is not detected (2).

The pathogenesis of lung fibrosis associated with
SSc remains incompletely understood. Transforming
growth factor b1 (TGFb1) is recognized as a key factor in
the pathogenesis of SSc, as it induces differentiation of
fibroblasts into myofibroblasts and fosters collagen depo-
sition. Indeed, scleroderma biopsy samples show activa-
tion of the TGFb1 signaling pathway, which leads to
excessive accumulation of extracellular matrix (ECM)
(3,4). There is a dire need for new therapeutic appro-
aches, especially because the perceived pulmonary bene-
fits of currently used antiinflammatory therapies are only
modest, and the therapies themselves manifest significant
long-term toxicities.

Nelfinavir (NFV) was approved by the Food and
Drug Administration (FDA) in 1997 and has been used
in combination with reverse transcriptase inhibitors for
the treatment of HIV type 1 (HIV-1) infection (1).
Mechanistically, NFV inhibits HIV-1 and HIV-2 pro-
teases, which are critical for HIV replication (2). How-
ever, HIV is not the only therapeutic target of this
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drug, as several clinical trials are underway to investi-
gate the efficacy of NFV in treating various cancers
(3,4). NFV induces autophagy and inhibits cancer cell
proliferation (5). More recently, NFV has been demon-
strated to reduce inflammation through activation of
protein phosphatase 2 (PP-2) and inhibition of MAPK
signaling in macrophages (6).

The reported features of NFV, when extrapo-
lated to the biology of pulmonary fibrosis, suggest that
this drug may be a good candidate for treating recalci-
trant fibrotic lung diseases. NFV is metabolized by the
cytochrome P450 system, which accounts for its half-life
of ~5 hours (7). The safety of long-term NFV ingestion
for treating HIV is well established, making this agent
a suitable candidate for drug repositioning. Our present
study demonstrates that NFV reduces the expression
of collagen, fibronectin, and a-smooth muscle actin
(a-SMA) that occurs in response to TGFb1 in normal
and SSc fibroblasts. This occurs through deregulation
of Smad2/3 activation and the Akt/mechanistic target
of rapamycin (mTOR) pathway, as well as via induction
of autophagy. Use of NFV in an SSc animal model
reduces the extent of lung lesions and collagen deposi-
tion. Thus, we propose clinical trials using NFV for the
treatment of SSc because of its off-target inhibitory
effects on fibrogenic pathways.

MATERIALS AND METHODS

Cell cultures. Normal human lung fibroblasts (HLFs),
primary adult skin fibroblasts, and human cardiac ventricular
fibroblasts were purchased from Lonza (catalog nos. CC-2512,
CC-2511, and CC-2904) and cultured following the manufac-
turer’s instructions. Normal HLFs were placed in low-serum
media for 24 hours before adding NFV in low-serum media
(fibroblast basal medium 2 with 0.2% bovine serum albumin).
NFV mesylate hydrate was purchased from Sigma-Aldrich (cat-
alog no. PZ0013), and a stock solution was prepared following
the manufacturer’s instructions. After serum starvation, normal
HLFs were pretreated for 24 hours with NFV (0–21 lM) or
API-2 (Tocris) before adding TGFb1 (R&D Systems).

Lung fibroblasts isolated from SSc patients (n = 4) and
controls (n = 4) were provided by the National Scleroderma
Core Center at the Medical University of South Carolina.
Human subcutaneous tissue stem cells (adipose-derived mes-
enchymal stem cells) were purchased from Lonza (catalog no.
PT-5006) and were differentiated following the manufacturer’s
instructions using adipocyte differentiation medium (preadipo-
cyte basal medium-2/preadipocyte differentiation medium;
Lonza) for 10 days. Cells displaying characteristic adipocyte mor-
phology by phase-contrast microscopy were pretreated with 12
lM NFV or vehicle and incubated in media with 3 ng/ml of
human recombinant TGFb1 for up to 72 hours. Experiments
were performed in triplicate and repeated at least 3 times.

Gel contraction assay. Gel contraction assays were
performed using 12-well plastic culture plates (Corning). Rat tail
type I collagen (BD Biosciences) was used to construct the

3-dimensional gel. The assay protocol we used has been previ-
ously described (8).

Immunoprecipitation and liquid chromatography mass
spectrometry (LC-MS) analysis. Total extracts from normal
HLFs were immunoprecipitated with an antibody against type I
collagen a1 chain (1:5,000 dilution; Abcam) and visualized on a
4–12% polyacrylamide gel. After Coomassie blue staining, the
band was dissected for LC-MS analysis. Further details are avail-
able upon request from the corresponding author.

Animal model of SSc. Mice were obtained from The
Jackson Laboratory. Male C57BL/6 mice ages 6–8 weeks were
pretreated for 3 days with daily subcutaneous injections of 2.5 mg
NFV or vehicle. From day 4 onward, the mice (6–7 per group)
received daily subcutaneous injections of bleomycin (Teva Par-
enteral Medicines) at 4,800 mU/kg in phosphate buffered saline
(PBS) or vehicle control (PBS alone). Body weight was recorded
daily. On day 31, all mice were killed, and lung tissue was ana-
lyzed histologically with both hematoxylin and eosin (H&E) and
Masson’s trichrome staining. Expression of markers of fibrosis
was analyzed by quantitative reverse transcription–polymerase
chain reaction (qRT-PCR) and Western blotting. Details are
available upon request from the corresponding author.

Electron microscopy. Confirmatory transmission elec-
tron microscopy and quantitative autophagosome analysis
were performed as described previously (9).

In silico proteome-wide screening. The in silico pro-
teome-wide docking analysis was performed using PROBEx
from the Ligand Express computational suite (Cyclica) as
described previously (10). Briefly, the molecular structure of
NFV (PubChem compound identifier [CID]: 64143) was screen-
ed for complementarity against a library of 240,971 protein sur-
faces, representing 80,923 publicly available macromolecular
structures (11). In total, the library of surfaces represents 29,581
unique UniProt accessions, of which 4,541 correspond to human
proteins. HIV-1 protease (Gag-Pol; UniProt ID no. P03367; Pro-
tein Data Bank ID no. 2PYM), a known and negatively regu-
lated target of NFV, was used as a positive control to benchmark
calculated docking scores. A modified Z score and correspond-
ing P values were calculated using a median-based method
robust to dataset outliers.

Systems biology mapping of the predicted drug–protein
interactome. The interconnectivity between NFVand statistically
significant proteins identified from the in silico proteome-wide
screen was analyzed using DIVEx from Ligand Express (10). Dis-
GeNET (12), an open-source platform integrating gene-disease
associations from the scientific literature and databases (i.e., Uni-
Prot, ClinVar, Orphanet, GWAS Catalog, Comparative Toxicoge-
nomics Database; 429,036 associations between 17,381 genes and
15,093 diseases, disorders, and clinical or abnormal human phe-
notypes), was used to enrich for targets associated with SSc (Uni-
fied Medical Language System [UMLS]: C0036421), pulmonary
fibrosis (UMLS: C0034069), and/or idiopathic pulmonary fibrosis
(UMLS: C1800706).

Modulator effect predictions. Modulatory effects of sig-
nificant NFV–protein interactions identified by the in silico pro-
teome-wide screen were predicted using SWITCHx from Ligand
Express (10) (further information is available upon request from
the corresponding author).

Statistical analysis. All data are expressed as the mean
� SEM. Comparisons between 2 groups were performed using
Student’s unpaired 2-tailed t-tests. Analysis of variance and
Bonferroni’s multiple comparison tests were used for multiple
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groups. P values less than 0.05 were considered significant. All
experiments were performed at least 3 times. A more detailed
description of the methods is available upon request from the
corresponding author.

RESULTS

NFV inhibits myofibroblast differentiation from
normal lung, skin, and heart fibroblasts as well as from
lung fibroblasts of patients with SSc. To identify the
effects of NFV on fibroblast-to-myofibroblast differentia-
tion, lung fibroblasts from 4 controls and 4 SSc patients as
well as commercially available normal HLFs, primary

adult skin fibroblasts, and human cardiac ventricular
fibroblasts were pretreated with NFV for 24 hours before
exposure to TGFb1 (1 ng/ml) for 24 hours. Changes in
gene expression for markers of fibrosis were assessed by
Western blotting and qRT-PCR. The results were consis-
tent across multiple experiments (n = 3). NFV significantly
reduced the expression of fibroblast-to-myofibroblast
differentiation markers, including type I collagen, a-SMA,
and plasminogen activator inhibitor 1 (PAI-1), in lung
fibroblasts pretreated with NFV (Figures 1A and B).
Akt phosphorylation mediated by TGFb1 was also
impaired by NFV (Figure 1A). Furthermore, NFV down-

Figure 1. Nelfinavir mesylate (NFV) inhibits markers of myofibroblast differentiation in fibroblasts derived from multiple tissue origins. Normal
human lung fibroblasts (NHLF), lung fibroblasts (obtained from the National Scleroderma Core Center) from 4 different systemic sclerosis (SSc)
patients (e.g., SSc1 and SSc2) and 4 controls (nonfibrotic lung fibroblasts [NLF]) (e.g., NL1 and NL2), commercial normal dermal fibroblasts
(NHDF), and commercial cardiac ventricular fibroblasts (NHVF) were pretreated for 24 hours with NFV or vehicle and then treated for 24 hours
with 1 ng/ml of transforming growth factor b1 (TGFb1). A, Western blot analysis of total and phosphorylated protein kinase B (Akt), type I colla-
gen, and a-smooth muscle actin (a-SMA), assessed from whole cell extracts. B, Densitometry of the Western blots for type I collagen. Values are
the mean � SEM. C, Western blot analysis of total extracts from control (Cont) normal human lung fibroblasts, normal human lung fibroblasts
pretreated with NFV, and normal human lung fibroblasts pretreated for 24 hours with an Akt inhibitor (API-2) before treatment with TGFb1 for
an additional 24 hours. D, Collagen contraction assay of normal human lung fibroblasts pretreated with 12 lM NFV, showing the percentage of
matrix contraction compared to control. Symbols represent individual samples; bars show the mean � SEM. Representative images from the colla-
gen contraction assay are shown. In B, *** = P < 0.001 versus treatment with TGFb1 alone. In C, * = P < 0.01 versus NFV. In D,
* = P < 0.05; ** = P < 0.005; *** = P < 0.001. FN = fibronectin; PAI-1 = plasminogen activator inhibitor 1; NT = not treated.
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regulated the expression of type I collagen in primary
adult skin fibroblasts, human cardiac ventricular fibro-
blasts, SSc lung fibroblasts, and normal HLFs treated with
TGFb1 (Figure 1B). NFV also reduced the expression of
fibrotic markers in a dose-dependent manner, with
the maximal effects observed at 12 lM (further informa-
tion is available upon request from the corresponding
author).

To determine whether NFV-mediated decrease in
Akt phosphorylation alone was sufficient to inhibit fibro-
blast-to-myofibroblast differentiation, fibroblasts were
treated with TGFb1 and an Akt inhibitor, API-2 (13)
(Figure 1C). API-2 decreased Akt phosphorylation com-
pared to NFV, but it did not completely inhibit a-SMA
expression. These results suggest that NFV acts by other
mechanisms in addition to Akt inhibition.

A type I collagen matrix contraction assay was
used to evaluate myofibroblast contractile function.
Contraction by normal HLFs treated with TGFb1 in
the presence of NFV (12 lM) was significantly less
than contraction by fibroblasts treated with TGFb1
alone (Figure 1D). Western blot analysis of fibroblasts
isolated from the contraction assay gels confirmed a
significant decrease in a-SMA expression in response
to NFV (further information is available upon request
from the corresponding author). Taken together, our
results show that NFV inhibits type I collagen matrix
contraction in lung fibroblasts treated with TGFb1 by
inhibiting fibroblast-to-myofibroblast differentiation.

NFV cannot rescue adipocyte–myofibroblast differ-
entiation. Adipose tissue loss and adipocyte–myofibroblast
transition were recently identified as 2 of the primary
events in the pathogenesis of cutaneous fibrosis that repre-
sent novel potential targets for therapeutic intervention
for SSc (14). To test the effect of NFV (12 lM) on adipo-
cyte loss and myofibroblast transdifferentiation from
adipocyte-derived cells, human adipose tissue–derived pro-
genitor cells were incubated in differentiation media for 10
days until they acquired adipocyte morphology.

On brightfield examination, adipocytes were char-
acterized by their round shape and prominent intracyto-
plasmic lipid accumulation, confirmed by oil red staining
and expression of perilipin 1 and adiponectin (Fig-
ure 2A). Following TGFb1 treatment for 24 hours, adi-
pocytes exhibited reduced lipid content and reduced
expression of perilipin 1, while increased expression of
a-SMA and other myofibroblast markers, such as fibro-
nectin EDA, was observed. The results indicate that
cotreatment with 12 lM NFV cannot rescue TGFb1-
mediated adipocyte differentiation as measured by bright
light imaging (results not shown) and oil red staining
(Figure 2A). Coimmunofluorescence analysis confirmed
that TGFb1 induced a progressive loss of adipocyte
markers with acquisition of myofibroblast markers.
Although we found that NFV could not completely pre-
vent the effects of TGFb1 in this cellular system (Fig-
ure 2A), Western blot analysis of cell extracts from
adipocytes treated with TGFb1 alone or in combination

Figure 2. Nelfinavir mesylate (NFV) inhibits adipocyte-to-myofibroblast transdifferentiation. A, Adipocyte-derived progenitor cells, not treated
(NT) or treated for 24 hours with transforming growth factor b1 (TGFb1) in the presence of NFV (12 lM) or vehicle, visualized by oil red stain-
ing, by coimmunofluorescence for perilipin 1 (PLIN1) and a-smooth muscle actin (a-SMA), and by coimmunofluorescence for adiponectin
(ADIPO) and fibronectin (FN) EDA. Original magnification 9 20. B and C, Western blot analysis (B) and densitometry (C) of perilipin 1 and
a-SMA expression in adipocytes treated with TGFb1 alone or with NFV. Values are the mean � SEM. * = P < 0.05; ** = P < 0.005.
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with NFV indicated that NFV reduced the expression of
a-SMA but could not maintain expression of perilipin 1
upon TGFb1 treatment (Figures 2B and C). Thus,
TGFb1 promotes the progressive loss of adipocyte
markers, accompanied by accumulation of the expression
of a-SMA–positive stress fibers characteristic of myofi-
broblast differentiation from adipocytes, and cotreat-
ment with NFV attenuates some myofibroblast features
in this cellular system but cannot prevent the loss of the
adipocyte phenotype.

NFV preconditioning inhibits activation of ca-
nonical TGFb1 signaling. To elucidate the molecular
mechanisms involved in NFV-mediated inhibition of
myofibroblast differentiation, the TGFb1 canonical and
noncanonical pathways were studied. Canonical TGFb1

signaling involves activation of TGFb receptors and the
downstream signal transducers Smad2 and Smad3. Nor-
mal HLFs were treated with TGFb1 after a 24-hour pre-
treatment with NFV, and then total cell extracts were
collected at several time points for Western blot analysis
of Smad2/3 expression and phosphorylation (an indicator
of activation). Western blots showed that TGFb1 treat-
ment induced Smad2/3 phosphorylation, and pretreat-
ment with NFV protected the fibroblasts from TGFb1-
induced Smad2/3 phosphorylation (Figure 3A). We
noticed that total Smad3 levels were also decreased.
Using Western blotting, we evaluated the impact of NFV
on lung fibroblasts isolated from 4 controls and 4 SSc
patients. The results confirmed that NFV inhibits Smad3
phosphorylation mediated by TGFb1 (Figure 3B).

Figure 3. Nelfinavir mesylate (NFV) inhibits the canonical transforming growth factor b1 (TGFb1) pathway. A, Western blot analysis of Smad2/3
and phosphorylated Smad2/3 in total cell extracts from normal human lung fibroblasts pretreated with NFV and then treated with TGFb1 for
between 30 minutes and 6 hours. B, Densitometry of TGFb1-induced pSmad3 from NFV-pretreated fibroblasts from controls (NLF) and systemic
sclerosis (SSc) patients. C, Western blot analysis of pSmad2 and pSmad3 in normal human lung fibroblasts treated with TGFb1 and NFV in the
presence of 0, 10, and 500 nM okadaic acid (Ok Ac; inhibitor of protein phosphatase 1 [PP-1] and PP-2A). D, Reverse transcription–polymerase
chain reaction analysis of plasminogen activator inhibitor 1 (PAI-1). Values are the mean � SEM. In B, *** = P < 0.001. In D,
*** = P < 0.001 versus TGFb1 alone.
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As Smad3 can be dephosphorylated by PP-2A, we
investigated whether the effects of NFVon Smad2/3 phos-
phorylation were PP-2A dependent by treating lung
fibroblasts with okadaic acid, a PP-2 inhibitor, in the pres-
ence of NFV. Okadaic acid did not re-establish Smad3
phosphorylation (Figure 3C). We observed dose-depen-
dent inhibition of the expression of PAI-1, a factor that is
up-regulated by the canonical TGFb1 pathway, in
response to NFV (Figure 3D). Taken together, these data
demonstrate that NFV inhibits the TGFb1 canonical
pathway independently of PP-2A activity.

NFV increases autophagic degradation of type I
collagen and reduces contractibility during fibroblast-to-
myofibroblast differentiation and in established myofi-
broblasts. NFV inhibits mTOR and induces autophagy in
some cancer cells (15). To determine the effect of NFVon
lung fibroblasts, normal HLFs were pretreated with NFV
(12 lM) for 24 hours before exposure to 1 ng/ml TGFb1.
Western blot analysis of downstream targets of mTOR, a
major regulator of autophagy, indicated that NFV inhib-
ited activation of the mTOR pathway, as assessed by inhi-
bition of ribosomal protein S6 kinase 1 phosphorylation.
To assess the effects of NFV on autophagy, microtubule-
associated protein 1 light chain 3 (LC3) conversion (from
LC3-I to LC3-II), which correlates with the number of
autophagosomes, was evaluated by immunoblot analysis.
In control fibroblasts, treatment with TGFb1 for 24 hours
inhibited LC3B-I cleavage. The results demonstrated that
NFV overcame deficient autophagy during fibroblast-to-
myofibroblast differentiation in a dose-dependent manner
(Figure 4A). We confirmed that NFV induced autophagy
in normal HLFs using immunofluorescence for LC3B
punctae and electron microscopy for identification of
autophagolysosomes (Figure 4B).

To evaluate the effects of NFV in established lung
fibrosis and the potential benefits of inducing autophagy
in myofibroblasts, normal HLFs were treated for 48 hours
with 1 ng/ml TGFb1 to stimulate their differentiation into
myofibroblasts. The effects of NFV on type I collagen
expression were measured after an additional 24 hours of
TGFb1 treatment. Autophagic flux analysis of type I col-
lagen was performed after 4 hours of treatment with bafi-
lomycin A1 (100–400 nM) or vehicle in the presence or
absence of NFV. Accordingly, normal HLFs were treated
with bafilomycin A1, a potent and specific inhibitor of
vacuolar H+ ATPase that prevents autophagic degrada-
tion of proteins (9). Expression of type I collagen a1 chain
and a-SMA were assessed by Western blot analysis.

Bafilomycin A1 (400 nM) inhibited type I collagen
degradation by autophagolysosomes, resulting in re-estab-
lishment of type I collagen content in myofibroblasts treat-
ed with NFV (Figure 4C) (further information is available

upon request from the corresponding author). These
results indicate that NFV promoted targeting of type I col-
lagen for autophagy in myofibroblasts. Conversely, a-SMA
was not targeted for autophagic degradation and its expres-
sion did not change. We also determined the effect of
NFV after the establishment of the myofibroblast pheno-
type in collagen gels. The results confirmed that NFV
reduced myofibroblast contractibility after TGFb1 treat-
ment (further information is available upon request from
the corresponding author), but to a lesser extent than in
normal lung fibroblasts (Figure 1). An MTTassay demon-
strated no significant differences in cell survival with NFV
concentrations up to 12 lM (further information is avail-
able upon request from the corresponding author).

Western blot analysis of myofibroblasts treated
with NFV demonstrated a fragment of ~70 kd, which was
recognized by the anti–type I collagen antibody (Fig-
ure 4C). This antibody recognizes both a1 and a2 chains
of type I collagen, which have molecular weights of ~180
kd and ~150 kd, respectively. The 70-kd band was
detected only in cytoplasmic extracts from NFV-treated
myofibroblasts. Sodium dodecyl sulfate–polyacrylamide
gel electrophoresis of proteins immunoprecipitated with
the antibody to type I collagen a1 chain revealed the same
band in response to NFV treatment (further information
is available upon request from the corresponding author).
The band was excised and analyzed by MS using an ESI-
TRAP instrument. Mascot search analysis revealed that
the band represented the type I collagen a2 chain, with a
score of 276 and 6 queries matches; this reached statistical
significance (P < 0.001) (further information is available
upon request from the corresponding author). The results
support the hypothesis of the targeting of collagen
through autophagy in NFV-treated fibroblasts.

Finally, we examined whether autophagy is induced
in the lungs of mice chronically exposed to NFV via subcu-
taneous administration. For this purpose, 5 male mice
per group were exposed via subcutaneous administration
of NFV or vehicle for 28 days. The lungs were ana-
lyzed by immunohistochemistry with antibody to LC3B.
LC3-positive cells were mostly detected in bronchiolar
epithelial cells, alveolar cells, and areas of fibrotic lesion in
bleomycin-treated lungs. The immunohistochemical analy-
sis indicated that treatment with NFV resulted in an
increase in LC3B staining, supporting the hypothesis of
induction of autophagy (Figure 4D).

In silico analysis of NFV off-target effects supports
its repurposing against fibrogenesis. Our data reveal that
NFV inhibited TGFb1-mediated phosphorylation of Smad2
and Smad3 as well as noncanonical pathways including
Akt/mTOR and p38 MAPK pathways (further information
is available upon request from the corresponding author).
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NFV also acts as a proteasome inhibitor in some cancer
cells (16). Normal HLFs were pretreated with control
media, NFV, or a reference proteasome inhibitor, borte-
zomib. Cell extracts were analyzed by Western blotting after
12 and 24 hours of NFV exposure for the accumulation of

ubiquitinated proteins. After both pretreatment durations,
compared to bortezomib, NFV (12 lM) failed to produce
accumulation of ubiquitinated proteins (further informa-
tion is available upon request from the corresponding
author). In similar experiments with epithelial cells, NFV

Figure 4. Nelfinavir mesylate (NFV) inhibits mechanistic target of rapamycin (mTOR) with promotion of macroautophagy and autophagic degrada-
tion of type I collagen (Col1). A, Western blot analysis of the myofibroblast marker a-smooth muscle actin (a-SMA), the mTOR activation marker
phosphorylated ribosomal protein S6 kinase 1 (p-S6K1), total S6K1, and the autophagy markers light chain 3B (LC3B) I and II, as well as b-actin as
a loading control, in total extracts from myofibroblasts treated with NFV at the indicated concentrations. Protein was harvested 24 hours after NFV
treatment. Cont = control; TGFb = transforming growth factor b. B, Immunofluorescence (top) and electron microscopy (bottom) showing the
effects of NFV on LC3B punctae and autophagolysosomes, respectively. Boxed areas in a and b are shown at higher magnification in c and d,
respectively. C, Western blot showing results of treatment of myofibroblasts with NFV for 24 hours and addition of bafilomycin A1 (Baf. A) at the
indicated doses 6 hours prior to cell harvest. The Western blot was probed for type I collagen, a-SMA, and b-actin. Arrow indicates a fragment rec-
ognized by the antibody to type I collagen a1 chain, which was found only in extracts from NFV-treated myofibroblasts. D, Representative images of
immunohistochemical staining for LC3B expression (brown) in wild-type mice after daily treatment with phosphate buffered saline (PBS) or NFV.
Boxed areas in the top images are shown at higher magnification in the respective bottom images. Arrows indicate LC3B expression.
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induced marked accumulation of ubiquitinated proteins
indicative of proteasome inhibition in lung cancer epithelial
(A549) cells (further information is available upon request
from the corresponding author). The results suggest that
the effect of NFV is cell type specific, and the inhibitory
effect of NFVon fibroblast-to-myofibroblast differentiation
is independent of its proteasome activity.

To better understand the effect of NFV, we used
an in silico proteome-wide screening to identify several
off-target interactions that had docking scores comparable
to those of the on-target interaction with HIV-1 protease.
Overall, 6 predicted targets were identified following the
examination of docking scores and known disease and
pathway associations with their predicted modulatory

Figure 5. In silico analysis of off-target effects of nelfinavir mesylate (NFV), and predicted inhibition of transforming growth factor b receptor
type I (TGFbRI) by NFV. A, Distribution of docking scores from 200 randomly selected proteins as statistical validation of ligand–receptor suit-
ability of NFV. A known binder of NFV (HIV-1 protease; Protein Data Bank [PDB] ID no. 2PYM) is shown for reference. B, Visual representa-
tion of the chemical structure–based modulator classification models for TGFbRI, generated by data mining the PubChem BioAssay Database
using a Tanimoto-based machine learning algorithm. Each point represents a distinct chemical entity. Green indicates agonist; red indicates antag-
onist; blue indicates unannotated effect; yellow indicates unknown effect. C, Identification of 4 chemically similar small-molecule modulators (Pub-
Chem compound identifiers are also shown) of TGFbRI. NFV is chemically similar to 4 inhibitors, and Tanimoto percent similarity scores are
shown on each edge. D, Predicted binding mode of NFV (blue) in the TGFbRI (PDB ID no. 2X7O; gray) inhibitory binding pocket (yellow). A
known inhibitor of TGFbRI, (3Z)-N-ethyl-N-methyl-2-oxo-3-(phenyl[{4-(piperidin-1-ylmethyl)phenyl}amino]methylidene)-2,3-dihydro-1H-indole-6-
carboxamide, (red) is covisualized for reference.
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effects; these included ribosomal S6 kinase A3
(RPS6KA3), phosphodiesterase 6C (PDE6C), epidermal
growth factor receptor (EGFR), TGFb receptor type I
(TGFbRI), TGFb-activated kinase 1 (TAB1), and focal
adhesion kinase 1 (PTK2) (further information is avail-
able upon request from the corresponding author). How-
ever, since most of these targets had a stronger linkage
with non-SSc disorders (i.e., RPS6KA3 with psychiatric
disorders, PDE6C with ocular diseases, EGFR and PTK2
with various cancers) or had a weak linkage with SSc (i.e.,
TAB1) based on DisGeNET scores (12), TGFbRI was
identified as a higher-ranking candidate. Further, docking
scores of these predicted protein targets were then com-
pared with those of 200 randomly selected proteins to
provide a statistical validation of ligand–receptor suitabil-
ity, and TGFbRI was among the top-scoring predictions
(P = 0.006696), yielding scores comparable to those of
HIV-1 protease (docking score –9.00, docking Z score
–2.59; P = 0.004861) (Figure 5A) (further information
is available upon request from the corresponding
author).

We then constructed a classification model for
TGFbRI, which forms clusters of known modulators of
TGFbRI that are structurally similar and have the
same modulatory effects on the protein, in order to
predict the effect of NFV on TGFbRI (Figure 5B).
Accordingly, 4 inhibitors of TGFbRI (PubChem CIDs:
44521016, 72375218, 44259, and 126565) were deter-
mined to be chemically similar to NFV (Figure 5C).
Upon further inspection of the predicted binding site,
NFV was found to colocalize with a known inhibitor of
TGFbRI (Figure 5D). Taken together, these data sug-
gest that NFV may inhibit TGFbRI as a putative mech-
anism of action in support of our in vitro results.

Interestingly, in silico proteome-wide screening
suggested that NFV inhibits EGFR and PDE6C, both
of which have known roles in the pathogenesis of
pulmonary fibrosis (further information is available
upon request from the corresponding author). In addi-
tion, NFV was predicted to inhibit RPS6KA3, a mem-
ber of the family of p90 ribosomal S6 kinases that
participate in pathologic remodeling of the heart (17),
as well as PTK2, a non–receptor tyrosine kinase that
plays an essential role in regulating cell migration,
spreading, and reorganization, and in regulating the
actin cytoskeleton. PTK2 inhibitors have demonstrated
the potential to regulate pulmonary fibrosis in animal
models and thus may be therapeutically relevant
(18,19) (further information is available upon request
from the corresponding author). Overall, in silico
analysis of the predicted human proteome-binding pro-
file of NFV suggests that this small molecule may serve

as a candidate for the treatment of pulmonary fibrosis
associated with SSc.

NFV reduces lung fibrogenesis in an animal model
of SSc. An animal model of SSc was used to evaluate the
therapeutic effectiveness of NFV in pulmonary fibrosis.
Six C57BL/6 male mice were exposed for 30 days to subcu-
taneous bleomycin or vehicle following pretreatment for 3
days with NFV. Histopathologic analysis using H&E (not
shown) and Masson’s trichrome staining revealed a signifi-
cantly reduced percentage of lesions and collagen deposi-
tion in the lungs of mice treated with NFV compared to
those treated with vehicle (Figures 6A [left] and B). We
analyzed the expression of CCN2, also known as connec-
tive tissue growth factor (CTGF), which may play an
important role in lung fibrosis and repair of tissue includ-
ing the dermis and lungs. Representative images of
immunohistochemical staining for CCN2/CTGF are pre-
sented in Figure 6A (further information is available upon
request from the corresponding author). The results con-
firm the reduction of CCN2/CTGF expression in accor-
dance with the reduction in fibrosis. Furthermore, qRT-
PCR of whole lung homogenates revealed decreased
expression of messenger RNA for type I collagen and
Hsp47 (Figure 6C). Taken together, the results indicate
that NFV reduces lung fibrogenesis in an animal model of
SSc.

DISCUSSION

Investigating new uses for safe and approved
therapeutic drugs to treat chronic fibrotic diseases such
as SSc is an option to consider, especially since the
average time from target discovery to approval of a
new drug is more than 13 years and the failure rate
exceeds 95%. In the current study, we evaluated NFV,
an FDA-approved HIV protease inhibitor, as a drug
that might be repurposed for the treatment of SSc.

Excessive TGFb1 activity is an integral aspect of
fibrogenesis. The profibrotic effects of TGFb1 are pre-
dominantly mediated by Smad3 signaling (20). TGFb1/
Smad3 signaling promotes the myofibroblast phenotype
through epithelial–mesenchymal transition and fibrob-
last-to-myofibroblast differentiation, key events in lung
fibrogenesis (21). Myofibroblasts are cells characterized
by resistance to apoptosis, high expression of a-SMA,
and the ability to contract and form collagen-rich
ECM. In the present study, we demonstrated that NFV
has a major impact on the prevention of myofibroblast
differentiation from several tissue origins but preferen-
tially from lung fibroblasts. Genetic approaches
demonstrated that inhibition of the TGFb1/Smad3 sig-
naling pathway prevents fibroblast-to-myofibroblast
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differentiation and experimental lung fibrosis (22–24).
We demonstrated that preconditioning with NFV in
human lung fibroblasts attenuates Smad3 expression
and Smad2/3 phosphorylation, leading to nuclear
translocation and transcriptional activation of genes
involved in fibrogenesis. During fibroblast-to-myofibro-
blast differentiation, TGFb1 also triggers several signal-
ing pathways known as noncanonical pathways (25),
including phosphatidylinositol 3-kinase (PI3K)/Akt path-
ways (25–27). NFV inhibits PI3K/Akt activation
(5,16,28). Akt activation enables multiple processes, such
as proliferation, inflammation, survival, and glucose
metabolism. Our findings, together with those reported
in the literature, suggest that more than 1 mechanism
may contribute to the antifibrotic effects of NFV in the
animal model of scleroderma.

NFV is also a proteasome inhibitor (29), and the
ubiquitin–proteasome system has been shown to play a
critical role in the regulation of proteins that affect
inflammatory processes, cell growth, and cell differentia-
tion (30). Inhibiting proteasome activity prevents sub-
strate degradation, which leads to modulation of proteins
involved in the TGFb1 pathway and fibrogenesis (31–
34). We demonstrated that NFV exerts strong protea-
some inhibitor activity in alveolar epithelial cells, but its
effect on TGFb1 signaling in human lung fibroblasts
appeared to be independent of its proteasome activity at
the concentrations evaluated (30). Nevertheless, we
demonstrated that NFV promotes autophagy in lung tis-
sue and lung fibroblasts, which could be crucial to main-
taining the fibroblast phenotype over the more fibrogenic
myofibroblast.

Figure 6. Nelfinavir mesylate (NFV) inhibits the development of pulmonary fibrosis in an animal model of systemic sclerosis. A and B, Represen-
tative images (A) and ImageJ software quantification (B) of Masson’s trichrome staining to evaluate collagen deposition (A) (left) and immunohis-
tochemical staining to evaluate CCN2/connective tissue growth factor (CTGF) expression (A) (right) in the lungs of wild-type mice 30 days after
daily treatment with either bleomycin (Bleo) or phosphate buffered saline (PBS), following pretreatment for 3 days with NFV or PBS alone. Colla-
gen deposition appears blue; CCN2/CTGF expression appears brown. C, Quantitative reverse transcription–polymerase chain reaction of whole
lung homogenates showing expression of mRNA for type I collagen and Hsp47. In B, values are the mean � SEM. In C, symbols represent indi-
vidual mice; bars show the mean � SEM. ** = P < 0.005; *** = P < 0.001.
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Our previous studies support the hypothesis that
promotion of autophagy occurs in the lung in response to
lung injury, but with chronological aging, our mechanisms
of responding through autophagy diminish and thus exac-
erbate fibrogenesis (9). Previous studies demonstrated that
NFV induces autophagy in other cell types via mTOR
pathway inhibition (35). Indeed, autophagy is a key mecha-
nism induced in response to cellular stress, survival, remod-
eling, tissue differentiation, and senescence (36–38). We
previously reported that TGFb1 inhibits autophagy
through mTOR pathway activation (9). However, other
mechanisms may also contribute to reduced autophagy in
pulmonary fibrosis and fibroblast-to-myofibroblast differ-
entiation. One mechanism involves TGFb1-mediated
effects on phosphorylated p38, which can potentially inhi-
bit autophagy through phosphorylation of autophagy pro-
tein 5 at threonine 75, connecting autophagy and
differentiation (39). NFV inhibits p38 MAPK, which can
promote autophagy during preconditioned tissue protec-
tion (40,41).

Our experiments show that NFV increased the
rate of type I collagen degradation in established myofi-
broblasts, while inhibition of lysosome-autophagosome
fusion increased type I collagen content. Interestingly,
more pronounced collagen breakdown has been reported
in fasting mice, potentially to provide salvage metabolites,
amino acids, and other nutrients to the cells. However, it
is unknown whether the rate of degradation of intracellu-
lar procollagens or extracellular mature collagens changes
during lung aging and disease and whether this is linked
to deficient autophagy (42). We suggest that in vivo mod-
els for the study of cell type–dependent autophagy should
be developed to evaluate normal and pathologic autop-
hagy during lung injury, ensuing fibrogenesis, and fibrosis
resolution.

In addition to the demonstrated effects of NFV, in
silico analysis predicted several off-target and potentially
beneficial consequences of NFV as an antifibrotic agent,
including the negative modulation of TGFbRI, TAB1,
RPS6KA3, PDE6C, EGFR, and PTK2. We confirmed that
NFV inhibits phosphorylation of p38 MAPK activation and
matrix contraction, which could be attributed to inhibition
of TAB1 and/or PTK2 activity (18,19,43,44). Finally, we
demonstrated the efficacy of NFV in preventing the devel-
opment of pulmonary fibrosis in an animal model of SSc
and in reducing the aberrant expression of CCN2/CTGF in
the fibrotic tissue. More studies are needed to determine
whether oral administration of NFV has similar antifibrotic
results and to confirm the off-target mechanisms.

This study was fibroblast centric, and future studies
are needed to determine the effect of NFV on airway
epithelia, endothelium, and immune cells, considering

their relevance to the pathophysiology of SSc. The effect
of NFV on vessel medial wall thickness could not be
addressed in this study, as our experimental approach did
not lead to significant quantitative differences in vessel
thickness between sham- and bleomycin-exposed mice
(results not shown). Nevertheless, this initial study pro-
vides the rationale for considering this FDA-approved
agent as an antifibrotic medication.
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Familial Mediterranean Fever and Incidence of Cancer

An Analysis of 8,534 Israeli Patients With 258,803 Person-Years

Ronen Brenner,1 Ilan Ben-Zvi,2 Yael Shinar,3 Irena Liphshitz,4 Barbara Silverman,4 Nir Peled,5

Carmit Levy,6 Eldad Ben-Chetrit,7 Avi Livneh,2 and Shaye Kivity2

Objective. Familial Mediterranean fever (FMF)
is an autoinflammatory disease manifested as recur-
rent serosal inflammation. An association between
FMF and malignancy has not been evaluated. The aim
of this study was to estimate cancer risk in a large
cohort of FMF patients from a single institution.

Methods. The study cohort consisted of 8,534 FMF
patients registered at the National FMF Center in Tel
Hashomer, Israel. We linked the study cohort to the data-
base of the Israel National Cancer Registry using the
national identity number. Cancer incidence in FMF
patients was determined and then stratified by age and
sex. Standardized incidence ratios (SIRs) for cancers were
calculated.

Results. Among 8,534 FMF patients (4,400 men,
4,134 women), 350 developed cancer during the years
1970–2011. The overall cancer risk among patients with
FMF was significantly lower than was expected in specific
sex and ethnic groups of the Israeli population: for males
of Jewish ethnicity, SIR 0.66 (95% confidence interval [95%
CI] 0.55–0.77), P < 0.001; for females of Jewish ethnicity,
SIR 0.75 (95% CI 0.64–0.86), P < 0.001; and for males of
Arab ethnicity, SIR 0.34 (95% CI 0.07–0.99), P = 0.024.

Conclusion. FMF patients have a significantly
lower incidence of cancer than the general population
of Israel. This pattern was demonstrated in 2 ethnic
populations: Jewish and Arab. We speculate that the
lower cancer incidence could be attributed to a direct
physiologic effect of FMF or to its treatment.

Familial Mediterranean fever (FMF) is a heredi-
tary autoinflammatory disease characterized by recur-
rent self-limiting attacks of fever and serositis. Renal
amyloidosis culminating in renal failure, which occurs
in as many as 60% of untreated patients with FMF, is
the major cause of death in FMF (1,2). The disease
occurs primarily in Mediterranean populations, such as
Sephardic Jews, Armenians, Turks, Arabs, and Druze,
but is also found in various proportions in other popu-
lations (1,3). The mode of inheritance is autosomal
recessive, with mutations in the Mediterranean fever
gene MEFV (4). MEFV encodes for the pyrin protein
(5), which is a key regulator of the inflammasome, a
major mediator of the innate immune system. This
cytoplasmic protein is expressed mainly in circulating
myeloid lineage cells, synovial fibroblasts, and dendritic
cells (6) but has also been found in cell lines derived
from colorectal and prostate cancer (7). Due to the
low sensitivity and specificity of genetic tests, the diag-
nosis of FMF is based mainly on the clinical presenta-
tion and response to treatment with colchicine.

Autoimmune inflammatory conditions, including
systemic lupus erythematosus (SLE), rheumatoid arthritis
(RA), systemic sclerosis, and Sj€ogren’s syndrome, have
been associated with a higher incidence of cancer (8). These
autoimmune conditions mainly develop as a result of dys-
function of the adaptive immune system (9), which through
various mechanisms, leads to a propensity for cancer (10).
FMF is a member of a group of inflammatory syndromes
referred to as autoinflammatory diseases. Autoinflamma-
tory diseases are thought to derive from dysfunction of the
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innate immune system (9). To date, an association of FMF,
as well as any of the other autoinflammatory diseases, with
cancer incidence has not been studied.

The established linkage between autoimmune-
related inflammatory conditions and malignancy prompted
us to evaluate the association between FMF and cancer.
We hypothesized that, similar to other immune-related dis-
eases, the burden of inflammation may predispose FMF
patients to the development of cancer. This may particu-
larly affect serosal membranes (peritoneum, pleura, and
joints), which in FMF patients, are recurrently exposed to
inflammation, thereby leading to the development of
malignancies, such as mesotheliomas and joint sarcomas,
or the inflammation may involve organs that are active in
the immune response, thereby leading to the development
of lymphomas. In this study, we evaluated the incidence of
cancer in a large cohort of FMF patients and compared
the risk of cancer in this cohort to that in the general pop-
ulation of Israel.

PATIENTS AND METHODS

Study design. We conducted a retrospective study of
FMF patients registered at the National Center for FMF at
Tel Hashomer Hospital. Data regarding cancer in the FMF
cohort were obtained from the Israel National Cancer Regis-
try (INCR). We compared cancer incidence in our FMF
cohort to that in the general population of Israel, with adjust-
ment for age, sex, and ethnicity.

Patient selection. Data were accessed from the National
Center for FMF at the Heller Institute of Medical Research,
Sheba Medical Center in Tel Hashomer. This center, the main
facility for the diagnosis and treatment of FMF patients in Israel,
serves patients referred by primary care physicians and special-
ists from around the country. At the time the study was con-
ducted, the registry consisted of ~8,500 patients; most were
being monitored annually or more frequently if required. Most
of the patients were diagnosed at our center, usually at the first
appointment, based on information from their medical history,
their letter of referral, and other documents. The diagnosis was
entirely clinical. Mutation analysis of the MEFV gene served
only as an ancillary tool. This study included consecutive pa-
tients diagnosed as having FMF from 1979 to 2008.

Ethnic classification. Due to observed differences in
cancer incidence in Israel according to ethnic origin, we classi-
fied patients by ethnic origin, based on their own and their par-
ents’ places of birth. Patients were stratified by sex and by
ethnic group (Jewish, Arab, or undetermined), and the Jewish
population was substratified as Ashkenazi (derived from Euro-
pean countries) and Sephardic (originating from Middle East-
ern countries, North Africa, and Western Asia). This further
stratification was done because in addition to differences in
cancer incidence between Ashkenazi and Sephardic Jews, FMF
in Jews is mainly a disease of Sephardic Jews.

Cancer diagnosis according to the INCR. The list of
FMF patients was linked by individual national identity num-
bers to records in the database of the INCR. The INCR was
established in 1960, and mandatory reporting to the registry

began in 1982. We extracted data regarding cancer from the
establishment of the INCR until 2011. The completeness of
the INCR is ~94% for solid tumors (11). The INCR records
all clinical and demographic data for Israeli patients diag-
nosed as having cancer (with the exception of non-melanoma
skin cancers), as well as benign tumors of the brain and cen-
tral nervous system. The site of cancer and its morphology
are coded according to the International Classification of
Diseases for Oncology, Third Edition (ICD-O-3) (12). Vital
status of the registry subjects and date of death, where appli-
cable, are updated annually in the registry through linkage
with mortality data provided by the Israel Bureau of Statis-
tics. The name, date of birth, and sex of each patient were
used to verify matches to the cancer registry database.

Statistical analysis. Cancer incidence in the FMF cohort
was compared to that of the general population using indirect
age adjustment. In indirect adjustment, a standardized incidence
ratio (SIR) is calculated as the observed number of cancer cases
occurring in the cohort over the course of the observation period
divided by the number of cases expected to occur if the age-spe-
cific rates in the general population were applied to the age dis-
tribution of person-years of follow-up time. Follow-up time for
each person in the study cohort was calculated as the number of
years contributed by that person from the date of birth until the
first of the following: 1) date of cancer diagnosis, 2) date of
death, or 3) end of the observation period. The expected num-
ber of diagnoses was calculated by applying age-specific rates in
the general population (for a specific sex and ethnic group) to
the total number of person-years in each age group contributed
by the cohort in the same sex and ethnic group. We calculated
cancer incidence, overall and by subpopulation and sex group, as
the number of observed cases divided by the number of person-
years of follow-up for the relevant group. Due to the genetic nat-
ure of FMF, we calculated person-years of disease exposure for
each patient from the date of birth. For each population and sex
subgroup in the FMF cohort, we calculated the expected num-
ber of cancer cases using age-, sex-, subpopulation-, and calendar
period–specific incidence rates for the Israeli population. The
mean age at the end of the follow-up period was calculated for
the various ethnic groups. Age- and sex-specific cancer incidence
figures are not available for the Sephardic and Ashkenazi Jewish
populations. We therefore used cancer rates for Jewish Israelis
born in Asia or Africa to calculate the expected number of cases
in the Sephardic subgroup of FMF patients and cancer rates for
Jewish Israelis born in Europe or America to calculate the
expected number of cases in the Ashkenazi subgroup. Exact
95% confidence intervals (95% CIs) calculated from binomial
distributions were calculated for the SIRs.

RESULTS

The study cohort consisted of 8,534 FMF patients,
4,400 (51.6%) males and 4,134 (48.4%) females, with a
total of 258,803 person-years of follow-up. The mean �
SD age at the time of our study was 43.74 � 14.7 years.
Table 1 shows the distribution of the study cohort accord-
ing to ethnicity and sex. Of all the FMF patients, 85.2%
were of Jewish origin, 6.5% were of Arab or Druze origin,
and 8.3% were of unknown ethnicity. Sephardic Jews
were the majority (76.9%). A total of 41% of the patients

128 BRENNER ET AL



were Sephardic Jews of African origin, 24% were of
Asian, and 12.3% of mixed African/Asian origin. The
Ashkenazi Jews were a small minority (2%), and 6.2% of
them were of mixed Ashkenazi/Sephardic origin.

Of the 8,534 FMF patients, 350 (4.1%) were diag-
nosed as having cancer: 205 were female and 145 were
male. The mean � SD age at cancer diagnosis was 52.6 �
15.8 years (55.8 years for men and 50.4 years for women).
Table 2 shows the rates of all cancer cases according to
ethnicity and sex. Table 3 provides the distribution of the
specific cancer types. Among females, breast cancer was
the most frequent cancer diagnosed (24%), followed by
cervical cancer (16%) and lymphoma (6.3%). In men,
colorectal cancer (16.6%) was most common, followed
by prostate cancer (14.5%), and lung cancer (12%).

Significantly lower rates of cancer were found in
Jewish males and females with FMF (in males, SIR 0.66
[95% CI 0.55–0.77], P < 0.001; in females, SIR 0.75
[95% CI 0.64–0.86], P < 0.001), as well as in Arab males
with FMF (SIR 0.34 [95% CI 0.07–0.99], P = 0.024) than
was expected from the national cancer incidence rates
for each of these population groups (Table 4).

Analysis of specific cancer types in Sephardic
Jewish men revealed a significantly lower incidence of
gastrointestinal non-colorectal cancers than was expected
(SIR 0.07 [95% CI 0.00–0.04], P < 0.001) (Table 4).
Sephardic Jewish female FMF patients had a lower inci-
dence of breast cancer than was expected (SIR 0.72 [95%
CI 0.50–0.99], P = 0.023) (Table 5). A higher than

expected rate of cervical cancer (SIR 1.84 [95% CI 1.18–
2.74], P = 0.004) was found in Sephardic women (Table 5).
This was attributed to a higher incidence of in situ
cervical cancer. Furthermore, an excess risk of multiple
myeloma was observed among Sephardic males (SIR
3.83 [95% CI 1.65–7.54], P = 0.002).

DISCUSSION

In this study of a large cohort of patients with FMF,
we found a lower incidence of cancer in Jewish patients of
both sexes and in Arab male patients as compared to the
national registry data for the corresponding population.
When stratifying our findings according to cancer type, non-
colorectal gastrointestinal cancer and breast cancer were
significantly reduced in the Saphardic Jewish population.

This study is the first to show a negative correla-
tion between an autoinflammatory disease and cancer
incidence, and it is in complete contrast to our expecta-
tion, as presented above. However, most epidemiologic
studies that have demonstrated an increased cancer
incidence in patients with chronic inflammatory

Table 1. Ethnic distribution of the 8,534 study patients with familial Mediterranean fever

Ethnicity* Age at end of follow-up, mean � SD No. male No. female Total, no. (%)

Jewish origin 44.37 � 14.73 3,745 3,529 7,274 (85.2)
Sephardic Jews 44.72 � 14.70 3,384 3,182 6,566 (76.9)
Ashkenazi Jews 48.36 � 16.55 94 78 172 (2.0)
Mixed Sephardic/Ashkenazi Jews 38.70 � 13.02 267 269 536 (6.3)

Non-Jews (Arab and Druze) 43.00 � 13.35 322 234 556 (6.5)
Unknown 37.75 � 13.76 333 371 704 (8.3)
Total 43.74 � 14.70 4,400 4,134 8,534 (100)

* Sephardic Jews are those originating from Middle Eastern countries. Ashkenazi Jews are those originating from
European countries.

Table 2. Rates of cancer in the 8,534 study patients with familial
Mediterranean fever

Ethnicity

Cancer incidence*

Cancer rate/
1,000 patients

No.
male

No.
female Total

Sephardic Jews 119 155 274 37.66
Ashkenazi Jews 10 12 22 128
Mixed Sephardic/Ashkenazi Jews 7 12 19 35.4
Non-Jews (Arab and Druze) 3 10 13 23.4
Unknown 6 16 22 31.2
Total 145 205 350 41

* All types of cancer are represented.

Table 3. Site of cancer in the affected patients

Cancer site
No.
male

No.
female

Total no. of patients,
(% of cancers)*

Breast 3 49 52 (14.8)
Colorectal 24 12 36 (10.3)
Digestive, non-colorectal 1 7 8 (2.3)
Cervix uteri – 33 33 (9.4)
Corpus uteri – 5 5 (1.4)
Ovary – 4 4 (1.1)
Lung 17 9 26 (7.4)
Prostate 21 – 21 (6)
Lymphoma 5 13 18 (5.1)
Brain 4 12 16 (4.6)
Bladder 11 4 15 (4.2)
Thyroid 4 11 15 (4.2)
Melanoma 7 5 12 (3.4)
Leukemia 6 4 10 (2.8)
Multiple myeloma 9 1 10 (2.8)
Kidney 7 2 9 (2.6)
Other† 26 34 60 (17.1)
Total 145 205 350 (100)

* Percentages are of the total number of cancers.
† Cancers with rates lower than 1%.
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conditions focused on patients with autoimmune dis-
eases, including Sj€ogren’s syndrome, in which ~5% of
patients develop B cell lymphomas (13,14), SLE (15),
RA (16), and scleroderma (17,18). These autoimmune
diseases are due to dysfunction of the adaptive immune
system, originating from errors in self–nonself discrimi-
nation and involving autoreactive T and B lymphocytes
(19). In addition, autoimmune diseases are associated
with specific alleles of the major histocompatibility
complex (MHC) that encode proteins involved in anti-
gen presentation of peptides to T cells (20,21) and are
characterized by a predominance of females.

In contrast, FMF, along with other autoinflamma-
tory diseases, results from dysfunction of the innate
immune system, specifically the inflammasome and the
interleukin-1 pathways (22,23). Thus, autoinflammatory
diseases arise from inappropriate activation of inflamma-
tory mechanisms that are unrelated to antigen specificity
(1,2). Patients with autoinflammatory diseases lack autoan-
tibodies and MHC associations, and there is no female
predominance (24,25). In a study of 75,000 patients with
rheumatologic conditions such as SLE, Sj€ogren’s syn-
drome, RA, inflammatory myositis, and Behc�et’s disease,
only patients with autoimmune diseases demonstrated a
higher incidence of cancer than that in the control popula-
tion. Patients with Behc�et’s disease, which is considered to
be a member of the autoinflammatory disease family, had
normal rates of cancer (19). Thus, it might be inferred
from the 2 studies that the mechanisms underlying
inflammation in autoimmunity and autoinflammation
may diverge in their effect on tumorigenesis.

FMF could influence tumorigenesis in several ways.
One may be related to the MEVF mutation observed in
most FMF patients. This mutation enhances the activity of
pyrin, the protein encoded by the MEFV gene (26), which

is known to regulate inflammation. Although the exact
function of pyrin is not completely understood, its mutant
form is suspected to enhance inflammasome activity, a fea-
ture of FMF and other autoinflammatory diseases. The
inflammasomes are known to up-regulate the proinflam-
matory cytokines interleukin-1b (IL-1b) and IL-18, and to
regulate cell death and autophagy (27). Thus, several can-
cers have been directly linked to inflammasome-mediated
inflammation, and the blockade of IL-1b has been shown
to inhibit tumor growth (28). However, inflammasomes
may possess anticancer activity, by which malignant precur-
sor cells are eliminated through pyroptotic cell death
(29,30). This is evidenced by studies of epithelial skin can-
cer cell lines, in which the inflammasome exhibited tumor-
suppressor properties in keratinocytes (31).

Another possible explanation for the decreased
rate of malignancy in FMF may be related to continuous

Table 4. Incidence of cancer at all sites among 8,534 study patients
with familialMediterranean fever as compared to the general population*

Ethnicity, sex

Cancers

SIR (95% CI) P
No.

observed
No.

expected

Jews
Male 136 207.2 0.66 (0.55–0.77) <0.001
Female 179 239.51 0.75 (0.64–0.86) <0.001

Sephardic Jews
Male 119 153.77 0.77 (0.64–0.93) 0.024
Female 155 156.38 0.99 (0.84–1.16) 0.113

Non-Jews (Arab
and Druze)

Male 3 8.83 0.34 (0.07–0.99) 0.024
Female 10 6.39 1.56 (0.75–2.88) 0.284

* Standardized incidence ratio (SIR) analysis could not be performed
separately for Ashkenazi Jews because of the low number of patients
(n = 172). 95% CI = 95% confidence interval.

Table 5. Standardized incidence ratios (SIRs) for cancers in 6,566
familial Mediterranean fever patients of Sephardic Jewish origin*

Cancer site, sex

Cancers

SIR (95% CI) P
No.

observed
No.

expected

Breast, females 36 50.16 0.72 (0.50–0.99) 0.023
Cervix uteri, females 24 13.04 1.84 (1.18–2.74) 0.004
Invasive 6 5.74 1.05 (0.38–2.28) 0.511
In situ 18 7.3 2.47 (1.46–3.90) 0.001

Colorectal
Males 20 18.63 1.07 (0.66–1.66) 0.406
Females 8 14.14 0.57 (0.24–1.11) 0.058

Digestive
non-colorectal

Males 1 13.98 0.07 (0.00–0.40) <0.001
Females 7 7.8 0.90 (0.36–1.85) 0.481

Lung
Males 16 17.51 0.91 (0.52–1.48) 0.419
Females 7 4.7 1.49 (0.60–3.07) 0.195

Prostate, males 18 21.16 0.85 (0.50–1.34) 0.290
Lymphoma
Males 6 12.07 0.50 (0.18–1.08) 0.044
Females 11 8.45 1.30 (0.65–2.33) 0.231

Leukemia
Males 4 7.32 0.55 (0.15–1.40) 0.145
Females 4 3.92 1.02 (0.27–2.61) 0.550

Multiple myeloma
Males 8 2.09 3.83 (1.65–7.54) 0.002
Females 1 1.45 0.69 (0.01–3.84) 0.578

Brain
Males 4 9.4 0.43 (0.11–1.09) 0.043
Females 10 10.46 0.96 (0.46–1.76) 0.526

Thyroid
Males 2 3.62 0.55 (0.06–1.99) 0.299
Females 9 10.43 0.86 (0.39–1.64) 0.405

Bladder
Males 10 13.66 0.73 (0.35–1.35) 0.199
Females 2 2.19 0.91 (0.10–3.30) 0.627

Kidney
Males 6 4.28 1.40 (0.51–3.05) 0.259
Females 2 2.16 0.93 (0.10–3.34) 0.635

* 95% CI = 95% confidence interval.
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treatment with colchicine, which is widely used for pro-
phylaxis of inflammation in FMF patients. Numerous
studies have demonstrated that colchicine and its deriva-
tives act as antimitotic agents. These drugs inhibit micro-
tubule assembly and thereby interfere with the growth of
various cancer cell lines (32–35), and inhibit tumor pro-
gression in animal models (36,37). Moreover, colchicine
was shown to significantly reduce cancer incidence in
male patients with gout in a large Taiwanese cohort with
a median follow-up of 12 years (38). In another study,
colchicine administered postoperatively as adjuvant ther-
apy inhibited breast cancer recurrence (39). Notably,
other antimicrotubule agents, such as taxanes and vinca
alkaloids, are used regularly for cancer treatment
(40,41). FMF patients take nonsteroidal antiinflamma-
tory drugs (NSAIDs), which are effective in treating
attacks that present due to colchicine failure or nonad-
herence to the treatment regimen. Aspirin and other
NSAIDs were recently shown to reduce cancer rates
(42–44). We also speculate that the reduced cancer risk
in FMF patients may be due to an effect of the disease
on lifestyle factors. Several studies have demonstrated
lower rates of obesity (2) and smoking (45) in FMF
patients than in the general population. Furthermore,
FMF patients may self-impose dietary restrictions due to
their disease, which might also reduce cancer risk.

The exceptions to the major trend of cancer
reduction in our cohort are the significantly higher inci-
dences of multiple myeloma and in situ cervical cancer.
These findings are generally unexplained. It is notable,
however, that a higher rate of MEFV mutations was
reported in multiple myeloma patients than in a healthy
control group (46). Approximately 60% of multiple mye-
loma patients in one study had 1 of 5 MEFV mutations
(M694V, M680I, V726A, M694I, or E148Q) (47). With
regard to the higher incidence of cervical cancer in FMF
patients, the significant results are due to a higher rate of
in situ cervical cancer than expected. In light of the clini-
cal characteristics of FMF, which include abdominal
pain, the possibility of surveillance bias cannot be
excluded, since women with abdominal pain may be
more likely to undergo gynecologic examination. Fur-
thermore, the possibility that the increased incidence of
in situ cervical cancer may be due to reduced resistance
to papilloma virus in FMF cannot be excluded.

Our study has several limitations. MEFV gene
analysis in the FMF patients was not available; therefore,
we could not study the possible association between dif-
ferent MEFV mutations and specific cancers. In addition,
data on FMF severity, colchicine dosage, and compliance
with colchicine treatment are missing, which precludes
further analysis of the findings. Due to the retrospective

study design, FMF cancer patient data may have been
missed; however, this flaw is balanced by a similar limita-
tion in the reference population. Moreover, as FMF
patients tend to be under close medical observation,
escape from cancer detection is expected to be lower
among these patients than in the general population.
Another limitation of this study is that information on
cancer cases diagnosed before 1960, when the Israel
National Cancer Registry was established, are lacking.
This limitation, however, is unlikely to have affected our
conclusions, since only 1.8% of the FMF patients in our
cohort were older than 30 in 1960. Since the incidence of
cancer in persons younger than 30 years of age is negligi-
ble (48), the effect on the total cancer incidence results
is negligible. The potential differences in the diagnosis of
FMF over the period of the study are a further limitation
of this study. Nevertheless, the clinical characteristics of
a large cohort of FMF patients from Tel Hashomer
described in 1967 (49) are virtually the same as those
described later and in this study, and were the basis for
the diagnostic criteria reported by Livneh et al in 1997
(50), which have served as the FMF diagnostic criteria
since then. Finally, for some of the Jewish population,
we used the patients’ parents’ country of birth as the
equivalent for the purpose of ethnic subgrouping.

In summary, this study is the first to examine a
large cohort of FMF patients for cancer incidence. Previ-
ous epidemiologic studies of cancer incidence have fo-
cused on patients with autoimmune diseases. Our study
demonstrated that contrary to inflammatory autoimmune
diseases, FMF is characterized by a significantly lower
incidence of cancer than that in the general population.
These findings may stem from the pathogenesis of FMF,
which differs from that of autoimmune diseases, or from
colchicine treatment, an antimitotic agent used to treat
almost all FMF patients. More studies of patients with
FMF, as well as of patients with other autoinflammatory
diseases, are needed to determine the nature and the
mechanism of the association with cancer. Such research
may further contribute to our understanding of the rela-
tionship between inflammation and cancer. In addition,
our findings support the investigation of the potential use
of colchicine as an anticancer agent.
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Clinical Images: Severe knee joint damage from syphilitic arthritis

The patient, a 56-year-old man, presented with swollen knees bilaterally (A) and associated arthralgia. The right knee had been
swollen for 6 years, and the left knee for only 4 months. He had worked as a sailor and reported a history of multiple unprotected
sexual encounters and intermittent treatment in hospitals. Physical examination revealed nonpruritic, scaly, erythematous plaques
and pigmentation scattered over his head, hands, and feet. Both knees were enlarged and varicose veins were visible. Results of a
rapid plasma reagin test were positive (titer 1:64) and a Treponema pallidum hemagglutination assay was reactive. Polymerase
chain reaction analysis of the effusion from both knees also showed T pallidum. Serologic testing for HIV and hepatitis yielded
negative results. Computed tomography showed extensive osteochondral erosions and destructive changes (B) with joint effusions
and calcific debris (C). Surface-rendered 3-dimensional imaging further revealed destructive changes of the left knee (D), which
are characteristic of neuropathic arthropathy. Based on these findings, tertiary syphilis of the knees presenting as neuropathic
arthropathy was diagnosed. Due to previous penicillin intolerance, the patient was treated with intravenous ceftriaxone, resulting
in resolution of the arthralgia and knee swelling.
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Myogenic Progenitor Cells Exhibit Type I Interferon–Driven
Proangiogenic Properties and Molecular Signature During

Juvenile Dermatomyositis

Cyril Gitiaux,1 Claire Latroche,2 Mich�ele Weiss-Gayet,3 Mathieu P. Rodero,4

Darragh Duffy,5 Brigitte Bader-Meunier,6 Christophe Glorion,7 Patrick Nusbaum,8

Christine Bodemer,9 Guy Mouchiroud,3 Jamel Chelly,2 St�ephane Germain,10

Isabelle Desguerre,11 and B�en�edicte Chazaud3

Objective. Juvenile dermatomyositis (JDM) is an
inflammatory pediatric myopathy characterized by focal
capillary loss in muscle, followed by progressive recovery
upon adequate treatment with immunomodulating drugs,
although some patients remain refractory to treatment.
While the underlying mechanism of capillary depletion
remains uncertain, recent studies have identified an up-
regulation of type I interferon (IFN) expression specific
to JDM. Given that myogenic precursor cells (MPCs)
exert proangiogenic activity during normal skeletal mus-
cle regeneration, we hypothesized that they may also
modulate vascular remodeling/angiogenesis during JDM.
The aim of this study was to investigate that hypothesis.

Methods. Human cell cocultures were used to ana-
lyze angiogenic properties in patients with JDM, patients
with Duchenne’s muscular dystrophy (DMD) (control
patients for vascular remodeling), and healthy control
subjects. Transcriptome analysis was used to examine

muscle-derived MPCs. Histologic analysis of type I IFN
in muscle biopsy samples was also performed.

Results. Using human cell cocultures, we showed
highly angiogenic properties of MPCs from JDM patients
in association with the expression of an angiogenic
molecular signature. Transcriptome analysis of MPCs
freshly isolated from muscle samples revealed type I IFN
as the master regulator of the most up-regulated genes in
JDM-derived MPCs. Functionally, treatment of normal
MPCs with type I IFN recapitulated the molecular pat-
tern and the proangiogenic functions of JDM-derived
MPCs. In vivo histologic investigation showed that MPCs
synthesized type I IFN and major proangiogenic mole-
cules in JDM muscle. Moreover, MPCs derived from
JDM muscles that were characterized by strong vascu-
lopathy produced higher levels of type I IFN, confirming
MPCs as a cellular source of type I IFN during JDM, and
this correlated with the severity of the disease.

Conclusion. These results demonstrate a new
type I IFN pathway in JDM that activates the produc-
tion of angiogenic effectors by MPCs, triggering theirSupported by INSERM, CNRS, Universit�e Paris Descartes
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Clinique, Hôpital Necker-Enfants Malades, AP-HP, Centre de R�ef�er-
ence pour les Maladies Neuromusculaires, Garches-Necker-Mondor-
Hendaye, AP-HP, FILNEMUS, and Institut Cochin, INSERM U1016,
CNRS UMR 8104, Universit�e Paris Descartes, Paris, France; 2Claire
Latroche, PhD, Jamel Chelly, MD, PhD: Institut Cochin, INSERM
U1016, CNRS UMR 8104, Universit�e Paris Descartes, Paris, France;
3Mich�ele Weiss-Gayet, PhD, Guy Mouchiroud, PhD, B�en�edicte Chaz-
aud, PhD: Institut NeuroMyoG�ene, Universit�e Claude Bernard Lyon 1,
CNRS UMR 5310, INSERM U1217, Villeurbanne, France; 4Mathieu P.
Rodero, PhD: Laboratory of Neurogenetics and Neuroinflammation,
INSERM UMR1163, Institut Imagine, Paris, France; 5Darragh Duffy,
PhD: Immunobiology of Dendritic Cells, INSERM U1223, Institut Pas-
teur, Paris, France; 6Brigitte Bader-Meunier, MD, PhD: D�epartement
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proangiogenic function to promote vessel recovery and
muscle reconstruction.

Juvenile dermatomyositis (JDM) is a heteroge-
neous idiopathic inflammatory myopathy of pediatric
onset. Diagnostic criteria include proximal muscle weak-
ness with increased muscle enzyme levels in the serum and
distinct skin rashes. Histologic features of muscle biopsy
tissue from JDM patients typically include a mixture of
perivascular inflammation in the perimysium, myofiber
changes, and specific microvascular alterations: capillary
deposition of the complement C5b–9 membrane-attack
complex and focal capillary loss (1). Capillary loss in adult
DM is present in amyopathic DM, illustrating that this
event is an early hallmark of the disease (2). Capillary loss
occurs in clusters and follows a 6-by-6 capillary dropout
pattern, which corresponds to the depletion of entire
microvascular units (3). The underlying mechanism of cap-
illary depletion in JDM remains unknown.

Studies in DM have identified up-regulation of
type I interferon (IFN) expression (including IFNa and
IFNb) as well as of IFN-inducible genes (4), leading to
the suggestion of a mechanism of myofiber and capillary
injury driven by type I IFN (5). The effects of type I IFN
on cells that reside within skeletal muscle are unknown,
and thus, the biologic role of type I IFN in JDM remains
uncertain.

JDM patients may be classified into 2 groups
according to the severity of the vasculopathy. Some pa-
tients exhibit severe disease with more-severe zonal loss of
muscle capillary beds, muscle infarctions, rapid therapeutic
escalation requiring adjunct treatment with immunosup-
pressive agents, and low remission rates at 12 months (6).
In contrast, a majority of patients respond to treatment
with immunomodulating agents and exhibit a progressive
recovery of normal muscle function (1,6). Recovery is asso-
ciated with restoration of the normal muscle capillary bed
after extensive vascular remodeling (7).

Based on the recent findings that myogenic precur-
sor cells (MPCs) (derived from muscle stem cells, or satel-
lite cells) exhibit proangiogenic activity during normal
muscle regeneration (8,9), we hypothesized that MPCs
may play specific roles during JDM through cooperation
with endothelial cells (ECs). We investigated the features
of human MPCs isolated from JDM patient muscle via
functional experiments and high-throughput molecular
analyses. We established the angiogenic properties of
JDM-derived human MPCs. Transcriptome analysis iden-
tified type I IFN as a major regulator of gene expression
in JDM-derived MPCs. Treating normal MPCs with type I
IFN recapitulated the features of JDM-derived MPCs.

Furthermore, in vivo and in vitro investigations showed
that MPCs synthesized type I IFN during JDM, which cor-
related with the severity of the disease.

PATIENTS AND METHODS

Patients. The JDM patients (n = 12) met the diagnosis
according to conventional clinicopathologic criteria (10). The
diagnosis of genotyped patients with Duchenne’s muscular dys-
trophy (DMD; n = 10) was established based on a total absence
of dystrophin. Biopsy samples from DMD and JDM patients
were obtained from the deltoid muscle at the time of diagnosis.
Normal control biopsy samples were obtained from the paraver-
tebral muscle of patients undergoing spinal arthrodesis (n = 16).
All biopsy samples were blindly reviewed for clinical data, using
the validated scoring tool for muscle biopsy evaluation in JDM
patients (11). Additional details about the study population and
study methods are given in the Supplementary Methods docu-
ment (available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40328/abstract).

Immunohistochemical analysis. Immunohistochemistry
of muscle biopsy sections was carried out as previously described
(12) using anti-CD31, anti-CD56, anti–type I IFN, anti-CCL2,
and anti–interleukin-6 (anti–IL-6) antibodies, which were
revealed using fluorescein isothiocyanate– or Cy3-conjugated
secondary antibodies. For controls, primary antibodies were
replaced with IgG or irrelevant antibodies (see Supplementary
Figure 1, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40328/abstract).

Culture of human MPCs and human dermal micro-
vascular ECs (HDMECs). Pediatric MPCs were isolated from
skeletal muscle samples obtained from normal subjects, JDM
patients, and DMD patients. Cells were obtained and cultured as
previously described (13) in Ham’s F-12 medium (Gibco) contain-
ing 15% fetal bovine serum (Ham’s F-12 growth medium) and
were sorted at the first passage with anti-CD56 magnetic beads
(Miltenyi Biotec) according to the manufacturer’s instructions.
The purity of the cells was assessed according to CD56 expression
(ref. no. 555518; BD PharMingen), as determined by flow cytome-
try. All cell cultures were performed at 37°C in an atmosphere of
5% CO2. Absence of hematopoietic cells (CD45+) was determined
as described in Supplementary Figure 2A (at http://onlinelibrary.
wiley.com/doi/10.1002/art.40328/abstract). No difference in the
growth rate or differentiation was observed between MPCs from
control subjects and those from JDM patients.

HDMECs were purchased from PromoCell and were
checked for the absence of hematopoietic cells (CD45+) (see
Supplementary Figure 2A). For all experiments (except for
the migration assay), cells were seeded onto type I collagen–
coated (rat tail collagen diluted 1:100; Invitrogen) support
and cultured in the recommended medium.

Cell migration and EC proliferation assays. Migra-
tion was performed using double chamber inserts (Ibidi/
Applied BioPhysics). One chamber was filled with MPCs, and
the other chamber was seeded with ECs. After 3 days, the sil-
icone walls of the chambers were removed. The gap between
the 2 migration fronts was imaged at time 0 and at 24 hours.

For proliferation assays, ECs were incubated for 36
hours in the presence or absence of MPC-conditioned medium.
Cells were then labeled with anti–Ki-67 antibodies, which were
revealed with the use of Cy3-conjugated secondary antibodies.
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Fibrin gel bead 3-dimensional angiogenesis assay. Three-
dimensional fibrin gel assays were carried out as previously described
(14). EC-coated beads were seeded in fibrin gels. Fibroblasts or
MPCs were then seeded on top of the gel, and bead assays were
monitored for 6 days. Photomicrographs of the beads were captured
to analyze capillary length, numbers, and lumenization. In some
experiments, MPCs or fibroblasts were cultured for 48 hours in the
presence of 20 ng/ml of IFNb or IFNa (PeproTech) before seeding.

Angiogenesis protein array. MPCs were obtained from
normal, JDM, and DMD muscle samples. In some experi-
ments, normal MPCs were treated for 24 hours with 20 ng/ml
of IFNb or were incubated for 24 hours in hypoxic GenBag
Microaer (3% oxygen) chambers (BioM�erieux) and/or in either
low-glucose Dulbecco’s modified Eagle’s medium (DMEM)
(ref. no. 21885; Gibco) or no-glucose DMEM (ref. no. 11966;
Gibco) to mimic a hypoxic/ischemic environment. Cells were
collected in lysis buffer, and proteins were processed on
Human Angiogenesis Antibody Array C1000 membranes (Ray-
Biotech) according to the manufacturer’s instructions.

Transcriptome analysis of human MPCs and ECs.
Fresh muscle biopsy samples from normal subjects or JDM
patients were minced and digested. Cells were incubated with
an anti-CD31 and anti-CD56 antibodies, further sorted using a
FACSAria III instrument (Becton Dickinson), and immediately
treated with TRIzol reagent. The number of recovered cells
was 13,000–60,000 and 21,000–60,000 for CD56+ and CD31+
cells, respectively. Total RNA (125 pg) was reverse transcribed
according to the Ovation Pico WTA System V2 (NuGEN).
The resulting double-stranded complementary DNA was used
for hybridization to GeneChip Human Gene 2.0 ST arrays
(Affymetrix). After normalization, quality control, and statisti-
cal analysis, differentially expressed genes were identified by
two-way analysis of variance (15) (Supplementary Table 1,
available at http://onlinelibrary.wiley.com/doi/10.1002/art.40328/
abstract). Functional analyses were carried out using DAVID
(16) and REVIGO (17) bioinformatics tools. Data are depos-
ited in the GEO database at NCBI (accession no. GSE66845).

Quantification of IFNa in MPC lysates by single-mole-
cule assay (Simoa). MPCs were grown in Ham’s F-12 growth
medium, and 70,000–500,000 cells were lysed in radioimmuno-
precipitation buffer. The Simoa IFNa assay was developed
using a Quanterix Homebrew Simoa assay according to the
manufacturer’s instructions, and with 2 autoantibodies specific
for IFNa, which were isolated and cloned from 2 patients with
autoimmune polyglandular syndrome type I (APS-I)/autoim-
mune polyendocrinopathy–candidiasis–ectodermal dystrophy
(APECED) that were recently described (18,19).

Statistical analysis. All experiments were performed
at least 3 times. Results were analyzed by t-test and analysis
of variance (ANOVA), as indicated below. P values less than
0.05 were considered significant.

RESULTS

MPC comparison groups. The properties of MPCs
derived from the muscles of patients with JDM were com-
pared with those of MPCs derived from the muscles of
normal subjects and patients with DMD (control for vas-
cular remodeling). DMD is characterized by cycles of
necrosis/regeneration that are associated with vascular
alterations but without muscle recovery (20).

Specific proangiogenic activity of MPCs from
JDM patients. We used a 3-dimensional angiogenic assay
that recapitulates the key stages of angiogenesis up to the
formation of an intraluminal compartment, which allowed
for assessment of complete differentiation of the capillary
structures that are formed (14) (Figure T21A). As compared

Figure 1. Proangiogenic properties of myogenic precursor cells (MPCs)
derived from muscle biopsy samples obtained from juvenile dermato-
myositis (JDM) patients, Duchenne’s muscular dystrophy (DMD)
patients, and normal (NM) subjects. A, Representative photomicro-
graphs of capillaries arising from endothelial cell–coated beads in fibrin
gels. Arrowheads indicate lumenized capillaries. Original magnification
9 10. B–D, Capillary length (B), number of capillaries per bead (C),
and percentage of lumenized capillaries (D) in muscle biopsy samples
from the indicated study group. Values are the mean � SEM of 3
experiments using primary MPC cultures from the muscles of 3 different
subjects per group (solid symbols). * = P < 0.05 by Student’s t-test.
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Figure 2. Angiogenic signature of myogenic precursor cells (MPCs) derived from muscle biopsy samples obtained from juvenile dermatomyositis
(JDM) patients, Duchenne’s muscular dystrophy (DMD) patients, and normal (NM) subjects. MPCs were analyzed for their expression of 43
angiogenesis-related molecules using antibody arrays. Results are the fold change in expression of the indicated molecules in muscle-derived MPCs
from A, JDM patients versus normal subjects, B, DMD patients versus normal subjects, and C, DMD patients versus JDM patients. The fold
change in expression was calculated from the mean expression in the muscles of 4 different subjects per group. P values were determined by two-
way analysis of variance. EGF = epidermal growth factor; bFGF = basic fibroblast growth factor; IGF-1 = insulin-like growth factor 1; PDGF-BB
= platelet-derived growth factor BB; PLGF = placental growth factor; VEGF = vascular endothelial growth factor; G-CSF = granulocyte colony-sti-
mulating factor; GM-CSF = granulocyte–macrophage colony-stimulating factor; THPO = thrombopoietin; ANGPT1 = angiopoietin 1; ANG =
angiogenin; IFNc = interferon-c; IL-6 = interleukin-6; TNFa = tumor necrosis factor a; TGFb1 = transforming growth factor b1; I-TAC = inter-
feron-inducible T cell a chemoattractant (CXCL11); PLG = plasminogen; ENA-78 = epithelial neutrophil–activating peptide 78 (CXCL5); GRO =
growth-related oncogene a (CXCL1); MCP-1 = monocyte chemotactic protein 1 (CCL2) (also, MCP-3 [CCL7]; MCP-4 [CCL13]); I-309 = inflam-
matory cytokine I-309 (CCL1); MMP-1 = matrix metalloproteinase 1; TIMP-1 = tissue inhibitor of metalloproteinases 1; uPAR = urokinase-type
plasminogen activator receptor; PECAM-1 = platelet endothelial cell adhesion molecule 1 (CD31); TIE-2 = tyrosine protein kinase receptor 2
(CD202B); VEGFR-2 = vascular endothelial growth factor receptor 2.

TYPE I IFN–DRIVEN PROANGIOGENIC PROPERTIES OF MPCs IN JDM 137



with MPCs derived from normal muscle, MPCs from
JDM patients showed significantly increased capillary
lengths on day 6 (+128%), while those from DMD
patients also exhibited the capacity to promote tube for-
mation (FigureT2 1B). The number of capillaries formed
per bead was not significantly altered under either condi-
tion (FigureT2 1C). However, the formation of capillaries
exhibiting a lumen was strongly increased in MPCs from
JDM patients (+180%). In contrast, capillary morphogen-
esis was decreased in MPCs from DMD patients (–39%)
(FigureT2 1D). The different angiogenic capacities of MPCs
from JDM and DMD patients were not due to different
attraction capacities of the cells (Supplementary Figures
3B and C, available at http://onlinelibrary.wiley.com/doi/
10.1002/art.40328/abstract), nor were they due to an effect
on EC proliferation (Supplementary Figure 3D, avail-
able at http://onlinelibrary.wiley.com/doi/10.1002/art.40328/
abstract). These results show that MPCs from JDM
patients displayed efficient proangiogenic activity that
triggered capillary elongation and lumenization.

Specific proangiogenic signature of MPCs from
JDM patients. In order to define the angiogenic molec-
ular signature of MPCs derived from the muscles of
JDM patients, the expression of 43 angiogenesis-related
proteins was evaluated using an antibody array and
then compared with that of MPCs derived from the
muscles of normal subjects or DMD patients. Two-way
ANOVA showed that the angiogenic signature of MPCs
from JDM patients significantly differed from that of
MPCs from normal subjects (FigureT2 2A) and from
DMD patients (FigureT2 2C). Consistent with their weak
efficiency in promoting capillary structures (FigureT2 1),
no significant difference was observed between DMD
and normal MPCs (FigureT2 2B).

Antibody array data showed that MPCs from JDM
patients expressed most of the angiogenic proteins detect-
able on the array (30 of 43 [70%]), including high levels
of IL-6 and monocyte chemotactic protein 1 (MCP-1;
CCL2) production (727-fold and 257-fold, respectively)
(FigureT2 2A), proteins that have been shown to be ele-
vated in the sera of JDM patients (21,22). Several growth
factors (epidermal growth factor [EGF], basic fibroblast
growth factor [bFGF], placental growth factor [PLGF],
vascular endothelial growth factor [VEGF]), as well as
IL-8, leptin, tissue inhibitor of metalloproteinases 1
(TIMP-1), and angiogenin, were also highly expressed by
MPCs from JDM patients (FigureT2 2A).

Type I IFN signature in muscle-derived MPCs and
ECs from JDM patients, as determined by transcriptome
analysis. To identify the in vivo gene profile of MPCs and
ECs from JDM patients, a transcriptome analysis was per-
formed on freshly sorted cell populations from muscle

samples obtained from JDM patients and compared with
those obtained from age-matched normal subjects. The
number of genes that were differentially expressed
between JDM and control cells was 1,871 in ECs (919 up-
regulated and 952 down-regulated in JDM) and 1,089 in
MPCs (566 up-regulated and 523 down-regulated in JDM)
(Supplementary Table 1, available at http://onlinelibrary.
wiley.com/doi/10.1002/art.40328/abstract).

With regard to ECs, gene ontology (GO) analysis
showed that the down-regulated gene families encom-
passed vessel development, cell adhesion and migration,
and cytoskeleton organization (Supplementary Figure 4,
available at http://onlinelibrary.wiley.com/doi/10.1002/
art.40328/abstract), which confirms a strong impact of
JDM on vessel integrity. The up-regulated genes in ECs
from JDMpatients were specifically enriched for those asso-
ciated with inflammation, metabolism, and transcription
(Supplementary Figure 5, available at http://onlinelibrary.wi
ley.com/doi/10.1002/art.40328/abstract). Among the 30most
up-regulated genes in ECs from JDM patients, 10 (30%)
were inducible by type I IFN and 3 (10%) belonged to the
S100/myeloid-related protein (MRP) family gene MRP8/14
(S100A8/A9/A12) (Supplementary Figure 6, available at
http://onlinelibrary.wiley.com/doi/10.1002/art.40328/abstrac
t), which is known to induce thrombogenic and inflamma-
tory responses in ECs (23). The most highly up-regulated
genes in ECs from JDM patients were the IFN-inducible
genes CXCL10/IP10 and CXCL11/ITAC, the products of
which are angiostatic proteins. These data confirm at the
molecular level the central primary vasculopathy that has
been described in JDM (1).

With regard to MPCs, up-regulated genes in JDM
were specifically enriched in GO categories of inflamma-
tion, cell–cell signaling, protein transport, and maturation
(Supplementary Figure 7, available at http://onlinelibrary.
wiley.com/doi/10.1002/art.40328/abstract). Down-regulated
genes were enriched in GO categories that included skele-
tal muscle development, actin filament–based processes,
and generation of metabolites (Supplementary Figure 8,
available at http://onlinelibrary.wiley.com/doi/10.1002/art.
40328/abstract), which is indicative of muscle remodeling.
Analysis of the 30 most highly up-regulated genes in
MPCs from JDM patients revealed a strong IFN signa-
ture, with 60% (18 of 30) being IFN inducible (Supple-
mentary Figure 9A, available at http://onlinelibrary.wile
y.com/doi/10.1002/art.40328/abstract). Specifically, up-
regulation of the expression of IFI27, ISG15, IFI44L,
which have been reported to be specific for an “IFN sig-
nature” (24), was identified. Entering these 30 genes into
the PathwayStudio software revealed a highly connected
network regulated by IFN in MPCs from JDM patients
(Supplementary Figure 9B).

138 GITIAUX ET AL

http://onlinelibrary.wiley.com/doi/10.1002/art.40328/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40328/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40328/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40328/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40328/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40328/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40328/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40328/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40328/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40328/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40328/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40328/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40328/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40328/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40328/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40328/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40328/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40328/abstract


Figure 3. Angiogenic signature of normal MPCs cultured under hypoxic or ischemic conditions or treated with IFNb. A–C, MPCs derived from
muscle biopsy samples obtained from normal subjects were cultured under conditions of hypoxia (normal glucose medium plus hypoxic environ-
ment) (A), under conditions of ischemia (low-glucose medium plus hypoxic environment) (B), or in the presence of IFNb (C) and were analyzed
for their expression of 43 angiogenesis-related molecules using antibody arrays. D, Muscle-derived MPCs from JDM patients were cultured under
hypoxic conditions (as in A), and the fold change in expression was calculated from the mean expression in the muscles of 3 different subjects per
group and were compared with the values obtained from untreated MPCs. Pie charts at the right show the number of genes regulated in the same
way under the given condition (open area with number) as the JDM-derived MPCs (total of 43) shown in D; shaded area of the pie chart repre-
sents the remainder of the genes. P values were determined by two-way analysis of variance. See Figure 2 for definitions.
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These transcriptome data correlate well with
type I IFN being a major specific signature of JDM at
disease onset (4,21,25,26). They further show for the
first time at the cellular level that both MPCs and ECs
exhibit in situ a preponderant, yet dissimilar, type I
IFN response during JDM.

Normal MPCs treated with type I IFN mimic the
proangiogenic activity of MPCs from JDM patients. To
determine the molecular mechanisms underlying the
proangiogenic effects of MPCs from JDM patients, we
attempted to mimic in vitro the conditions encountered by
MPCs in the presence of JDM. Hypoxia and ischemia have
been associated with JDM (27) and are known to induce
angiogenesis. MPCs derived from the muscle of normal
subjects were therefore cultured under conditions of
hypoxia or hypoxia combined with glucose-free medium
(thereby mimicking ischemic conditions). Production of
angiogenic molecules was evaluated as above using an anti-
body array. As shown in FiguresT2 3A and B, MPCs under
hypoxic or ischemic conditions showed similar regulation
of 49% and 51% of the proteins in the array, respectively.
Among these, 63% and 53% were up-regulated as in the
MPCs from JDM patients (e.g., angiogenin [ANG], IL-8,
IL-6, MCP-1, uPAR, and growth-related oncogene a
[GRO; CXCL1]) (FiguresT2 3A, B, and D). FiguresT2 3A and
B show that both hypoxic and ischemic conditions triggered
a proangiogenic response in MPCs from normal subjects,
which was significantly different from the expression of
untreated cells. The response partially overlapped that
observed in MPCs from JDM patients.

We investigated a possible direct mechanism by
which type I IFN could trigger the proangiogenic proper-
ties of MPCs by treating normal muscle-derived MPCs
with IFNb. High serum levels of IFNb have been associ-
ated with the type I IFN signature and with the severity
of the disease in DM (4,21,26). IFNb treatment also trig-
gered a proangiogenic response and mimicked the pro-
tein expression pattern observed in MPCs from JDM
patients (FiguresT2 3C and D). Indeed, 63% of the pro-
teins in the array were regulated in a similar way as those
in MPCs from JDM patients (FiguresT2 3C and D). The
expression of 57% of the molecules was increased in
IFNb-treated normal MPCs, as they were in MPCs from
JDM patients, such as MCP-1, transforming growth fac-
tor b1 (TGFb1), IFNc, RANTES, angiogenin, leptin,
EGF, and PLGF (FiguresT2 3C and D).

To determine whether the IFN-triggered angio-
genic signature in MPCs correlated with the acquisition
of angiogenic properties, we used a 3-dimensional model
of angiogenesis. Treatment of MPCs from normal sub-
jects with IFNb significantly increased their capacity to
promote capillary morphogenesis, including capillary

length (+23.1%) (Figure T24A), the number of capillaries
(+144.3%) (Figure T24B), and vessel lumenization (+65%)
(Figure T24C), as previously observed in MPCs from JDM
patients (see Figure T21). The effects of IFNb were specific
to MPCs, since no increase in the angiogenic activity
of fibroblasts was observed upon treatment with
IFNb (Figures T24A–C). Treatment of MPCs with IFNa
also stimulated angiogenesis. While the increased
length of the capillaries was not significant (+14%), the
number of capillaries formed and their lumenization were
greatly increased (+109.2% and +39.5%, respectively)
(Figures T24A–C). (Note that the basal levels of angiogene-
sis for MPCs differed between the IFNb and IFNa series

Figure 4. Proangiogenic properties of normal MPCs treated with
type I IFN. MPCs or human fibroblasts (Fib) were treated with IFNb
or IFNa and tested in 3-dimensional angiogenesis assays. The capil-
lary length (A), number of capillaries per bead (B), and percentage of
lumenized capillaries (C) were calculated. Values are the mean �
SEM of 4 experiments using primary cultures of MPCs from the mus-
cles of 4 (for IFNb) or 3 (for IFNa) different subjects. * = P < 0.05;
** = P < 0.01 by Student’s t-test. See Figure 2 for other definitions.

140 GITIAUX ET AL



due to the use of different primary cell cultures with
different intrinsic angiogenic properties.) These results
show that type I IFN treatment triggered a proangiogenic
signature and proangiogenic properties in normal MPCs
in vitro, suggesting a type I IFN pathway through which
MPCs stimulate vascular remodeling and trigger muscle
recovery in JDM.

Up-regulation of IFNb, CCL2, and IL-6 expres-
sion by MPCs and ECs in JDM patients. To confirm the
in vivo relevance of type I IFN signaling that is operant in
JDM, immunolabeling was performed on muscle sections
obtained from normal subjects and JDM patients. We
analyzed IFNb as well as 2 major angiogenic proteins

expressed by MPCs in vitro: IL-6 and MCP-1/CCL2 (Fig-
ure T22), which have been shown to be elevated in sera from
JDM patients (21,22). Figure T25A shows that in normal
muscle, 46% of satellite cells (CD56+ cells) expressed
IFNb, while in JDM muscle, 86% of satellite cells and
active myogenic cells strongly expressed IFNb. Similarly,
CCL2 and IL-6 were only partly expressed by satellite
cells in normal muscle (50% and 25%, respectively), while
the majority of CD56+ cells were positive for IL-6 and
CCL2 staining in JDM muscle (86% and 66%, respec-
tively) (Figure T25A).

In normal muscle, ECs (CD31+ cells) partly
expressed IFNb, IL-6, and CCL2 (21%, 38%, and 26%,

Figure 5. In vivo expression of IFNb, IL-6, and CCL2 by myogenic and endothelial cells. Top, Muscle biopsy sections from normal subjects and
JDM patients were processed for double immunolabeling for A, CD56, which identifies myogenic precursor cells (green), or B, CD31, which iden-
tifies endothelial cells (green), and for IFNb, IL-6, and CCL2 (24). Arrowheads indicate CD56+ cells (in A) and CD31+ cells (in B) that do not
express the other marker; arrows indicate double-positive cells. Hoechst 33342 staining is shown in blue. Bar = 50 lm. Bottom, Histograms show
the quantification of satellite cells (SCs) (left) and endothelial cells (ECs) (right) that were double-positive for both markers. Values are the mean
� SEM of 3 experiments. * = P < 0.05; ** = P < 0.01 by Mann-Whitney U test. See Figure 2 for other definitions.

TYPE I IFN–DRIVEN PROANGIOGENIC PROPERTIES OF MPCs IN JDM 141



respectively) (FigureT2 5B). In JDM, the vast majority of
cells identified as ECs strongly expressed IFNb, IL-6,
and CCL2 (83%, 83%, and 75%, respectively) (Fig-
ureT2 5B). It should be noted that other cell types not
labeled by CD31 or CD56 antibodies also express these
proteins and likely include interstitial cells, inflamma-
tory cells, and notably, plasmacytoid dendritic cells,
which are known to produce IL-6, CCL2, and IFNb
(25,28–31). These in vivo results show that MPCs and,
to a lesser extent, ECs up-regulate IFNb, IL-6, and
MCP-1/CCL2, which suggests their participation in an
autocrine way in the activation of the type I IFN
response during JDM.

Correlation between IFNa secretion by MPCs
from JDM patients and disease severity. To validate
the production of type I IFN by MPCs, we used Smoa,
a novel single-molecule assay that we recently devel-
oped with high-affinity autoantibodies isolated from
APECED patients (18,19). It allows the detection of
attomolar concentrations of IFNa in human fluids or in
isolated human cells (technique is not yet available for
IFNb). FigureT2 6A shows that the IFNa protein levels
in MPCs derived from JDM patients exhibiting a low
vascular score, i.e., little or no vascular abnormalities
according to consensus JDM scoring (11), was similar to
that of MPCs derived from normal muscle. However,
IFNa protein levels in MPCs from JDM patients was

significantly higher (5.7–8.3-fold) in cells that originated
from muscles with a high vascular score, i.e., strong cap-
illary loss, arterial abnormalities, and microinfarcts (11)
(Figure T26A). This was confirmed by the significant posi-
tive correlation between IFNa protein in MPCs from
JDM patients and the severity of the vascular injury in
the muscles from which they were derived (Figure T26B).
These results are the first to demonstrate MPCs as a
source of IFNa during JDM.

DISCUSSION

Skeletal muscle regeneration is associated with
vascular remodeling, since myogenesis and angiogenesis
take place concomitantly in the muscle tissue (9). Given
their close topographic proximity in skeletal muscle (8),
ECs and MPCs interact with each other, and several
in vitro studies found evidence of the direct angiogenic
properties of MPCs toward ECs through the delivery of a
series of effectors (8,32). In the present study, we found
that MPCs derived from the muscles of JDM patients
exerted a strong proangiogenic effect that induced in vitro
the migration and proliferation of ECs, as well as capillary
morphogenesis. This proangiogenic property was sup-
ported by the production of angiogenic factors by MPCs
from JDM patients. In vivo, MPCs from the muscles of
JDM patients exhibited a type I IFN–driven molecular
signature and expressed IFNb and the IFN-regulated
effectors CCL2 and IL-6. In vitro treatment of normal
MPCs under hypoxic conditions or with type I IFN mim-
icked the angiogenic signature of MPCs from JDM
patients and phenocopied the proangiogenic properties of
MPCs from JDM patients. Finally, the production of
IFNa by MPCs, which correlated positively with the sever-
ity of the vasculopathy (and thus, with the severity of the
disease), was substantiated.

Taken together, these data support a role of the
proangiogenic activity of MPCs driven by type I IFN in
the stimulation of vessel remodeling and muscle recov-
ery, thereby indicating a new function of type I IFN in
the pathogenesis of JDM. While MPCs obtained from
normal subjects and JDM patients were derived from
different muscle sources (paravertebral and deltoid
muscles, respectively), it is unlikely that muscle origin
accounted for the behavior of the cells because: 1) we
did not observe variations in cell growth and differenti-
ation in culture, 2) MPCs from DMD patients, which
were derived from deltoid muscles, exhibited a differ-
ent phenotype, affecting the lumenization of capillaries
in vitro, and 3) type I IFN treatment of MPCs from the
paravertebral muscles of normal subjects recapitulated
the molecular signature and function of MPCs from the

Figure 6. Production of IFNa by MPCs derived from muscle biopsy
samples obtained from normal subjects and JDM patients with a low
vascular score (vasc–) or a high vascular score (vasc+) (see Patients
and Methods for details). Cells were tested for intracellular IFNa
protein levels using a single-molecule assay (technique is not yet
available for IFNb). A, Levels of IFNa protein in MPCs from normal
subjects (n = 8) and JDM patients with low or high vascular scores
(n = 10). Each symbol represents an individual subject; thin bars show
the mean. B, Spearman’s correlation between the vascular score in
muscle samples from JDM patients and the intracellular IFNa pro-
tein level in MPCs from the same patients. * = P < 0.05 by Student's
t-test. NS = not significant (see Figure 2 for other definitions).
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deltoid muscles of JDM patients, both in vitro and
ex vivo.

Type I IFN is a major marker and signaling regula-
tor in DM and JDM. Several studies using whole muscle
extracts or blood samples from patients identified an
IFNb signature, which was correlated with disease severity
(4,21,25,26). Consequently, treatment of DM patients
with anti-IFNb decreases this IFNb signature, both in
blood and in muscle (33). Consistent with a major role of
type I IFN in JDM, our data show that the highly proan-
giogenic properties of JDM-derived MPCs were due to
the production of a panel of IFN-induced angiogenic
effectors; among them, CCL2/MCP-1 and IL-6 were
highly expressed. The role of CCL2 and IL-6 in angiogen-
esis is well established, including in skeletal muscle
(34,35). CCL2 belongs to the type I IFN–induced proteins
that are up-regulated in DM in parallel with capillary loss
and DM severity (21,22,36–39). Similarly, IL6 gene
expression in muscle and IL-6 protein levels in the
circulation have been shown to correlate with the type I
IFN signature and with disease activity (21,22). In the
same way, the increased expression of IFITM1 (4.7 fold
increase; P = 0.018) (Supplementary Table 1, available
at http://onlinelibrary.wiley.com/doi/10.1002/art.40328/ab
stract), which is essential for vessel lumenization (40),
could account for the efficiency of MPCs from JDM
patients to promote complete capillary morphogenesis.

With regard to ECs, we observed that JDM-derived
ECs highly expressed S100A8/MRP8, S100A9/MRP-8/14,
and S100A12/MRP6, which also correlated with the sever-
ity of the disease (22,41,42). An unbalanced production of
MRP-8/14 by activated ECs could confer thrombogenic
and apoptotic properties on ECs (23), suggesting the main-
tenance of vascular injury via autocrine secretion of
antiangiogenic factors. Along the same line, the angiostatic
effectors CXCL9 (monokine induced by IFNc [MIG]),
CXCL10 (IP-10), and CXCL11 (I-TAC), which are type I
IFN–inducible chemokines the expression of which corre-
lates with the severity of DM (36,38,39), were shown here
to be strongly up-regulated in JDM at the cellular level
only in ECs (125-fold more [P < 0.0001] and 41-fold more
[P = 0.001] for CXCL10 and CXCL1, respectively). These
angiostatic effectors limit EC migration and proliferation
and are considered to be hallmarks of EC damage in JDM.
Our results indicate that in JDM, MPCs express a specific
type I IFN angiogenic signature, whereas ECs exhibit a
type I IFN–associated antiangiogenic signature, which is
consistent with the vasculopathy observed in the disease.

Treatment of normal MPCs with IFNa/b triggered
the expression of proangiogenic factors, phenocopying
the proangiogenic properties observed in MPCs from
JDM patients. In a previous study, IFNb-treated human

myogenic cells were shown to up-regulate the expression
of a series of type I IFN–inducible genes (HERC5,
HERC6, IFI27, IFI44L, IFI6, IFIH1, IFIT1, IFIT3, MX1,
MX2, OAS1, OAS2, OAS3, and RASD2) (5). These 14
genes are among the ones we found to be the most highly
up-regulated in MPCs freshly isolated from JDM muscle
(Supplementary Figure 9, available at http://onlinelibra
ry.wiley.com/doi/10.1002/art.40328/abstract). Moreover,
major histocompatibility complex class I–positive mi-
crodissected myofibers from DM patients (excluding
inflammatory cells from the analysis) have been shown
to exhibit a similar type I IFN signature that is specific to
DM (10 of the 18 IFN-induced up-regulated genes in iso-
lated JDM-derived MPCs) (43). These data clearly
establish type I IFN as a major signaling pathway in
JDM MPCs that trigger proangiogenic properties in
these cells, thereby promoting angiogenesis.

It is now accepted that type I IFN and the above-
cited type I IFN–related inflammatory effectors are bio-
markers of DM and of its severity (4,21,22,26,41), and our
data demonstrate that IFN-derived MPCs are correlated
with the severity of the vasculopathy. However, the mecha-
nisms by which type I IFN–induced gene products are
involved in the pathogenesis of JDM remain unclear, and it
is likely that type I IFN acts in both detrimental and benefi-
cial ways. On the one hand, it has been shown that type I
IFN induces antiangiogenic pathology in ECs through an
IFN/IL-18 axis (44), consistent with several studies demon-
strating toxic, antiproliferative, and antiangiogenic effects
of type I IFN on ECs (45,46). On the other hand, ISG15, a
ubiquitin-like modifier that is the second most up-regulated
gene inMPCs from JDMpatients, was recently shown to be
a key negative regulator of type I IFN immunity, thereby
preventing autoinflammatory consequences of uncontrolled
type I IFN amplification (15). Moreover, ISG15 silencing
does not reverse type I IFN–mediated toxicity, which is evi-
dence against it being a major factor in mediating the myo-
toxic effects of type I IFN (47), as it was previously thought
to be after its detection in areas of DM pathologic activity,
such as perifascicular atrophic myofibers (5). Our study
showing the highly increased production of IFNa by MPCs
originating from muscles exhibiting severe disease identifies
MPCs as a cellular source of type I IFN in JDM, just as they
are in adult DM (48). These data also suggest an autocrine/
paracrine action of type I IFN on MPCs, which is triggered
by the extent of the vascular damage and leads to their
proangiogenic action.

Besides type I IFN signaling and because of the
vascular damage, hypoxia-related pathology due to vascu-
lar changes (inflammatory vasculopathy) has also been
recognized as an important additional mechanism in DM
(3). In particular, perifascicular atrophy is invariably
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associated with ischemia due to capillary reduction and
vessel damage (49,50). Hypoxia and hypoxia-inducible
factor pathways have been detected in DM (51) and seem
to be important in JDM (27). Accordingly, culturing nor-
mal MPCs under conditions of hypoxia or ischemia par-
tially mimicked the proangiogenic signature seen in JDM,
suggesting that hypoxia partly explains the proangiogenic
signature observed in MPCs from patients with JDM.

In conclusion, while the precise role of the type
I IFN pathway and type I IFN–inducible genes in JDM
is still to be deciphered, as well as the roles of the
genes triggered by hypoxic/ischemic cues, our study
provides the first evidence of a specific type I IFN–dri-
ven signaling pathway at work in MPCs that is different
from that in ECs derived from the same muscle. More-
over, immunohistochemical analysis identified MPCs
and ECs as cellular sources of IFNb during JDM, and
Simoa analysis clearly identified MPCs as a cellular
source of IFNa during severe vasculopathy, suggesting
an autocrine/paracrine action of type I IFN in MPCs
and ECs. Our in situ analysis, however, identified other
cell types that are likely involved in IFNb production.
Plasmacytoid dendritic cells are present in JDM muscle
(29) and express type I IFN (25). Thus, analysis at the
cellular level will be required in order to evaluate the
relative contributions of the various cell types that are
present in the skeletal muscles of patients with JDM,
including resident and recruited inflammatory cells,
and to decipher the complexity of type I IFN signaling
from and toward these cell partners.

Our study suggests that type I IFN drives on the
one hand an antiangiogenic response in ECs, which may
participate in—or maintain—the vasculopathy that
characterizes JDM, and on the other hand a strong proan-
giogenic response in MPCs, triggering an efficient proan-
giogenic activity toward ECs, likely participating in the
restoration of the vascular bed and therefore muscle func-
tion. In this context, therapeutic targeting of type I IFN
may be cautiously viewed as a way to avoid blunting the
beneficial effects of this pathway in JDM.
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Regional differences between perisynovial and
infrapatellar adipose tissue depots and their response
to class II and III obesity in patients with
osteoarthritis: comment on the article by
Harasymowicz et al

To the Editor:

Harasymowicz et al (1) are to be congratulated for
their recent article regarding the presence of regional differ-
ences between perisynovial and infrapatellar adipose tissue
depots and their response to class II and class III obesity in
patients with osteoarthritis (OA). The authors report that
infrapatellar fat pad (IPFP) and synovium adipose tissue
depots differ significantly and are influenced by the patient’s
body mass index. In particular, adipocytes from the IPFP of
obese patients were significantly larger than those from the
IPFP of lean patients, while there was marked fibrosis, macro-
phage infiltration, and higher Toll-like receptor 4 expression in
the synovium in obese patients than in lean patients.

We would like to share our anatomic findings regarding
IPFP adipocytes (2). We have found that IPFP consists of white
adipose tissue, organized in lobules with a mean � SD diame-
ter of 1.15 � 0.11 mm, with lobules delimited by thin connec-
tive septa (mean � SD 0.22 � 0.034 mm). The adipocytes of
IPFP had a mean � SD area of 3.708 � 976 lm2. Differences
between our data and that of Harasymowicz et al (1) (median
adipocyte size 4.89 lm2 in the lean group and 6.54 lm2 in the
obese group) can be ascribed to the different methods of mea-
surement, but also to the different characteristics of the
cohorts, since our subjects did not have OA. Moreover, Harasy-
mowicz et al found that a significantly higher area (P < 0.005)
of matrix deposition was present in synovial adipose tissue from
obese patients (mean � SD 24.66 � 5.62%) than lean patients
(14.44 � 5.21%). This difference was not seen in the IPFP (1).
Michaud et al (3) reported that obese women had higher peri-
adipocyte collagen percentages in both fat compartments (surgi-
cal omental and subcutaneous fat) than lean women.

Using transmission electron microscopy, we have
shown that the intercellular space at the level of the IPFP is
large, with thick fibrils of collagen, and examination of the
adipocytes of the IPFP by scanning electron microscopy
showed a basket of collagen fibers outside the cells, creating
a tridimensional network. As Harasymowicz et al (1) showed
with picrosirius red S staining, it is possible not only to quan-
tify the fibrosis, but also, using a polarized light microscope,
to differentiate type I collagen fibers that appear orange to
red from thinner type III collagen fibers that appear yellow
to green (4). Thus, we have documented with this method
that in the normal IPFP the collagen fibers of the intercellu-
lar space are constituted by type I and type III collagen (4%
and 16%, respectively). Moreover, on immunohistochemical
analysis and Weigert–van Gieson staining, type VI collagen
and elastic fibers were absent (both <1%) (2).

It would be very interesting to analyze the difference
in expression of types I, III, and VI collagen between lean
patients with OA and obese patients with OA, since type I,

III, IV, VII, VIII, and X collagens were all expressed by
abdominal adipose tissue and by adipocytes in culture (5). In
addition, modification of the expression of collagens in obe-
sity has been reported, such as a reduction in the expression
of type VI collagen a3 (COL6A3), which confers resistance
to inflammation-induced monocyte chemotactic protein 1
expression in adipocytes (6), and increased volumes of type
VI collagen around adipocytes in the omental white adipose
tissue of obese subjects compared to lean individuals (7).
Moreover, the quantification of the type of fibers could also
be useful for developing computational models of the adipose
pad that interpret the variations of the mechanical behavior
of the tissues due to pathologies (8).

Finally, our group has also recently documented an
increase in vascularization, lymphocyte infiltration, and thick-
ness of septa in OA IPFP removed during total knee arthro-
plasty compared to the IPFP from healthy controls (9),
characteristics that are consistent with the pathologic structural
changes observed in the adjacent synovial membrane. These
data suggest possible cross-talk between these 2 tissues and
support the concept of the IPFP and synovial membrane acting
as a functional unit (10), which needs to be better explored.
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Reply

To the Editor:
We thank Dr. Macchi and colleagues for their com-

ments regarding our study describing regional differences
between perisynovial and infrapatellar adipose tissue depots
in patients with end-stage OA of the knee. They summarize
our findings concisely and contextualize this data with their
own findings. The main goal of our study was to quantify the
differences between synovial and IPFP adipose tissue deposits
from the same patient. The synovial adipose tissue had a
greater proinflammatory/profibrotic response than the IPFP
in patients with obesity. We hypothesize that IPFP is a unique
intraarticular tissue that plays a significant role in joint homeo-
stasis, and our findings support the importance of the IPFP in
the development of OA (1). We do believe, however, that the
2 adipose tissue types examined respond to patient obesity in
a different manner.

First, we agree that the subtle differences in IPFP adi-
pocyte size between our study and that by Macchi et al may be
due to the methodology used as well as the presence of OA.

More importantly, Macchi et al highlight a crucial point about
the role of collagen deposition in adipose tissues in response
to obesity. It is well known that visceral and peripheral adipose
tissues respond to increased fatty acid by increasing the
adipocyte size. However, we believe that when space is
limited the adipocytes undergo pressure necrosis with sec-
ondary fibrosis. To support this hypothesis, we would like to
share our representative picrosirius red S staining results
(Figure 1), which support the presence of fibrosis demon-
strated by brightfield microscopy in our study, showing that
synovial adipose tissue from obese patients is surrounded by
an increased collagen network. We agree that the further
analysis of types I, III, and VI collagen in obese patients may
provide further insight into the pathogenesis of the proposed
changes. We hypothesize that the changes observed by
Macchi et al in normal joint tissues without OA may, in fact,
represent an important scenario preceding the development
of this disease.

We would also like to stress the importance of under-
standing the potential multiple pathways leading to OA. One
such pathway is thought to be driven by an increased level of
profibrotic markers (2) as well as tissue degradation enzymes,
such as matrix metalloproteinases and ADAMTS (3). In
addition, adipokines (4) and proinflammatory cytokines (5)
should be considered important drivers of OA in obese
patients.

We believe that the proposed cross-talk by different
tissues within the knee joint should be recognized, and hope that
IPFP and synovial adipose tissue will be considered important
tissues to be studied in the future to further our understanding of
the pathogenesis of OA.

Figure 1. Representative picrosirius red S staining of IPFP and synovial adipose tissue in lean patients and obese patients with OA. Synovial
adipose tissue from obese patients was surrounded by an increased collagen network.
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Organ involvement pattern suggests subgroups within
relapsing polychondritis: comment on the article by
Dion et al1

To the Editor:

Relapsing polychondritis (RP) is a multisystem disorder
of unknown etiology, characterized by recurrent inflammation
and destruction of cartilage tissues. We conducted a large-scale
study of Japanese patients with RP, which demonstrated that air-
way, cardiovascular, and central nervous system involvement
were closely associated with poor prognosis (1–4). Some patients
had multiple-organ involvement. To assess associations between
different organ involvement, we recently performed an explora-
tory study of the 239 patients, using correlation coefficients.

We assigned the numbers 0 and 1 to describe the absence
or presence, respectively, of each organ involvement. From the cor-
relation matrix, we constructed an undirected graph (Figure 1).

We observed a positive association between nasal carti-
lage involvement and airway involvement (r = 0.28). Similarly
positive relationships were observed among external ear involve-
ment, renal involvement, neurologic involvement, and cardiovas-
cular involvement (r = 0.14 to 0.30). Positive relationships were
also found among internal ear involvement, joint involvement,
and eye involvement (r = 0.18 to 0.20).

A strong inverse relationship between airway involve-
ment and external ear involvement was found (r = �0.48),

suggesting that these involvements belong to 2 different sub-
groups. An inverse relationship was also observed between
airway/nasal cartilage involvement and neurologic involve-
ment (r = �0.17 to �0.20).

Collectively, there seem to be 2 major subgroups of
patients with RP: those with nasal cartilage/airway involve-
ment and those with external ear involvement. External ear
involvement often accompanies internal ear/joint/eye involve-
ment and renal/neurologic/cardiovascular involvement.

Similar results were reported in a recent retrospective
study by Dion et al (5). They emphasized the importance of
myelodysplastic syndrome (MDS), which was frequently accom-
panied by cardiac involvement, as a poor prognostic factor in
RP. Our study demonstrated that 4 RP patients (1.6%) with
MDS responded well to hematologic treatment (4). However,
similar to findings in Dion and colleagues’ study, 1 RP patient
with MDS, Sweet syndrome, renal dysfunction, and mitral valve
regurgitation died. Classification of RP may be valuable for
physicians’ assessments and for elucidation of the pathogenesis
of RP.

Jun Shimizu, MD, PhD
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Kazuo Yudoh, MD, PhD
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St. Marianna University School of Medicine
Kawasaki, Japan
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Figure 1. Undirected graph of correlation coefficients between organ
involvements in Japanese patients with relapsing polychondritis. A
strong inverse relationship was observed between external ear involve-
ment and airway involvement. A direct relationship was found
between nasal cartilage involvement and airway involvement. Two dif-
ferent subgroups are delineated (a and b), even though there were
several exceptions. Numbers represent correlation coefficients, with
values of >0.14 being statistically significant (P < 0.05).
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Reply

To the Editor:

Shimizu et al report that, using correlation matrix
analysis in a study of 239 Japanese patients with RP, they found
that airway involvement (laryngeal and tracheobronchial) was
strongly associated with nasal chondritis whereas there was an
inverse relationship between airway involvement and external
ear chondritis, suggesting that nasal and auricular chondritis
define 2 subgroups of patients with RP. Our study included 142
patients from a single specialty center. Using multiple corre-
spondence analysis followed by cluster analysis, we identified 3
RP subgroups: patients with MDS, patients with tracheo-
bronchial involvement, and patients with none of these features
(who had a milder form of the disease).

We have now conducted an additional analysis of our
data and, in keeping with the results described by Shimizu
et al, found a negative correlation between tracheobronchial
and auricular involvements (r = �0.245, P = 0.003). However,
this correlation was not significant for airway involvement
overall. We did not find any correlation between nasal and
tracheobronchial chondritis (r = 0.08, P = 0.34).

There could be several explanations for the partial
discrepancy between the findings demonstrated in our addi-
tional analysis and those in Shimizu and colleagues’ research.
First, patient characteristics were quite different between the
2 studies (Table 1). In the Japanese study, auricular chondritis
was absent in 22% of patients. MDS, a very specific feature
of RP within connective tissue disorders, was rare although
the mean age at RP onset was approximately 9 years older
than in our study. Alternatively, tracheobronchial involvement
was more frequent and severe in the Japanese study and
renal manifestations were present in 6.7% of the patients
(Oka H, Yamano Y, Shimizu J, Yudoh K, Suzuki N. A large-
scale survey of patients with relapsing polychondritis in Japan.
Inflamm Regen 2014;34:149–56).

In RP patients described in the literature, renal
involvement usually consists of necrotizing glomerulonephri-
tis, therefore raising the question of granulomatosis with
polyangiitis (Wegener’s), as we have emphasized. In this set-
ting, it would be interesting to know if the patients from the
2009 Japanese study were tested for anti–proteinase 3 anti-
bodies and if they underwent renal biopsy.

Interestingly, the association between nasal and respi-
ratory involvement could have a pathophysiologic explanation.
In a rat model of RP induced by immunization against matri-
lin-1, animals developed severe respiratory involvement with
nasal chondritis but did not develop either auricular chondritis

or arthritis (Hansson AS, Heineg�ard D, Holmdahl R. A new
animal model for relapsing polychondritis, induced by cartilage
matrix protein [matrilin-1]. J Clin Invest 1999;104:589–98).

In conclusion, the description of distinct subgroups of
RP with different prognosis should be taken into account for
future randomized therapeutic trials, which have never been
carried out to date in this rare, but not too uncommon, disease.

J�er�emie Dion, MD
Nathalie Costedoat-Chalumeau, MD, PhD
Universit�e Ren�e Descartes Paris V
Hôpital Cochin
Jean-Charles Piette, MD
Universit�e Pierre et Marie Curie Paris VI
Paris, France
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Does the revised definition of eosinophilic
granulomatosis with polyangiitis (Churg-Strauss)
indicate the need for a new treatment? Comment on
the article by Pu�echal et al

To the Editor:
The recently published CHUSPAN 2 study addresses

the important issue of the optimum treatment for nonsevere
systemic necrotizing vasculitis (SNV) that poses no immediate
threat to life or essential-organ function (1). That study, con-
ducted by the French Vasculitis Study Group, contributed
much to our understanding of systemic vasculitis. All
patients with SNVs have a poor prognosis and require
prompt immunosuppressive therapy. Nevertheless, it is clear
today that less aggressive and less toxic immunosuppressive
regimens (i.e., intravenous instead of oral cyclophosphamide
for induction of remission, azathioprine (AZA) with

Table 1. Comparison of patient characteristics between 2 recent
series of patients with relapsing polychondritis*

Dion et al,
France

(n = 142)

Oka et al,
Japan

(n = 239)

Female sex 61 46
Age at disease onset, mean years 43.5 52.7
Auricular chondritis 89 78
Nasal chondritis 63 39
Arthritis 33† 39
Laryngeal involvement 43 20
Tracheobronchial involvement 22 41
Audiovestibular involvement 34 27
Ocular manifestations 56 46
Cutaneous manifestations 28 13
Myelodysplasia 8 1.7
Neurologic manifestations 11 9.6
Cardiac manifestations 27 7.1
Renal manifestations 0 6.7

* Except where indicated otherwise, values are the percent of
patients.
† Sixty-six percent had arthralgia.
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glucocorticoids (GCs) at a lower dose for maintenance ther-
apy, rituximab for both remission induction and maintenance
therapy) are appropriate for the majority of patients with
SNVs. Current guidelines encompass mainly patients with
more severe forms of granulomatosis with polyangiitis (Wege-
ner’s) and those with microscopic polyangiitis, leaving behind
patients with milder forms of SNV (2).

The French investigators sought to establish whether the
addition of AZA to GCs can improve the efficacy of treatment
for nonsevere SNV, particularly in patients with eosinophilic
granulomatosis with polyangiitis (Churg-Strauss) (EGPA), who
predominated in their study population (1). The addition of
AZA to GC treatment had no advantage over GC treatment
alone, both in all patients and in patients with EGPA, because
combination treatment failed to reduce the number of treatment
failures and relapse rates and did not show any steroid-sparing
effect. AZA remains a cornerstone of maintenance therapy in
patients with antineutrophil cytoplasmic antibody (ANCA)–
associated vasculitis (AAV) (2). Its efficacy during the remission
phase of AAV was recently confirmed in a randomized con-
trolled trial (3). However, the CHUSPAN 2 study results suggest
that AZA may be useless in a proportion of patients with EGPA,
even for maintenance of remission.

It is noteworthy in the context of the CHUSPAN 2 study
that EGPA is a heterogeneous disease. Apparently, not all patients
who meet the current classification criteria for EGPA do have gen-
uine vasculitis. In the largest study in patients with EGPA (n =
383), Comarmond et al showed that, in addition to some clinical
differences at diagnosis, outcomes varied depending on ANCA
status (4).

Cottin et al (5) recently suggested that EGPA should
be diagnosed only in the presence of at least one of the fol-
lowing features: 1) biopsy-proven necrotizing vasculitis in
any organ, biopsy-proven necrotizing glomerulonephritis or
crescentic glomerulonephritis, alveolar hemorrhage, palpable
purpura, or myocardial infarction due to proven coronary arteri-
tis and related to the systemic disease; 2) strong surrogate of
vasculitis, defined as hematuria associated with red blood cell
casts or >10% dysmorphic erythrocytes, or hematuria and 2+
proteinuria in urine related to the systemic disease, and any
organ manifestation other than ear, nose, and throat (ENT) or
bronchopulmonary manifestation associated with a biopsy
demonstrating leukocytoclastic capillaritis and/or eosinophilic
infiltration of the arterial wall; 3) mononeuritis multiplex; 4)
treatment with AZA combined with GCs, with at least one
extrathoracic non-ENT manifestation of disease. Otherwise, a
patient can be classified as having hypereosinophilic asthma with
systemic (nonvasculitic) manifestations (HASM).

In the study by Cottin et al, only 93 (59%) of 157
patients with a history of asthma, hypereosinophilia, or sys-
temic manifestations were classified as having EGPA. Nota-
bly, ANCAs per se were neither sensitive nor specific enough
to identify the subgroup of patients with genuine polyangiitis,
because 47% of patients with systemic vasculitis features had
no ANCAs, and 29% of patients with myeloperoxidase-
ANCAs had no vasculitis features. It seems reasonable to
avoid treatment with AZA or other cytostatics in patients
who do not present with any features of genuine polyangiitis.
Inhaled GCs with or without low-dose oral GCs may be a
preferable option for treatment during the remission phase of
HASM. Therefore, the revised definition of EGPA may iden-
tify patients with genuine vasculitis who do require more

aggressive approaches to remission induction and mainte-
nance therapy.

The inhibition of interleukin-5 (IL-5) with mepolizu-
mab offers another potential therapeutic option for patients
with EGPA and those with HASM. In a multicenter, double-
blind, phase III trial, mepolizumab treatment resulted in sig-
nificantly more weeks in remission and a greater proportion
of participants in remission compared with placebo treatment
(6). Moreover, mepolizumab reduced the rates of both vas-
culitis relapses (from 65% to 43%) and asthma and sinonasal
relapses (from 60% to 37% and from 51% to 35%, respec-
tively). Therefore, anti–IL-5 inhibition may have value both
in patients with genuine EGPA and in those with HASM. It
is worth noting that the efficacy of mepolizumab was limited,
because only approximately half of the participants treated
with mepolizumab have achieved protocol-defined remission.
The published data do not allow an estimation of the number
of patients with genuine polyangiitis in the mepolizumab
study. However, the proportion of patients with HASM was
probably more or less comparable with that in the Cottin
study, given the limited percentage of patients with biopsy-
based evidence (41%), neuropathy (41%), palpable purpura
(13%), alveolar hemorrhage (3%), glomerulonephritis (<1%),
or ANCA positivity (19%).

In conclusion, adding AZA to GCs provides no signifi-
cant benefit compared with GCs alone for remission induction
in patients with newly diagnosed nonsevere EGPA. The propor-
tion of patients with HASM may be higher in this group of
patients. We speculate that a higher proportion of HASM can
partly explain the low efficacy of AZA in the CHUSPAN 2
study. However, the results of treatment in patients with non-
severe microscopic polyangiitis or polyarteriitis nodosa suggest
that AZA should not be used for remission induction even in
patients with genuine polyangiitis. The definition and treat-
ment of EGPA remain a challenge for rheumatologists and
require further studies that could enable clinicians to develop
personalized therapeutic regimens according to clinical EGPA
phenotypes and pathogenic mechanisms, namely, ANCAs
and/or eosinophils (7).
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Moscow, Russia
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Reply

To the Editor:

We thank Dr. Smitienko and colleagues for their com-
ments regarding our study that was undertaken to determine
whether adding AZA to GCs could induce remission of SNVs
without poor-prognosis factors, specifically EGPA.

We fully agree that EGPA is a heterogeneous disease.
Indeed, we (1) and other investigators (2) demonstrated that
ANCA-positive and ANCA-negative EGPA differ phenotypically.
Among the 95 patients in the CHUSPAN 2 trial, 51 had
new-onset EGPA, and 19 (37%) of these 51 patients were anti–
myeloperoxidase antibody positive. Our trial was not designed to
evaluate the efficacy of AZA according to EGPA phenotypes,
and too few EGPA patients were enrolled to allow any valid com-
parison between subgroups. Because our CHUSPAN 2 study
addressed the efficacy of 1 year of adjunctive treatment with
AZA for remission induction and maintenance therapy, data are
lacking to determine whether a more prolonged AZA regimen
would be beneficial in some patients.

According to the recent European League Against
Rheumatism and European Renal Association–European Dialy-
sis and Transplant Association recommendations for the man-
agement of AAVs, nonsevere AAVs should be treated with a
combination of GCs and methotrexate (MTX) or mycopheno-
late mofetil (MMF) (level of evidence 1B, recommendation
grade B for MTX and grade C for MMF) (3). However, those
guidelines were based primarily on treatment for granulomatosis
with polyangiitis (Wegener’s) (GPA). Those recommendations
considered only one case series of 11 patients with EGPA (4),
but not the published results of several prospective trials in
patients with SNVs by our group (5,6), which included EGPA
patients without initial poor-prognosis factors. It should also be
emphasized that 10 of 16 of those recommendations are grade C
or D. Pertinently, the EGPA Task Force recommendations
highlighted that GCs alone may be suitable for EGPA patients
without life- and/or organ-threatening manifestations (recom-
mendation grade C) (7).

Only one of the studies by our group prospectively eval-
uated EGPA patients without poor-prognosis factors who re-
ceived GCs alone for remission induction (5). In that study,
93% of the patients achieved remission, with 94% overall sur-
vival at 7 years (8), but 35% of them relapsed, suggesting that
alternative or additional first-line treatment(s) are necessary
(5). However, that relapse rate did not differ from that
observed in other AAV patients treated with GCs and immuno-
suppressant agent(s).

A long-term analysis of 2 prospective, randomized, con-
trolled trials including 75 EGPA patients without poor-prog-
nosis factors showed excellent survival when GCs were initially
administered alone, but more patients with mononeuritis multi-
plex at onset relapsed (9), suggesting that adjunctive induction
treatment(s) could be necessary for this subpopulation, but no
prospective study findings support that hypothesis.

The CHUSPAN 2 study cannot answer all questions
about therapeutic strategies for EGPA, microscopic polyangiitis
(MPA), and polyarteritis nodosa, but it indeed resolved a major
enigma on the impact of AZA and GCs for patients without
poor-prognosis factors at diagnosis. However, because the risk
of side effects is high for most patients with AAVs, especially
those with EGPA who require long-term GCs (oral and inhaled),
new GC-sparing strategies are needed. Future trials should focus
on EGPA clinical phenotypes and pathogenic mechanisms and
evaluate new targeted cytokines, such as mepolizumab (the effi-
cacy of which for preventing EGPA relapses and/or asthma exac-
erbations was recently shown [10]), or anti-CD20 antibodies
such as rituximab, whose successful use for the treatment of
GPA and MPA is now well established.
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Clinical Images: Hard palate hyperpigmentation—a rare side effect of antimalarials

A 50-year-old white female patient with marked xerostomia, xerophthalmia, relapsing parotid swelling, arthralgias, and fatigue
had been treated with chloroquine (CQ) diphosphate (250 mg/day) for 4 years, when a painless bluish-gray hyperpigmentation of
her hard palate was observed during a rheumatologic follow-up visit (A). In order to rule out malignancy and infection, a mucosal
biopsy was performed. Histologic examination showed subepithelial granular pigment depositions among collagen fibers and
within macrophages (B) (bar = 100 lm). Application of Perls’ Prussian blue staining confirmed that the deposits contained hemo-
siderin (C). After cessation of treatment, the discoloration regressed within a few months. A search of medical publications from
the last 50 years revealed a total of 8 case reports and 1 case series involving 5 patients who had developed hard palate hyperpig-
mentation after hydroxychloroquine or CQ treatment (1). Interestingly, the earliest description of this side effect dates back to
World War II, when it was seen in 156 (31.2%) of 500 American soldiers in the Southwest Pacific who received quinacrine for
malaria prophylaxis or treatment (2). None of these descriptions, however, appeared in any rheumatology journals. Therefore, this
potential side effect of antimalarial treatment may be unknown to rheumatologists.
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dos Santos Silva AR, et al. Hard palate hyperpigmentation sec-
ondary to chronic chloroquine therapy: report of five cases.
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ACR Meetings 

Annual Meetings 
October 19–24, 2018, Chicago 
November 8–13, 2019, Atlanta

Winter Rheumatology Symposium
January 20–26, 2018, Snowmass 

State-of-the-Art Clinical Symposium
April 14–15, 2018, Chicago 

For additional information, contact the ACR office. 

Education Programs

Fourteenth International Sjögren’s Symposium. 
April 18–21, 2018, Capital Hilton Hotel,  Washington, DC. 
The International Sjögren’s Symposium is designed to facili-
tate precision medicine  practices in all aspects of clinical care, 
including patient diagnosis, prognosis, therapeutic responses, 
and prevention. Specifically, the symposium is meant to bring 

together leaders from the Sjögren’s syndrome/autoimmunity 
 research community to enhance translation of novel discov-
eries into clinical practice.  Presented by the Johns Hopkins 
University School of Medicine and the NIH. To register or for 
additional information, visit the web site http://tinyurl.com/
ISSS2018DC.

Eleventh International Congress on  Autoimmunity. 
May 16–20, 2018, Lisbon, Portugal. The International  Congress 
on  Autoimmunity encompasses the most up-to-date  clinical 
and  basic research findings on more than 80 autoimmune 
 diseases, with courses and lectures by some of the world’s most 
 distinguished  experts. The official language will be English. 
 Registration fees are €620 (early; until March 6), €720 (March 7–
May 8), and €820 (May 9–onsite) for full participants, and 
€380 (early; until March 6), €430 (March 7–May 8), and 
€480 (May 9–onsite) for trainees (students/fellows/residents) 
and  nurses. Optional courses and functions are  available 
for  additional fees. For additional information, e-mail 
reg_autoimmunity18@kenes.com, phone +41 22 908 0488, or 
visit the web site http://autoimmunity.kenes.com/2018.

ACR ANNOUNCEMENTS 
AMERICAN COLLEGE OF RHEUMATOLOGY 

2200 Lake Boulevard NE, Atlanta, Georgia 30319-5312 
www.rheumatology.org
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