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Association of Myocardial Inflammation With Disease 
Activity in Rheumatoid Arthritis
In this issue, Amigues et al (p. 496) report 
the results of the first study to evaluate and 
quantify subclinical myocardial inflamma-
tion in patients with rheumatoid arthritis 

(RA) using 18-fluoro-
deoxyglucose (FDG) 
positron emission tomog-

raphy with computed tomography (PET-
CT). The authors found that myocardial 
inflammation is common in patients with 
RA. The study included 119 patients, with 
FDG uptake visually observed in 39% of 
patients and an abnormal, quantitatively 
assessed myocardial FDG uptake shown 
in 18% of patients.  

Using the Clinical Disease Activity 
Index (CDAI) score to distinguish between 
patients with moderate-to-high disease 
activity (score of ≥10) and lower disease 
activity or remission (score of <10), the 
researchers found that the mean of the mean 
standardized uptake value (SUVmean) was 
31% higher in patients with moderate-to-
high disease activity than it was in patients 
with low disease activity or remission. The 

adjusted SUVmean was 26% lower among 
those treated with a non–tumor necrosis 
factor–targeted biologic agent than those 
treated with conventional disease-modi-
fying antirheumatic drugs. 

In the longitudinal substudy, the 
myocardial SUVmean decreased from 4.50 

units to 2.30 units over 6 months, which 
paralleled the decrease in the mean CDAI 
score from a score of 23 to a score of 12. 
The authors concluded that subclinical 
myocardial inflammation is related to 
disease activity and may improve with 
RA therapy. 

Patients with rheumatoid arthritis (RA) often mount an immune 
response to citrullinated antigens such as vimentin, fibrinogen, and 
α-enolase. Newer data suggest that the matrix protein aggrecan 
can also be citrullinated and recognized as an autoantigen. More 

importantly, T cell and antibody responses to 
citrullinated aggrecan (Cit-aggrecan) appear to 
contribute to the loss of peripheral tolerance in 

patients with RA.  In this issue, Rims et al (p. 518) report the results 
of their study designed to directly visualize and characterize Cit-
aggrecan–specific T cells in this patient group.

The investigators found that patients with RA not only 
have T cells that recognize Cit-aggrecan, but they also have 

significantly higher frequencies of Cit-aggrecan–specific T cells 
than healthy controls. Moreover, the frequencies of these T cells 
correlated with the presence of antibodies that target the same 
antigen.  The authors identified 6 immunogenic peptides, 2 of 
which were the predominant T cell targets in peripheral blood. 
The 2 epitopes were citrullinated at HLA binding residues and 
shared homologous sequences. These results are consistent 
with the hypothesis that CD4+ T cells selectively recognize 
citrullinated aggrecan epitopes in the context of the high-risk 
DRB1*04:01 haplotype. Aggrecan-specific T cells and antibodies 
may be relevant markers for monitoring patients with RA and/
or at-risk subjects.

Autoreactive T Cells in Patients With RA May Target 
Citrullinated Aggrecan Epitopes
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Figure 1. Examples of diffuse (A) and focal (B) myocardial FDG uptake, as measured using cardiac 
FDG PET-CT, in 2 patients with RA. Panels a, b, and c represent the short axis, panel d represents the 
horizontal axis, and panel e represents the vertical long axis. SUVmean = mean of the mean standardized 
uptake value; SUVmax = mean of the maximum standardized uptake value.
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A New Understanding of Pain in Patients With Knee 
Osteoarthritis
In general, studies on symptomatic knee 
osteoarthritis (OA) have phenotyped pain 
based upon Quantitative Sensory Testing 
(QST) measures or psychosocial factors. 

Two articles in this issue 
approach the issue of pain 
in patients with knee OA 

from novel perspectives. Carlesso et al 
(p. 542) identified 4 pain susceptibility 
phenotypes (PSPs); 3 were predominated 
by QST evidence of sensitization and 1 
was associated with developing persistent 
knee pain 2 years later. Soni et al (p. 550) 
report psychophysical and neuroimaging 
data suggesting that a subset of patients 
with OA have centrally mediated pain 
sensitization that was likely due to supra-
spinally mediated reductions in inhibi-
tion, as well as increases in facilitation 
of nociceptive signaling. 

Carlesso and colleagues evaluated 852 
individuals who were free from persis-
tent knee pain and who were differenti-
ated into 4 distinct PSPs using measures 

indicative of sensitization. The 4 PSPs 
were primarily characterized by varying 
proportions (low/absent, moderate, or 
high) of the presence of pressure pain 
sensitivity and of facilitated temporal 
summation (TS). Patients in the PSP with 
a high proportion of pain sensitivity and 
a moderate proportion of facilitated TS 
were twice as likely to develop incident 
persistent knee pain over 2 years when 
compared to subjects in the PSP having 
a lower proportion of sensitization by 
both measures.

Soni and colleagues examined 
patients who were awaiting arthroplasty 
for knee OA and had features of neuro-
pathic pain as identified using PainDE-
TECT. Patients with neuropathic-like 
pain before surgery reported signifi-
cantly higher pain in response to punctate 
stimuli and cold stimuli near the affected 
joint. When neural activity during punc-
tate stimulation in these patients was 
compared to that seen in patients without 

The spondyloarthritides include a range of disease phenotypes that 
vary in disease severity, presence of structural damage, and age at 
presentation. In this issue, Bray et al (p. 594) report that while tumor 
necrosis factor inhibitor (TNFi) therapy did reduce inflammation in 

a cohort of young patients (ages 12–23 years) with 
spondyloarthritis, it failed to prevent the eventual 
development of joint ankylosis. The study included 

29 patients with enthesitis-related arthritis or nonradiographic 
axial spondyloarthritis who were undergoing TNFi therapy. The 
investigators noted that inflammation scores were significantly lower 
in patients receiving TNFi treatment, but there was no significant 
effect of time from TNFi initiation on inflammation.

Moreover, while fusion scores in the cohort significantly increased 
with time from TNFi initiation, there was no significant effect of active 
TNFi treatment on fusion scores. Fusion scores did not change in the 
first year after the start of TNFi therapy, but they were significantly 
increased at all subsequent time points. The researchers also found 
a positive relationship between the time elapsed since biologic 
initiation and fat metaplasia scores.

Sacroiliac Joint Ankylosis in Young Patients With 
Spondyloarthritis

p. 594

p. 542

neuropathic-like pain, it was found that 
the activity  was significantly lower in 
the rostral anterior cingulate cortex and 
higher in the rostral ventromedial medulla 
(RVM). The authors found significant 
functional connectivity between those 
2 areas of the brain. Moreover, preop-
erative neuropathic-like pain and higher 
neural activity in the RVM were associ-
ated with moderate-to-severe long-term 
pain after arthroplasty. These patients 
also tended toward worse outcomes after 
knee replacement surgery.

Both studies present neurobiologic 
confirmation of central sensitization in 
patients with features of neuropathic 
pain. The results suggest that preven-
tion or amelioration of sensitization may 
be a novel approach to the prevention of 
persistent knee pain onset in patients with 
OA. The studies support further inves-
tigation of bedside measures for patient 
stratification in an effort to better predict 
postsurgical outcomes.

Figure 1. Magnetic resonance images from a representative patient showing 
the progression of ankyloses over a 5-year period. a–c, Before the initiation of 
tumor necrosis factor inhibitor (TNFi) therapy, bilateral bone marrow edema 
is evident on the STIR image (a) and T1-weighted (T1W) images (b and c). 
d–h, After TNFi therapy, the joint erosions gradually become less distinct, 
and the joints ultimately fuse in anatomic locations similar to those in which 
the initial edema was found. Arrows indicate the areas of involvement.
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Clinical Connections

SUMMARY 
Anti–citrullinated protein antibodies (ACPAs) are a hallmark of rheumatoid ar thritis (RA). The number and 
diversity of ACPA reactivities increase prior to clinical onset of RA and are associated with disease severity. 
Kongpachith et al investigated the mechanisms underlying epitope spreading of the ACPA response that lead to 
the presence of increased reactivities. Sequencing the blood plasmablast antibody repertoire in patients with RA 
revealed clonal families of affinity-matured ACPAs. Recombinant expression of these ACPAs demonstrated that 
unique somatic hypermutations enabled individual ACPAs from the same clonal families to bind different sets of 
citrullinated epitopes. Further, affinity-matured ACPAs frequently bound greater numbers of citrullinated epitopes 
relative to predicted ancestral family members. Molecular modeling identified key amino acid residues within 
the complementarity-determining regions (CDRs) and framework regions of ACPAs that mediate binding to 
citrullinated epitopes. Mutation of these residues within the antigen-binding site led to altered epitope specificity. 
These findings demonstrate that affinity maturation contributes to epitope spreading and can increase the 
polyreactivity of ACPAs.

KEY POINTS 

•  Affinity maturation leads to
epitope spreading.

•  Individual ACPAs within a
clonal family exhibit distinct
polyreactive binding to
citrullinated epitopes.

•  Affinity-matured ACPAs bind
greater numbers of citrullinated
epitopes compared to ancestral
antibodies.

•  Residues within CDRs and
framework regions of ACPA
paratopes contribute to the
specificity of ACPA reactivity.

Affinity Maturation of the Anti–Citrullinated Protein 
Antibody Paratope Drives Epitope Spreading and 
Polyreactivity in Rheumatoid Arthritis
Kongpachith et al, Arthritis Rheumatol 2019;71:507–517.

CORRESPONDENCE
William H. Robinson, MD, PhD:  w.robinson@stanford.edu.
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Clinical Connections

van Tok et al, Arthritis Rheumatol 2019;71:612–625.

CORRESPONDENCE
Dominique L. Baeten, MD, PhD:  d.l.baeten@amc.uva.nl.

Interleukin-17A Inhibition Diminishes  
Inflammation and New Bone Formation in 
Experimental Spondyloarthritis 

SUMMARY 
Spondyloarthritis (SpA) is characterized by tissue inflammation, car tilage and bone destruction, and new bone 
formation in axial and peripheral joints. Inflammation directly drives cartilage and bone destruction, and both 
tumor necrosis factor (TNF) and interleukin-17A (IL-17A) play a crucial role in these processes.  The link between 
inflammation and pathologic new bone formation, however, remains less well understood, as anti-TNF therapy 
has minimal impact on progression of new bone formation in SpA. 

It has been hypothesized that new bone formation is either 1) a derailed repair process triggered by tissue 
damage and occurring after resolution of tissue inflammation or 2) that inflammation and new bone formation are 
parallel but uncoupled processes. Using the HLA–B27–transgenic rat model of SpA, van Tok et al demonstrated 
that both hypotheses are likely incorrect. Prevention of inflammation with an anti–IL-17A antibody prevented 
new bone formation. Moreover,  treatment of ongoing inflammation with anti–IL-17A did not augment reparative 
new bone formation (hypothesis 1) or affect stable, ongoing new bone formation (hypothesis 2). On the contrary, 
anti–IL-17A inhibited fur ther progression of osteoproliferation.  These observations, supported by data showing 
that IL-17A accelerates osteoblastic differentiation of human SpA fibroblast-like synoviocytes, indicate that  
IL-17A links the 3 cardinal pathologic features of SpA: inflammation, tissue destruction, and new bone formation.

KEY POINTS 
•  New bone formation in

experimental SpA occurs only
in the presence of
tissue inflammation.

•  Treatment of established
inflammation by anti–IL-17A
inhibits the progression of
new bone formation in
experimental SpA.

•  IL-17A promotes osteoblast
differentiation of human SpA
fibroblast-like synoviocytes.

•  IL-17A links inflammation
and new bone formation in
experimental SpA.
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E D I T O R I A L

Interleukin- 17A and Pathologic New Bone Formation: 
The Myth of Prometheus Revisited
Iannis E. Adamopoulos

Inflammation has been linked with tissue regeneration going 
back as far as references made in ancient Greek mythology. How-
ever, despite recent advances, the cellular and molecular path-
ways that govern the regenerative process remain elusive. Recent 
findings from the study by van Tok et al, published in this issue of 
Arthritis & Rheumatology, shed new light on the complex phenom-
enon of bone regeneration as it pertains to inflammatory arthritis 
(1). In an ancient Greek myth, Prometheus upsets the gods by 
offering them bones wrapped in fat instead of a proper sacrificial 
offering and by stealing fire to return it to humankind. As an eternal 
punishment for his actions, it is said that Prometheus was chained 
to a rock and forced to endure an eagle feeding on his liver each 
day while it regenerated at night. Although Prometheus is a mythi-
cal character, modern science has confirmed that within this myth 
is the fascinating scientific fact of tissue regeneration. Liver regen-
eration occurs after injury, and many other tissues, including bone, 
have also been shown to exhibit regenerative abilities.

Bone repair after injury involves multiple events starting with 
the formation of a hematoma due to the rupture of blood vessels 
at the injury site. Injury to the soft tissues and degranulation of 
platelets results in the release of proinflammatory cytokines, which 
leads to the accumulation of an inflammatory infiltrate consist-
ing mainly of neutrophils, macrophages, and lymphocytes. The 
hematoma is gradually replaced by granulation tissue, before the 
repair process continues with the formation of new blood ves-
sels (neovascularization) and the recruitment of specialized cells, 
depending on the nature of regenerative tissue. Despite cel-
lular differences in the local tissue, a well- orchestrated immune 

response regulated by proinflammatory mediators precedes the 
repair process. Indeed, the molecular mechanisms are so aligned 
that hepatocyte growth factor (HGF), which regulates liver regen-
eration (2), has been shown to act as a coupling factor for osteo-
clasts and osteoblasts (3). Similarly, tumor necrosis factor (TNF), 
which also participates in liver regeneration (2), is critical in bone 
repair, as evidenced by impaired fracture healing exhibited in TNF- 
deficient mice (4).

The link between inflammation and pathologic new bone for-
mation is also demonstrated in spondyloarthropathies, a group of 
chronic inflammatory diseases of the skeleton and associated soft 
tissues, which include ankylosing spondylitis, psoriatic arthritis, 
inflammatory bowel disease–associated arthritis, reactive arthritis, 
juvenile spondyloarthritis (SpA), and undifferentiated SpA. The pre-
cise cellular and molecular pathways and the role of proinflamma-
tory cytokines in regulating inflammatory bone remodeling remain 
elusive. Undoubtedly, HGF and TNF are not the only factors that 
contribute to pathologic new bone formation. In the report by van 
Tok et  al, the fundamental question raised by the Prometheus 
myth is addressed by investigating the role of the proinflammatory 
cytokine interleukin- 17A (IL- 17A) in the coupling of inflammation 
and new bone formation (1).

The role of IL- 17A in inflammatory arthritis and bone remod-
eling has been extensively studied. Multiple studies have demon-
strated that cortical and trabecular bone in the femurs of IL- 17A–
deficient and wild- type mice exhibit similar bone mineral density, 
establishing an overall consensus that IL- 17A does not significantly 
alter normal skeletal development (5,6). This finding is merely due 
to the fact that IL- 17A expression is highly restricted under nonin-
flammatory conditions. However, under inflammatory conditions in 
which IL- 17A is expressed at high concentrations, multiple obser-
vations have confirmed that IL- 17A exhibits pro- osteoclastogenic 
effects in vitro and in vivo by up- regulating RANKL expression 
in stromal cells and RANK expression in  osteoclast precursors, 
thereby disturbing the RANKL/RANK/osteoprotegerin axis (5,6). 
The role of IL- 17A in inflammatory bone formation is complex. 
IL- 17A deficiency and/or blockade promotes periosteal bone 
formation in the K/BxN serum–transfer model of inflammatory 
arthritis (7), whereas other studies using the drill- hole injury animal 
model have demonstrated that enhanced bone regeneration is 
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 dependent on IL- 17A (8). Differing observations on the effects of 
IL- 17A on osteoblasts using different animal models likely result 
from variation in experimental parameters and the multiple signal-
ing pathways that orchestrate outcomes of IL- 17A in inflammatory 
bone remodeling, and further research is required.

Van Tok et al investigated the osteogenic capacity of IL- 17A 
by performing in vitro osteoblast differentiation assays in primary 
human fibroblast- like synoviocyte cultures isolated from synovial 
biopsy specimens from SpA patients, to effectively demonstrate 
that IL- 17A promotes the differentiation of osteoblasts and min-
eralization in SpA stromal cells. Moreover, the research team 
performed a series of in vivo experiments using the HLA–B27/
human β2- microglobulin (hβ2m)–transgenic rat model of SpA, in
which IL- 17A was inhibited by administration of a neutralizing anti-
body to IL- 17A either before (prophylactic) or after (therapeutic) 
the observed clinical onset of disease. This set of experiments 
demonstrated that anti–IL- 17A–treated rats experienced a reduc-
tion of inflammation and bone destruction, as evidenced by his-
tologic examination and micro–computed tomography analysis, 
which correlated with reduced bone formation in the spine and 
ankles (1).

Although IL- 17A interference with RANKL/RANK signaling 
regulates a number of transcription factors to enhance osteo-
clastogenesis and bone loss, the same transcriptional regulatory 
elements also exert dramatic effects on osteoblastogenesis and 
bone formation. One such transcription factor is NFATc1, which 
induces osteoclastogenesis. In NFATc1- deficient mice, gener-

ation of osteoclasts does not occur, leading to reduced bone 
resorption. Surprisingly, it has been demonstrated that mice 
expressing a constitutively nuclear NFATc1 variant (NFATc1nuc) 
exhibited massive osteoblast overgrowth and enhanced oste-
oblast proliferation (9). Therefore, while it seems that transcrip-
tional activation of NFATc1 in osteoclasts induces bone loss, 
the same pathways in osteoblasts have the potential to induce 
bone formation. These findings and the notion that TNF super-
family members (including RANKL and TNF) act as bidirectional 
signaling molecules that generate intracellular reverse signaling 
suggest that the transcriptional regulation under inflammatory 
conditions in osteoblasts may have dual effects, both promot-
ing and inhibiting bone formation. Although the precise mecha-
nisms of pathologic bone formation have yet to be determined, 
the potential of proinflammatory mediators to hijack cellular and 
molecular processes in order to activate osteogenesis is nothing 
short of fascinating.

In support of the notion that reverse RANKL signaling is 
involved in these dual effects, findings from a recent study sug-
gest that RANKL reverse signaling couples bone resorption and 
bone formation (10). Specifically, the study demonstrates that 
vesicular RANK, secreted from terminally differentiated osteo-
clasts, activates the expression of Col1a1, Runx2, and Osx to 
promote osteoblast differentiation, leading to mineralization and 
new bone formation both in vitro and in vivo (10). Since IL- 17A can 
induce RANK expression in osteoclast precursors and expand 
the RANK+ osteoclast precursor population (6), it is plausible that 

Figure 1. Interleukin- 17A (IL- 17A) in pathologic bone formation. Schematic representation shows the pro- osteoclastogenic roles of IL- 17A 
(green dots), induction of RANKL secretion (magenta dots) by stromal cells, and expansion of RANK+ osteoclast precursors, which leads to 
an increase in vesicular RANK (yellow) that can potentiate RANKL reverse signaling and lead to RUNX2 activation and bone formation. IL- 17A–
induced RANKL and RANK expression is neutralized during IL- 17A inhibition and therefore may arrest pathologic bone remodeling.
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excess RANK availability in terminally differentiated osteoclasts 
may be one of the mechanisms by which IL- 17A can induce bone 
formation (Figure 1).

One of the most important mechanistic findings in the report 
by van Tok et al is that the inhibition of IL- 17A and the observed 
changes in new bone formation correlate with a reduction of 
myeloid- related genes such as defensins, myeloperoxidase, and 
neutrophil elastase. While some studies have failed to reveal 
the prominent role of IL- 17A when using an IL- 17A minicircle 
overexpression model, others have used the same model and 
demonstrated that IL- 17A expands distinct myeloid populations 
including neutrophils (11), as was also observed by van Tok. This 
finding is of primary importance, as an expansion of neutrophils 
(particularly neutrophil elastase, which plays a significant role in 
NETosis) is critical in the development of IL- 17A–mediated epi-
dermal hyperplasia and skin inflammation (11). Similarly, other 
groups have observed that neutrophils are important effector 
cells in entheseal inflammation by augmenting the inflammatory 
response through the release of proteases and reactive oxygen 
species, and the activation state of neutrophils is critical in deter-
mining the development of enthesitis (12). Collectively, these 
new data illustrate not only the effects of IL- 17A on new bone 
formation but also the contribution of neutrophils, which may 
help us achieve a more complete understanding of the patho-
genesis of enthesitis and skin inflammation, hallmark pathologic 
features of SpA.

With the demonstration that, at least in the HLA–B27/
Hβ2m–transgenic rat model of spondyloarthritis, new bone for-
mation is not observed without inflammation, we can  conclude 
that in this animal model, tissue remodeling of bone recapit-
ulates the myth of Prometheus in which tissue regeneration 
is closely linked to inflammation. In the absence of  concrete 
experimental evidence that describes the exact mechanisms 
governing IL- 17A–mediated bone formation, one can only 
speculate that the answer may lie within the Greek myth and 
the regenerating liver of Prometheus. Interestingly, findings 
from a previous study that used a model of revers ible liver 
injury (in which the injury and recovery phases were distinct), 
combined with CD11b+ depletion strategies using CD11b–
DTR–transgenic mice, provided the first clear evidence that 
functionally distinct myeloid subpopulations exist in the same 
tissue and play critical roles in both liver injury and repair (13). 
Based on the common features observed in liver and bone, it 
is certainly plausible that heterogeneity in innate immune path-
ways may underlie the sequential interplay of inflammation and 
repair (14). New evidence provided by van Tok et al elegantly 
demonstrates and confirms the role of the proinflammatory 
mediator IL- 17A in bone formation, in addition to highlighting 
the importance of myeloid cells and neutrophils in SpA, which 
warrants further investigation.
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The Contribution of PTPN22 to Rheumatic Disease
Tomas Mustelin,1 Nunzio Bottini,2 and Stephanie M. Stanford2

One of the unresolved questions in modern medicine is why certain individuals develop a disorder such as rheu-
matoid arthritis (RA) or lupus, while others do not. Contemporary science indicates that genetics is partly responsible 
for disease development, while environmental and stochastic factors also play a role. Among the many genes that 
increase the risk of autoimmune conditions, the risk allele encoding the W620 variant of protein tyrosine phosphatase 
N22 (PTPN22) is shared between multiple rheumatic diseases, suggesting that it plays a fundamental role in the 
development of immune dysfunction. Herein, we discuss how the presence of the PTPN22 risk allele may shape 
the signs and symptoms of these diseases. Besides the emerging clarity regarding how PTPN22 tunes T and B cell 
antigen receptor signaling, we discuss recent discoveries of important functions of PTPN22 in myeloid cell lineages. 
Taken together, these new insights reveal important clues to the molecular mechanisms of prevalent diseases like RA 
and lupus and may open new avenues for the development of personalized therapies that spare the normal function 
of the immune system.

Introduction

In 2004, we and others reported the discovery that a 
single- nucleotide polymorphism (SNP) C1858T (rs2476601) 
in the PTPN22 gene is associated with type 1 diabetes (1), 
rheumatoid arthritis (RA) (2), and systemic lupus erythemato-
sus (SLE) (3). These initial findings have been extensively rep-
licated, and today there are close to 1,000 published papers 
confirming and refining the genetic association of PTPN22 
with numerous autoimmune diseases. Indeed, PTPN22 is now 
recognized as the most influential non–major histocompatibil-
ity complex (non- MHC) gene in the development of autoim-
munity, including most rheumatic conditions. Herein we sum-
marize the progress in our understanding of the role of protein 
tyrosine phosphatase N22 (PTPN22) in rheumatic diseases, 
highlighting how PTPN22 likely operates through multiple 
mechanisms of action. The varying strength and direction of 
the association between PTPN22 and various diseases (Fig-
ure 1) reflect the differential contribution of these mechanisms 
and introduce a potential novel method of pathogenetic dis-
ease classification.

PTPN22 in RA and juvenile idiopathic arthritis (JIA)

A statistically significant association of the PTPN22 1858T 
allele (encoding the W620 variant) with RA was first reported by 
Begovich and coworkers in 2004 (2). The odds ratio was 1.65 in 
their discovery cohort (n = 475 patients with RA and 475 controls) 
and as high as 2.63 for the homozygous TT genotype versus CC 
in their replication cohort (n = 840 subjects from 463 white fam-
ilies). Rheumatoid factor (RF)–positive RA patients had a higher 
odds ratio than RF- negative patients. Numerous studies have 
validated these findings (4) and documented an association of 
PTPN22 with anti–citrullinated protein antibodies (5–9) as well as 
smoking (10,11), erosive disease (12), and earlier disease onset 
(8,13). However, the presence of the PTPN22 risk allele 1858T 
did not correlate with response to anti–tumor necrosis factor (anti- 
TNF) agents (9) or methotrexate (14).

Despite the now well- established geographic gradient in T 
allele frequency, with the highest prevalence in Caucasians of 
northern European descent and considerably lower frequen-
cies in southern Europeans (15) and Hispanics, particularly low 
 frequencies (<1%) in Asians, and near absence in people of Afri-
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can origin, a significant association of the T allele with RA has been 
documented in populations worldwide, including RA patients from 
South Asia (16), Tunisia (17), and Turkey (18). However, in some 
populations the T allele frequency is too low (<1%) for a meaning-
ful analysis (19). Interestingly, another polymorphism (rs2488457) 
located in the promoter region of PTPN22 is instead associated 
with RA in a Chinese population (20).

The PTPN22 1858T allele is also associated with juvenile idio-
pathic arthritis (JIA)  (4,21) with a somewhat lower odds ratio of ~1.3 
in a meta- analysis that included >4,000 patients and 6,000 controls 
(22), as well as in a more recent meta- analysis (23), in which RF- 
positive polyarticular JIA had a stronger odds ratio of 2.12. Inter-
estingly, this subtype of JIA is most similar to RA. Other association 
studies have treated all 7 recognized forms of JIA as a single entity.

PTPN22 in spondyloarthritides

While most susceptibility loci identified in psoriasis tend to be 
associated with both skin psoriasis and psoriatic arthritis (PsA), 
PTPN22 is an exception: the association of the 1858T allele with 
general skin psoriasis is weak or absent, whereas its association 
with PsA is highly statistically significant, with odds ratios of up to 
1.32 (24,25). This suggests that PsA has additional components 
in its pathogenesis compared to skin- restricted disease and 
more involvement of cells and pathways influenced by PTPN22. 
Also somewhat surprising considering the partially shared patho-
genic mechanisms between PsA and ankylosing spondylitis (AS), 
the latter is not associated with PTPN22. The known roles of 
PTPN22 in CD8 memory T cell function (26) and interleukin- 17 
(IL- 17)–producing Th17 cell differentiation (27) suggest the pos-
sibility that the differential association of PTPN22- W620 with PsA 
versus psoriasis or AS depends on alterations in the function of 
CD8 T cells—which are thought to play a more prominent role in 
PsA than in psoriasis or AS (28)—or that PTPN22- W620 contrib-
utes to differential phenotypes of Th17 in PsA versus psoriasis 
or AS (29).

PTPN22 in SLE

In the first study to show an association of the PTPN22 
1858T allele with SLE, Kyogoku and coworkers (3) found that 
a single copy of the T allele increased the risk of SLE with an 
odds ratio of 1.37 (95% confidence interval 1.07–1.75), while 
TT homozygotes had a much higher odds ratio of 4.37 (95% 
confidence interval 1.98–9.65). The association with SLE has 
now been replicated in nearly 20 studies, and 2 recent meta- 
analyses showed an overall odds ratio of ~1.5 (30,31). SLE 
patients with an 1858T allele were noted in different studies 
to have higher interferon- α (IFNα) levels and lower TNF levels
(32), somewhat more prevalent nephritis (33), and a higher 
 incidence  of antiphospholipid syndrome with anticardiolipin 
auto antibodies (34).

PTPN22 in vasculitides

The rs2476601 PTPN22 polymorphism is also positively 
associated with antineutrophil cytoplasmic antibody (ANCA)–asso-
ciated vasculitis (AAV) (35–38). Specifically, PTPN22 1858T is asso-
ciated with 2 of the 3 distinct autoimmune vasculitides associated 
with ANCAs (39), microscopic polyangiitis and granulomatosis with 
polyangiitis, but has not been reported in eosinophilic granuloma-
tosis with polyangiitis. PTPN22 association was equal in patients 
with the anti–proteinase 3 serotype and those with the antimyelo-
peroxidase serotype. Although an initial study (40) showed a lack 
of association, several later studies have documented and repli-
cated a significant association of 1858T with biopsy- proven giant 
cell arteritis (GCA) (41,42) with an odds ratio of 1.62 (95% confi-
dence interval 1.29–2.04). These findings have been replicated in 
Spanish, Scandinavian, British, American, and Australian patient 
samples. There was no difference in risk between patients with 
and those without polymyalgia rheumatica or visual ischemic man-
ifestations (42,43). In contrast, PTPN22 was not associated with 
Takayasu arteritis, Behçet’s disease, or IgA vasculitis (44,45).

Figure 1. The spectrum of PTPN22 1858T–associated diseases by magnitude of risk. The x- axis shows the odds ratio, with 1.0 indicating no 
association and <1 indicating a protective effect. Disease names are shown above the approximate average odds ratio for heterozygotic carriers 
from all published studies and meta- analyses. ANCA = antineutrophil cytoplasmic antibody.
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PTPN22 in other rheumatic and autoimmune 
conditions

PTPN22 1858T is also strongly associated with type 1 
diabetes, autoimmune thrombocytopenia, vitiligo, idiopathic 
inflammatory myopathies, Graves’ disease, myasthenia gravis, 
and Addison’s disease (44). On the other hand, the associ-
ation with systemic sclerosis (SSc) is weaker and has only 
been found in larger cohorts and meta- analyses (46). Other 
diseases that lack an association with PTPN22 1858T include 
multiple sclerosis, pemphigus vulgaris, ulcerative colitis (UC), 
primary sclerosing cholangitis, primary biliary cholangitis (for-
merly known as primary biliary cirrhosis), and acute anterior 
uveitis, all of which represent diseases in epithelial, mucosal, 
or immune- privileged organs (47). Intriguingly, in Crohn’s dis-
ease the direction of association is reversed, and PTPN22 
1858T plays a protective role. Figure 1 summarizes the spec-
trum of association between PTPN22 and various rheumatic 
or autoimmune diseases. The observed variability likely reflects 
fundamental differences in disease pathogenesis, although it 
is possible that in some diseases PTPN22 1858T promotes 
both pathogenic and disease- protective pathways, ultimately 
attenuating the strength of the association.

Other polymorphisms in PTPN22

Besides the C1858T polymorphism, 2 additional PTPN22 
SNPs have been found to be associated with various diseases, 
particularly in populations with a low frequency of the 1858T 
allele. The G1123C polymorphism (rs2488457) is located in the 
5′- promoter region of PTPN22 and is associated with RA (20), JIA 
(48), and UC (49) in Chinese populations, in which the rs2476601 
SNP is not associated with autoimmunity. The impact of this non-
coding SNP on the transcription, stability, or translation of the 
messenger RNA (mRNA) remains to be fully clarified. Interestingly, 
both SNPs rs2476601 and rs2488457 were recently reported 
as potential cis- expression quantitative trait loci in whole blood 
from Spanish RA patients (50), and another study demonstrated 
that PTPN22 expression is significantly decreased in whole blood 
from RA patients carrying the risk alleles of SNPs rs2476601 and 
rs2488457 compared to healthy controls (51).

The second SNP (rs33996649) is a missense G788A muta-
tion that encodes an R263Q substitution in the catalytic domain 
of the protein. This variant changes the conformation of the 
PTPN22 active site, and therefore, unlike the 1858T allele, results 
in reduced catalytic activity of PTPN22 (52). It is therefore inter-
esting that in European populations, the 788A allele displays a 
pattern of association with autoimmune diseases that is distinct 
from the 1858T allele. In contrast to 1858T, the 788A allele pro-
tects against both SLE and RA (53). The 788A allele also protects 
against UC, which 1858T is not associated with, and the 788A 
allele is not associated with Crohn’s disease, which 1858T is pro-

tective against (53,54). Single studies have so far shown no asso-
ciation of the 788A allele with SSc, GCA, IgA vasculitis, uveitis, or 
Graves’ disease (53).

Structure and molecular functions of PTPN22

The PTPN22 gene encodes a 110- kd protein (Figure  2) 
known as lymphoid tyrosine phosphatase (55), although now 
more commonly referred to simply as PTPN22. It is found in all 
leukocyte lineages, and its mRNA is particularly abundant in neu-
trophils, natural killer cells, and B cells. The PTPN22 protein has 
a classic and strictly phosphotyrosine- specific PTP domain in 
its N- terminus followed by a linker region and a long C- terminus 
of unknown structure. Within the last 200 residues of PTPN22, 
there are 4 proline- rich sequence motifs, termed P1–P4, the first 
of which (PPPLPERTPESFIVV) binds with high affinity to the SH3 
domain of C- terminal Src family kinase (CSK) (56). While CSK 
phosphorylates the negative regulatory C- terminus of Lck (57) and 
other Src family kinases that mediate signaling from a variety of 
immune receptors, including the T cell receptor (TCR) and B cell 
antigen receptors and Fc receptors (58), PTPN22, in a comple-
mentary manner, dephosphorylates the same kinases at their acti-
vation loop tyrosines (59) (Figure 2). This gives PTPN22 a strong 
inhibitory function in the TCR and Fc receptor sig naling pathways, 
while the role of PTPN22 in B cell receptor (BCR) sig naling remains 
less defined. In the context of TCR signaling, PTPN22 can also 
dephosphorylate subunits of the receptor (e.g., CD3ε) and other 
proximal signaling molecules, such as Vav, ZAP- 70, and valosin- 
containing protein.

The elimination of PTPN22 in the mouse results in the accu-
mulation of effector memory T cells later in life (60). These cells 
show enhanced responsiveness to TCR engagement. PTPN22- 
knockout mice also display enhanced numbers of follicular helper 
T cells and germinal centers, and knockout CD4+ T cells provide 
increased T cell help to B cells (61). Additionally, PTPN22 deletion 
in mice results in the expansion of CD4+CD25+FoxP3+ Treg cells, 
which display enhanced suppressive and adhesive functions (62). 
No effects on BCR signaling or B cell development were reported 
(60).

The C1858T polymorphism switches amino acid residue 620 
in PTPN22 from Arg (R) to Trp (W) (1), changing the P1 motif to 
PPPLPEWTPESFIVV. This change is significant because R620 
is a key residue for binding the CSK SH3 domain. Indeed, the 
PTPN22-W620 protein no longer binds CSK (1). We previously 
reported that PTPN22-W620 isolated from primary T cells from 
healthy subjects or patients with diabetes had higher catalytic activ-
ity than PTPN22-R620 (63). The consequences of increased cata-
lytic activity, lost CSK binding, and other mechanisms (described 
below) are likely different and potentially all important for increas-
ing the risk of autoimmunity. Chemical biology approaches—for 
example, generation of chemical activators of PTPN22 catalytic 
activity or probes that would disrupt the  interaction between 
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PTPN22 and CSK—would aid in the dissection of the impact of 
these mechanisms on PTPN22 function.

Indicative of even more complexity (Figure 2), PTPN22 has 
also been reported to associate with the TNF receptor–associ-
ated protein TNF receptor–associated factor 3 (TRAF3) (64), the 
adapter protein Grb2 (65), the cytoskeletal protein proline/serine/
threonine phosphatase–interacting protein 1 (PSTPIP- 1) (66), 
and the citrullinating enzyme protein peptidylarginine deiminase 
4 (PAD4) (67). The physiologic relevance of these interactions 
remains to be fully elucidated, but binding to TRAF3 has been 
shown to restrict the physical location of PTPN22 and CSK to 
enhance signaling from the T cell antigen receptor (64) and the 
IL- 6 receptor (68). The binding of PTPN22 to PSTPIP- 1, the gene 
for which is mutated in familial recurrent arthritis (69,70) and pyo-
genic sterile arthritis, pyoderma gangrenosum, and acne syn-
drome (71), may direct PTPN22 to its recently recognized role 
in dephosphorylating the inflammasome subunit NLRP3 (72). 

This dephosphorylation was found to stimulate inflammasome 
activation and subsequent IL- 1β production (72). Importantly,
PTPN22-W620 also bound NLRP3, but was more effective in 
dephosphorylating it, leading to increased IL- 1β production.
Finally, the binding of PTPN22 to PAD4 reportedly only involved 
the major allele PTPN22-R620, while the disease- predisposing 
variant did not bind (67). The authors propose that this difference 
may result in increased protein citrullination in RA patients carry-
ing the 1858T allele.

Another likely important aspect of the biology of PTPN22 
is its regulation by mechanisms that modulate T cell function, 
such as its direct transcriptional suppression by the Treg cell 
transcription factor FoxP3 (73) and by inhibition of transla-
tion of its mRNA by the T cell–modulating microRNA- 181a 
(74). These findings emphasize the importance of PTPN22 
fine- tuning in the complex, but important, regulation of T cell 
immun ity.

Figure 2. Structure, interactors, and substrates of protein tyrosine phosphatase N22 (PTPN22). PTPN22 (green box) contains a catalytic 
protein tyrosine phosphatase (PTP) domain, a linker (thick black line), and 4 proline- rich regions (P1–P4). The location of the R620W (C1858T) 
missense mutation in the P1 motif is indicated. Protein domains of interacting proteins are peptidylarginine deiminase (PAD), SH2 domain, SH3 
domain, RING zinc finger domain, tumor necrosis factor receptor–associated factor (TRAF) domain, Brf1 binding protein, C- terminal (BBP1_c) 
homology, Spindle pole component 29 (Spc29) homology, Fes- CIP (FCH) homology domain, and Wiskott- Aldrich syndrome protein (WASP). 
VCP = valosin- containing protein; PSTPIP = proline/serine/threonine phosphatase–interacting protein. Encircled P indicates a phosphorylation 
site.



MUSTELIN ET AL 490       |

T and B cell mechanisms by which PTPN22-W620 
may drive autoimmunity

The scientific community has not yet reached a consensus 
on exactly how PTPN22-W620 increases the risk of autoimmun-
ity. Most investigators have focused on T cells. Some have pro-
posed that PTPN22-W620 alters T cell antigen receptor signaling 
during thymic selection to promote the survival of autoreactive 
T cells that later participate in self- reactivity (75,76). One study 
suggested that Treg cells are less effective at suppressing activa-
tion of effector T cells in 1858T carriers (27) (Figure 3). Several in 
vitro studies with human T cells have shown that PTPN22-W620 
decreases TCR signaling, as a gain- of- function effect would pre-
dict (63,77). This was seen as diminished tyrosine phosphoryl-
ation of early signaling molecules and reduced calcium mobi-
lization (63). In contrast, experiments in mouse T cells largely 
led to the opposite conclusion (78). Despite these differences 
in TCR signaling effects between the two species, the disease- 
predisposing allele causes many of the same perturbations in 
T and B cell immunity in both species (78). In addition, other 
pathways activated by TCR signaling in human T cells (includ-
ing the ERK and protein kinase B/Akt pathways) were found to 
be enhanced in 1858T carriers. This suggests that the mecha-
nism of action of PTPN22-W620 in T cells and the consequent 
immunopathogenic effects are complex. Indeed, inhibition of 

autoimmune- protective IL- 10 release, enhancement of IL- 2 and 
IFNγ release, and expansion of the memory T cell compartment 
have been variably reported in studies of W620 in human T cells 
(63,77,79,80).

Intriguingly, while loss of PTPN22 in B cells does not seem 
to impact BCR signaling (81), multiple reports suggest that the 
W620 variation results in inhibition of human B cell activation. 
Although the underlying molecular mechanism remains to be fur-
ther clarified, these observations suggest that PTPN22-W620 can 
impinge on the pathogenesis of autoimmunity by impairing the 
elimination of autoreactive B cells (81–83). This conclusion is also 
supported by experiments in humanized mice (82). Furthermore, 
overexpression of Ptpn22-W619 only in B cells was sufficient to 
cause spontaneous features of autoimmunity in mice with a mixed 
C57BL/6J- 129/Sv background (84).

Cell type–specific contributions of PTPN22 to 
disease

Since PTPN22 is expressed in all leukocyte lineages, it is 
plausible that PTPN22-W620 contributes to the pathogenesis of 
different rheumatic conditions through a mix of effects on dif-
ferent immune cell lineages, but perhaps with a different weight 
of each lineage in each disease. We extrapolate this assump-
tion from the varying roles that different immune cell lineages 

Figure 3. Effects of the PTPN22 risk allele on the function of important immune cells. Effects on effector T (Teff) cells, Treg cells, B cells (B), 
plasma cells (PC), macrophages (Mac), and neutrophils (polymorphonuclear cells [PMNs]) are shown. N22-W denotes the disease- associated 
PTPN22-W620 variant. TCR = T cell receptor; IFNγ = interferon- γ; BCR = B cell receptor; IL- 6R = interleukin- 6 receptor; FcR = Fc receptor; 
IFNAR = interferon- α/β/ω receptor 1; FcγRIIa = Fcγ receptor IIa; PAD4 = peptidylarginine deiminase 4.
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are thought to play in the pathogenesis of each disease. For 
example, in diseases where autoantibodies are recognized to be 
particularly important (e.g., SLE), dysfunction of PTPN22-W620– 
expressing B cells is likely to play a larger role. Similarly, in dis-
eases where a primary dysfunction of neutrophils is considered 
instrumental for pathogenesis (e.g., AAV or RA), PTPN22-W620 
is more likely to contribute to pathogenesis through neutrophils. 
However, in AAV, antineutrophil autoantibodies are also impor-
tant, suggesting that PTPN22-W620 may also contribute to this 
disease through B cell dysfunction. As we learn more about the 
effects of PTPN22-W620 in other immune cells, such as mye-
loid or plasmacytoid dendritic cells, macrophages, monocytes, 
or eosinophils, we will be able to hypothesize how dysfunction 
of these cell lineages may contribute to diseases where they 
are critically involved in the pathogenesis. These concepts will 
require lineage- specific knockout or knockin mice for a deeper 
mechanistic analysis.

How PTPN22-W620 may corrupt myeloid cells in 
rheumatic diseases

Macrophages, dendritic cells, and neutrophils are emerging 
as key players in many autoimmune conditions, for example, in 
disposition of apoptotic or necrotic cells and immune complexes 
in SLE (85), protein citrullination in RA, autoantigen exposure 
through neutrophil extracellular traps (NETs) (86), nucleic acid 
sensing, and type I IFN production (87). All of these cells express 
PTPN22, but there are relatively few studies addressing its role in 
these cells.

PTPN22 selectively promotes type I IFN responses after 
activation of myeloid cell pattern- recognition receptors. In con-
trast to TCR signaling, this function of PTPN22 is not mediated 
by PTPN22 catalytic activity; rather PTPN22 binds to the E3 
ubiquitin ligase TRAF3 and selectively promotes its Lys63- linked 
autoubiquitination in myeloid cells after engagement of Toll- like 
receptors (TLRs). This leads to the production of type I IFN with-
out an effect on the expression of proinflammatory cytokines 
such as IL- 1β and TNF. PTPN22-W620 displays reduced bind-
ing to TRAF3, and myeloid cells carrying this variant display 
deficient type I IFN production following TLR stimulation. Other 
studies carried out in mice suggest that macrophages carrying 
PTPN22-W620 have hyperreactive phagocytic and proinflamma-
tory abilities and/or skewed polarization (88,89).

In neutrophils, PTPN22-W620 appears to play a remark-
ably different role than in T cells. Vermeren and coworkers (90) 
found that loss of PTPN22 impaired (rather than augmented) Fcγ
receptor II (FcγRII) signaling. They measured receptor- triggered
Ca2+ mobilization, oxidative burst, and NETosis, all of which 
were reduced in PTPN22−/− neutrophils. Bayley and coworkers 
(91) went a bit further and isolated neutrophils from genotyped 
RA patients or healthy volunteers and measured neutrophil 
activation in heterozygous (W/R) and homozygous (R/R) indi-

viduals; there was only 1 homozygous carrier of the disease- 
predisposing allele (W/W) in the control group and 2 in the RA 
group, precluding much experimentation with neutrophils of this 
genotype. They found that PTPN22-W620 enhanced neutro-
phil activation, oxidative burst, and NETosis in RA donors (91). 
In contrast, Cao et al (92) reported that leukocytes (peripheral 
blood mononuclear cells) from AAV patients with PTPN22-W620 
had reduced Erk activity and IL10 transcription. However, they 
observed elevated activity of p38 kinase (92). It should be noted 
that many experiments in that study used mixed leukocytes—
hence a difference between neutrophils and lymphocytes may 
have gone unnoticed.

Perhaps the rheumatic condition with the most likely 
manifestation of neutrophil dysfunction potentially caused by 
PTPN22-W620 is AAV. It is clear that ANCAs play a key role in 
driving disease by activating neutrophils to degranulate (93), 
produce reactive oxygen species (93), and extrude NETs (94). 
In patients (95), vasculitis begins with local accumulation and 
activation of neutrophils, which rapidly undergo NETosis, apop-
tosis, or necrosis while driving a necrotizing inflammation that 
results in endothelial cell death, vascular leakage, fibrin deposi-
tion, and a subsequent monocyte and macrophage recruitment 
(39). This phase eventually evolves into a fibrin and collagen–rich 
lesion, which may resolve if the initial inflammation was limited, 
or become permanent scar tissue with lingering chronic mon-
onuclear cell infiltrates with B and T cells in ectopic germinal 
center–like structures. In these instances, the inflamed artery may 
be permanently occluded. The events leading to the formation 
of a nonvascular granuloma are less understood but appear to 
be similar. The margins of a granuloma consist of monocytes 
and epithelioid macrophages that wall off a center of necrotic 
neutrophil- derived and fibrinous debris.

PTPN22 is involved in several steps of this pathogenesis 
and may influence: 1) ANCA- mediated neutrophil activation via 
regulation of FcγRIIa signaling, 2) neutrophil priming by IL- 6 via
TRAF3 association, 3) NET extrusion via regulation of PAD4, and 
4) inflammasome- mediated production of IL- 1β and IL- 18 and
activation of gasdermin D, leading to neutrophil cell death by 
pyroptosis. All of these possible points of influence may synergize 
with each other and with the increased numbers of autoreactive 
T and B cells that produce ANCA in a vicious circle of disease 
propagation.

Remaining key questions

While it is intellectually gratifying that a risk allele such as 
that of PTPN22 is associated with so many different autoim-
mune diseases, it is also thought- provoking that the risk it con-
fers varies from strong (second only to MHC) to weak or non- 
existent between different diseases. What can we learn from this? 
Are there patterns of disease manifestations that segregate the 
PTPN22- associated diseases from those that are not associated? 
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Why do subjects who carry one or two risk alleles develop a very 
specific autoimmune disease instead of another one? Clearly, 
other genetic and external factors must play a role, some of them 
in concert with PTPN22 and some independently.

By examining the spectrum of diseases on a scale of their 
magnitude of association (e.g., by odds ratio) (Figure  1), one 
can draw a few tentative conclusions. First, patients with dis-
eases that are strongly associated with PTPN22 tend to have 
autoantibodies, the presence or titer of which correlate with 
the presence of the 1858T allele (e.g., RA, type 1 diabetes, 
and AAV). Second, diseases that are strongly associated with 
PTPN22 tend to have a prominent role of autoreactive T and 
B cells (RA, SLE, and AAV). Third, diseases with a central role 
of neutrophils tend to be strongly associated with PTPN22 (RA 
and AAV). Fourth, diseases with a key role of Th17 cells, but little 
involvement of autoantibodies, tend to have a poor association 
with PTPN22 (AS and psoriasis). Finally, perhaps related to the 
previous point, diseases of mucosal sites tend to have a poor 
association with PTPN22, or even be protected against by the 
1858T allele.

Another curious observation is that arthritis is strongly asso-
ciated with the 1858T allele in 2 diseases, RA and PsA, but not in 
AS. The association is weaker in seronegative RA, suggesting that 
it is not the manifestation of joint disease per se that correlates 
with PTPN22, but the underlying immune dysfunction, which is 
indicated by the presence of autoantibodies.

Possible therapeutic implications

If indeed the degree of PTPN22 association with a disease, 
or a subset of patients with the disease, tells us more about the 
critical mechanisms of pathogenesis, then these insights should 
be helpful for the selection of new drug targets, perhaps even 
PTPN22 itself. One can envision using PTPN22 expression or 
genetic variation as a biomarker for disease predisposition or 
responsiveness to specific therapeutic agents. Therapeutic tar-
geting of PTPN22 might also be useful in the prevention or control 
of rheumatic diseases. For example, “molecular glue” compounds 
that re- establish the interaction between CSK and PTPN22-W620 
might be able to rescue most of the immune abnormalities 
induced by the PTPN22 risk allele. A simpler approach using 
small- molecule inhibitors of PTPN22 might be sufficient to correct 
key pathogenic mechanisms and still exert sufficient preventive 
or therapeutic action. For example, inhibition of PTPN22 activity 
with the small- molecule compound LTV- 1 was effective at rescu-
ing B cell selection and preventing the development of autoreac-
tive W620 B cells in a humanized mouse model (82). Considering 
that in the SKG mouse model of RA, PTPN22 promoted Th17 
cell differentiation (96), a PTPN22 inhibitor might also be useful in 
the treatment of the large spectrum of diseases characterized by 
enhanced Th17 cell presence or activation.
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Myocardial Inflammation, Measured Using 
18- Fluorodeoxyglucose Positron Emission Tomography 
With Computed Tomography, Is Associated With Disease 
Activity in Rheumatoid Arthritis
Isabelle Amigues, Aylin Tugcu, Cesare Russo, Jon T. Giles, Rachelle Morgenstein, Afshin Zartoshti, 
Christian Schulze, Raul Flores, Sabahat Bokhari, and Joan M. Bathon

Objective. To determine the prevalence and correlates of subclinical myocardial inflammation in patients with 
rheumatoid arthritis (RA).

Methods. RA patients (n = 119) without known cardiovascular disease underwent cardiac 18- fluorodeoxyglucose 
(FDG) positron emission tomography with computed tomography (PET- CT). Myocardial FDG uptake was assessed 
visually and measured quantitatively as the standardized uptake value (SUV). Multivariable linear regression was 
used to assess the associations of patient characteristics with myocardial SUVs. A subset of RA patients who had to 
escalate their disease- modifying antirheumatic drug (DMARD) therapy (n = 8) underwent a second FDG PET- CT scan 
after 6 months, to assess treatment- associated changes in myocardial FDG uptake.

Results. Visually assessed FDG uptake was observed in 46 (39%) of the 119 RA patients, and 21 patients (18%) 
had abnormal quantitatively assessed myocardial FDG uptake (i.e., mean of the mean SUV [SUVmean] ≥3.10 units; de-
fined as 2 SD above the value in a reference group of 27 non- RA subjects). The SUVmean was 31% higher in patients 
with a Clinical Disease Activity Index (CDAI) score of ≥10 (moderate-to-high disease activity) as compared with those 
with lower CDAI scores (low disease activity or remission) (P = 0.005), after adjustment for potential confounders. 
The adjusted SUVmean was 26% lower among those treated with a non–tumor necrosis factor–targeted biologic agent 
compared with those treated with conventional (nonbiologic) DMARDs (P = 0.029). In the longitudinal substudy, the 
myocardial SUVmean decreased from 4.50 units to 2.30 units over 6 months, which paralleled the decrease in the mean 
CDAI from a score of 23 to a score of 12.

Conclusion. Subclinical myocardial inflammation is frequent in patients with RA, is associated with RA disease 
activity, and may decrease with RA therapy. Future longitudinal studies will be required to assess whether reduction 
in myocardial inflammation will reduce heart failure risk in RA.

INTRODUCTION

Heart failure, a key contributor to cardiovascular disease 
(CVD) morbidity and mortality in rheumatoid arthritis (RA) (1,2), 
is associated on average with fewer symptoms and higher (pre-
served) ejection fraction, but higher mortality rates, when com-

pared with the general population (1–4). In the general population, 
higher levels of circulating proinflammatory cytokines, such as 
tumor necrosis factor (TNF) and interleukin- 6 (IL- 6), are indepen-
dent predictors of heart failure (5–9). In rodents, infusion of TNF 
reduced myocardial contractility (10), and cardiac- specific over-
expression of a TNF transgene was associated with myocardial 
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inflammation, remodeling, fibrosis, and eventually heart failure 
(11–13). In RA, circulating levels of TNF and IL- 6 are orders of 
magnitude higher than those shown to predict heart failure in the 
general population (14); however, little is known about inflamma-
tory processes within the RA myocardium itself. Autopsy stud-
ies of RA hearts from the mid- twentieth century suggested that 
myocarditis may occur in 15–20% of RA patients (15,16). How-
ever, contemporary histologic characterization studies of the myo-
cardium in RA patients are few, mostly limited to patients with a 
known history of ischemic CVD (14).

The conventional gold standard for diagnosing myocarditis 
is endomyocardial biopsy. However, its sensitivity is limited by the 
heterogeneous distribution of myocarditis (17,18). This, coupled 
with its invasiveness, expense, and risk of complications, has 
limited investigations of subclinical myocarditis in patients with 
RA. Cardiac magnetic resonance (CMR) with late gadolinium 
enhancement (LGE) has been used to identify myocardial abnor-
malities, but clinically approved gadolinium- based contrast agents 
distribute to the extracellular space (19) and are not taken up by 
cells. Thus, myocardial LGE reflects interstitial edema but cannot 
directly identify inflammatory infiltrates, nor can LGE identify diffuse 
myocardial involvement, only focal (20–23). CMR T2- weighted 
imaging (T2WI), a more sensitive method for measuring myocar-
dial edema that is not dependent on gadolinium, may overcome 
the latter issue but does not solve the former limitation (24).

In recent years, 18- fluorodeoxyglucose (FDG) positron emis-
sion tomography with computed tomography (PET- CT) has been 
shown to have high sensitivity for detecting myocardial inflamma-
tion. Inflammatory cells are metabolically active and avidly take 
up FDG via glucose transporters. Moreover, areas of myocardial 
FDG uptake strongly correlate with the numbers of infiltrating 
macrophages and T cells on histologic assessment (25,26). In the 
current study, we assessed myocardial FDG uptake among RA 
patients with no known history of CVD. In a nested substudy of 
RA patients who experienced an inadequate response to metho-
trexate monotherapy, we evaluated the change in myocardial FDG 
uptake in response to 6 months of step- up therapy. We hypothe-
sized that myocardial inflammation would be present in a propor-
tion of RA patients without clinical heart failure, and its presence 
would be correlated with RA disease activity and with the levels 
of circulating inflammatory mediators, and would decrease upon 
up- regulation of treatment.

PATIENTS AND METHODS

Patients. RA patients enrolled in the Rheumatoid Arthritis 
Study of the Myocardium (RHYTHM), which has been described 
previously (27), were recruited for the present study. Participants 
were recruited from the rheumatology clinics of Columbia Univer-
sity Medical Center (CUMC) and by referral from local rheuma-
tologists. Inclusion criteria were age ≥18 years and fulfillment of 
the American College of Rheumatology/European League Against 

Rheumatism 2010 classification criteria for RA (28). Exclusion cri-
teria included the following: 1) any prior self- reported physician- 
diagnosed CV event or procedure, contraindication to pharmaco-
logic stress agents, and active cancer.

The study sample consisted of 119 RA patients from the 
RHYTHM study who had FDG PET- CT scans that were technically 
adequate to evaluate myocardial FDG uptake. Eight of the 119 
RA patients took part in a nested, longitudinal pilot substudy that 
required the presence of active disease, specifically a Clinical Dis-
ease Activity Index (CDAI) score of ≥10, despite having received 
methotrexate monotherapy. Therapy was escalated to either a 
TNF inhibitor (with continued methotrexate) or triple therapy (i.e., 
sulfasalazine plus hydroxychloroquine with continued metho-
trexate). Originally, escalation was assigned randomly; however, 
due to slow recruitment, the protocol was switched to an open- 
label TNF inhibitor (either etanercept or adalimumab), such that 
2 patients received triple therapy and 6 received a TNF inhibitor. 
These RA patients underwent a second FDG PET- CT scan after 
6 months of treatment, to evaluate change in myocardial FDG 
uptake with treatment.

There is no established normative cutoff value for myocardial 
FDG uptake. Accordingly, we assembled a control group made 
up of volunteers without RA who were recruited from friends of 
RHYTHM participants and advertisements. Additional controls 
without RA or other rheumatic diseases were added from the 
CUMC nuclear cardiology archive. These control subjects, none 
of whom had visible FDG uptake, underwent FDG PET- CT during 
the same enrollment period as the RHYTHM study (i.e., 2011–
2016) to rule out myocarditis or cardiac sarcoidosis, using a simi-
lar scanning protocol as that of the RHYTHM study.

The study was approved by the CUMC, New York Presby-
terian Hospital Institutional Review Board. All subjects provided 
written informed consent prior to enrollment.

Outcome assessments. The primary outcome was myo-
cardial FDG uptake, as assessed by PET- CT scanning. To sup-
press physiologic uptake of FDG by cardiomyocytes, patients 
were prescribed a high- fat, no- carbohydrate diet the day before 
the scan, followed by a 12- hour fast prior to the scan (29,30). 
Dietary adherence was interrogated on the day of the scan. All 
patients had a blood sugar concentration of <200 mg/dl at the 
time of imaging.

Imaging was performed on an MCT 64 PET/CT scanner 
(Siemens Medical Solutions). A low- dose CT transmission scan 
was obtained for attenuation correction of the PET data. Patients 
were injected with 10 mCi of 18F- FDG intravenously. A list mode 
3- dimensional PET scan was acquired for 10 minutes, following 
a 90- minute uptake period after 18F- FDG injection. Nongated 
attenuation- corrected images were reconstructed, yielding an 
effective resolution of ~3 mm.

Corridor4DM version 7.0 software (Invia Medical Imag-
ing Solutions) was used to assess myocardial FDG uptake. 
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Table 1. Characteristics of the study participants according to RA status*

Characteristic
RA patients 

(n = 119)
Controls 
(n = 27)

Demographic
Age, mean ± SD (range) years 54 ± 13 (21–80) 50 ± 12
Female 97 (82) 13 (48)
Race/ethnicity

Non- Hispanic white 44 (37) –
Non- Hispanic black 18 (15) –
Hispanic 53 (44) –
Other 4 (3.4) –

Cardiovascular risk factor –
Ever smoker 52 (44) 7 (26)
Current smoker 13 (11) 1 (4)
Hypertension 46 (39) 10 (37)
Diabetes 15 (13) 2 (8)
BMI, mean ± SD kg/m2 28.5 ± 5.9 33.6 ± 4.8
Total cholesterol, mean ± SD mg/dl 191 ± 37 –
LDL- C, mean ± SD mg/dl 110 ± 32 –
HDL- C, mean ± SD mg/dl 59 ± 19 –

RA characteristic
RA duration, median (IQR) years 6.7 (2–14.1) –
RF or anti- CCP seropositive 91 (76) –
DAS28- CRP, median (IQR) 3.9 (3.0–4.7) –
CDAI, mean ± SD 18.2 ± 12.1 –
HAQ score, mean ± SD 1.7 ± 0.8 –
Morning stiffness, median (IQR) minutes 20 (5–50) –
CRP, median (IQR) mg/liter 2.51 (1.1–6.6) 0.64 (0.45–2.94)
IL- 6, median (IQR) pg/ml 2.3 (1.4–7.3) 0.94 (0.80–2.26)
Troponin I, median Undetectable –
BNP, median (IQR) pg/ml 15.4 (10–26.2) –

RA medication
No DMARD 15 (13) –
Nonbiologic DMARD† 91 (77) –

Methotrexate 77 (67) –
Other‡ 26 (22) –

Biologic DMARD 45 (38) –
TNF inhibitor 35 (29) –
Non- TNF biologic 10 (8) –

Abatacept 8 (7) –
Other§ 2 (2) –

Prednisone 39 (33) 0 (0)
NSAIDs 49 (41) 0 (0)

CAC score
CAC score null 78 (65.6) 9 (69.2)
CAC score 1–99 units 19 (16) 2 (15.4)
CAC score ≥100 units 22 (18) 2 (15.4)
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 Cardiac axes were defined manually by marking the base on 
the  vertical long axis, the apex on the horizontal long axis, and 
the left ventricular (LV) cavity on the sagittal axis. Qualitative 
and quantitative assessment of FDG uptake was performed 
on all scans by a nuclear cardiologist (SB) who was blinded 
with regard to each patient’s disease status. FDG uptake was 
assessed quantitatively as the standardized uptake value (SUV), 
a measure of radiotracer uptake normalized for injected dose 
and patient weight. The reconstruction produced a set of trans-
verse slices through the heart perpendicular to the long axis of 
the body, which was used to generate sets of sagittal and coro-
nal slices. LV segments were defined according to the segmen-
tation nomenclature of the American Heart Association (31). 
Contours were placed on the myocardial walls, and automated 
calculations of the SUVs, both the mean SUV and the maxi-
mum SUV, for each of the segments were derived. The mean of  
the mean SUV (SUVmean) and the mean of the maximum SUV 
(SUVmax) were then obtained.

Other measures. Assessment of coronary artery calcium 
(CAC). CAC was assessed from the CT scan and quantified using 
the Agatston method (32). The presence of CAC was defined as 
an Agatston score of >0.

Echocardiographic parameters. Transthoracic 2-dimen-
sional and real- time 3- dimensional echocardiography (RT3DE) 
was performed using a commercially available system (iE 33; 

Philips) by a registered cardiac sonographer (AT or CR), ac-
cording to a standardized protocol. The LV end- diastolic vol-
ume index (EDVI) and end- systolic volume index (ESVI), stroke 
volume, and LV ejection fraction (LVEF) were each measured 
by RT3DE using a commercially available software (Philips 
QLAB Advanced Quantification software, version 8.1) as pre-
viously described (33). LV mass was also assessed by RT3DE, 
using tracings of the endocardial and epicardial borders. Left 
atrial (LA) volume and LV diastolic function were measured 
by 2- dimensional echocardiography, as previously described 
(34). Briefly, in apical 4- chamber view, the peak early velocity 
of mitral inflow (E) and late velocity of mitral inflow (A) were 
measured by pulsed- wave Doppler. The peak early diastol-
ic velocities (E′) of the lateral and septal mitral annulus were 
evaluated by pulsed- wave tissue Doppler, and mean values 
were calculated. The E/E′ ratio was calculated as an index of 
LV filling pressure. LV volumes, stroke volume, cardiac output, 
and LA volume were indexed by body surface area. LV mass 
was indexed to height2.73. LV diastolic dysfunction was defined 
as an abnormality in any of the following parameters: E/A ra-
tio (abnormal defined as either <0.8 or >2.0), E deceleration 
time (abnormal defined as >240 msec or <140 msec), peak 
E′ (abnormal defined as <8 cm/second), or E/E′ (abnormal 
defined as >15).

Clinical covariates. Demographic and lifestyle characteris-
tics of the study participants and current medications were as-

Characteristic
RA patients 

(n = 119)
Controls 
(n = 27)

Myocardial structure 
LVMI, mean ± SD grams/height2.73 29.9 ± 5.41 –
EDVI, mean ± SD ml/m2 53.8 ± 11 –
ESVI, median (IQR) ml/m2 19.4 (16–23) –

Myocardial function
Ejection fraction, mean ± SD % 62.9 ± 4.5 –
E/E′, mean ± SD 8.5 ± 2.4 –
Stroke volume index, mean ± SD ml/m2 58.6 ± 13.9 –
Cardiac index, mean ± SD liters/minute/

m2
2.29 ± 0.38 –

Diastolic dysfunction, yes versus no 49 (43) –

* Except where indicated otherwise, values are the number (%) of rheumatoid arthritis (RA) pa-
tients or non- RA control subjects. BMI = body mass index; LDL- C = low- density lipoprotein cho-
lesterol; HDL- C = high- density lipoprotein cholesterol; IQR = interquartile range; RF = rheumatoid 
factor; anti- CCP = anti–cyclic citrullinated peptide (antibody); DAS28- CRP = Disease Activity Score 
in 28 joints using C- reactive protein level; CDAI = Clinical Disease Activity Index; HAQ = Health As-
sessment Questionnaire; IL- 6 = interleukin- 6; BNP = brain natriuretic peptide; NSAIDs = nonsteroi-
dal antiinflammatory drugs; CAC = coronary artery calcium; LVMI = left ventricular mass indexed 
to height2.73; EDVI = end- diastolic volume index; ESVI = end- systolic volume index. 
† Patients may have been taking more than 1 nonbiologic disease- modifying antirheumatic drug 
(DMARD). 
‡ Other nonbiologics included sulfasalazine, hydroxychloroquine, or leflunomide. 
§ Other non–tumor necrosis factor (TNF) biologics included rituximab and tocilizumab. 

Table 1. (Cont’d)
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sessed by structured interview. Resting blood pressure (BP) was 
measured 3 times, and the mean of the last 2 measurements 
was used. Hypertension was defined as a systolic BP of ≥140 
mm Hg, diastolic BP of ≥90 mm Hg, or use of antihypertensive 
medications. Diabetes was defined as a fasting serum glucose 
level of ≥126 mg/dl or use of antidiabetic medications. Body 
mass index (BMI) was calculated as patient weight (in kilograms) 
divided by height (in square meters).

RA disease duration was calculated from the date of diagno-
sis. Forty- four joints were examined for swelling and tenderness. 
RA disease activity was calculated with the CDAI (score range <10 
for remission or low disease activity to ≥10 for  moderate-to-high 
disease activity) and the Disease Activity Score in 28 joints using 
C- reactive protein level (DAS28- CRP) (35–37). Disability was 
assessed with the Health Assessment Questionnaire (HAQ) (38). 
Current and past use of steroids and biologic and nonbiologic 
disease- modifying antirheumatic drugs (DMARDs) were deter-
mined using examiner- administered questionnaires.

Laboratory covariates. Serum and plasma samples from 
patients, obtained during a fasting state, were collected on the 
morning of the study visit. Lipid levels were measured by color-
metric assay, and high- sensitivity CRP levels were determined 
by turbidimetric immunoassay (Roche Diagnostics). Rheumatoid 
factor (RF), anti–cyclic citrullinated peptide (anti- CCP) antibod-
ies, and IL- 6 were measured by enzyme- linked immunosorbent 
assays (ELISAs) (IBL America, Inova Diagnostics, and R&D Sys-
tems, respectively). Seropositivity for RF and for anti- CCP were 
defined according to cutoff levels of ≥40 units and ≥60 units, 
respectively. Brain naturetic peptide (BNP) and troponin I were 
measured using an Architect chemiluminescent microparticle 
immunoassay (Abbott Laboratories).

Statistical analysis. Summary statistics for continuous 
and categorical variables were calculated, including mean values 
with standard deviations, ranges, counts, and percentages. Mul-
tivariable linear regression was used to model the associations 

of RA patient characteristics with the natural log- transformed 
myocardial SUVmean and SUVmax, being analyzed first in  univariate 
models in which each independent variable was modeled as the 
only covariate in the model. Independent variables found to be 
 associated  with the myocardial SUV outcome at a significance 
level of P < 0.25 were carried into multivariable models. Extended 
models were reduced to more parsimonious models using 
 Akaike’s  Information Criterion for nested models.

We calculated variance inflation factors to ensure that col-
linear variables were not co- modeled, and none were detected 
for any of the primary models. Linear regression was also 
used to model SUVmean and SUVmax levels according to groups 
defined by visualized myocardial FDG uptake (i.e., none, focal, 
diffuse, and focal on diffuse). Statistical t- tests were used to 
compare baseline natural log- transformed SUVmean and SUVmax 
levels in the RA group with baseline levels of these measures 
in the non- RA control group. In addition, a paired t- test was 
used to compare the baseline and follow- up myocardial SUV 
levels within the RA group. Throughout, a 2- tailed alpha level 
of 0.05 was used, and analyses were performed using Stata 
version 14 (StataCorp).

RESULTS

Characteristics of the study patients. Baseline char-
acteristics of the 119 RA patients are summarized in Table 1. 
The mean age was 54 years, and median disease duration was 
6.7 years. The majority of patients (82%) were female, and those 
of Hispanic or non- Hispanic white race/ethnicity made up 80% 
of the cohort. Among the RA patients, 44% were ever smokers 
and 11% were current smokers. The majority of patients were 
seropositive for RF and/or anti- CCP (76%), and the distribution 
of DAS28- CRP scores indicated that most patients were in the 
low or moderate range of disease activity. Remission (defined 
as a DAS28- CRP of <2.6) and high disease activity (defined 
as a DAS28- CRP of ≥5.2) were observed in 15% and 10% of 

Figure 1. Examples of diffuse (A) and focal (B) myocardial 18- fluorodeoxyglucose uptake, as measured using cardiac 18- fluorodeoxyglucose 
positron emission tomography with computed tomography, in 2 patients with rheumatoid arthritis. Panels a, b, and c represent the short axis, 
panel d represents the horizontal axis, and panel e represents the vertical long axis. SUVmean = mean of the mean standardized uptake value; 
SUVmax = mean of the maximum standardized uptake value.
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patients, respectively (data not shown). The majority of patients 
(87%) were treated with DMARDs, with 77% being treated with 
nonbiologic DMARDs (the majority of whom were receiving 
methotrexate) and 38% being treated with biologic agents (the 
majority of whom were receiving TNF inhibitors). One- third were 
currently taking prednisone, and 41% reported taking non-
steroidal antiinflammatory drugs. More than two- thirds of the 
patients had signs of CAC (Agatston score >0) on CT. Troponin 
I was undetectable in the samples from all RA patients (data 
not shown). The median BNP level was in the normal range 

(Table 1).

Association of myocardial FDG uptake with disease 
activity and RA treatment. Any visually assessed myocardial 
FDG uptake was detected in 46 (39%) of the 119 RA patients. 
Of these, 25 (54%) had focal uptake only, and 21 (45%) had any 
diffuse uptake (n = 15 with diffuse uptake, and n = 6 with focal 
on diffuse uptake), examples of which are illustrated in Figures 1A 
and B.

Visualized myocardial FDG uptake was quantified in SUVmean 
units, as shown in Figure 2. Patients with visualized, focal only 
FDG uptake had a myocardial SUVmean that was 61% higher than 
that in patients with no visible uptake (2.80 units versus 1.74 
units; P < 0.001). Patients with any visualized diffuse myocardial 
FDG uptake had a myocardial SUVmean that was 124% higher 
than that in patients with no visible uptake (3.89 units versus 
1.74 units; P < 0.001).

With regard to SUVmax values, patients with focal only FDG 
uptake had a myocardial SUVmax that was 98% higher than that in 
patients with no visible uptake (5.22 units versus 2.63 units; P < 
0.001). Patients with any visible diffuse myocardial FDG uptake had 
a myocardial SUVmax that was 130% higher than that in patients 
with no visible uptake (6.04 units versus 2.63 units; P < 0.001).

We scanned a group of 27 non- RA controls to estimate a 
cutoff value for normal myocardial FDG uptake. Among the con-
trols, the SUVmean (1.70 units) plus 2 SD (1.70 units × 2) was 3.10 
units. Using this cutoff to define normal levels, 21 (18%) of the 
RA patients had abnormal (high) myocardial FDG uptake (data 
not shown).

Univariate and multivariable associations of the demo-
graphic and clinical characteristics of the RA patients with the 
log- transformed myocardial SUVmean values are summarized in 
Table 2. In univariate models, non- Hispanic black race, higher 
BMI, higher DAS28- CRP scores, and higher CDAI scores of 
disease activity were each significantly associated with a higher 
log SUVmean, whereas current use of non–TNF inhibitor biologics 
was associated with a significantly lower log SUVmean. However, 
after carrying these variables into the extended and reduced 
models, only higher disease activity remained significantly 
associated with a higher log SUVmean, while use of non–TNF- 
targeted biologics remained inversely associated with the log 
SUVmean, after adjustments for BMI and CAC level. Specifically, 

patients with a CDAI score ≥10 had an adjusted SUVmean that 
was 31% higher than that in patients with a CDAI score <10 
(2.30 units versus 1.76 units; P = 0.005) (Figure  3A). Those 
treated with non–TNF- targeted biologics had an adjusted 
SUVmean that was 26% lower than that in patients who did 
not receive biologic therapy (1.65 units versus 2.23 units; P = 

0.029) (Figure 3B).
The majority of patients taking non- TNF biologic agents 

(8 of 10) were receiving abatacept. We did not observe any 
statistically significant differences in RA characteristics (RF/
anti- CCP seropositivity, CDAI scores, DAS28- CRP scores, 
HAQ scores, CRP levels, or IL- 6 levels) in the abatacept users 
compared with the non–TNF inhibitor/abatacept biologic users 
or compared with those not treated with biologics (data not 
shown). In contrast, the adjusted SUVmean was not significantly 
different in those treated with TNF inhibitors compared with 
those not receiving biologics. A CDAI score ≥10 and current 
use of a non–TNF inhibitor biologic were also the only signif-
icant correlates of the SUVmax, after adjustment for BMI (data 
not shown).

Figure  2. Quantitative mean standardized uptake values (SUVs) 
for myocardial 18- fluorodeoxyglucose uptake as a function of 
categorization by visually assessed (qualitative) SUVs in the 119 
patients with rheumatoid arthritis. Results are the mean ± 95% 
confidence interval for the mean of the mean SUV (SUVmean) and 
mean of the maximum SUV (SUVmax) according to category of 
visualized myocardial uptake.
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Myocardial FDG uptake after escalation of RA 
pharmacotherapy. Of the 8 RA patients who were assessed 
longitudinally for myocardial FDG uptake, the treatment was 
escalated to TNF inhibitors in 6 patients and to triple therapy 
in 2 patients. At baseline, prior to escalation of therapy, 4 RA 
patients had visible FDG uptake (2 focal and 2 diffuse) and the 

SUVmean was 4.50 units, which was 165% higher than that in 
the group of 27 non- RA controls (P = 0.037).

Upon rescanning after 6 months of therapy, only 1 RA 
patient had visible myocardial FDG uptake, and the SUVmean 
in the RA group numerically decreased by almost 50%, to 2.3 
units, although this change was not statistically significant (P = 

Table 2. Associations of RA patient characteristics with the log- transformed myocardial SUVmean values*

Univariate 
models

Extended 
multivariate 

model

Reduced 
multivariate 

model

β P β P β P

Age, per year −0.0004 0.92 – – – –
Male versus female −0.11 0.39 – – – –
Non- Hispanic white Referent – Referent – – –
Non- Hispanic black 0.34 0.029 0.20 0.24 – –
Hispanic 0.17 0.14 0.064 0.63 – –
Other race −0.093 0.74 −0.12 0.67 – –
Ever smoker versus never smoker −0.023 0.82 – – – –
Hypertension, yes versus no 0.0030 0.98 – – – –
BMI, per kg/m2 0.018 0.042 0.014 0.10 0.015 0.068
Diabetes, yes versus no −0.17 0.27 – – – –
Total cholesterol, per mg/dl −0.0017 0.22 −0.0015 0.29 – –
LDL- C, per mg/dl −0.0010 0.55 – – – –
HDL- C, per mg/dl −0.0016 0.56 – – – –
Log triglycerides, per mg/dl −0.11 0.36 – – – –
RA duration (square root), per year 0.010 0.74 – – – –
RF or anti- CCP, yes versus no 0.011 0.93 – – – –
DAS28- CRP >3.2 0.22 0.039 – – – –
CDAI ≥10 0.31 0.006 0.25 0.047 0.28 0.012
Log CRP, per mg/liter 0.0047 0.91 – – – –
Log IL- 6, per pg/ml 0.015 0.74 – – – –
Log BNP, per pg/ml 0.0009 0.75 – – – –
Morning stiffness (square root), per 

minute
0.0052 0.71 – – – –

HAQ score, per unit 0.11 0.099 −0.019 0.79 – –
Methotrexate, yes versus no 0.13 0.22 0.12 0.27 – –
No biologic Referent – Referent – Referent –
TNF inhibitors −0.080 0.48 −0.029 0.80 −0.023 0.83
Non- TNF biologics −0.38 0.043 −0.36 0.047 −0.38 0.033
Current prednisone, yes versus no 0.14 0.21 – – – –
Current NSAID, yes versus no 0.067 0.52 – – – –
CAC score 0 Referent – Referent – Referent –
CAC score 1–99 0.018 0.90 0.041 0.77 0.037 0.78
CAC score ≥100 −0.22 0.10 −0.25 0.073 −0.21 0.10
Adjusted R2 0.105 0.025 0.102 0.006

* Beta coefficients represent the average change in the log- transformed myocardial mean of the mean standardized uptake value (SUVmean)
per 1- unit higher value of the independent continuous variable of interest or for those with versus those without the independent dichoto-
mous variable of interest. RA = rheumatoid arthritis; BMI = body mass index; LDL- C = low- density lipoprotein cholesterol; HDL- C = high- density 
lipoprotein cholesterol; RF = rheumatoid factor; anti- CCP = anti–cyclic citrullinated peptide antibody; DAS28- CRP = Disease Activity Score in 28 
joints using C- reactive protein level; CDAI = Clinical Disease Activity Index; IL- 6 = interleukin- 6; BNP = brain natriuretic peptide; HAQ = Health 
Assessment Questionnaire; TNF = tumor necrosis factor; NSAID = nonsteroidal antiinflammatory drug; CAC = coronary artery calcium. 
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0.088). The myocardial SUVmean at 6 months in the RA group 
was only 35% higher than that of the control group, but was 
still significantly higher (P = 0.042) (Figure 4). The reduction in 
myocardial FDG uptake in the RA group paralleled a decrease in 
the mean CDAI score, from a mean score of 23 at baseline to 12 
at 6 months. A similar, but not statistically significant, trend was 
observed for the SUVmax, which decreased from 7.2 units to 3.8 
units (P = 0.082) after 6 months (data not shown).

Association of myocardial FDG uptake with LV 
structure and function. We evaluated the association of 
the myocardial SUVmean with echocardiographic measures of 
LV structure (LV mass index [LVMI], EDVI, and ESVI) and of LV 
function (LVEF and diastolic dysfunction [the E/E′ and diastolic
dysfunction yes versus no]). Except for a high prevalence of dia-
stolic dysfunction in the RA patients (43%), mean measures of 
LV structure and function were in the normal ranges (Table 1).

In univariable analyses, the SUVmean was not associated with 
any measure of LV structure or function (results available from 
the corresponding author upon request). In multivariable anal-
yses of the association of the SUVmean with a selected measure 
of LV structure, the LVMI, and of diastolic dysfunction, the E/E′
ratio, no association of the SUVmean with either measure was 
observed (results available from the corresponding author upon 
request). The SUVmax was also not associated with measures of 
LV structure or function (results of a representative multivariable 
analysis of association of SUVmax with LVMI are available from the 
corresponding author upon request). Furthermore, BNP levels 
were also not associated with the SUVmean (Table 2).

DISCUSSION

To our knowledge, this is the first study to evaluate and 
quantify subclinical myocardial inflammation by FDG PET- CT in 
RA patients, which allowed a detailed assessment of associa-
tions of RA characteristics with FDG uptake. It is also the first 
study, albeit being a small pilot study, to longitudinally evaluate the 
effect of RA step- up therapy on myocardial inflammation. Cross- 
sectionally, we observed that 37% of the RA patients had visible 
myocardial FDG uptake, and abnormal FDG uptake, defined as 
an SUVmean of 2 SD above that of a non- RA reference control 
group, was prevalent in 18% of RA patients. Furthermore, we 
observed that myocardial FDG uptake was strongly correlated 
with higher articular disease activity, and was lower in patients 
receiving non–TNF- targeted biologic agents. In addition, the 
results of the pilot longitudinal study suggested that myocardial 
inflammation may improve in RA patients who receive treatment 
with DMARDs.

Our finding of myocarditis in 18–37% of RA patients is largely 
comparable in magnitude to that in historical necropsy studies 
in which subclinical myocarditis was reported in up to 20% of 
RA patients (15,16). It is also in accordance with the findings of 
several smaller CMR studies that reported a higher prevalence 
of LGE in RA patients when compared with non- RA controls 
(39–41). However, LGE reflects extracellular edema and is there-
fore less specific than FDG uptake for myocarditis. Moreover, LGE 

Figure  3. Adjusted global mean standardized uptake values 
(SUVs) for myocardial 18- fluorodeoxyglucose uptake, according 
to Clinical Disease Activity Index (CDAI) scores (A) and current use 
of biologic disease- modifying antirheumatic drugs (DMARDs) (B). 
Models were adjusted for CDAI disease activity level (scores <10 for 
low disease activity or remission versus scores ≥10 for moderate-to-
high disease activity) and for DMARD treatment (no biologic versus 
tumor necrosis factor inhibitor [TNFi] versus non- TNFi biologic), 
which were the only significant covariates retained in multivariable 
modeling. Results are the mean ± 95% confidence interval in 119 
rheumatoid arthritis patients.

Figure  4. Global mean standardized uptake values (SUVs) 
for myocardial 18- fluorodeoxyglucose uptake before and after 
acceleration of therapy in a subset of 8 rheumatoid arthritis (RA) 
patients compared with 27 non- RA control subjects. Controls had 
only 1 scan, while RA patients had a scan before (T1) and after 
(T2) 6 months of step- up therapy with either tumor necrosis factor 
inhibitors or triple therapy with sulfasalazine and hydroxychloroquine 
on a background of methotrexate. Results are the mean ± 95% 
confidence interval.
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is only useful for identifying focal abnormalities. More recently, 
T2WI has been utilized in CMR studies as a more quantitative, 
non–gadolinium- dependent measure of tissue- free water con-
tent. In CMR studies in RA patients without clinical CVD, Ntusi 
et al reported a prevalence of myocardial LGE of 46%, compared 
with only 10% by T2WI (39). Similarly, in a Japanese cohort of 
RA patients, Kobayashi et al observed myocardial LGE in 32% of 
patients, but evidence of myocardial inflammation and fibrosis by 
T2WI was present in only 12% of patients (41). In non- RA patients 
with clinically suspected and histopathologically proven myocardi-
tis, T2W1 performed better than standard CMR measures for dis-
tinguishing active from inactive myocarditis (24). A future study in 
RA in which quantitative myocardial FDG uptake and T2W1 CMR 
studies are performed in the same patients would be useful to 
determine whether T2W1 findings would correlate with the inten-
sity and geographic distribution of FDG uptake.

Importantly, we observed an association of myocardial 
inflammation with articular disease activity in RA patients. This 
observation, which is consistent with that from several previous 
CMR studies (39–41), supports the premise that achieving low 
disease activity or remission of RA activity protects not only the 
joints, but possibly the myocardium as well. However, we did 
not find an association of the myocardial SUV with circulating 
CRP or IL- 6 levels. The known effect of DMARD treatments on 
lowering the levels of CRP and IL- 6 may have obscured any rela-
tionship with the myocardial SUV. It is also possible that systemic 
inflammation causing myocardial harm could be attributable to 
the presence of a cytokine or cytokines not measured in our 
study. Alternatively, in situ myocardial production of cytokines 
may play a greater role than systemic inflammation in mediating 
myocardial inflammation (42–45), but may not be robust enough 
to contribute to circulating levels of cytokines in this RA cohort 
who were without clinical heart failure and had no apparent myo-
cardial damage (as suggested by undetectable troponin levels).

Other than BMI, we did not observe associations between 
myocardial FDG uptake and other traditional CVD risk factors. 
There was also no clear association between myocardial uptake 
and CAC scores. These findings suggest that myocardial uptake 
in RA is driven more by features unique to the RA disease state 
than by CVD risk factors and/or atherosclerosis that may be 
shared with the general population.

In our cross- sectional analyses, myocardial SUV was lower 
among patients treated with non–TNF- targeted biologics com-
pared with those treated with TNF inhibitors or with a nonbiologic 
agent. The non–TNF- targeted biologic group comprised primar-
ily patients receiving abatacept (soluble CTLA- 4Ig). Although we 
did not identify any significant differences in RA characteristics 
between the abatacept users and the other treatment groups, 
channeling bias cannot be completely eliminated as an explana-
tion for this finding, given the small number of abatacept users. 
Nonetheless, it is of interest that antibodies that neutralize CTLA- 
4, and are effective as cancer immunotherapy, have been asso-

ciated with rare but potentially fatal myocarditis (46). Similarly, 
in experimental models, CTLA- 4–deficient mice develop severe 
myocarditis with lymphocytic infiltration (47,48), while exper-
imental autoimmune myocarditis in rats can be prevented by 
gene delivery with a plasmid encoding CTLA- 4Ig (49).

Thus, while it is tantalizing to hypothesize that among the 
existing DMARDs for RA, abatacept may act selectively in reduc-
ing subclinical myocardial inflammation, the results of our small 
prospective study suggest that this effect may also be observed 
with escalation of therapy to nonbiologic agents and TNF inhibi-
tors. Therefore, taken together, our findings seem to indicate that 
the reduction in myocardial FDG uptake is more likely dependent 
on a reduction in RA disease activity rather than on the specific 
agent used; however, understanding these interactions would 
require a larger cohort of longitudinally followed up patients in a 
study that would be appropriately powered to explore differences 
in effect between different treatments and treatment responses. 
Such studies are currently under way.

We did not observe a relationship of myocardial FDG uptake 
with measures of LV structure or function or with BNP levels. This 
may not be surprising, since we excluded patients with clinical 
heart failure, and BNP levels and most of the echocardiographic 
measures of LV structure and function in this cohort were within 
normal ranges.

Our study has notable strengths and limitations. Among 
the strengths, it is the largest study to date to evaluate and 
quantify the presence of subclinical myocardial inflammation 
in RA, and the first to utilize FDG PET- CT to do so. It is also 
the first to evaluate longitudinally, albeit in a small pilot study, 
the effect of step- up therapy on myocardial inflammation. Our 
cohort included patients with and those without CVD risk fac-
tors, as well as patients with early and late RA, and is thus a 
reflection of the typical population of RA patients managed in 
clinical practice.

Among the study’s limitations, we assumed that FDG 
uptake corresponded to myocardial inflammation, as was previ-
ously shown in other studies (25,26), but, for ethical reasons, we 
could not verify this pathologically in this asymptomatic cohort. 
An additional limitation is that our final multivariable model 
accounted for only 10% of the variability in the SUVmean, inviting a 
search for other possible contributory variables.

In summary, although larger longitudinal data are needed, 
the current study supports the hypotheses that myocardial 
inflammation in RA is related to disease activity, that it may 
contribute to the increased risk for heart failure in patients with 
RA compared with controls, and that it may be responsive to 
step- up therapy.
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Affinity Maturation of the Anti–Citrullinated Protein 
Antibody Paratope Drives Epitope Spreading and 
Polyreactivity in Rheumatoid Arthritis
Sarah Kongpachith, Nithya Lingampalli, Chia-Hsin Ju, Lisa K. Blum, Daniel R. Lu, Serra E. Elliott, Rong Mao, and 
William H. Robinson

Objective. Anti–citrullinated protein antibodies (ACPAs) are a hallmark of rheumatoid arthritis (RA). While epitope 
spreading of the serum ACPA response is believed to contribute to RA pathogenesis, little is understood regarding 
how this phenomenon occurs. This study was undertaken to analyze the antibody repertoires of individuals with RA 
to gain insight into the mechanisms leading to epitope spreading of the serum ACPA response in RA.

Methods. Plasmablasts from the blood of 6 RA patients were stained with citrullinated peptide tetramers to 
identify ACPA- producing B cells by flow cytometry. Plasmablasts were single- cell sorted and sequenced to obtain 
antibody repertoires. Sixty- nine antibodies were recombinantly expressed, and their anticitrulline reactivities were 
characterized using a cyclic citrullinated peptide enzyme- linked immuosorbent assay and synovial antigen arrays. 
Thirty- six mutated antibodies designed either to represent ancestral antibodies or to test paratope residues critical 
for binding, as determined from molecular modeling studies, were also tested for anticitrulline reactivities.

Results. Clonally related monoclonal ACPAs and their shared ancestral antibodies each exhibited differential re-
activity against citrullinated antigens. Molecular modeling identified residues within the complementarity- determining 
region loops and framework regions predicted to be important for citrullinated antigen binding. Affinity maturation re-
sulted in mutations of these key residues, which conferred binding to different citrullinated epitopes and/or increased 
polyreactivity to citrullinated epitopes.

Conclusion. These results demonstrate that the different somatic hypermutations accumulated by clonally relat-
ed B cells during affinity maturation alter the antibody paratope to mediate epitope spreading and polyreactivity of 
the ACPA response in RA, suggesting that these may be key properties that likely contribute to the pathogenicity of 
ACPAs.

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune  disorder 
of unknown etiology (1,2). A hallmark of RA is the presence 
of anti–citrullinated protein antibodies (ACPAs) that recog-
nize citrullinated antigens (1,2). Citrullination is mediated by 
 peptidylarginine deaminases and plays a role in gene regulation, 
orga nization of cell structure, apoptosis, and formation of neu-
trophil extracellular traps (3–5). In RA, however, citrullination of 
proteins in the synovial joint and other tissues, coupled with the 
production of ACPAs, has been hypothesized to contribute to its 
pathogenesis (1–4).

Increasing evidence suggests that ACPAs play an important 
role in the pathogenesis of RA (6). ACPAs have been detected in 
patients as early as 10 years prior to diagnosis, with increased 
titers and epitope spreading of the ACPA response preceding the 
onset of arthritis (7–9). The presence of ACPAs is associated with 
increased disease severity (10–13) and is a better predictor of 
erosive disease than rheumatoid factor (14). Finally, in the mouse 
model of collagen- induced arthritis, administration of a monoclo-
nal ACPA exacerbated the disease, demonstrating that ACPAs 
can directly promote inflammatory arthritis (15).

Deciphering the mechanisms underlying the development 
and epitope spreading of the ACPA response could provide new 
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insights into the mechanisms underlying RA. Previous studies 
using RA patient serum demonstrated that epitope spreading of 
the ACPA response occurs in the years preceding clinical disease 
(7–9). Of note, during the 2 years immediately preceding the onset 
of clinical arthritis, the number and breadth of ACPA reactivities 
sharply increase, correlating with an increase in proinflammatory 
cytokines in the blood (7). Nevertheless, the mechanisms underly-
ing epitope spreading of ACPAs and their role in the development 
of clinical RA remain poorly understood.

In the present study, we used barcode- enabled single- cell 
sequencing to analyze ACPA plasmablast repertoires in RA. We 
tested the binding capabilities of 69 recombinant monoclonal 
antibodies (mAb) derived from the plasmablast clonal families. We 
found that plasmablasts within the same clonal family that pos-
sess differential somatic hypermutations encode individual ACPAs 
that bind different citrullinated epitopes and/or bind distinct sets 
of citrullinated epitopes, and thus are polyreactive (16). We also 
found that patient- derived, affinity- matured ACPAs frequently 
exhibit increased polyreactivity, in which they consistently bind a 
greater number of specific citrullinated epitopes as compared to 
predicted ancestral family members. These findings indicate that 
somatic hypermutations arising through affinity maturation can 
result in epitope spreading and increase the polyreactivity of indi-
vidual ACPAs, which in turn increases the ability of the polyclonal 
serum ACPA repertoire to bind a multitude of citrullinated epitopes 
in RA. We further used molecular modeling and mutation studies 
to identify and characterize the key amino acid residues within 
the complementarity- determining regions (CDRs) and framework 
regions forming the paratopes within the antigen- binding sites of 
ACPAs that mediate binding to citrullinated epitopes.

PATIENTS AND METHODS

Collection of human blood specimens. Blood samples 
were collected from individuals recruited at the VA Palo Alto who 
met the American College of Rheumatology 1987 classification 
criteria for RA (17) and who were positive for anti–cyclic citrulli-
nated peptide (anti- CCP) antibodies. The patients’ demographic 
and clinical characteristics are provided in Supplementary Table 1 
(available on the Arthritis & Rheumatology web site at http://online 
library.wiley.com/doi/10.1002/art.40760/abstract). The samples 
were collected after obtaining informed consent from all patients, 
and the study was conducted in accordance with human subject 
protocols approved by the Stanford University Institutional Review 
Board.

Generation of fluorescent citrullinated peptide 
tetramers (cit- tets). Cit- tets were generated by incubating 
phycoerythrin (PE)–conjugated streptavidin with biotinylated citrul-
linated peptides (a list of the peptides used is provided in Supple-
mentary Table 2, available on the Arthritis & Rheumatology web site 
at http://onlinelibrary.wiley.com/doi/10.1002/art.40760/abstract). 

These peptides were previously shown to be targeted by ACPAs in 
RA sera (7,18,19) (for more details, see Supplementary Methods, 
http://onlinelibrary.wiley.com/doi/10.1002/art.40760/abstract).

Single- cell sorting of ACPA- producing plasmablasts. 
Cell sorting of CD19+CD20−CD3−CD14−IgD−CD27+CD38high 
plasmablasts, which were either IgG+ or IgA+, was performed in 
the same manner as used previously in our prior studies (20,21). A 
mix of the PE- conjugated cit- tets was included to identify ACPA- 
producing plasmablasts (18,19) (details in Supplementary Methods, 
http://onlinelibrary.wiley.com/doi/10.1002/art.40760/abstract).

Barcode- enabled antibody repertoire sequencing. 
Antibody repertoire sequencing was performed as previously 
described (20–23).

Bioinformatics pipeline and repertoire analysis. 
Paired- chain antibody repertoires were generated from sequenc-
ing data using a custom bioinformatics pipeline (22). Clonally 
related antibodies were defined as sharing heavy- chain and light- 
chain V–J genes and having a CDR3 nucleotide Levenshtein 
distance of ≤40% of the total CDR3 length for both chains (i.e., 
CDR3 sequences are at least 60% identical). The bimodal dis-
tribution of the nearest distances for the heavy-  and light- chain 
CDR3 sequences was used to set the identity threshold (24). For 
representing individual clonal family lineages, the heavy-  and light- 
chain sequences of each member were concatenated and ana-
lyzed using IgTree (25).

Selection and recombinant expression of mAb. 
The antibodies sequenced directly from RA patient blood were 
produced in- house, as described previously (26). Antibodies 
sequenced from cit- tet+ clonally expanded plasmablasts were 
prioritized for expression; however, a handful of cit- tet+ nonclonal 
and tetramer-negative (tet−) clonal plasmablast antibodies were 
also expressed. All other antibodies (mutation studies and pre-
dicted parent/germline antibody sequences) were commercially 
produced (at LakePharma).

RA planar array. RA antigen microarrays were printed and 
probed, and data sets were analyzed as described previously 
(7,27,28). Positive hits were confirmed by enzyme- linked immu-
nosorbent assay (ELISA).

Molecular modeling. Descriptions of the methods used 
to model the binding of patient- derived ACPAs to citrullinated 
epitopes are available in the Supplementary Methods (http://
onlinelibrary.wiley.com/doi/10.1002/art.40760/abstract).

ELISAs. The CCP3 and peptide ELISAs used are described 
in the Supplementary Methods (http://onlinelibrary.wiley.com/
doi/10.1002/art.40760/abstract).
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Statistical analysis. For 2- group comparisons, the Welch’s 
t- test was used. For multiple comparisons, the nonparametric 
Kruskal- Wallis test was used, followed by Dunn’s multiple com-
parisons test. P values less than 0.05 were considered significant.

RESULTS

Sequencing the blood plasmablast antibody reper-
toire in RA. To study ACPA repertoires from activated, disease- 
relevant B cells in RA, we sequenced the antibodies expressed 
by plasmablasts from 6 anti- CCP+ RA patients and generated 
phylogenetic trees that represent the plasmablast antibody 
repertoires of each individual RA patient (Figure  1). A total of 
2,541 antibodies were sequenced (see Supplementary Table 
3, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40760/abstract). Raw 
sequencing data have been deposited in the NCBI SRA data-
base (accession no. PRJNA503739; https://www.ncbi.nlm.nih.
gov/sra). In total, 182 clonal families, consisting of a total of 510 
antibodies, were identified, with the remaining 2,031 antibod-
ies representing nonclonal family “singletons.” These singletons 
may in fact represent small clonal families that could not be cap-
tured at the current sequencing depth; therefore, our estimates 
of clonality are likely underestimates.

Sequenced antibodies were split nearly evenly between 
IgA and IgG isotypes (1,200 for IgA and 1,341 for IgG), 

although the ratios of IgA to IgG varied between patients. 
In total, 231 of the sequenced antibodies were derived from 
tetramer- positive (cit- tet+) plasmablasts. While this represents 
9% of the total number of plasmablast antibody sequences, 
actual percentages of cit- tet+ plasmablasts in individual 
patients ranged from 1.4% to 34.7%. Of the cit- tet+ plas-
mablasts sequenced, 28.6% belonged to clonal families; of 
tet− plasmablasts, 23.8% were clonal. Heavy-  and light- chain 
V- gene usage was comparable between the cit- tet+ plasma-
blasts and the entire plasmablast repertoires (see Supple-
mentary Figures 1A–D, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40760/abstract). Differences in mutation rates between 
cit- tet+ and tet− plasmablasts were nonsignificant, with the 
exception of that in subject RA3, whose cit- tet+ plasmablasts 
were significantly more mutated (see Supplementary Figures 
2A–F, http://onlinelibrary.wiley.com/doi/10.1002/art.40760/
abstract).

Differential binding and unique polyreactive signa-
tures against citrullinated antigens exhibited by recom-
binant monoclonal ACPAs. Sixty- nine antibodies spanning 
samples from the 6 RA patients were selected for recombinant 
expression. Fifty- eight of the recombinant mAb were derived 
from cit- tet+ plasmablasts, the majority of which were clonally 
expanded. The remaining 11 were derived from tet−  plasmablasts. 

Figure 1. Representative plasmablast antibody repertoires in the blood of cyclic citrullinated peptide–positive (CCP+) rheumatoid arthritis (RA) 
patients. The plasmablast antibody repertoires of CCP+ RA patients were sequenced using a single- cell, barcode- based antibody repertoire 
capture method. Bioinformatics analyses of sequencing data sets were performed to obtain consensus sequences, pair cognate heavy- chain 
(HC) and light- chain (LC) sequences for individual plasmablasts, and generate phylogenetic trees. Two representative trees are presented (RA3 
on left, RA11 on right) (see also Supplementary Table 3, http://onlinelibrary.wiley.com/doi/10.1002/art.40760/abstract). The tip of each branch 
denotes the paired HC and LC genes of an antibody expressed by a single plasmablast. Antibodies deriving from clonal families of plasmablasts 
are highlighted by yellow branches. Antibodies from citrullinated peptide tetramer–positive plasmablasts are colored in red.
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The recombinant mAb were tested for citrullinated antigen spec-
ificity using a CCP assay and synovial antigen planar arrays (27). 
Of the 69 recombinant mAb expressed, 15 showed positive reac-
tivity on the CCP ELISA (Figure 2A), while 34 recombinant mAb 
showed reactivity against citrullinated antigens contained on the 
synovial antigen arrays (Figure  2B). Several of the recombinant 
mAb exhibited low- level reactivity against native fibrinogen on the 
planar array.

In comparing the cit- tet+ and cit- tet− recombinant mAb, 33 
(56.9%) of 58 cit- tet+ recombinant mAb showed positive reactivity 
to citrullinated antigens in at least 1 of the 2 assays, as compared 
to only 3 (27.3%) of 11 tet− recombinant mAb. Intriguingly, of the 
33 cit- tet+ recombinant mAb that exhibited ACPA reactivity, 24 
(72.7%) bound more than 1 citrullinated antigen, according to the 
findings on synovial antigen planar array. Taken together, these 
data indicate that we were able to successfully enrich for, express, 
and characterize recombinant ACPAs from RA patient plasma-
blast repertoires.

Differentially mutated antibodies encoded by  
plasmablast clonal families that exhibit differential 
binding to citrullinated antigens. To investigate whether 
epitope spreading arises from affinity maturation, we character-
ized, using synovial antigen arrays and with results confirmed by 
ELISA, the specificities of clonally related, yet differentially mutated, 
antibodies derived from 3 clonal families of ACPA- producing plas-
mablasts. Clonally related recombinant mAb exhibited distinct, 
but overlapping, binding specificities to citrullinated antigens  
(Figure 3A). For example, 5 of the 7 recombinant mAb derived 
from clonal family 1 bound the hFibA 41–60 cyclic (cyc) cit3 
peptide (Figure 3B). Of these 5, both recombinant mAb 78 and 
recombinant mAb 80 bound H2A/a 1–20 cit3, but not H2B/a 
62–81 cit cyc peptide. In contrast, the reverse was exhibited by 
recombinant mAb 60 and 76.

For both clonal family 2 and clonal family 3, 3 of the 
expressed recombinant mAb from each family exhibited shared 
binding reactivities and recognized the same set of citrullinated 

Figure 2. Recombinant monoclonal antibodies sequenced from rheumatoid arthritis (RA) patient plasmablasts exhibit distinct polyreactive 
binding of citrullinated antigens. A, Representative antibodies derived from patient plasmablasts were recombinantly expressed and tested for 
anti–cyclic citrullinated peptide (anti- CCP) reactivity using a commercial CCP enzyme- linked immunosorbent assay kit. Results are normalized 
against a monoclonal anti–citrullinated protein antibody (ACPA) control. The cutoff value for positivity was set at 3 SD above the average of 
the negative controls (antihemagglutinin antibodies). Data are presented as the mean ± SEM of duplicate assays, and are representative of 3 
independent experiments. B, Antigen array analysis of recombinant antibody reactivities against RA- associated autoantigens was performed. 
Arrays were printed with ~300 citrullinated and native synovial peptides and proteins, including citrullinated filaggrin cyclic (cfc), a citrullinated 
filaggrin peptide used in first- generation CCP assays. Arrays were probed with patient- derived recombinant antibodies followed by fluorescent 
anti- human IgG detection antibody prior to scanning. The median mean fluorescence intensity (MFI) of 4 replicate spots for each antigen  
is displayed. Ctrls = controls; Tet+ = citrullinated tetramer–positive; Tet− = citrullinated tetramer–negative; H2A = histone 2A; cit = citrullinated; 
cyc = cyclic; hFibA = human fibrinogen α; hFibB = human fibrinogen β; cf = citrullinated filaggrin; IL- 8 = interleukin- 8.
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peptides (with distinct sets of citrullinated peptides recognized 
by each family) (Figures 3C and D). However, each family also 
contained individual ACPAs that exhibited increased polyreac-
tivity by binding additional citrullinated peptides, and 1 antibody 
that did not bind any peptides. None of the recombinant mAb 
tested bound the noncitrullinated versions of the peptides (data 
not shown). These findings provide evidence of overlapping, but 
distinct, epitope reactivity, including the generation of polyre-
active ACPAs of the divergently mutated antibodies encoded 
within ACPA plasmablast clonal families.

Restricted binding to citrullinated antigens and 
reduced polyreactivity exhibited by predicted ancestral 
antibodies. To directly assess the effects of somatic hypermuta-
tion on antigen specificity, we reverted clonally related plasmablast 
ACPAs back toward their germline sequence. We used IgTree (25) 
to predict the shared parent antibodies for each of the 3 clonal 
families (Figures 4A, C, and E). All ancestral antibodies, includ-
ing the inferred germline sequences, were expressed and tested 
by ELISA to determine their binding specificity. In cases where 

the germline sequence was difficult to discern, particularly for the 
highly variable CDR3 regions, multiple antibodies were produced.

Several of the parent sequences bound citrullinated anti-
gens; however, in general, the ancestral recombinant mAb 
bound fewer antigens than the affinity- matured recombi-
nant mAb. For example, in clonal family 1, recombinant mAb 
encoded by parent sequences only bound FibB 246–267 cit 
and H2A/a 1–20 cit3 peptides, which represent only 2 of the 
6 peptides targeted by the corresponding affinity- matured anti-
bodies (Figure 4B). Parent sequences in both clonal family 2 and 
clonal family 3 bound hFib 41–60 cit3 cyc and vim 376–395 cit 
peptides, but showed no reactivity against additional peptides 
bound by the affinity- matured antibodies, namely H2B/a 62–81 
cit cyc or α- enolase 414–433 cit2 (Figures 4D and F). Of note, 
the inferred germline antibodies of 2 of the 3 clonal families did 
not bind to any citrullinated antigens contained on the synovial 
antigen arrays (Figures  4B and F). These results demonstrate 
that the somatic hypermutation and affinity maturation of ACPAs 
during clonal expansion can lead to epitope spreading of the 
ACPA response in individuals with RA.

Figure 3. Identification of ACPA–producing plasmablast clonal families (CFs) containing divergent antibodies that exhibit differential polyreactive 
binding to citrullinated epitopes. A, Recombinant monoclonal antibodies (mAb) derived from the 3 ACPA clonal families were expressed and 
tested by enzyme- linked immunosorbent assay (ELISA) for reactivity against citrullinated peptides and their native counterparts. The cutoff value 
for positivity for each peptide was set at 3 SD above the average of the negative controls. The horizontal broken line represents the normalized 
cutoff for positive hits (fold change >1). Data are presented as the mean ± SEM fold change, and are representative of at least 3 replicated 
experiments. B–D, Heatmaps summarize the ELISA data for the binding of mAb derived from clonal families 1 (B), 2 (C), and 3 (D) to various 
citrullinated peptides. Data are representative of 3 replicated experiments. The mean reactivity of positive hits (fold change − 1 >0) are displayed 
in a colored gradient ranging from yellow to red. White indicates no detectable reactivity (fold change − 1 ≤0). Gray indicates data not available. 
vim = vimentin (see Figure 2 for other definitions).
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There were a few cases in which the predicted ances-
tral antibodies bound more citrullinated antigens than did the 
affinity- matured descendants. For instance, ancestral antibodies 
RA168, RA174, and RA175 bound hFibA 41–60 cit3 cyc and 
vimentin (vim) 376–395 cit, but several of their descendant anti-
bodies, RA70, RA73, and RA74, did not (Figures  4C–F). This 
suggests that certain somatic hypermutations lead to loss of 
specific epitope recognition for some antibodies. Despite this, 
individual affinity- matured RA plasmablast–encoded ACPAs 
exhibited significantly increased polyreactivity as compared to 
ancestral antibodies (Figure 4G). These results demonstrate that 
the affinity maturation of ACPA B cells can lead to generation 
of individual B cell clones that encode ACPAs that bind distinct 
citrullinated epitopes and/or possess increased polyreactivity, 
which in turn contributes to the increased number of reactivities 
against citrullinated antigens by the polyclonal ACPA response in 
the serum of RA patients.

Use of molecular modeling to predict regions within 
the ACPA paratope involved in epitope specificity. An 
antibody’s paratope is formed by the specific amino acid resi-
dues within the Fv domain that recognize and physically bind to 
its target antigen. To determine regions within the ACPA paratope 
responsible for citrullinated antigen binding, we performed molec-
ular  modeling using the Rosetta software package to simulate 
ACPA–citrullinated antigen interactions. We ran docking experi-
ments for 28 antibody–antigen combinations and generated 2 top 
models for each complex, yielding a total of 56 models. A repre-
sentative set of 3 docked models is presented in Figures 5A–C. 
Using PyMOL, we identified for each model the antibody resi-
dues predicted to be in contact with the citrullinated antigens; the 
cumulative results across all antibody–antigen models are shown 
in Figures 5D–F (29).

As expected, the majority of the contact residues were 
found  in the CDR regions of the antibody sequences (Fig-

Figure 4. Ancestral antibodies of ACPAs show divergent anticitrulline reactivities and less polyreactivity. A, C, and E, Lineage tree analysis 
of the ACPA clonal families. Sequences of clonally related antibodies were analyzed with IgTree to generate lineage trees representing clonal 
families 1 (A), 2 (C), and 3 (E). The length of each branch has been adjusted to proportionally match the number of mutations present between 2 
antibody nodes. B, D, and F, ACPA reactivity of predicted ancestral B cell antibodies. Lineage trees for clonal families 1 (B), 2 (D), and 3 (F) are 
shown in various colors based on the antigen specificity as tested by enzyme- linked immunosorbent assay (ELISA). Data are representative of 
at least 2 independent experiments. The color intensity indicates the mean strength of the ELISA signal. White symbols indicate no binding, and 
gray indicates data not available. G, Polyreactivity graph. The degree of polyreactivity was compared between all ancestral antibodies and all 
affinity- matured, patient- derived antibodies across the 3 clonal family groups. The degree of polyreactivity between the groups was compared 
by Welch’s t- test. ** = P ≤ 0.01. G. L. = germline (see Figure 2 for other definitions).
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ures 5D–F). However, although contact residues are predicted in 
the heavy- chain CDR3 region, which is the predominant region 
conferring the  binding specificity of most antibodies, these data 
indicate a stronger likelihood of involvement of the light- chain 
CDR3 (189 counts) than the heavy- chain CDR3 (85 counts), at 
least with regard to binding to hFib 41–60 cit3 cyc peptide. We 
also observed that a substantial number of contact residues were 
predicted to occur in the framework regions flanking the heavy- 
chain CDR2 (Figures  5D–F). Taken together, these results from 
our molecular modeling studies identify multiple regions within 
the ACPA paratopes that may be predicted to be important for 
citrullinated antigen binding and that confer polyreactivity against 
specific sets of citrullinated epitopes.

Altered specificity and epitope spreading resulting 
from mutagenesis of critical ACPA paratope regions. To 
confirm the relevant ACPA paratope regions identified from molec-
ular modeling, we used the predicted contact residue information 

from the docked models to guide mutation studies on 5 pairs of 
clonally related ACPAs. In each pair, we compared 1 antibody with 
a particular anti–citrullinated antigen reactivity to a clonally related 
antibody without that reactivity. Residues predicted to be relevant 
to binding were transferred from the reactive antibody to the non-
reactive antibody (see Supplementary Table 4, available on the 
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40760/abstract). Mutated antibodies along with 
the subject- derived recombinant plasmablast antibodies were 
tested using citrullinated peptide ELISAs to determine their anti-
gen specificities (Figures 6A–E).

We were able to generate mutated antibodies that gained 
novel specificities against the citrullinated antigens and/or epitopes 
of interest. For instance, from clonal family 2, recombinant mAb 65 
bound both hFib 41–60 cit3 cyc and vim 376–395 cit2, whereas 
recombinant mAb 70 bound neither antigen. Transferring heavy- 
chain residues 56–59 from recombinant mAb 65 to recombi-
nant mAb 70 induced binding by modified recombinant mAb 

Figure 5. Predicted contact residues of ACPA clonal family antibodies based on molecular modeling. Molecular models of antibodies from 
clonal families 1, 2, and 3 (see Figure 4) were produced using the Rosetta software package. Three peptides, hFibA 41–60 cit3 cyc (A and D), 
vimentin (vim) 376–395 cit (B and E), and α- enolase 414–433 cit2 (C and F), were modeled using PEP- FOLD version 2.0 and converted to
citrullinated forms using PyMOL. Antibody–antigen docking was performed using Rosetta (see Supplementary Methods, http://onlinelibrary.
wiley.com/doi/10.1002/art.40760/abstract). Three representative molecular models of patient- derived monoclonal antibodies (mAb) docked 
with citrullinated peptides are presented: recombinant mAb 80 docked with hFibA 41–60 cit3 cyc peptide (A), recombinant mAb 78 with vim 
376–395 cit peptide (B), and recombinant mAb 66 with α- enolase 414–433 cit2 peptide (C). The predicted contact residues for each docked
model were counted and the cumulative results of all antibody–antigen combinations are presented (D–F). Antibody sequences are presented 
using the Chothia (post- 1997) numbering scheme, with the heavy and light chains concatenated along the x- axis. Complementarity- determining 
regions are highlighted between the vertical broken lines. See Figure 2 for other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.40760/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40760/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40760/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40760/abstract
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70 against both peptides (recombinant mAb 70- 1) (Figure  6A). 
 Importantly, these 4 residues lie in the framework region flanking 
the heavy- chain CDR2 and were predicted by the modeling stud-
ies to be involved in binding. Mutating another region adjacent 
to the light- chain CDR1 also induced binding to both antigens, 
although the reactivity against hFibA 41–60 was largely abrogated 
(recombinant mAb 70- 3). Mutating the L31 residue or light- chain 
CDR3 (recombinant mAb 70- 2 and 70- 4) did not alter binding. 
Interestingly, combining all the mutations together (recombinant 
mAb 70- 5) induced not only binding to hFibA 41–60 cit3 cyc but 
also greater reactivity to vim 376–395 cit2, when compared to 
either of the original, subject- derived native recombinant mAb.

Similar results were attained for the other pairs of antibod-
ies. Sequences from recombinant mAb 86 were transferred to 
recombinant mAb 66, resulting in binding activity to hFib 41–60 
cit3 cyc and vim 376–395 cit2 (Figure 6B). In particular, transfer-
ring residues from the light- chain CDR1 region of recombinant 
mAb 86 induced strong binding reactivity against the hFib, vim, 
and α- enolase peptides (recombinant mAb 66- 2). The heavy- 
chain CDR3 from recombinant mAb 80, when grafted into 
recombinant mAb 79, resulted in a modest amount of binding to 
hFib 41–60 cit3 cyc (recombinant mAb 79- 2) (Figure 6C).

Finally, transferring a combination of the heavy- chain 
CDR2, heavy- chain CDR3, and light- chain CDR3 from recom-
binant mAb 60 to recombinant mAb 76 induced strong reactiv-
ity against vim 376–395 cit2 peptide (recombinant mAb 76- 4) 
(Figure 6D). Only 1 set of mutated antibodies failed to exhibit 
new differential reactivities—transferring sequences from 
recombinant mAb 66 to recombinant mAb 67 resulted in no 
change in binding against α- enolase 414–433 cit  (Figure 6E).

Overall, using the predicted ACPA paratope contact resi-
dues identified from the molecular models enabled mutation of 
clonally related antibody pairs to convey new and/or polyreactive 
binding to citrullinated epitopes in 4 of the 5 antibodies that had 
previously shown no reactivity. These mutagenesis studies mimic 
the somatic hypermutation process, and thus provide further 
evidence that affinity maturation of ACPAs during clonal expan-
sion can lead to both binding to distinct citrullinated epitopes 
and/or increased polyreactivity of individual ACPAs in RA.

DISCUSSION

The phenomenon of epitope spreading of the ACPA 
response against citrullinated antigens is a well- established 

Figure  6. Paratope mutagenesis studies of clonally related ACPAs alter epitope specificity and polyreactivity. For detection of altered 
citrullinated antigen reactivity of mutated recombinant ACPAs, pairs of antibodies from within the ACPA- producing clonal families were selected 
based on having divergent reactivity against 1 or more citrullinated peptides. Specifically, recombinant monoclonal antibodies (mAb) 65 and 70 
(A) were selected from the clonal family presented in Figure 4C. Recombinant mAb pairs 66 and 86 (B) and 66 and 67 (E) were selected from 
the clonal family presented in Figure 4E, and recombinant mAb pairs 79 and 80 (C) and 60 and 76 (D) were selected from the clonal family 
presented in Figure 4A. Mutated versions of the ACPAs were designed based on the predicted residues identified in the modeling studies that 
were predicted to be critical for antigen binding (see Figure 5 and Supplementary Table 4, http://onlinelibrary.wiley.com/doi/10.1002/art.40760/
abstract). The original pair of recombinant antibodies and their corresponding mutated versions were then analyzed by peptide enzyme- linked 
immunosorbent assays for reactivity against the same antigens used in the modeling studies. Fold change values above the horizontal broken 
line are considered to be positive hits (fold change >1). Data are presented as the mean ± SEM, and are representative of at least 2 replicated 
experiments. vim = vimentin (see Figure 2 for other definitions).

http://onlinelibrary.wiley.com/doi/10.1002/art.40760/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40760/abstract
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feature of RA, but little is understood with regard to how and 
why it occurs. In the present study, by sequencing the plas-
mablast antibody repertoire, performing molecular modeling, 
and characterizing the encoded antibodies, we demonstrate 
a greater level of ACPA functional diversity at the single- cell 
level than has been previously reported. We additionally report 
data suggesting that somatic hypermutations occurring dur-
ing affinity maturation confer antibody paratopes that mediate 
both binding to distinct citrullinated epitopes and/or increased 
polyreactivity, which results in epitope spreading of the serum 
ACPA response.

To guide our analysis of the ACPA repertoire, we devel-
oped cit- peptide tetramers as a sort reagent. This sort re agent 
enabled identification of ACPA- producing B cells in the blood 
from individuals with RA, as confirmed by positive reactiv-
ities of the encoded recombinant mAb in CCP ELISAs and 
against citrullinated antigens on synovial antigen arrays. Sev-
eral of the expressed cit- tet+ plasmablast recombinant mAb 
did not bind citrullinated antigens either in the ELISA or on 
planar arrays. There are several potential explanations for this, 
including potential differences in the conformation of the pep-
tides, which is known to be important for ACPA recognition, as 
they may differ in solution during flow cytometry as compared 
to when printed on epoxy slides. Furthermore, some cit- tet− 
recombinant mAb showed positive reactivity to citrullinated 
antigens. Since we used a cocktail of 14 citrullinated peptides 
to generate our tetramers—a relatively small representation of 
the spectrum of citrullinated antigens known to be present in 
RA joints—which would be expected to only enrich for a sub-
set of ACPA- producing B cells, we likely missed some ACPA- 
producing B cells.

Based on the findings from the ELISAs and antigen array 
analyses, we determined that many of the ACPA recombinant 
mAb were polyreactive. This is in line with the findings from 
previous studies, in which ACPAs have been shown to cross- 
react against multiple citrullinated epitopes (21,30–32). Of 
note, while most of the studies were limited to analyses of the 
polyclonal antibodies present in RA patient blood, only a few 
studies characterized monoclonal ACPAs. Of these, one group 
identified 36 patient- derived ACPAs, 66.7% of which cross- 
reacted against multiple epitopes (33). This is similar to our 
own data, in which 72.2% of our patient-derived ACPAs bound 
multiple citrullinated epitopes, suggesting that the majority of 
ACPAs display some degree of polyreactivity. In addition, by 
testing for reactivity against a greater number of citrullinated 
antigens via synovial antigen arrays, we demonstrated distinct 
polyreactivity patterns between individual ACPAs, and showed 
that affinity maturation can increase the polyreactivity of indi-
vidual ACPAs.

While the heterogeneity of ACPA reactivity is well established, 
it is unclear whether the epitope spreading and overall breadth of 
the ACPA response arises from de novo activation of ACPA B cells 

targeting distinct citrullinated epitopes or is the result of diversifica-
tion of the citrullinated epitope binding specificity within individual 
clonal families. An important finding of this study is the divergence 
of reactivities observed among clonally related ACPAs, along with 
the expanded polyreactivity of individual affinity- matured ACPAs 
against distinct sets of citrullinated antigens.

By definition, clonal families of antibodies derive from a single, 
activated parent B cell. They share the same germline genes and 
junctional rearrangements, differing only in the somatic hypermu-
tations that each antibody has individually accumulated over time. 
According to this dogma, B cells would be selected for continued 
clonal expansion if their somatic hypermutations increase the affin-
ity and specificity against the original antigen. However, our data 
suggest that this is not the case for ACPAs, at least not in terms of 
their antigen specificity. We demonstrate multiple cases in which 
clonally related ACPAs exhibited differential binding to citrullinated 
epitopes. Moreover, we demonstrated differences in the ability of 
ancestral antibodies to bind citrullinated epitopes, often recogniz-
ing fewer targets than the affinity- matured antibodies. Finally, we 
utilized molecular modeling and mutagenesis to recreate somatic 
hypermutations, proving that they can change the antigen speci-
ficities of ACPAs. Taken together, our results reveal that somatic 
hypermutation alters the specific citrullinated epitopes bound by 
clonally related ACPAs. We propose that somatic hypermutation 
during clonal expansion directly causes epitope spreading of the 
ACPA response.

In a healthy immune response, the majority of B cells encod-
ing autoreactive antibodies arising from affinity maturation are tol-
erized (34). In autoimmune diseases, these checkpoints can be 
disrupted, resulting in the escape of B cells encoding autoreactive 
antibodies. This phenomenon is not unique to RA; autoantibodies 
against double- stranded DNA can arise from nonautoreactive B 
cells undergoing somatic hypermutation in mouse models (35,36) 
and in patients with systemic lupus erythematosus (37). Similarly, 
autoantibodies against desmoglein 3 in pemphigus vulgaris can 
be generated through somatic hypermutation (38). Our study is 
the first to reveal the role of affinity maturation–mediated somatic 
hypermutation in the generation of ACPAs. Somatic hypermu-
tations induced novel reactivities and/or polyreactivities against 
citrullinated antigens, resulting in epitope spreading within clonal 
families of ACPA B cells. In addition, ACPA paratopes that were 
artificially reverted to the inferred germline sequences lost their 
anticitrulline reactivity and polyreactivity, suggesting that ACPA 
paratopes may arise from nonautoreactive B cells.

It is important to recognize the role of citrullinated epitopes in 
driving the evolution of ACPAs. Based on our studies, we believe 
that citrulline acts as a “quasi- hapten,” increasing the antigenicity 
of an otherwise heterogeneous set of antigens, thereby allowing 
ACPAs to mutate in ways that increase their polyreactivity, so long 
as they retain a strong affinity for the citrulline residue itself. In this 
way, antibodies switching from protective reactivity against foreign 
citrullinated antigens, such as those arising from Porphyromonas 
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gingivalis infection or smoking, to pathogenic  autoreactivity 
against citrullinated self antigens are easily conceivable (33,39). 
We hypothesize that citrulline recognition increases the likeli-
hood of an ACPA- producing B cell receiving an activation signal 
because its B cell receptor is less restricted in terms of which anti-
gens it can bind. Increased B cell activation, coupled with poly-
reactive ACPAs, leads to the continued expansion of B cell pop-
ulations targeting multiple citrullinated antigens. Accordingly, our 
findings suggest that affinity maturation during clonal expansion 
drives epitope spreading of the ACPA response.

If citrulline is indeed acting as a quasi- hapten, elucidating 
the mechanisms by which ACPA B cells are generated could 
give rise to next- generation diagnostics and therapeutics. Con-
ceivably, a common feature responsible for targeting citrullinated 
epitopes may exist among ACPAs. Identification of a conserved 
binding paratope could lead to treatments that selectively tar-
get ACPA- producing B cells. We characterized the ACPA para-
tope through molecular modeling and mutagenesis. We were 
able to predict and verify key contact residues important for 
binding to citrullinated antigens, including the framework region 
next to heavy- chain CDR2. This is an interesting finding given 
that framework regions are believed to primarily maintain loop 
structures and not direct antigen binding. The role of the frame-
work regions in modulating the specificity of the ACPA paratope 
should be further investigated. Although our studies identified 
regions within the ACPA paratope important for citrullinated anti-
gen–specific binding, crystallization studies will be necessary to 
confirm the critical citrulline- binding residues.

Limitations to our study include the patient population of the 
VA hospital, which is predominantly male, and thus the subjects 
utilized do not fully reflect the general RA patient population. Fur-
thermore, at the time of our study, our technology was only opti-
mized to sequence plasmablasts expressing IgG or IgA isotype 
antibodies, and therefore only B cells expressing these 2 antibody 
subclasses were analyzed. Additionally, given the limited number 
of patients analyzed, the repertoire- sequencing depth, and the 
number of recombinant antibodies expressed, it is difficult to esti-
mate the extent to which affinity maturation within clonal families 
results in epitope spreading within individual patients and across 
the entire RA population. In our study, we selected the largest 
cit- tet+ clonal families with polyreactivity against citrullinated anti-
gens for in depth characterization; however, these clonal families 
were all derived from a single donor (RA3). Therefore, although we 
anticipate that multiple clonal families with differentially mutated 
members will also exhibit epitope spreading in the repertoires of 
other RA patients, it is also possible that there will be families with 
differentially mutated members that exhibit a shared specificity 
without evidence of epitope expansion.

The mechanisms driving the evolution of the antibody rep-
ertoire may vary between clonal families within a patient, as well 
as between patients, based on the antigens targeted or may vary 
over the course of disease. Nevertheless, our study establishes 

that affinity maturation is a mechanism by which epitope spread-
ing of ACPAs can occur. Although it is possible that our observa-
tions in the RA3 sample may represent an extreme case, given 
the ease with which a few mutations to the variable region of an 
ACPA can alter its epitope specificity, we suspect that epitope 
spreading via somatic hypermutation is a common occurrence. 
We anticipate that affinity maturation–driven epitope spreading 
has the potential to result in diversification of the specificity of the 
autoantibody response in multiple directions, depending on the 
specific mutations conferred in the process. Additional studies 
utilizing deeper sequencing in a larger cohort would help further 
define the extent to which this mechanism mediates epitope 
spreading in RA.

Taken together, our findings shed light on a mechanism 
mediating the pathogenesis of RA, in which somatic hypermu-
tation and affinity maturation result in epitope spreading within 
lineages of ACPA- encoding B cells, as well as generation of indi-
vidual ACPAs that have increased polyreactivity and that contrib-
ute to the reactivity of the overall ACPA response in RA. Further 
structural analysis of ACPA–citrullinated antigen interactions may 
help identify citrulline- specific and epitope- specific paratope 
regions that could inform the development of next- generation 
diagnostics and therapeutics. Finally, defining and characterizing 
the germline versions of ACPAs could reveal the key antigens 
involved in breaking tolerance to initiate the development of RA, 
and thereby open avenues for disease prevention.
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Citrullinated Aggrecan Epitopes as Targets of Autoreactive 
CD4+ T Cells in Patients With Rheumatoid Arthritis
Cliff Rims,1 Hannes Uchtenhagen,2 Mariana J. Kaplan,3 Carmelo Carmona-Rivera,3 Philip Carlucci,3 
Katalin Mikecz,4 Adrienn Markovics,4 Jeffrey Carlin,5 Jane H. Buckner,1 and Eddie A. James1

Objective. Recognition of citrullinated antigens such as vimentin, fibrinogen, and α- enolase is associated with
rheumatoid arthritis (RA). Emerging data suggest that the matrix protein aggrecan is also recognized as a citrullinat-
ed antigen. This study was undertaken to directly visualize Cit- aggrecan–specific T cells and characterize them in 
patients with RA.

Methods. Citrullinated aggrecan peptides with likely DRB1*04:01 binding motifs were predicted using a previously 
published scanning algorithm. Peptides with detectable binding were assessed for immunogenicity by HLA  tetramer 
staining, followed by single cell cloning. Selectivity for citrullinated peptide was assessed by tetramer staining and 
proliferation assays. Ex vivo tetramer staining was then performed to assess frequencies of aggrecan- specific T cells 
in peripheral blood. Finally, disease association was assessed by comparing T cell frequencies in RA patients and 
controls and correlating aggrecan- specific T cells with levels of aggrecan- specific antibodies.

Results. We identified 6 immunogenic peptides, 2 of which were the predominant T cell targets in peripheral 
blood. These 2 epitopes were citrullinated at HLA binding residues and shared homologous sequences. RA patients 
had significantly higher frequencies of Cit- aggrecan–specific T cells than healthy subjects. Furthermore, T cell fre-
quencies were significantly correlated with antibodies against citrullinated aggrecan.

Conclusion. Our findings indicate that T cells that recognize citrullinated aggrecan are present in patients with RA 
and correlate with antibodies that target this same antigen. Consequently, aggrecan- specific T cells and antibodies 
are potentially relevant markers that could be used to monitor patients with RA or at- risk subjects.

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic disease in which joints 
are destroyed through inflammatory processes (1). Serologic 
markers, including rheumatoid factor and anti–citrullinated protein 
antibodies (ACPAs), and a strong association with high- risk alleles 
such as HLA–DRB1*04:01 implicate autoreactive CD4+ T cells 
as an important facet of disease etiology (2,3). Detailed studies of 
ACPA specificity have established that vimentin, fibrinogen, and 
α- enolase are recognized as citrullinated antigens (4–6). These

proteins are also recognized by autoreactive CD4+ T cells, sup-
porting the notion that T cells provide help for antibody responses 
in RA (7). Furthermore, T cell frequency has been shown to be 
influenced by disease duration and therapy, suggesting that 
changes in T cell number and function are reflective of changes in 
the overall disease process (8).

Emerging data suggest that the matrix protein proteoglycan 
aggrecan is recognized as a citrullinated antigen (7,9). Aggrecan 
is an abundant component of extracellular matrix within the joints 
(along with proteins such as tenascin- C and type II collagen) and 
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has been conclusively shown to be citrullinated in human articular 
cartilage (10). The presence of aggrecan fragments has been doc-
umented within synovial fluid and is reported to increase with age 
(11,12). Furthermore, immunization with aggrecan was shown to 
induce arthritis in murine models (13). Levels of autoantibodies to 
citrullinated epitopes within the G1 domain are elevated in RA but 
not in osteoarthritis, indicating that such antibodies are specifically 
associated with autoimmunity rather than merely accompanying 
joint damage (10). Citrullinated CD4+ T cell epitopes from aggre-
can have been described, and elevated responses to some were 
shown to be associated with RA (9,14,15). However, a systematic 
HLA- specific characterization of aggrecan- derived T cell epitopes 
has yet to be performed, and tools to directly visualize aggrecan- 
specific T cells have yet to be developed. The goals of our study 
were to define citrullinated aggrecan epitopes in the context of 
DRB1*04:01, to visualize and characterize Cit- aggrecan–specific 
T cells, and to investigate their relevance in patients with RA.

MATERIALS AND METHODS

Epitope prediction and peptide synthesis. A previously 
described prediction method was used to identify citrullinated 
aggrecan peptides with motifs likely to bind to HLA–DRB1*04:01 
(henceforth DR0401) (8,16). Briefly, motif scores were calculated 
by multiplying coefficients corresponding to each anchor resi-
due for all possible core 9- mers within the protein that included 
an internal or flanking arginine or citrulline residue. A total of 28 
peptides with motif scores of 0.1 or higher were synthesized by 
Mimotopes. For tetramer production and further studies, selected 
 citrullinated peptides and their corresponding native peptides 
were resynthesized by Sigma. All peptides were dissolved in 
DMSO to a stock concentration of 20 mg/ml.

Peptide binding to DR0401. The binding capacity of cit-
rullinated aggrecan peptides to DR0401 was assessed using a 
previously described assay (17). Briefly, candidate peptides were 
plated at increasing concentrations against a fixed concentration 
of a biotinylated reference peptide, influenza hemagglutinin306–318 
(PKYVKQNTLKLAT) in wells coated with anti–HLA–DR antibody 
(clone L243, supplied by the Benaroya Research Institute [BRI] 
Tetramer Core). Europium- conjugated streptavidin was used to 
label residual HLA- bound biotinylated peptide (PerkinElmer), and 
the residual peptide concentration was quantified using a Wallac 
Victor2 Multilabel Counter. Binding curves were fitted by a sig-
moidal regression model using GraphPad Prism 7.0, and 50% 
effective concentration values were calculated as the peptide con-
centration needed to displace 50% of the reference peptide.

Subject recruitment. Control and RA subjects were 
recruited with informed consent through the BRI healthy control 
and rheumatic disease registries. Sample use was approved 
by the BRI Institutional Review Board. All subjects had HLA–

DRB1*04:01 haplotypes. Control subjects had no autoimmune 
disease, no first- degree relatives with RA, and ranged in age from 
23 to 66 years (mean ± SD 50.2 ± 10.9 years). All RA patients 
were ACPA positive, ranged in age from 25 to 71 years (mean ± 
SD 52.5 ± 11.3 years), and met the American College of Rheuma-
tology 1987 revised criteria for RA (1).

Isolation and preparation of peripheral blood mono
nuclear cells (PBMCs). PBMCs were separated from whole 
blood over Ficoll- Hypaque gradient, cryopreserved in heat- 
inactivated fetal bovine serum (FBS) supplemented with 10% 
DMSO, and stored in liquid nitrogen. PBMCs were subsequently 
thawed at 37°C, washed with RPMI media supplemented with 
10% FBS and 0.001% DNase/Benzonase (Sigma- Aldrich), and 
resuspended in RPMI media supplemented with 10% human 
serum (Gemini Bio- Products).

Tetramer production. Class II tetramers were generated 
by the BRI Tetramer Core as previously described (18). Briefly, 
DR0401 monomer was purified from insect cell cultures and bio-
tinylated at a sequence- specific site. Biotinylated monomer was 
loaded with 0.2 mg/ml of peptide and incubated for 72 hours at 
37°C in the presence of 2.5 mg/ml n- octyl- β- d- glucopyranoside 
and 1 mM Pefabloc SC (Sigma- Aldrich). Loaded monomers were 
conjugated into tetramers with fluorescence- labeled streptavidin 
for 6–18 hours at room temperature at a molar ratio of 8:1.

In vitro PBMC expansion, HLA class II tetramer stain
ing, and T cell clone isolation. PBMCs were cultured at 5 × 
106 cells/well in 48- well plates in 1 ml RPMI supplemented with 
10% human serum and 10 μg/ml of peptide. On day 6, cells were 
transferred to fresh wells and 10 units/ml of recombinant inter-
leukin- 2 (IL- 2; Roche) was added. After 14 days, cultures were 
screened by staining a 50- μl aliquot with 0.5 μl of tetramer (final 
concentration 5 ng/ml) for 1 hour at 37°C. Cultures were then 
costained with allophycocyanin (APC)–conjugated anti- CD4 (BD 
Biosciences) for 30 minutes at 4°C in the dark, washed, and 
analyzed by flow cytometry. To isolate T cell clones, staining was 
repeated and tetramer- labeled cells were single- cell sorted using 
a BD FACSAria II into 96- well round- bottomed plates contain-
ing 150 μl of human T cell media and expanded by adding 105 
irradiated feeders, 10 units/ml IL- 2, and 2 μg/ml phytohemag-
glutinin (PHA; Thermo). After 10–14 days, expanded cells were 
transferred to 96- well flat- bottomed plates and split as needed 
for an additional 14 days. The resulting clones were rescreened 
by tetramer staining. Positive clones were further expanded by 
additional rounds of PHA stimulation and then cryopreserved.

Proliferation assays. To assess proliferation in response to 
citrullinated, partially citrullinated, or unmodified peptide, clones or 
cells were plated at 2.5 × 104 cells/well in 96- well round- bottomed 
plates in human T cell media with 105 irradiated antigen- presenting 
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cells from an HLA–DRB1*04:01–positive (DR0401-positive) donor 
plus peptide and incubated at 37°C. After 72 hours, 1 μCi of 
3H- thymidine was added and incubated for 24 hours. Cells were 
then washed and lysed in water, and DNA was collected onto 
glass fiber filter membranes (PerkinElmer) using a plate harvester. 
Each filter mat was immersed in Betaplate Scint (PerkinElmer), 
and counts were collected on a Wallac 1450 LSC and Lumines-
cence Counter (PerkinElmer). The stimulation index was deter-
mined by calculating the ratio of counts of peptide- stimulated cells 
to counts of unstimulated cells.

Intracellular cytokine staining of T cell clones. To 
assess their functional profiles, T cell clones were activated with 
50 ng/ml phorbol myristate acetate (PMA) and 1 μg/ml ionomycin 
for 30 minutes, treated with brefeldin A (eBioscience), and incu-
bated for 3 hours at 37°C. Cells were fixed using fixation/perme-
abilization buffer (eBioscience), washed in permeabilization buffer 
(eBioscience), stained using antibodies to PerCP–Cy5.5–conju-
gated granulocyte–macrophage colony- stimulating factor (GM- 
CSF), fluorescein isothiocyanate [FITC]–conjugated granzyme 
B, Alexa Fluor 700–conjugated interferon- γ (IFNγ), Alexa Fluor
647–conjugated IL- 4, and phycoerythrin (PE)–conjugated IL- 21 
(all from BioLegend), collected on an LSRII flow cytometer (BD 
Biosciences), and analyzed using FlowJo (Tree Star).

Activation of T cell clones by fibroblast- like synovi
ocytes (FLS). Human FLS were HLA typed and isolated as pre-
viously described (19), cocultured with T cell clones by plating 1 
× 105 FLS (passage 10 for DR0401- positive FLS and passage 
12 for DR0401- negative FLS) with 2 × 105 T cells per well, and 
incubated in the presence or absence of anti- DR antibody (20 μg/
ml) (L243; BRI Tetramer Core) or corresponding peptide as a pos-
itive control for 5 days. Clones and FLS were also cultured indi-
vidually to assess background. On day 4, 1 μCi of 3H- thymidine 
was added to each well. Cells were harvested after 24 hours and 
counts were obtained on day 5 as described above.

Measurement of aggrecan gene expression in FLS. 
Human FLS were plated on a single 100- mm tissue culture 
dish (BD Biosciences). Once 80% confluent, cells were treated 
with 1,000 units/ml IFNγ (catalog no. 285- IF; R&D Systems) for
72 hours. Cells were then treated with trypsin, and RNA was 
extracted using a Qiagen RNeasy Mini kit (catalog no. 74134) 
according to the manufacturer’s protocol. RNA was quantified 
using a NanoDrop spectrophotometer, and complementary DNA 
was synthesized using a ThermoFisher SuperScript IV reverse 
transcriptase kit (catalog no. 18091050) according to the man-
ufacturer’s instructions in a PTC- 225 Peltier thermal cycler. Com-
plementary DNA was probed using TaqMan Fast Advanced Mas-
ter Mix (catalog no. 4444557; Applied Biosystems) in an Applied 
Biosystems 7500 Fast Real- Time PCR System cycler with the 
following Applied Biosystems TaqMan primers: VIC- MGB GAPDH 

Hs02786624_g1, FAM- MGB PDPN Hs00366766_m1, FAM- 
MGB CD3E Hs01062241_m1, FAM- MGB ACAN Hs00153936_
m1, and FAM- MGB VCAN Hs00171642_m1. Gene expression 
levels were assessed by comparing mean Ct values to the mean 
Ct of GAPDH. Ct values defined as “undetermined” or assigned a 
default value above 35 by 7500 software version 2.3 were consid-
ered “undetectable.”

Ex vivo detection of Cit- aggrecan–specific T cells. For 
ex vivo detection of antigen- specific T cells, 3.5 × 107 PBMCs were 
thawed and rested for 2 hours at 37°C, resuspended in 200 μl of T 
cell media, and treated with dasatinib for 10 minutes at 37°C to pre-
vent internalization of T cell receptors. Cells were stained by adding 
4.5 μl of each tetramer (final concentration 11 ng/ml) for 90 minutes 
at room temperature, with gentle manual shaking every 15 min-
utes. Cells were then labeled with anti- PE and anti- Myc magnetic 
beads (Miltenyi Biotec) for 20 minutes at 4°C, enriched on a mag-
netic column according to the manufacturer’s protocols, reserving 
a 1% cell fraction before enrichment to estimate the total number 
of CD4+ T cells in the sample. Cells were surface- stained for 30 
minutes at 4°C with CD14/CD19/FITC- conjugated annexin V (all 
from BioLegend), V500- conjugated CD4 (BD Biosciences), Alexa 
Fluor–conjugated CD45RA (BD Biosciences), and APC–Cy7–con-
jugated CCR7  (BioLegend). Samples were collected to completion 
on a BD FACSCanto II. Flow cytometry data were analyzed using 
FlowJo version 10 and Graph Pad Prism version 7.0. The frequency 
(F) of antigen- specific T cells was calculated as: F = (1,000,000 × 
tetramer- positive events from enriched sample)/(100 × number of 
CD4+ cells from the nonenriched fraction). Details of the gating 
strategy are available upon request from the corresponding author.

IgM depletion and serum antibody detection. IgM 
from serum samples from RA patients and healthy controls were 
depleted via immunoabsorption. Briefly, diluted sera were incu-
bated with goat anti- human IgM (μ chain–specific) antibody con-
jugated to agarose beads (Millipore Sigma) for 90 minutes at 4°C 
on a rotary wheel. IgM depletion was verified by anti- IgM West-
ern blotting. For enzyme- linked immunosorbent assay (ELISA), 
wells of 96- well ELISA plates (Nunc) were coated overnight with 
recombinant human aggrecan G1 or citrullinated recombinant 
human aggrecan G1 domain (0.2 μg/well each) in 100 μl/well of 
0.15M sodium carbonate buffer (pH 9.6) at room temperature 
(10). Unbound antigen was removed by washing with horserad-
ish peroxidase (HRP) wash buffer (Inova Diagnostics). Wells were 
blocked with heat- inactivated normal goat serum (R&D Systems) 
diluted to 1:10 in HRP sample diluent (Inova Diagnostics) for 2 
hours at room temperature. IgM- depleted serum samples were 
diluted 1:100 in sample diluent and incubated with the antigen- 
coated wells (100 μl/well, duplicate wells) for 2 hours at room 
 temperature.

Bound IgG was detected by incubation with 100 μl/well 
of HRP- conjugated polyclonal goat anti- human IgG (Abcam) 
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at a 1:3,000 dilution for 1 hour at room temperature. Unbound 
material was removed with HRP wash buffer between each of 
these steps. The color reaction was developed by incubation 
with 100 μl/well 3,3′,5,5′- tetramethylbenzidine (BD OptEIA TMB 
substrate set) for 10 minutes in the dark at room temperature 
and stopped with 25 μl/well stop solution (4N HCl). Absorbance 
at 450 nm was read in a Synergy 2 ELISA reader (BioTek Instru-
ments). Net optical density (ΔOD) values were calculated by 
subtracting the OD of wells not containing samples (but coated 
with recombinant human G1 or Cit–recombinant human G1 and 
reacted with HRP secondary antibody) from the OD values of 
serum samples.

Anti IgM Western blotting. Paired nondepleted and 
IgM- depleted serum samples (60 μg protein each) were run in a 
7.5% sodium dodecyl sulfate–polyacrylamide gel electrophore-
sis gel under reducing conditions. The proteins were transferred 
to a PVDF membrane, probed with HRP- conjugated goat anti- 
human IgM μ chain–specific antibody (Abcam) and visualized by 
enhanced chemiluminescence (Amersham).

Statistical analysis. All statistical tests were performed 
using Prism software version 7 (GraphPad). Tests that were used 
(as appropriate) included unpaired t- tests, unpaired t- tests with 
Welch’s correction, Mann- Whitney tests, analysis of variance 
with Sidak’s multiple comparisons test, and Spearman’s corre-
lation. P values less than 0.05 were considered significant. Data 
are reported as the mean ± SEM.

RESULTS

Aggrecan peptides bind to DR0401 and are 
 immunogenic. Using our previously described approach for 
 identifying epitopes from joint- associated antigens (8,16), we 

 synthesized 28 citrullinated peptides corresponding to aggre-
can sequences that contain DR0401 binding motifs (data avail-
able upon request from the corresponding author). Detectable 
in vitro binding to recombinant DR0401 protein was confirmed 
for 13 of these peptides; among these, 4 peptides were pref-
erentially bound in their citrullinated form (Table 1). To assess 
the immunogenicity of these arginine- containing aggrecan or 
citrullinated aggrecan peptides, PBMCs from DR0401- positive 
RA patients and healthy controls were stimulated in vitro. For 
Cit- aggrecan or Arg- aggrecan peptides with detectable HLA 
binding, expansion of epitope- specific T cells was evaluated 
through HLA class II tetramer staining. Possible responses to 
Arg- aggrecan peptides that corresponded to Cit- aggrecan 
peptides but lacked detectable binding were evaluated through 
proliferation assays, but no responses above background pro-
liferation were observed (data available upon request from the 
corresponding author).

Tetramer staining indicated that aggrecan peptides dis-
play varying degrees of immunogenicity (Figure  1A). Two Arg- 
aggrecan peptides occasionally elicited responses (Figure 1B), 
but all median responses were well below our established cut-
off, and consequently these peptides were not subjected to 
further study. In total, 7 Cit- aggrecan peptides elicited median 
responses in patients with RA that were above a previously 
established cutoff (Figure  1C). Among these, 6 were verified 
through isolation T cell clones (data available upon request from 
the corresponding author) and were included in further study. 
When in vitro responses to Cit- aggrecan peptides were exam-
ined, responses were also detectable in HLA- matched controls 
(Figure 1D) but were more frequently seen in patients with RA 
(Figure 1E).

In all, our approach identified 6 citrullinated aggrecan pep-
tides that bound to DR0401 and elicited in vitro T cell responses. 
Two of these epitopes exhibited preferential binding to DR0401. 

Table 1. Binding characteristics of aggrecan peptides chosen for further study

Peptide Sequence Cit, μM Arg, μM

Aggrecan3–20 TLLWVFVTL(Cit)VITAAVTV 35.30 36.06
Aggrecan153–168* IVFHY(Cit)AIST(Cit)YTLDF 0.98 50.96
Aggrecan161–178 ST(Cit)YTLDFD(Cit)AQ(Cit)ACLQ 0.99 1.02
Aggrecan200–215 DAGWLADQTV(Cit)YPIHT 2.95 2.53
Aggrecan225–244* DEFPGV(Cit)TYGI(Cit)DTNETYDV 2.18 >100
Aggrecan298–313 SAGWLAD(Cit)SV(Cit)YPISK 1.90 2.94
Aggrecan477* GVVFHY(Cit)PGPT(Cit)YSLTF 14.69 >100
Aggrecan520 GYEQCDAGWL(Cit)DQTV(Cit)YPIV 12.62 15.61
Aggrecan553* PGV(Cit)TYGV(Cit)PSTETYDVY 7.96 >100
Aggrecan568 DVYCFVD(Cit)LEGEVFFA 23.42 3.06
Aggrecan579 EVFFAT(Cit)LEQFTFQE 78.43 15.33
Aggrecan621 KCYAGWLADGSL(Cit)YPIV 6.90 4.66
Aggrecan684 NSPFCLE(Cit)TPLGSPDPA 0.12 0.13

* Sequences that bind better as citrullinated peptides. 
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For the remaining peptides, the citrulline residues within the 
predicted binding register are positioned as T cell contacts 
(Table  2). Some of these immunogenic Cit- aggrecan peptides 
overlapped with previously described epitopes. In particu-
lar, our Cit- aggrecan200, Cit- aggrecan298, and Cit- aggrecan621 
peptides correspond to epitopes described by Boots et  al 
(20). The Cit- aggrecan298 peptide also overlaps with the p49 
aggrecan sequence reported by Markovics et  al (MDMCSAG-
WLAD(Cit)SVR) (9). Surprisingly, the Cit- aggrecan84 peptide 
 (VVLLVATEG(Cit)VRVNSAYQDK) described by Law et al bound 
with very low affinity (21) (data not shown).

Figure  1. Assessment of the immunogenicity of aggrecan peptides. Peptides with positive binding to DR0401 were evaluated for 
immunogenicity by tetramer staining after 14 days of peptide stimulation. A, Representative fluorescence- activated cell sorting plots showing 
that peptides elicited diverse levels of T cell expansion that ranged from negligible expansion (top left) to modest expansion (top center) to 
moderate expansion (top right and bottom right) to robust expansion (bottom left). Expansion in response to an immunodominant influenza 
peptide (influenza matrix protein [flu MP]) was used as a reference (bottom center). Values are the percentage of cultured CD4+ T cells that 
were stained by DR0401 tetramer loaded with the indicated peptide. B, Relatively low immunogenicity of the candidate Arg- aggrecan epitopes. 
Median responses in healthy controls and rheumatoid arthritis (RA) patients were <0.05% of total CD4+ T cells. C, Immunogenicity of several 
candidate Cit- aggrecan epitopes. Median responses in RA patients were >0.05% of total CD4+ T cells. D, In vitro responses to the 6 most 
promising Cit- aggrecan epitopes in HLA- matched controls. Responses were observed in some controls. In B–D, symbols represent individual 
subjects; horizontal bars show the median. Broken lines indicate the threshold value of 0.05% that was used to define positive responses. E, 
Percentages of healthy controls (n = 5) and RA patients (n = 9) with responses to the Cit- aggrecan epitopes greater than the 0.05% cutoff. The 
percentages were higher for RA patients for each epitope. Differences between RA patients and controls were significant for Cit- aggrecan161 
and Cit- aggrecan520 (P = 0.028 and P = 0.021, respectively) and approached significance for Cit- aggrecan553 and Cit- aggrecan621 (P = 0.08 and 
P = 0.1, respectively, by Fisher’s exact test).

Table 2. Predicted motifs for immunogenic aggrecan peptides

Peptide Sequence*

Aggrecan161–178 ST(CIT)YTLDFD(Cit)AQ(Cit)ACLQ
Aggrecan200–215 DAGWLADQTV(Cit)YPIHT
Aggrecan225–244 DEFPGV(Cit)TYGI(Cit)DTNETYDV
Aggrecan520 GYEQCDAGWL(Cit)DQTV(Cit)YPIV
Aggrecan553 PGV(CIT)TYGV(Cit)PSTETYDVY
Aggrecan621 KCYAGWLADGSL(Cit)YPIV

* Predicted DR0401 binding motifs are underlined with the first 
anchor shown in boldface. 
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Aggrecan- specific CD4+ T cells are citrulline selective 
and respond to FLS derived antigens. To assess the selec-
tivity of aggrecan- specific T cells, clones corresponding to each 
specificity were tested by proliferation assay for their responsive-
ness to Cit- aggrecan or the corresponding Arg- aggrecan peptide. 
Each clone preferentially responded to citrullinated peptide (Fig-
ure 2A). To assess their function, we characterized the cytokine 

profiles of aggrecan- specific T cell clones by intracellular stain-
ing. Following activation with PMA/ionomycin, the clones pre-
dominantly secreted IFNγ and GM- CSF with lesser amounts of
granzyme B and IL- 4 (data available upon request from the corre-
sponding author). It is possible that a less robust antigen- specific 
activation of the clones would have elicited a more focused 
cytokine response.

Figure 2. Aggrecan- specific T cell clones respond when cocultured with fibroblast- like synoviocytes (FLS). A, Stimulation index for citrullinated 
peptides and arginine- containing peptides. As a specificity control, each clone was stimulated with Cit- aggrecan or Arg- aggrecan peptide 
in the presence of HLA–DR0401–positive antigen- presenting cells (APCs). B, Aggrecan expression by DR0401 and non- DR04 FLS lines. 
Aggrecan expression was assessed by quantitative polymerase chain reaction with GAPDH (reference), podoplanin (PDPN; positive control), 
versican (related proteoglycan), and CD3e (negative control). The Ct value is inversely correlated with mRNA levels and values >35 (dotted line) 
were considered undetectable. In A and B, bars show the mean ± SEM. C, Representative raw proliferation results for an aggrecan-specific 
T cell clone cocultured with an FLS line from a DR0401-positive rheumatoid arthritis (RA) patient (columns labeled DR0401) or an FLS line 
from a DR0401-negative RA patient (columns labeled DR04[-]) in the presence or absence of an HLA–DR blocking antibody (row labeled 
anti–HLA–DR) and/or the cognate citrullinated peptide (row labeled cit-peptide).  Experimental control conditions, including each cell line 
cultured alone (columns labeled Single) or the same T cell clone cocultured with irradiated DR0401-positive peripheral blood mononuclear 
cells (columns labeled CTRL) in the presence or absence of the cognate citrullinated peptide (row labeled cit-peptide) or the corresponding 
arginine peptide (row labeled arg-peptide) are also shown. Antigen presentation via HLA–DR0401 was required to elicit proliferation above 
background. Symbols represent individual subjects; horizontal bars show the median. D, Stimulation index for T cell clones cocultured with 
DR0401- negative FLS, DR0401- positive FLS, or DR0401- positive FLS plus peptide. Clones specific for Cit- aggrecan161, Cit- aggrecan200, Cit- 
aggrecan225, Cit- aggrecan520, Cit- aggrecan553, and Cit- aggrecan621 showed higher expansion when cocultured with DR0401- positive FLS as 
compared to DR0401- negative FLS. In contrast, the influenza (matrix protein 54 [MP54])–specific clone was not activated by DR0401- positive 
FLS cells in the absence of peptide. Bars show the mean ± SEM (n = 3 samples per group). * = P < 0.05; ** = P < 0.01; *** = P < 0.001. NS =  
not significant.
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To assess whether the Cit- aggrecan epitopes that we iden-
tified are naturally processed and presented, we performed 
coculture experiments with aggrecan- specific clones and human 
FLS cells. FLS lines isolated from DR0401- positive and DR0401- 
negative donors had detectable levels of aggrecan messenger 
RNA (mRNA) (albeit lower than versican mRNA), expressed podo-
planin, and (as expected) lacked CD3e expression (Figure  2B). 
Each clone showed increased proliferation when cocultured with 
DR0401- positive FLS cells alone or pulsed with peptide or with 
cognate peptide presented by irradiated DR0401- positive feeder 
cells, and this proliferation was blocked by an anti–HLA–DR 
antibody (Figures 2C and D). Clones with all 6 specificities (Cit- 
aggrecan161, Cit- aggrecan200, Cit- aggrecan225, Cit- aggrecan520, 
Cit- aggrecan553, and Cit- aggrecan621) had significantly higher lev-
els of proliferation in response to DR0401- positive FLS cells as 
compared with DR0401- negative FLS cells (Figure 2D). However, 
a negative control T cell clone that recognized an influenza epitope 
did not proliferate in response to FLS cells. These observations 
demonstrate that aggrecan is produced by FLS cells and that 
epitopes corresponding to Cit- aggrecan peptides can be pro-
cessed and presented by FLS cells.

Greater frequency of T cells that recognize the dom
inant Cit aggrecan epitopes in the peripheral blood in 
RA patients than in healthy controls. To investigate the fre-
quency of CD4+ T cells specific for citrullinated aggrecan epitopes 
in the peripheral blood of RA patients, ex vivo tetramer staining 
was performed. As an initial screening, we performed a grouped 
analysis, examining the combined T cell frequencies for groups 

of tetramers: Cit- aggrecan225 and Cit- aggrecan553 (both of which 
preferentially bound in their citrullinated form); Cit- aggrecan161, 
Cit- aggrecan200, Cit- aggrecan520, and Cit- aggrecan621 (which 
bound in both their citrullinated and unmodified forms), and Cit- 
aggrecan84 (which bound with very low affinity to DR0401). Pre-
viously published studies (18) and our preliminary assays (data 
available upon request from the corresponding author) have 
demonstrated that this tetramer staining approach is reliable. The 
observed frequencies demonstrated a hierarchy in which the Cit- 
aggrecan225 and Cit- aggrecan553 epitopes stood out as the domi-
nant specificities. T cells specific for the other aggrecan epitopes 
were present, but at lower frequencies that in some cases were  
near the threshold of detection (Figure  3A). Additional ex vivo 
analysis of 12 HLA–DRB1*04:01–positive RA patients showed 
that Cit- aggrecan553–specific T cells were significantly higher in 
frequency than Cit- aggrecan225–specific cells, suggesting that 
the Cit- aggrecan553 epitope is the most prominent specificity 
(Figure 3B).

Previous studies have reported immunogenic aggrecan pep-
tides and demonstrated responses to citrullinated aggrecan in 
samples from patients with RA (9,10,22). To corroborate the rele-
vance of citrullinated aggrecan epitope–specific T cells, we com-
pared the frequency of T cells specific for Cit- aggrecan225 and Cit- 
aggrecan553 in RA patients and healthy controls with DRB1*04:01 
haplotypes. We observed that patients had significantly higher T 
cell frequencies than controls (Figure 3C). These differences did 
not merely reflect global differences between patients and con-
trols, since no difference was observed for T cells specific for the 
immunodominant influenza epitope.

Figure  3. Greater prevalence of T cells that recognize dominant aggrecan epitopes in rheumatoid arthritis (RA) patients than in healthy 
subjects. A, Ex vivo frequencies of T cells specific for Cit- aggrecan225 and Cit- aggrecan553, T cells specific for Cit- aggrecan161, Cit- aggrecan200, 
Cit- aggrecan520, and Cit- aggrecan621, and T cells specific for Cit- aggrecan84 in DRB1*04:01- positive RA patients. An influenza tetramer (matrix 
protein 54 [MP54]) was used as a positive control. B, Frequencies of T cells specific for Cit- aggrecan225 and T cells specific for Cit- aggrecan553 
in DRB1*04:01- positive RA patients. C, Ex vivo frequencies of T cells specific for Cit- aggrecan225 and Cit- aggrecan553 (left) and of MP54 (right) 
in DRB1*04:01- positive healthy controls and DRB1*04:01- positive RA patients. Symbols represent individual subjects (n = 14 per group in A, 
except for MP54, for which only 10 subjects had sufficient cells available, n = 12 per group in B, and n = 15 healthy controls and 16 RA patients 
per group in C); horizontal bars show the median. * = P = 0.0395; ** = P = 0.0037; *** = P = 0.0002, by 2- tailed Mann- Whitney test.
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The dominant citrullinated aggrecan epitopes have 
similar sequences but are recognized by distinct T cell 
clones. The Cit- aggrecan225 and Cit- aggrecan553 peptides are 
derived from the G1 and G2 domains, respectively, but have 
homologous sequences, raising the possibility that these pep-
tides could be cross- recognized by overlapping sets of T cells. 
Based on binding assays and proliferation assays with variants 
of these 2 sequences, we identified truncated peptides that 
met minimum requirements for binding to DR0401 and recog-
nition by Cit- aggrecan225– or Cit- aggrecan553–specific T cell 
clones. These results were consistent with the predicted minimal 
motifs: YGI(Cit)DTNET for Cit- aggrecan225 and YGV(Cit)PSTET 
for Cit- aggrecan553. (Data are available upon request from the 
corresponding author.) Based on these results, both peptides 
bind to DR0401 in similar registers. These registers predict that 
a citrulline residue would be positioned within binding pocket 4. 
This supposition is further supported by the fact that citrullina-
tion of the corresponding arginine residue is required for binding. 
Despite sharing 10 of 14 residues within their minimal peptides 
(data available upon request from the corresponding author), the 
Cit- aggrecan225 and Cit- aggrecan553 peptides were not cross- 
recognized by T cell clones (data available upon request from 
the corresponding author). Furthermore, ex vivo tetramer stain-

ing showed no significant signs of cross- reactivity (data available 
upon request from the corresponding author). Therefore, these 
sequences appear to represent distinct epitopes, in spite of their 
considerable  homology.

Correlation of citrullinated aggrecan–specific T 
cell frequency with aggrecan- specific antibody levels. 
A recent study demonstrated that, although ACPA- positive RA 
patients had increased levels of antibodies against a citrullinated 
aggrecan epitope, there was no clear correlation between anti-
body levels and T cell reactivity with the same epitope in these 
patients (9). Having identified 2 dominant Cit- aggrecan T cell 
epitopes, we were curious to explore correlations between T 
cell and antibody responses against aggrecan. Therefore, we 
measured citrullinated aggrecan antibody levels in the serum 
and the frequency of T cells that recognize Cit- aggrecan225 and 
Cit- aggrecan553 in matched samples. IgM- depleted serum sam-
ples (data available upon request from the corresponding author) 
from 18 healthy controls and 21 ACPA- positive RA patients 
were screened for the presence of IgG antibodies against the 
native and citrullinated G1 domain of aggrecan (an assay for G2 
domain antibodies has yet to be developed). Based on either 
background adjusted OD (Figure 4A) or raw OD (data available 

Figure 4. Elevated levels of aggrecan- specific antibodies in rheumatoid arthritis (RA) patients and positive correlation of aggrecan- specific 
antibodies with T cell frequency. A, Levels of antibodies against the native recombinant human G1 domain (rhG1) and antibodies against 
citrullinated aggrecan rhG1 in IgM- depleted serum from healthy controls (HC) and RA patients. Values are the background adjusted ΔOD. 
Symbols represent individual subjects (n = 21 RA patients and 18 healthy controls); horizontal bars show the median. * = P < 0.05 by 2- tailed 
Mann- Whitney test. B, Significant correlation between serum levels of aggrecan G1 domain antibodies and combined frequencies of memory 
(CD45RA- negative) Cit- aggrecan225– and Cit- aggrecan553–specific T cells in RA patients but not in healthy controls. Symbols represent individual 
subjects (n = 10 RA patients and 8 healthy controls). Correlation was determined by 2- tailed Pearson’s correlation coefficient. r2 = 0.7982, P = 
0.0128 for RA patients and r2 = 0.01008, P = 0.5598 for healthy controls.
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upon request from the corresponding author), RA patients had 
significantly higher levels of antibodies against both the native 
and citrullinated G1 domain of aggrecan than HLA- matched 
controls. Levels of antibody recognition of citrullinated and native 
aggrecan did not differ. Notably, we observed a positive corre-
lation between the frequency of aggrecan- specific memory T 
cells and antibody levels in patients with RA (Figure  4B). This 
correlation was absent in controls, due at least in part to their 
decreased antibody levels and lower T cell frequencies.

DISCUSSION

Previous studies have indicated that T cell and antibody 
responses against citrullinated aggrecan contribute to the loss 
of peripheral tolerance in patients with RA. Of note, Boots et al 
assessed the HLA binding of native (noncitrullinated) aggrecan 
peptides to DR0401 (and also DRB1*04:04 and DRB1*01:01) and 
identified multiple aggrecan peptides as being immunogenic in the 
context of DR0401 (20). That study, which focused on unmodified 
(rather than citrullinated) peptides, observed proliferative responses 
that were lower in RA patients than in controls. Buzas et al identified 
the aggrecan84–103 peptide as an immunodominant epitope rec-
ognized by BALB/c mice immunized with human aggrecan, and 
observed that some aggrecan peptides were “conditionally immu-
nogenic” in that responses were only elicited in arthritic animals 
(15). Subsequently, Law et al examined responses to citrullinated 
collagen1237–1249, vimentin66–78, aggrecan84–103, and fibrinogen79–91 in 
RA patients and in a limited number of controls, observing that the 
citrullinated aggrecan peptide was the most immunogenic, elicit-
ing IL- 6 and tumor necrosis factor secretion that was not observed 
in response to the corresponding unmodified peptide (21). This 
result appears to imply that functional responses to aggrecan are 
citrulline selective. However, the T cell responses observed in the 
study by Law et al were not exclusively restricted to DR0401; 10 of 
the 21 RA patients sampled were not DR0401 positive and among 
those 4 were DR4 negative.

Our present study provides new evidence that CD4+ T cells 
selectively recognize citrullinated aggrecan epitopes in the context 
of the high- risk DRB1*04:01 haplotype. We identified 6 aggrecan 
peptides that are recognized by T cell clones from patients with RA 
when crucial arginine residues are converted to citrulline. Citrulli-
nated residues could increase recognition by enhancing HLA bind-
ing or alter peptide recognition by modulating T cell receptor (TCR) 
interactions (depending on the positioning of the residue within its 
HLA binding motif). Indeed, 2 of the aggrecan epitopes identified in 
our study (Cit- aggrecan225 and Cit- aggrecan553) bound to DR0401 
and elicited T cell responses only in their citrullinated form. The 
remaining aggrecan epitopes (Cit- aggrecan161, Cit- aggrecan200, 
Cit- aggrecan520, and Cit- aggrecan621) bound comparably in their 
citrullinated and unmodified forms and were citrullinated at pre-
dicted TCR contact residues. Among these, aggrecan200 and 
aggrecan621 were able to elicit T cell responses in a limited number 

of subjects. Since Cit- aggrecan225– and  Cit- aggrecan553–specific T 
cells were present at significantly higher frequencies in RA patients 
than other Cit- aggrecan specificities, it could be suggested that 
the poor HLA binding of the unmodified aggrecan225 and aggre-
can553 peptides may lead to impaired T cell tolerance to the corre-
sponding Cit- epitopes. In spite of sharing considerable sequence 
homology, the Cit- aggrecan225 and Cit- aggrecan553 peptides orig-
inate from different domains of aggrecan and T cells specific for 
these peptides showed no evidence of cross- reactivity.

Cit- aggrecan–specific T cells were present at elevated fre-
quencies in RA patients in comparison with HLA–DR–matched 
healthy controls. The mere presence of CD4+ T cells that recog-
nize citrullinated aggrecan does not guarantee that these cells play 
a role in disease. However, T cell clones that recognize citrullinated 
aggrecan epitopes exhibited a Th1- like phenotype that is con-
sistent with the functional phenotype that we previously observed 
for more established citrullinated antigens such as vimentin, fibrin-
ogen, and enolase (8). In addition, T cell clones specific for all 6 
of the citrullinated aggrecan peptides proliferated in response to 
DR0401- positive FLS cells, suggesting that these epitopes can 
be naturally processed and presented to T cells by synovial cells. 
Interestingly, these same clones failed to proliferate in response to 
the corresponding Arg- aggrecan peptides (Figure 2A), suggesting 
that aggrecan is citrullinated by FLS.

A recent study documented the presence of citrullinated 
aggrecan in human cartilage extracts and established an ELISA 
to detect unmodified or citrullinated aggrecan G1 domain–spe-
cific serum autoantibodies (10). When this methodology was 
applied to analyze serum autoantibodies in patients and con-
trols from our cohort, aggrecan G1 domain–specific antibodies 
were present at significantly higher levels in RA patients than 
in HLA- matched controls, but Cit- aggrecan and Arg- aggrecan 
were recognized at similar levels, suggesting either that G1 
domain–specific antibodies cross- recognize native and citrul-
linated aggrecan or that there are roughly equivalent levels of 
antibodies that uniquely recognize native and citrullinated aggre-
can, respectively. We observed a significant positive correlation 
between Cit- aggrecan–specific memory T cell frequency and 
antibody levels in RA patients (but not controls). This correla-
tion raises the possibility that antigen- specific T cell help may 
contribute to antibody responses. Cumulatively, our results 
demonstrate that T cell responses to Cit- aggrecan are associ-
ated with RA. Such responses are of interest because aggrecan 
is an extracellular matrix pro teoglycan that interacts with cells 
and extracellular molecules through its globular domains. Given 
that aggrecan fragments are present within synovial fluid, this 
protein is apparently subject to fragmentation and release in 
inflamed joints, where it can be presented to T cells as a citrulli-
nated antigen by either FLS or professional APCs.

Our study does have limitations. Although we were able 
to demonstrate differences in the frequency of Cit- aggrecan–
specific CD4+ T cells in RA patients and HLA–matched con-
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trols, the characteristics of the RA patients selected for our 
study did not allow us to effectively examine variations with 
respect to disease activity or severity. In general, our patients 
had well- controlled disease, which may explain in part the 
overlap in aggrecan- specific T cell frequencies observed 
between controls and some patients. In addition, although it 
would be of considerable interest to document the presence 
of Cit- aggrecan–specific T cells within inflamed joints, synovial 
fluid and tissue samples from HLA- typed subjects were not 
available for our study. However, our ex vivo tetramer staining 
approach should be applicable to address these questions in 
future studies that use such samples.

Although previous studies have documented T cell 
responses to citrullinated aggrecan, our study represents the 
first HLA- controlled study to define disease- relevant citrullinated 
aggrecan epitopes and to characterize T cells that recognize 
these peptides in patients with established RA. To our knowl-
edge, this is also the first study to demonstrate a direct corre-
lation between T cell frequency and antibody responses against 
the same joint- associated antigen. Together, these results sug-
gest that Cit- aggrecan–specific CD4+ T cells could play a role 
in the etiology of RA and that future studies of the frequency, 
phenotype, and role of Cit- aggrecan–specific T cells in various 
stages of disease are warranted.
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Beyond Autoantibodies: Biologic Roles of Human 
Autoreactive B Cells in Rheumatoid Arthritis Revealed by 
RNA- Sequencing
Ankit Mahendra,1 Xingyu Yang,2 Shaza Abnouf,1 Jay R. T. Adolacion,1 Daechan Park,3 Sanam Soomro,1 
Jason Roszik,4 Cristian Coarfa,5 Gabrielle Romain,1 Keith Wanzeck,6 S. Louis Bridges Jr.,6  Amita Aggarwal,7 
Peng Qiu,2 Sandeep K. Agarwal,5 Chandra Mohan,1 and Navin Varadarajan1

Objective. To obtain the comprehensive transcriptome profile of human citrulline- specific B cells from patients 
with rheumatoid arthritis (RA).

Methods. Citrulline-  and hemagglutinin- specific B cells were sorted by flow cytometry using peptide–streptavidin 
conjugates from the peripheral blood of RA patients and healthy individuals. The transcriptome profile of the sorted 
cells was obtained by RNA- sequencing, and expression of key protein molecules was evaluated by aptamer- based 
SOMAscan assay and flow cytometry. The ability of these proteins to effect differentiation of osteoclasts and prolif-
eration and migration of synoviocytes was examined by in vitro functional assays.

Results. Citrulline- specific B cells, in comparison to citrulline- negative B cells, from patients with RA differen-
tially expressed the interleukin- 15 receptor α (IL- 15Rα) gene as well as genes related to protein citrullination and
cyclic AMP signaling. In analyses of an independent cohort of cyclic citrullinated peptide–seropositive RA patients, 
the expression of IL- 15Rα protein was enriched in citrulline- specific B cells from the patients’ peripheral blood, and
surprisingly, all B cells from RA patients were capable of producing the epidermal growth factor ligand amphiregulin 
(AREG). Production of AREG directly led to increased migration and proliferation of fibroblast- like synoviocytes, and, 
in combination with anti–citrullinated protein antibodies, led to the increased differentiation of osteoclasts.

Conclusion. To the best of our knowledge, this is the first study to document the whole transcriptome profile of 
autoreactive B cells in any autoimmune disease. These data identify several genes and pathways that may be target-
ed by repurposing several US Food and Drug Administration–approved drugs, and could serve as the foundation for 
the comparative assessment of B cell profiles in other autoimmune diseases.

INTRODUCTION

The identification of citrullination has been a major milestone 
in the study of rheumatoid arthritis (RA) (1,2). Citrullination is the 
posttranslational modification of arginine residues to citrulline in 
proteins, catalyzed by peptidyl arginine deiminase (PAD) enzymes, 
as one of the key factors mediating the breach in tolerance and 
eliciting anti–citrullinated protein antibody (ACPA) responses. The 
appearance of ACPAs in the circulation precedes the onset of clin-

ical disease, and ACPA positivity has a sensitivity of 60–70%, and 
a specificity of >90%, for the diagnosis of RA (1). ACPAs have 
been shown to trigger human immune effector functions, includ-
ing activation of the complement system and the ability to engage 
activating Fcγ receptors (3). In addition, it has been demonstrated
that ACPAs can catalyze the bone erosion commonly seen in RA 
patients (4).

Although the indispensable role of B cells in autoantibody 
production is well recognized, their autoantibody- independent 
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contributions are not as well- defined. Systemic depletion of B 
cells using rituximab, a strategy that targets B cells express-
ing human CD20 (a phenotypic cell surface marker), has been 
shown to be effective clinically for the treatment of a subset of 
RA patients (5). Although studies have supported the idea that 
patients with higher autoantibody titers are likely to respond to 
rituximab (6), the clinical efficacy of rituximab treatment is not 
necessarily correlated with a decrease in autoantibody titers (7). 
This, in turn, implies a more expanded role for B cells in autoim-
mune pathogenicity beyond antibody production.

Preclinical and clinical data have suggested many differ-
ent functions of B cells in RA, including 1) a role as antigen- 
presenting cells (8), 2) direct secretion of proinflammatory 
cytokines, such as tumor necrosis factor (TNF) and interleu-
kin- 6 (IL- 6) (9–11), that support the organization of tertiary lym-
phoid tissues within the inflamed synovium (8,12), and 3) an 
effect on bone homeostasis through the secretion of RANKL 
(13). Despite these efforts, a direct interrogation of the roles of 
the autoreactive B cell compartment, and how they differ from 
other B cells from the same donor or from B cells from healthy 
individuals, has not been accomplished.

One of the major challenges in profiling autoreactive B cells 
within humans is the low frequency of these cells in peripheral 
blood (<0.1% of all B cells in the circulation) (14). We developed 
and validated a flow cytometry–based assay for the reliable detec-
tion of cyclic citrullinated peptide (CCP)–specific B cells ex vivo. 
We then performed RNA- sequencing (RNA- seq) on these small 
numbers of cells with the purpose of comparing the whole tran-
scriptome profile of RA- CCP–specific (RA- CCPPOS) B cells to that 
of RA- CCP–negative (RA- CCPNEG) B cells from the same donor 
and to that of hemagglutinin- specific (HAPOS) B cells from healthy 
individuals elicited upon vaccination with seasonal influenza virus. 
We performed a 2- pronged comparison to identify the expression 
of key genes on all B cells from RA patients that were presumably 
induced by the systemic proinflammatory environment prevailing 
in these patients, as well as those genes that were restricted to 
only autoreactive B cells.

Our data identified a novel role of B cells as an activator of the 
epidermal growth factor (EGF) pathways by secretion of the EGF 
receptor ligand amphiregulin (AREG) under proinflammatory con-
ditions, and also identified IL- 15 receptor α (IL- 15Rα) as a specific 
biomarker of RA- CCPPOS B cells. Overall, our data suggest that 
besides being a source of autoantibodies, B cells may also play 
direct roles in the inflammatory cascades and osteoclastogenesis 
in RA. Significantly, while some of the identified genes and path-
ways are the targets of approved therapies for RA, our data also 
illustrate that drugs approved for other indications might be use-
ful in targeting the RA- CCPPOS B cell compartment in RA. More 
broadly, to the best of our knowledge, this is the first comprehen-
sive study on the transcriptome profile of human RA- CCPPOS B 
cells in any autoimmune disease, and these data could serve as a 
resource to further investigate the role of B cells in autoimmunity.

MATERIALS AND METHODS

Patients. Blood samples were obtained from patients 
with seropositive RA who provided informed consent for study 
participation under Institutional Review Board–approved proto-
cols at the Baylor College of Medicine, University of Alabama 
at Birmingham, and University of Houston. Each blood sam-
ple (15 ml) was aspirated into heparin vacutainer tubes (BD 
Biosciences). Details on the patients’ demographic and clini-
cal characteristics are summarized in Supplementary Table 1 
(available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40772/abstract). All RA 
patients met the American College of Rheumatology 1987 clas-
sification criteria for RA (15), and all were confirmed to be CCP- 
seropositive.

Flow cytometric sorting of CCP- specific B cells 
from RA patients’ blood. Peripheral blood mononuclear 
cells (PBMCs), isolated from the blood of RA patients by 
density centrifugation, were blocked with phosphate buff-
ered saline (PBS)–5% human serum for 20 minutes at 4°C. 
All subsequent staining steps were performed in PBS con-
taining 2% serum. PBMCs were stained for B cell markers 
with fluorochrome- labeled antibodies, anti- CD19, IgM, and 
IgD together with a T cell marker using an anti- CD3 antibody 
(BioLegend) according to the manufacturer’s instructions. 
Biotinylated CCP- I (Anaspec), a surrogate peptide to capture 
ACPAs, was then added (1 μg/million PBMCs), followed by 
labeling with fluorochrome- labeled streptavidin (1 μg/ml). Sub-
sequently, biotinylated cyclic arginine peptide (CAP; Anaspec) 
was also added (1 μg/million PBMCs) as a control, and then 
labeled with fluorochrome- labeled streptavidin (1 μg/ml), to 
exclude B cells cross- reactive to both antigens. Furthermore, 
CD19POSIgM/IgDNEG B cells (IgG/IgAPOS) were gated, and the 
cell populations CCPPOSCAPNEG and CCPNEGCAPNEG were 
sorted for validation of cell purity.

A total of 125–360 RA- CCPPOS B cells were obtained from 
10–15 million PBMCs from each patient. The sorted cells were 
then grown in 96- well tissue culture plates with 1 × 105/well 
of 3T3 fibroblast cells secreting msCD40L (NIH AIDS reagent 
program), 100 ng/ml of IL- 21 (PeproTech), and 5 μg/ml of anti–
APO- 1 antibody (eBiosciences) for a period of 14 days, with half 
of the medium changed once after 7 days. Thereafter, cell purity 
was assessed by validating the specificity of IgG from the culture 
supernatants against CCP.

Preparation of the complementary DNA (cDNA) 
library and RNA- sequencing analyses. Total RNA was 
obtained by sorting antigen- specific B cells (350–1,000 total 
cells) ex vivo directly into 100 μl of cell lysis buffer, provided in the 
RNA- XS RNA isolation kit (Macherey- Nagel). Furthermore, cDNA 
libraries were synthesized using the commercially available 

http://onlinelibrary.wiley.com/doi/10.1002/art.40772/abstract
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SMART- Seq Ultra Low Input RNA kit (Clontech), in accordance 
with the manufacturer’s protocols. After preparation of cDNA 
libraries, they were first tagmented and then barcoded by index-
ing primers using the Nextra XT kit (Illumina). The libraries were 
pooled and a 76- bp paired- end sequencing was performed on 
an Illumina HiSeq3000 sequencer, to yield a minimum of 17.4 
million reads per library (range 17.4–37.3 million).

Details on the methods used for RNA- seq bioinformatics 
analyses (Gene Expression Omnibus RNA- seq data accession 
no. GSE99006), purification of ACPAs, fibroblast- like synovio-
cyte (FLS) assays, osteoclastogenesis assays, and SOMAmer 
assays are described in the Supplementary Materials and Meth-
ods  (available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40772/abstract).

Figure  1. Isolation of an enriched population of rheumatoid arthritis cyclic citrullinated peptide–specific (RA- CCPPOS) and hemagglutinin- 
specific (HAPOS) B cells. A, Representative flow plots depict the sorting strategy for RA- CCPPOS and RA- CCPNEG B cells. Cells were first gated 
as CD19POSIgM/IgDNEG B cells (IgG/IgAPOS); thereafter, RA- CCPPOS B cells were sorted by flow cytometry as CCPPOSCAPNEG B cells, and RA- 
CCPNEG cells were sorted as CCPNEGCAPNEG B cells. B and C, Supernatants (n = 3) were tested by enzyme- linked immunosorbent assay 
(ELISA) for antigen specificity of RA- CCPPOS and RA- CCPNEG B cells (B) and for total Ig from RA- CCPPOS and RA- CCPNEG B cells (C), expanded 
and differentiated in vitro. D, Representative flow plot shows isolation of HAPOS and HANEG B cells, sorted with a similar gating strategy as that 
described in A. E and F, Supernatants (n = 4) were tested by ELISA for HA reactivity (E) and total Ig from HANEG and HAPOS B cell populations 
(F). ELISA results are shown as the mean ± SEM. STP = streptavidin; CAP = cyclic arginine peptide. Color figure can be viewed in the online 
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40772/abstract.

info:ddbj-embl-genbank/GSE99006
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RESULTS

Flow cytometric sorting of antigen- specific B cells. 
We developed a dual- labeling flow cytometry method of cell sort-
ing using both CCPs and CAPs to isolate RA- CCPPOS B cells. In 
order to verify the purity of our sorting method, an equal number 
of B cells within the CCPPOSCAPNEG population (hereafter referred 
to as RA- CCPPOS B cells) and CCPNEGCAPPOS and CCPNEG-

CAPNEG populations (hereafter referred to as RA- CCPNEG B cells) 
 (Figure 1A) were sorted in 96-well plates and grown in vitro for 14 
days. The purity of our sorting strategy was validated by testing 
the supernatants after in vitro culture, which confirmed that only 
the immunoglobulins secreted in B cell cultures established from 
the RA- CCPPOS B cell population demonstrated a specific reactiv-
ity toward the CCP, but not toward streptavidin or the control CAP 
peptide (Figures 1B and C).

After validation of our sorting strategy, a total of 350–1,000 
RA- CCPPOS B cells (0.01–0.1%) from the peripheral blood of 4 
RA patients were used directly for the preparation of cDNA librar-
ies ex vivo, to ensure minimal perturbations to the transcriptional 
profile. Both RA- CCPPOS and RA- CCPNEG B cells were confirmed 
to be predominantly of the memory phenotype, based on the sur-
face expression of CD27 and IgD (see Supplementary Figure 1A, 
http://onlinelibrary.wiley.com/doi/10.1002/art.40772/abstract).

For a comparative analysis of the B cell transcriptome profile 
during autoimmunity compared to that during the normal immune 
response to vaccination, HA- specific B cells (hereafter referred 
to as HAPOS B cells) were isolated from the peripheral blood of 4 
healthy individuals who were vaccinated with the seasonal influ-
enza vaccine. Our ability to enrich for HAPOS B cells was validated 
by the same 3- step procedure as that used for RA- CCPPOS B 
cells: 1) antigen labeling and flow cytometric sorting of a total of 
3,500 HAPOS and HANEG cells from PBMCs of these vaccinated 
donors; 2) in vitro expansion and differentiation; and 3) enzyme- 
linked immunosorbent assay (ELISA) testing for HA reactivity on 
the culture supernatants (Figures 1D–F). Similar to the B cells from 
RA patients, HAPOS B cells from healthy individuals also displayed 
a CD27+ memory phenotype. We did not observe a significant 
difference in the frequency of memory B cells between differ-
ent samples of RA- CCPPOS, RA- CCPNEG, and HAPOS B cells (see 
Supplementary Figures 1B and C, http://onlinelibrary.wiley.com/
doi/10.1002/art.40772/abstract).

Subsequent to validation, 1,000–2,000 HAPOS B cells from 
the same 4 healthy donors were used to construct cDNA libraries 
ex vivo for RNA- seq analyses. In order to ensure that the differ-
ences in the gene expression profile of RA- CCPPOS B cells was 
not attributable to the composition of different isotypes of B cells 
(IgG versus IgA), we analyzed our RNA- seq data for transcripts 
associated with IgG and IgA molecules, and confirmed that no 
significant differences were observed between RA- CCPPOS, RA- 
CCPNEG, and HAPOS B cells (see Supplementary Figure 1D, http://
onlinelibrary.wiley.com/doi/10.1002/art.40772/abstract).

Distinguishing RA- CCPPOS, RA- CCPNEG, and HAPOS B 
cells based on differentially expressed genes (DEGs). 
The cDNA libraries generated ex vivo from the 12 blood 
samples (comprising 4 paired RA- CCPPOS and RA- CCPNEG B 
cell populations, and 4 HAPOS B cell populations) were bar-
coded, pooled, and sequenced using 76- bp paired- ends, to 
yield a minimum of 17 million reads per library. After valida-
tion of the RNA- seq populations (see Supplementary Figure 2,  
http://onlinelibrary.wiley.com/doi/10.1002/art.40772/abstract), 
differential analyses using the DEseq package revealed that 
1,658 genes (false discovery rate [FDR] <0.1) were differen-
tially expressed in RA- CCPPOS B cells compared to HAPOS B 
cells, and 431 genes were identified as DEGs in RA- CCPPOS B 
cells compared to RA- CCPNEG B cells (see the complete lists 
provided in Supplementary Tables 3 and 4, http://onlinelibrary.
wiley.com/doi/10.1002/art.40772/abstract).

We utilized t- distributed stochastic neighbor embedding 
(16) to demonstrate that these identified DEGs could clearly 
resolve the 3 distinct cellular populations (Figure  2A). As 
expected, both the number of identified DEGs and their relative 
change in expression were lower in RA- CCPPOS B cells com-
pared to RA- CCPNEG B cells from the same donors, in contrast 
to comparisons between RA- CCPPOS B cells and HAPOS B cells 
(see Supplementary Tables 3 and 4). We evaluated the sta-
tistical power of our study to differentiate the RA- CCPPOS and 
RA- CCPNEG B cell subsets. Using powsimR (17), we estimated 
the statistical power of our study to be 0.86 ± 0.18 (mean ± 
SEM based on 100 simulations).

Comparisons between RA- CCPPOS and HAPOS B cells. 
A number of candidate DEGs whose presence has been well 
validated in studies of autoimmunity, including the cyclin kinase 
p21 (CDKN1A) (18), ubiquitin ligase PelI1 (19), and costimulatory 
molecule ICOSLG (20) genes, were identified. The EGF ligand 
gene AREG was identified as the transcript with the largest 
change in expression (Figure 2B).

By classifying these same DEGs into Gene Ontology cat-
egories, we grouped them as being related to B cell activation, 
genes related to inflammation, and transcription factors. We 
observed differences in the expression of genes related to B 
cell activation (Figure 2C), with increased expression of kinase 
genes such as PI3KCA (21) and MAPK7/MAPK8, which are 
known to cause autoimmunity under dysregulated activa-
tion (22). In addition, several genes related to inflammation, 
including signaling molecules such as TNFAIP3 and IL6ST 
and T cell–recruiting chemokine- like CCL5 and the chemo-
kine receptor gene CXCR4 (23,24), were up- regulated in RA- 
CCPPOS B cells (Figure 2D).

Analysis of the differentially expressed transcription factors 
revealed up- regulation of PRDM1 and ETV3 and ETV3L within RA- 
CCPPOS B cells; these transcription factors are known to inhibit c- Myc 
and, consequently, hinder cell growth (25), while at the same time 
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they can promote B cell differentiation and Ig secretion (26). Simi-
larly, the small macrophage- activating factor family of  transcription 
factors (MAFF and MAFG), which have a direct impact on Ig secre-
tion (27), were enriched in these RA- CCPPOS B cells (Figure 2E).

We also sought to determine whether there was a B cell–
specific change in expression of genes known to be high- risk loci 
in RA, as has been documented through large- scale genetic stud-
ies (28). Of the known RA- specific loci, 9 genes were also identi-

Figure 2. RA- CCPPOS, RA- CCPNEG, and HAPOS B cells can be differentiated based on differentially expressed genes (DEGs). A, For visualization 
of sample relationships based on differential gene expression, t- distributed stochastic neighbor embedding (t- SNE) was used. P1–4 and 
HA1–4 represent distinct populations of RA- CCPPOS and RA- CCPNEG B cells and HAPOS B cells, respectively, based on DEGs. B, Volcano plots 
(generated using the fold change and q values of DEGs) show enrichment of genes related to autoimmunity and inflammation in RA- CCPPOS 
B cells compared to HAPOS B cells. C–E, Gene ontology (GO) plots indicate the fold change in expression of genes related to B cell activation, 
inflammation, chemokines, and cytokines, and the top 15 transcription factors that were differentially enriched in RA- CCPPOS compared to HAPOS 
B cells. F, Volcano plots (generated using the fold change and q values of DEGs) show differences between RA- CCPPOS B cells and RA- CCPNEG 
B cells from the same donors. G, GO plot depicts the fold change in expression of genes related to immune responses that are highly expressed 
in RA- CCPPOS B cells compared to RA- CCPNEG B cells from the same donors. 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.40772/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.40772/abstract
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Figure 3. Enrichment maps of pathways enriched in RA- CCPPOS B cells compared to HAPOS B cells. A, Heatmaps were generated using log- 
transformed P values for differentially expressed gene pathways from Ingenuity Pathway Analysis, indicating enrichment of proinflammatory 
pathways in RA- CCPPOS B cells compared to HAPOS B cells, and up- regulation of protein citrullination in RA- CCPPOS B cells compared to 
RA- CCPNEG B cells. Highlighted pathways are shown in red. B. The gene- set enrichment analysis–derived enriched C2 curated pathways in 
RA- CCPPOS B cells were plotted with the enrichment map application in Cytoscape, using a cutoff false discovery rate (FDR) q value of 0.01 
and P value of 0.005. Nodes (red and blue circles) represent pathways, and the edges (green lines) represent overlapping genes among 
pathways. The size of nodes represents the number of genes enriched within the pathway, and the thickness of edges represents the 
number of overlapping genes. The color of nodes was adjusted to an FDR q value ranging from 0 to 0.01. Clusters of pathways are labeled 
as groups with a similar theme. All pathways represented are enriched in RA- CCPPOS B cell populations. TNFR1 = tumor necrosis factor 
receptor 1; PI3K = phosphatidylinositol 3- kinase; IL- 17A = interleukin- 17A; LPS = lipopolysaccharide; NGF = nerve growth factor; ICOS = 
inducible costimulator; IRF = interferon regulatory factor; FcγRIIb = Fcγ receptor type IIb; HIF1a = hypoxia- inducible factor 1α; ILK = integrin- 
linked kinase; TGFβ = transforming growth factor β; HMGB1 = high mobility group box chromosomal protein 1; mTOR = mechanistic target
of rapamycin; AMPK = AMP- activated protein kinase; IGF- 1 = insulin- like growth factor 1; BMP = bone morphogenetic protein; Gαq = G
protein–coupled receptor; PDGFRB = platelet- derived growth factor β receptor; EGFR = endothelial growth factor receptor; TLR = Toll- like
receptor; IFNγ = interferon- γ; TAK1 = TGFβ- activated kinase 1; NRG1 = neuregulin 1; TRAF6 = TNFR- associated factor 6; MyD88 = myeloid
differentiation factor 88; MHC- I = class I major histocompatibility complex; BCR = B cell receptor; ER = endoplasmic reticulum (see Figure 1 
for other definitions).
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fied as DEGs (SH2B3, CCR6, ILF3, TXNDC11, PTPRC, PRDM1, 
TNFAIP3, TRAF6, and LBH) (see Supplementary Figures 3A–C, 
http://onlinelibrary.wiley.com/doi/10.1002/art.40772/abstract).

Comparisons between RA- CCPPOS and RA- CCPNEG  
B cells. The candidate DEGs that were up- regulated within the 
RA- CCPPOS B cell population, as compared to RA- CCPNEG B cells 
within these same donors, included the pentraxin gene PTX3 (Fig-
ures 2F and G), which recognizes pathogen- associated molecu-
lar patterns, and its binding partner in the complement cascade, 
C1QB (29,30), bone morphogenetic protein genes BMP2 and 
BMP5, and PAD citrullinating enzyme genes PADI2 and PADI6 
(31) (Figure 2F). In addition, several immune- related transcripts, 
such as inflammasome- associated protein gene NLRP7 (32) and 
Fc receptor (FcR)–like protein gene FCRL6 (33), were also up- 
regulated within RA- CCPPOS B cells (Figures 2F and G).

Cytokine and signaling pathways enriched in RA- 
CCPPOS B cells. The differentially expressed pathways were iden-
tified by matching the expression data set using Ingenuity Path-
way Analysis (IPA), which filtered the pathways directly related to 
immune cells and their functions, and the results were visualized as a 
heatmap using the log P values (Figure 3A). In order to facilitate com-
parisons, we identified 3 groups of pathways that were enriched, in 
which group 1 comprised pathways in both the RA- CCPPOS and RA- 
CCPNEG B cell populations compared to the HAPOS B cell population, 
group 2 comprised pathways enriched only in the RA- CCPPOS B cell 
population but not in the RA- CCPNEG or HAPOS B cell populations, 
and group 3 comprised pathways enriched only in the RA- CCPPOS B 
cell population but not in the RA- CCPNEG B cell population.

The pathways in group 1 were B cell activation pathways (B 
cell receptor signaling, phosphatidylinositol 3- kinase/AKT, and p38 
MAPK), Toll- like receptor (TLR)–based activation pathways (TLR 
signaling and lipopolysaccharide- stimulated MAPK pathways), and 
TNF superfamily ligand–mediated signaling pathways (CD40, APRIL 
signaling) and their receptor signaling pathways (TNFR1, TNFR2, 
CD27, RANK, and CD40). The pathways in group 2 comprised 
inflammatory cytokine signaling (IL- 6, IL- 8, and IL- 17A) and RA- 
specific signatures (role of macrophages, endothelial cells, and oste-
oclasts in RA), as well as pathways of B cell activation/homeosta-
sis (PTEN, NF- κB, and NFAT activation) and function (phagosome 
maturation, FcγRIIb signaling, and antigen presentation). Finally, 
group 3 showed enrichment in pathways for protein citrullination, G 
protein–coupled receptor (Gαq) signaling and cyclic AMP signaling 
(Figure 3A). Overall, whereas TNF signaling (group 1) has a global 
impact on all B cells from RA patients, these data suggest that RA- 
CCPPOS B cells, in comparison to RA- CCPNEG B cells, demonstrate a 
potential role in protein citrullination and effector functionality.

Based on the substantially larger number of pathways and 
greater changes in expression identified by IPA in the RA- CCPPOS 
B cells in comparison to the HAPOS B cells (groups 1 and 2 com-
bined), we performed gene- set enrichment analysis to compare 

these 2 populations. We interrogated the changes in these popu-
lations against the Molecular Signatures Database (Hallmark and 
C2 curated gene sets). As shown in Figure 3B, 5 major clusters of 
pathways were significantly up- regulated (FDR q < 0.1) in the RA- 
CCPPOS B cells: 1) transcription and translation; 2) B cell receptor 
signaling; 3) EGF receptor (EGFR) signaling; 4) TNF signaling; and 
5) inflammatory cytokines and chemokines.

Enrichment of IL15RA expression in RA- CCPPOS B cells 
from RA patients. As outlined above, there was an abun-
dance of cytokine and inflammation- related pathways found to be 
enriched in RA- CCPPOS B cells. We focused our attention on IL- 
15 signaling and performed enrichment analyses to compare our 
different B cell populations against known human IL- 15–mediated 
signaling. RA- CCPPOS B cells showed a specific enrichment in IL- 
15–mediated signaling in comparison to either the HAPOS B cells 
or the RA- CCPNEG B cells (Figures 4A and B).

We next examined the relative abundance of both IL15 and 
its specific receptor, IL15RA. Indeed, IL15RA transcripts were up- 
regulated within RA- CCPPOS B cells relative to either RA- CCPNEG or 
HAPOS B cells (Figure 4C). However, a significant difference in the 
expression of IL15 was not observed (see Supplementary Figure 
4, http://onlinelibrary.wiley.com/doi/10.1002/art.40772/abstract).

In order to validate the elevated expression of IL15RA, we uti-
lized an independent cohort of CCP- seropositive RA patients and 
performed ex vivo surface staining on B cells by flow cytometry, 
using the same gating strategy as described earlier. Consistent 
with the RNA- seq results, there was a distinct subpopulation of 
RA- CCPPOS B cells that expressed IL- 15Rα in all of the patients 
tested, whereas this was clearly absent in either the RA- CCPNEG 
or HAPOS B cell populations (Figure 4D and Supplementary Figure 
5 [http://onlinelibrary.wiley.com/doi/10.1002/art.40772/abstract]). 
Interestingly, within the RA patients, 75–90% of IL- 15Rα–express-
ing IgG/IgA B cells were identified to be RA- CCPPOS B cells, thus 
indicating that IL- 15Rα expression was significantly enriched in 
this population (Figure 4E).

Since IL- 15Rα can also be converted to the soluble form 
by proteolytic cleavage via the TNFα- converting enzyme (TACE) 
(34), we next investigated the concentrations of soluble IL- 15Rα 
(sIL- 15Rα) in the RA patient cohort. Although elevated concen-
trations of sIL- 15Rα in the synovium are known to be associ-
ated with increased disease activity, there are no known reports 
that have documented elevated sIL- 15Rα concentrations in the 
serum of seropositive RA patients (35). To systematically validate 
a large number of candidate proteins within the RA patients’ 
sera, including sIL- 15Rα, we took advantage of the aptamer- 
based SOMAscan assay, which can detect analytes at pico-
molar concentrations by utilizing very small volumes of biologic 
samples (36) (as depicted in Supplementary Figure 6, http://
onlinelibrary.wiley.com/doi/10.1002/art.40772/abstract). In a 
cohort of CCP- seropositive RA patients (11 samples) compared 
to healthy donors (10 samples), we observed significantly higher 
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concentrations of both IL- 6 and IL- 8 in the RA patients, but no 
differences were seen in the concentrations of a large panel of 
other soluble analytes, including IL- 1β or IL- 17 (see Supple-
mentary Figure 7, http://onlinelibrary.wiley.com/doi/10.1002/
art.40772/abstract). When we evaluated sIL- 15Rα, we observed
significantly higher concentrations in the sera of RA patients in 
comparison to healthy controls (Figure 4F).

Finally, we also looked at the predictive value of serum 
sIL- 15Rα for the occurrence of CCP- seropositive RA, as deter-
mined by the SOMAscan assay, and found that sIL- 15Rα dis-
played both high sensitivity and high specificity for RA compared 
to healthy controls (Figure 4G). Using pROC, we confirmed the 
statistical power of sIL- 15Rα in this independent cohort of CCP- 
seropositive RA patients, which yielded a power estimate of 0.88.

EGFR pathways and molecular validation of AREG in 
RA B cells. AREG is a member of the EGF family of ligands that 
signal through the EGFRs. It has been previously documented 
that TNF signaling in conjunction with IL- 1β signaling can lead to
the up- regulation of AREG (34,37). Our data support a pivotal role 
of AREG in RA- CCPPOS B cells (Figure 5A), and also a role of its 
downstream target pathway, EGF- mediated signaling (Figure 5B).

In order to validate our findings, we used flow cytometry to 
directly interrogate the expression of AREG within individual B 
cells from an independent cohort of seropositive RA patients. As 
expected, we did not observe expression of AREG on RA- CCPPOS 
B cells ex vivo (see Supplementary Figure 8, http://onlinelibrary.
wiley.com/doi/10.1002/art.40772/abstract), since AREG is 
secreted as a soluble protein upon cleavage by TACE (34).

Figure 4. Interleukin- 15 receptor α (IL- 15Rα) and IL- 15 signaling are enriched in RA- CCPPOS B cells. A and B, Left, Gene- set enrichment
analysis plots show positive correlations of IL- 15 signaling in RA- CCPPOS B cells compared to HAPOS B cells (A) and RA- CCPPOS B cells 
compared to RA- CCPNEG B cells (B). Right, Heatmaps show the top 10 genes enriched in the pathway using normalized transcript levels. C, 
Normalized transcript counts of IL15RA in RA- CCPPOS, RA- CCPNEG, and HAPOS B cells are shown. Although nonparametric tests demonstrated 
significant differences between RA- CCPPOS B cells and the other 2 populations, since these would not account for multiple hypothesis testing, 
we have not shown these results. Horizontal lines with bars show the mean ± SEM. D, Representative flow cytometric plots show IL- 15Rα
expression on RA- CCPPOS, RA- CCPNEG, and HAPOS B cells (n = 4 each). E, Expression of IL- 15Rα on RA- CCPPOS B cells is shown, gated on
IL- 15Rα–positive IgG/IgA B cells (n = 3). Cells were sequentially gated as CD19+IgM/IgD−(IgG/IgAPOS)IL- 15RαPOSCCPPOS. F, Concentrations of
IL- 15Rα were determined in the serum of RA patients (n = 11) and healthy individuals (n = 10), as evaluated by SOMAscan. Horizontal lines with
bars show the mean ± SEM. ** = P < 0.01 by Mann- Whitney U test. G, Receiver operating characteristic (ROC) curves indicate the predictive 
value of IL- 15Rα and IL- 6 serum levels for predicting the occurrence of RA. NES = normalized enrichment score; FDR = false discovery rate;
AUC = area under the ROC curve (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.40772/abstract.
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In order to determine whether AREG expression can be 
induced in vitro in B cells, we sought to mimic the nature of help 
afforded by T helper cells in vivo in RA (38). Accordingly, popula-
tions of RA- CCPPOS, RA- CCPNEG, and HAPOS B cells were sorted 
by flow cytometry and incubated with both soluble CD40L and 
IL- 21 for 14 days. Under these conditions, both RA- CCPPOS and 
RA- CCPNEG B cells showed induction of AREG in >80% of cells 
(Figure 5C), and this was consistent with our RNA- seq data on 
these populations (Figure 5A). A tendency toward higher expres-
sion of AREG was observed in RA- CCPPOS B cells compared 
to HAPOS B cells, but owing to the high variance in frequency of 
AREG- expressing HAPOS B cell populations, this change was not 
significant. Taken together, these findings suggest that under 
polarizing conditions, at least in vitro, B cells from RA patients act 

as a source of AREG, a molecule with a known ability to have a 
global impact on multiple cell types.

Elevated expression of AREG in the serum and syno-
vial fluid of RA patients. Among the different EGF ligands 
that are known to induce proliferation, growth, and differentiation 
by signaling through the EGFRs (39), AREG plays a unique role 
in its ability to induce both cell proliferation and cellular differenti-
ation upon receptor binding (40). Although serum AREG levels in 
RA have been documented in other reports, these data are con-
tradictory (41–43). We evaluated the concentrations of AREG 
and the other EGF ligands in the serum of CCP- seropositive 
RA patients, using the SOMAscan array as outlined above. In 
this cohort, we observed a significantly higher concentration of 

Figure 5. Amphiregulin (AREG) and associated pathways are enriched in RA- CCPPOS B cells. A, Normalized transcript counts of AREG in 
RA- CCPPOS, RA- CCPNEG, and HAPOS B cells are shown. Although nonparametric tests demonstrated significant differences between RA- CCPPOS 
B cells and HAPOS B cells, since these would not account for multiple hypothesis testing, we have not shown these results. B, Left, Gene- set 
enrichment analysis plot shows the correlation of the epidermal growth factor (EGF) pathway in RA- CCPPOS versus HAPOS B cells. Right, Heatmap 
indicates normalized transcript levels of the top 10 genes in the pathway for each sample. C, AREG expression was evaluated by flow cytometry 
on RA- CCPPOS, RA- CCPNEG, and HAPOS B cells after in vitro expansion (n = 4 each). D, Serum concentrations of AREG were determined in RA 
patients (n = 11) and healthy individuals (n = 10) by SOMAscan aptamer assay. The statistical power of this assay was estimated to be 0.98. E, 
Serum concentrations of all other EGF ligands in RA patients and healthy controls were identified by SOMAscan. F, Synovial fluid was assessed 
for AREG expression by enzyme- linked immunosorbent assay in patients with RA (n = 21) compared to patients with osteoarthritis (OA). In A and 
D–F, horizontal lines with bars show the mean ± SEM. ** = P < 0.01; *** = P < 0.001, by Mann- Whitney U test. NES = normalized enrichment 
score; FDR = false discovery rate; HBEGF = heparin- binding EGF- like growth factor; BTC = betacellulin (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.40772/abstract.
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AREG in the serum of RA patients (Figure 5D), but no differences 
were seen in the concentrations of any of the other EGF ligands 
investigated, such as heparin- binding EGF- like growth factor, 
betacellulin, epiregulin, EGF, and neuregulin (Figure 5E).

In addition, we observed a high sensitivity and high 
specificity of serum AREG in predicting the occurrence of RA 
(see Supplementary Figure 9, http://onlinelibrary.wiley.com/
doi/10.1002/art.40772/abstract). The estimated statistical 
power of serum AREG concentrations for prediction of RA in 
our cohort was 0.98.

Since RA is a disease with localized inflammation, we fur-
ther evaluated the abundance of AREG in the synovial fluid from 

CCP- seropositive RA patients (21 samples) and compared it 
with synovial fluid samples from patients with noninflammatory 
osteoarthritis (OA) (8 samples). Our ELISA results showed that 
the levels of AREG were significantly higher in RA synovial fluid 
compared to OA synovial fluid (only 1 OA synovial fluid sample 
tested positive for AREG) (Figure 5F).

Promotion of migration and proliferation of FLS 
in vitro by AREG. One of the hallmarks of RA pathogenesis 
is the activation of FLS, which is characterized by a tumor- 
like aggressive phenotype within the joints (44). We tested the 
ability of AREG to increase the invasiveness of human RA FLS, 

Figure 6. Amphiregulin (AREG) enhances migration and proliferation of fibroblast- like synoviocytes (FLS), and synergizes with anti–citrullinated 
protein antibodies (ACPAs) in mediating osteoclast differentiation. A, Representative scratch assay depicts cell migration at baseline and after 
12 hours; experiments were performed twice, in triplicate, on FLS obtained from 1 rheumatoid arthritis (RA) patient. B, Migration of RA FLS, 
in response to AREG, interleukin- 15 (IL- 15), both AREG and IL- 15, or a no cytokine control, is represented as the percentage of scratch area 
covered. Results are the mean ± SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001 versus control, by two- way analysis of variance. C, Expression 
of epidermal growth factor receptor (EGFR) on RA FLS is shown (n = 3 replicates). The light gray line represents unstained cells. D, Proliferation 
of FLS was measured using 5,6- carboxyfluorescein succinimidyl ester (CFSE) dilution (n = 3 replicates). E, Enrichment of ACPAs against cyclic 
citrullinated peptide (CCP) in the plasma of 2 RA patients was assessed by enyzme- linked immunosorbent assay (n = 2 replicates). F and 
G, Representative examples of differentiation of osteoclasts from blood monocytes under 2 different conditions are shown. Arrows indicate 
differentiated osteoclasts with ≥3 nuclei. H, The number of osteoclasts under different culture conditions is shown. ACPAs from 3 RA patients were 
used in conjunction with peripheral blood mononuclear cells from 3 healthy individuals (n = 4 replicates); 10 random images per well were obtained 
at an original magnification of × 20. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Kruskal- Wallis test with Dunn’s test for multiple comparisons. 
Horizontal lines with bars show the mean ± SEM in B and H, and mean ± SD in E. MCSF = macrophage colony- stimulating factor; ns = not 
significant. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40772/abstract.
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and observed that AREG promoted the increased migration 
of FLS, in comparison to controls, in wound- healing assays 
(Figures  6A and B). We confirmed the expression of EGFR 
on RA FLS, suggesting that the increased invasiveness was 
likely attributable to increased AREG- induced EGFR signaling 
 (Figure 6C).

We also observed that RA FLS proliferated more intensely 
in the presence of AREG in comparison to control FLS (Fig-
ure 6D). Taken together, our results thus indicate that high lev-
els of AREG in the peripheral blood and synovial fluid of RA 
patients could be responsible for the aggressive phenotype of 
FLS in these patients.

Functional synergy between AREG and ACPAs in 
mediating osteoclastogenesis. The role of AREG in pro-
moting osteolytic activity has been detailed as one of the 
mediators of bone metastases in breast cancers (45). Inde-
pendently, the role of ACPAs in enabling osteoclast differen-
tiation has been described in RA (4). We thus interrogated 
the functional synergy between these molecules in mediating 
osteoclastogenesis. First, we purified ACPAs by binding to a 
CCP- functionalized column (Figure  6E). Next, we evaluated 
the ability of each of these molecules, either by themselves or 
in combination, to promote the differentiation of multinucleated 
tartrate- resistant acid phosphatase–positive osteoclasts from 
monocyte precursors. Although AREG by itself did not signif-
icantly increase the differentiation of osteoclasts, the number 
of osteoclasts was observed to be higher in cocultures with 
AREG and ACPAs as compared to all other conditions tested 
(Figures 6F–H). Our findings thus suggest that AREG can syn-
ergize with ACPAs in the differentiation of osteoclasts from 
blood monocytes.

DISCUSSION

The role of RA- CCPPOS B cells as a source of autoanti-
bodies contributing to disease pathology in RA has been 
extensively studied, but the functional programs that help 
define the biology of the cell have remained elusive. One of 
the challenges we encountered was the robust and reliable 
identification of RA- CCPPOS B cells, which accounts for <0.1% 
of total peripheral B cells in RA patients (14). We success-
fully designed a sensitive flow cytometric sorting method using 
peptide–streptavidin conjugates, and sorted both the IgGPOS 
and IgAPOS CCPPOS B cells, owing to the fact that the antibody 
response against citrullinated proteins in RA comprises both 
IgG-  and IgA- type immunoglobulins (46).

Based on the RNA- seq data, we confirmed that the expres-
sion of the IL- 15Rα protein on the cell surface was enriched
in the RA- CCPPOS B cell population, and also confirmed that 
increased levels of sIL- 15Rα could be detected within the blood
of an  independent cohort of CCP- seropositive RA patients. IL- 

15–mediated signaling has been targeted in phase I and phase 
II clinical trials using HuMax- IL15 (see Supplementary Table 2, 
http://onlinelibrary.wiley.com/doi/10.1002/art.40772/abstract), a 
human monoclonal antibody that inhibits the bioactivity of IL- 15 
and that has produced modest improvements in disease activity 
(47). Synthetic disease- modifying antirheumatic drugs, includ-
ing tofacitinib (a JAK inhibitor), can inhibit pathways that are also 
downstream of IL- 15Rα–derived signaling (48). Our data suggest
that the targeting of IL- 15Rα might provide therapeutic benefit in
RA, either by directly targeting the RA- CCPPOS B cells or by the 
elimination of sIL- 15Rα in the blood of RA patients. In this regard,
it is worth emphasizing that sIL- 15Rα is known to increase the
potency of IL- 15 function by 100- fold when complexed together, 
and enables signaling in cells that might otherwise lack IL- 15Rα
(49). As suggested previously, the enrichment of IL- 15Rα expres-
sion within the RA- CCPPOS B cells might be indicative of an altered 
differentiation state (50).

Our data are the first to reveal the expression of the EGFR 
ligand AREG on autoreactive B cells, which was also the most 
differentially expressed gene in RA- CCPPOS B cells as compared 
to HAPOS B cells. We confirmed the surface expression of AREG 
on B cells under inflammatory conditions, identified AREG as a 
candidate biomarker in CCP- seropositive RA, and evaluated the 
functional impact of AREG on the cellular effectors of RA. AREG 
is expressed as a membrane- bound molecule, which is activated 
upon proteolytic cleavage by TACE (34), thereby acting in an auto-
crine or paracrine manner and influencing cell survival, prolifera-
tion, and motility (51).

Previously reported studies are contradictory with regard to 
AREG concentrations in the blood of RA patients, with evidence 
of both significantly increased concentrations and no significant 
differences in comparison to healthy donors (41–43). One con-
founding factor in these reports is CCP seropositivity. Consis-
tent with our studies with RA- CCPPOS B cells, our results herein 
demonstrate significant increases in the concentration of AREG 
in the blood of CCP- seropositive RA patients in comparison to 
healthy donors. In parallel, immunohistochemistry has confirmed 
the expression of both AREG and EGFR within the synovial tis-
sue of RA patients (34,42). Investigations using a mouse model 
of inflammation in RA, in which mice harbored the transgenic IL- 6 
signal transducer gene, have shown the importance of EGFs, 
including AREG, in the pathogenesis of arthritis, since targeting 
AREG either by neutralizing antibodies or by short- hairpin RNA 
ameliorated the disease severity (43).

The induction of AREG expression is governed by the 
cytokines transforming growth factor β (TGFβ), TNF, and IL- 1β
(34,37), which are known to be abundant in RA synovial fluid 
and plasma (52) (results for TGFβ are shown in Supplementary
Figure 10, http://onlinelibrary.wiley.com/doi/10.1002/art.40772/
abstract). Our data illustrate that AREG can directly pro-
mote the proliferation and invasiveness of FLS. As outlined by  
elegant studies in breast cancer metastasis models, AREG is 
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also known to increase the differentiation and activity of osteo-
clasts from PBMCs in the presence of RANKL and macrophage 
colony- stimulating factor (45), both of which are abundantly avail-
able in the synovial compartment of RA patients. Our in vitro data 
further highlight the ability of AREG to act in concert with ACPAs 
to enhance the differentiation of osteoclasts from blood mono-
cytes. Since our RNA- seq data outlined a role for both IL6ST 
and IL- 6 signaling in RA- CCPPOS B cells, this suggests that IL- 6 
signaling might facilitate AREG up- regulation. Overall, our results 
indicate that under proinflammatory conditions, all B cells in RA 
may contribute to the production of AREG irrespective of antigen 
specificity, which may potentially affect other cells in the joints.

Through this study, we are reporting for the first time a 
comprehensive transcriptome profile of RA- CCPPOS B cells in 
RA. To the best of our knowledge, this is also the first study to 
conduct whole transcriptome profiling of antigen- specific B cells 
in any human autoimmune disorder. Our results portray B cells 
not merely as autoantibody producers, but also as a source of 
diverse molecules that can influence proliferation, differentiation, 
and activation of other pathogenic cell types. We anticipate that 
these data will serve as a foundational data set for investigating 
multiple hypotheses on the roles of B cells in RA and other auto-
immune disorders, and will enable drug discovery and validation 
based on the biology of RA- CCPPOS B cells in RA.

We also recognize that although our report represents an 
important first step, further studies are required to gain a much 
deeper understanding of autoreactive B cells in autoimmune 
biology. Comprehensive studies on the relationships between 
sIL- 15Rα and AREG within the synovial compartment, and all 
of the different cell types that can secrete these molecules and 
how they influence the expression and secretion of each other 
and other signaling cascades, need to be performed. Although 
direct profiling of synovial B cells can reflect their contribution to 
RA pathophysiology, obtaining these cells is challenging from a 
clinical perspective. Arthroscopy is considered an invasive pro-
cedure and hence not routinely performed in clinical practice. 
Similarly, although synovial tissue can be accessed from patients 
undergoing joint replacement, these patients have end- stage 
disease not reflective of therapeutically relevant disease. More-
over, although single- cell RNA- seq (scRNA- seq) is better suited 
for studying moderately or highly expressed transcripts, it would 
be interesting to perform scRNA- seq to document the heteroge-
neity in autoimmune B cells, to complement our existing results, 
especially with synovial B cells.
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Pain Susceptibility Phenotypes in Those Free of Knee Pain 
With or at Risk of Knee Osteoarthritis: The Multicenter 
Osteoarthritis Study
Lisa C. Carlesso,1 Neil A. Segal,2  Laura Frey-Law,3 Yuqing Zhang,4 Lu Na,4 Michael Nevitt,5 Core E. Lewis,6 and 
Tuhina Neogi4

Objective. It is not clear why some individuals develop pain with knee osteoarthritis (OA). We undertook this study 
to identify pain susceptibility phenotypes (PSPs) and their relationship to incident persistent knee pain (PKP) 2 years 
later.

Methods. We identified individuals free of PKP from the Multicenter Osteoarthritis Study, a longitudinal cohort 
of older adults with or at risk of knee OA. Latent class analysis was used to determine PSPs that may contribute to 
development of PKP apart from structural pathology. These included widespread pain, poor sleep, and psycholog-
ical factors as well as pressure pain threshold and temporal summation (TS) as determined by quantitative sensory 
testing (QST). We used logistic regression to evaluate the association of sociodemographic factors with PSPs and 
the relationship of PSPs to the development of PKP over 2 years.

Results. A total of 852 participants were included (mean age 67 years, body mass index 29.5 kg/m2, 55% wom-
en). Four PSPs were identified, primarily characterized by varying proportions (low/absent, moderate, or high) of the 
presence of pressure pain sensitivity and of facilitated TS, reflecting different measures of sensitization. Subjects in 
the PSP with a high proportion of pressure pain sensitivity and a moderate proportion of facilitated TS were twice 
as likely to develop incident PKP over 2 years (odds ratio 1.98 [95% confidence interval 1.07–3.68]) compared with 
subjects in the PSP having a low proportion of sensitization by both measures.

Conclusion. Four PSPs were identified, 3 of which were predominated by QST evidence of sensitization and 1 of 
which was associated with developing PKP 2 years later. Prevention or amelioration of sensitization may be a novel 
approach to preventing onset of PKP in OA.

INTRODUCTION

The recognized structure–symptom discordance in knee 
osteoarthritis (OA) points to the importance of factors other than 
structural joint pathology in explaining the differences in pain 
experienced by people with knee OA and, by extension, the sus-
ceptibility to developing knee pain in OA (1). It is possible that, 
independent of structural pathology, multiple characteristics such 
as psychological factors, sleep, and nervous system sensitization 
may increase the risk of an individual developing symptoms (2–4). 
Pain in knee OA has intermittent and constant components, with 

the former defining the early stages of the disease in which pain, 
often absent for periods of time, is triggered by activities with high 
force or loads (5). As the disease progresses, pain becomes more 
constant or persistent, often punctuated by intense intermittent 
pain (6). It is not known why the transition from intermittent to 
constant pain occurs and who may be at risk of developing per-
sistent pain.

Sensitization of the peripheral or central nervous system is a 
known contributor to pain in people with knee OA (7). Defined as 
an amplification of neural signaling which manifests as widespread 
hyperalgesia, spinal hyperexcitability, and impaired descending 
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modulation, this process allows typically innocuous stimuli to 
induce and maintain a pain state (8). There is no gold standard 
to assess sensitization, which has been observed in chronic pain 
populations, although it is often assessed using quantitative sen-
sory testing (QST) (9–11).

Phenotyping of pain, identified by OA treatment guidelines 
as a research priority (12,13), is an approach that can account 
for the multifactorial nature of pain, establish pain prognosis, and 
 en able a rational mechanism- based approach to pain manage-
ment. Phenotyping of those who are susceptible to the develop-
ment of persistent knee pain (PKP) related to knee OA may provide 
novel insights into pain mechanisms. Understanding how various 
risk factors are associated with different pain susceptibility phe-
notypes (PSPs) would facilitate targeted preventive strategies by 
helping clinicians identify patients who are at greatest risk of devel-
oping persistent pain and likely to benefit from a given treatment.

Initial studies of pain phenotypes in people with knee OA have 
exclusively examined subjects who are symptomatic in cross- 
sectional analyses and therefore have not enhanced our under-
standing of the development of pain, particularly the development 
of PKP or the transition from acute (intermittent) to chronic (persis-
tent) pain. Further, these previous studies differ methodologically 
in their use of phenotypic variables by including various combina-
tions of psychological factors, surrogate measures of sensitiza-
tion, and measures of radiographic and pain severity (9,14–18). 
No studies have included multiple psychological measures and 
direct QST measures of pain sensitization to define and enable 
more complete phenotyping in people who have not yet devel-
oped PKP but who may be at risk of transitioning to PKP irrespec-
tive of structural pathology.

We sought to understand what factors other than structural 
pathology may be associated with the risk of developing PKP as 
a first step toward understanding factors that may contribute to 
the transition from acute activity- related pain to chronic PKP in 
OA. Thus, the objectives of this study were threefold: 1) to identify 
PSPs related to psychological factors, measures of sensitization 
(i.e., QST), widespread pain (WSP), and sleep among persons 
with or at risk of knee OA who were free of knee pain; 2) to deter-
mine risk factors for these identified phenotypes; and 3) to deter-
mine the relationship of the PSPs to the development of PKP.

SUBJECTS AND METHODS

Study sample. The Multicenter Osteoarthritis Study 
(MOST) is a National Institutes of Health–funded longitudinal 
cohort of community- dwelling adults between the ages of 50 
and 79 years who had or were at risk of developing knee OA 
at baseline. Subjects were recruited from Birmingham, Ala-
bama and Iowa City, Iowa. Details of the cohort have been 
published elsewhere, and the study was approved by the rel-
evant institutional review boards and was in compliance with 
the Helsinki Declaration (19). The current sample comprised 

participants who attended the 60- month visit (baseline for this 
study; the first visit at which measures of sensitization were 
obtained) who were free of PKP, defined as those who did 
not have frequent knee pain (i.e., pain, aching, or stiffness on 
most days of the past month both at the telephone screen 
occurring an average of 1 month prior to the clinic visit and at 
the clinic visit). Thus, some included participants could have 
experienced intermittent knee pain, although not on most days 
of the month. Participants who screened positive for periph-
eral neuropathy (20) or who had a prior total knee replacement 
were excluded from this study.

PSP determination. To determine PSPs related to fac-
tors other than structural pathology, we hypothesized that 
psychological factors (pain catastrophizing, depressive symp-
toms), sleep, WSP, and QST measures of pain sensitization 
(pressure pain threshold [PPT], temporal summation [TS]) 
would identify distinct groups of people based on patterns of 
grouping by these variables (21–24). As we were seeking to 
identify pain phenotypes and not overall clinical phenotypes, 
we based our choice of variables on multidimensional factors 
known to have a direct relationship with the experience of pain 
in people with or at risk of knee OA, informed by evidence- 
based recommendations for pain phenotyping, the relation-
ship of WSP to knee pain, and the availability of variables in 
the MOST study (21–24). Pain catastrophizing was measured 
using a single item from the Coping Strategies Questionnaire 
that has a correlation of 0.74–0.81 with the full scale (25,26). 
Pain catastrophizing was defined as being present if the score 
was >1. The Center for Epidemiologic Studies Depression 
Scale was used as a measure of symptoms of depression, 
defined as a score of ≥16 (27). WSP was defined using a vali-
dated standard homunculus (28). Sleep quality was measured 
on a 4- point Likert scale, with very bad or bad sleep desig-
nated as poor sleep quality.

QST methods have been described elsewhere (11). 
Briefly, PPT was assessed by applying an algometer (1 cm2 
rubber tip, FDIX25; Wagner) at a rate of 0.5 kg/second on the 
center of the patellae bilaterally, tibial tuberosities, and dis-
tal radioulnar joint (control site; right side unless contraindi-
cated); PPT was defined as the point at which participants 
indicated the pressure first changed to slight pain. The PPT at 
each anatomic site was calculated by averaging 3 trials and 
categorized into sex- specific tertiles. Those in the lowest ter-
tile, demonstrating lower PPTs, represent those with a higher 
degree of pressure pain sensitivity; they are hereafter referred 
to as the group that demonstrated evidence of “pressure pain 
sensitivity.” Mechanical TS was assessed using a weighted 
60- gram von Frey monofilament (Aalborg University) at the 
wrist and patellae. Subjects first provided a numerical pain 
rating in a trial of 4 stimulations. Subsequently, the monofila-
ment was applied repeatedly over the skin of the same site at 
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a frequency of 1 Hz for 30 seconds. Subjects provided a pain 
rating at the completion of the train of 30 stimulations and 15 
seconds poststimulation. TS was defined as being facilitated 
when a positive value was found after the pain rating in the 
initial trial was subtracted from the greater of the pain ratings 
in the 2 subsequent trials. This group is hereafter referred to as 
demonstrating evidence of facilitated TS.

Subject characteristics associated with PSPs. Subject 
characteristics associated with the PSPs were hypothesized to 
include age, sex, race (Caucasian versus other), education (less 
than or equal to high school versus postsecondary education or 
greater), body mass index (BMI), comorbidities (using the  Charlson 
Comorbidity index [29]), and Kellgren/Lawrence (K/L) grade (30). 
Data on all were collected at the baseline for this study.

Definitions of incident knee pain and PKP. To assess 
the face validity of the identified PSPs, we sought to examine the 
relationship of these PSPs with the development of PKP. This was 
operationalized as PKP and defined as a participant answering 
“yes” to having knee pain on most days of the past 30 days at 
both the telephone screen and at the clinic visit (occurring on aver-
age 30 days apart), thus spanning a 2- month period. A participant 
was considered to have incident PKP if either knee met the defi-
nition at the 2-year follow-up visit, and the participant had been 
free of PKP at baseline (the 60-month visit), having answered “no” 
at that time to having knee pain on most days of the past 30 days 
both at the telephone screen and at the clinic visit.

Statistical analysis. To identify PSPs, we applied an 
agnostic approach using latent class analysis (LCA). LCA is a 
model- based approach that employs fit statistics combined with 
evidence- based knowledge of the concept being analyzed to 
decide on the appropriate number of classes. Although the phe-
notypes are identified in a data- driven approach, we imposed a 
requirement that each class must have at least 10% of the sam-
ple to ensure meaningful interpretation of the classes and to limit 
possible errors in their estimates. The posterior probability of sub-
group membership was generated from the LCA model, and the 
maximum- probability approach assigned each subject to one of 
the subgroups. Posterior fit statistics of the Bayesian information 
criterion (BIC), the adjusted BIC, the Vuong- Lo- Mendell- Rubin 
(VLMR) test, and the bootstrapped likelihood ratio test (BLRT) 
were used to determine the optimal number of classes, along 
with clinical reasoning (31). Once the ideal number of classes was 
determined, profiles of each class were interpreted using class- 
specific proportions of each included factor. Sample character-
istics were described using class- specific proportions. Next, we 
ran a separate model using the R3Step method, a 3- step method 
used to assess the association of latent class predictors with the 
latent classes (32) (for details of steps, see Supplementary Table 
1, available on the Arthritis & Rheumatology web site at http://

onlinelibrary.wiley.com/doi/10.1002/art.40752/abstract). Finally, 
we assessed the relationship of the PSPs to incident PKP using 
the method described by Lanza et al (33). As this method does 
not allow for covariates to be included in the model (34), we ran 
adjusted models using logistic regression.

Sensitivity analyses were conducted to assess more parsi-
monious models, as well as variable contribution to the original 
model. In 2 sensitivity analyses, we examined one model with 
fewer QST variables and one using QST variables only. Cor-
relation analysis of the QST variables demonstrated correla-
tions with low- to- high significance (see Supplementary Table 2,  
http://onlinelibrary.wiley.com/doi/10.1002/art.40752/abstract). 
We therefore chose to employ a model with one TS variable 
measured at the wrist, and, to maintain the representation of 
peripheral and central sensitivity, we retained the variable mea-
suring PPT at the wrist and created one variable that reflected 
the average patellar PPT from both knees. Those at the tibia 
were discarded, as it is likely that they represented the same 
construct given their proximity to the patella. LCA was then per-
formed with a 7- variable model (these limited QST measures 
plus the other variables originally included). Due to the dom-
inance of the QST variables in our main LCA model (for cor-
relations of remaining indicator variables, see Supplementary 
Table 3, http://onlinelibrary.wiley.com/doi/10.1002/art.40752/
abstract), a second sensitivity analysis was run using a model 
with only the original QST variables. Analyses were conducted 
with Mplus version 7.3 (Muthen & Muthen) and SPSS version 
22 (IBM).

Table 1. Frequency of indicator variables in the whole sample and 
each pain susceptibility phenotype*

Class indicator variables 
Whole sample 

(n = 852) 

Widespread pain 17.3
Pain catastrophizing 39.6
Symptoms of depression 6.5
Poor sleep 12.9
TS R patella 35.0
TS L patella 36.8
TS wrist 38.4
PPT wrist† 29.1
PPT R tibia† 26.6
PPT L tibia† 27.9
PPT R patella† 28.2
PPT L patella† 27.0

* Values are the percent. TS = temporal summation; R = right; L = 
left; PPT = pressure pain threshold (in kg/cm2). 
† Refers to the lower tertile of values (i.e., most sensitive) with the 
referent group being the upper tertile (i.e., least sensitive). The up-
per limit for the lowest tertile for each anatomic site listed in the 
table was as follows: 2.76, 4.54, 4.32, 4.22, and 3.97. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40752/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40752/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40752/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40752/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40752/abstract
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RESULTS

There were 852 subjects included in this study (55% female, 
mean age 67 years, mean BMI 29.5 kg/m2), all of whom were 
free of PKP at baseline. We ran models starting with 2 classes 
to determine the optimal number of classes (i.e., PSPs). With 6 
classes, less than 10% of the sample was forming a class, which 
violated our desire to have each class comprise at least 10% of 
the sample. Of the 2-  to 5- class solutions, the 4-  and 5- class 
solutions were considered superior to the 2-  and 3- class solu-
tions. The BIC and adjusted BIC indicated that 5 classes were 
better, the VLMR suggested that 4 classes were ideal, and the 
BLRT statistics indicated that either the 4- class solution or the 
5- class solution was acceptable. The 4- class solution was chosen 
because it was more readily interpretable clinically and consistent 
with our current understanding of contributing mechanisms (i.e., 
nervous system sensitivity as evidenced in the current literature) 
(21–24). The model entropy value, an indicator of the quality of 
classification, was 0.86 (1 = perfect) (see Supplementary Table 
4, http://onlinelibrary.wiley.com/doi/10.1002/art.40752/abstract), 
indicating good quality of classification (35), and the classification 
probabilities for each class were all >0.87.

The 4 PSPs were primarily distinguished by differences in 
the proportion of sensitization as indicated by demonstration of 
pressure pain sensitivity (both peripherally and centrally) and/
or facilitated TS at each of the anatomic sites tested (propor-
tions of each anatomic site are reported in Table 1). The classes 
are described in descending order of their sample size. PSP 1, 
comprising 34% of the sample, had a low- to- moderate propor-
tion of people with both pressure pain sensitivity (~16–26%) and 
facilitated TS (33–35%). PSP 2, comprising 31% of the sam-

ple, had a low proportion to none with pressure pain sensitivity 
(0–6%) and facilitated TS (2–10%). PSP 3, comprising 23% of 
the sample, had a high proportion with pressure pain sensitivity 
(75–89%) and a moderate proportion with facilitated TS (53–
58%). Finally, PSP 4 (12% of the sample) had a high proportion 
with facilitated TS (82–90%) but a very low proportion to none 
with pressure pain sensitivity (0–4%). The PSPs are presented 

in Figure 1.
As can be seen in Figure 1, there were few differences in the 

proportions of other factors examined (e.g., WSP, psychological 
factors, sleep) among the phenotypes. Specifically, there were no 
significant differences in the proportions with poor quality sleep 
across all classes. Statistically significant (although small) differ-
ences in pain catastrophizing and WSP were only found between 
PSP 2 (which had low proportions with both pressure pain sensitiv-
ity and facilitated TS) and PSP 3 (which had a high proportion with 
pressure pain sensitivity and a moderate proportion with facilitated 
TS). Table 1 shows the frequency of the variables for the whole 
sample.

Associations of subject characteristics with PSP 
class membership. Characteristics of subjects in each PSP are 
presented in Figure 2. The proportion of women was highest in 
PSP 3 at 74%, in contrast to the proportion of in PSP 4 (26%), 
which had a low proportion with pressure pain sensitivity and a 
high proportion with facilitated TS. Proportions of non- Caucasians 
were greatest in PSP 2 and PSP 4 (22% and 23%, respectively), 
while the oldest participants were found in PSP 4 (mean age 70 
years). Proportions of subjects with K/L grade >2, BMI >30 kg/
m2, >1 comorbidity, and postsecondary education were similar 
across classes.

Figure 1. Spidergram plot of identified classes, showing proportions of each indicator variable in each of the respective phenotypes. PP = 
pressure pain; TS = temporal summation; PPT = pressure pain threshold.

http://onlinelibrary.wiley.com/doi/10.1002/art.40752/abstract
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The associations of each subject characteristic with PSP 
membership are presented in Table 2, with PSP 2 (i.e., low propor-
tion to none with both pressure pain sensitivity and facilitated TS) as 
the referent group. BMI >30 kg/m2, postsecondary education, and 
K/L grade >2 were not significantly associated with membership in 
any class compared with membership in PSP 2. Female sex was 
significantly associated with ~3-fold greater odds of being in PSP 
1 (moderate proportion with pressure pain sensitivity) and ~4-fold 
greater odds of being in PSP 3 (high proportion with pressure pain 
sensitivity), compared with PSP 2, while it was negatively associ-
ated with being in PSP 4, which had a low proportion with pressure 
pain sensitivity but a high proportion with facilitated TS (odds ratio 
[OR] 0.46 [95% confidence interval {95% CI} 0.27–0.79]). Non- 
Caucasians and those age >65 years had 3.5-fold and 3.0-fold 
greater odds, respectively, of being in PSP 4 (low proportion with 
pressure pain sensitivity and high proportion with facilitated TS) 
and 2.5-fold and 1.9-fold greater odds, respectively, of being in 
PSP 3 (high proportion with pressure pain sensitivity and moderate 

proportion with facilitated TS) compared with PSP 2.

Relationship of PSPs to incident PKP outcome. Sub-
jects in PSP 3, which had a high proportion with pressure pain 
sensitivity and a moderate proportion with facilitated TS, were 
twice as likely to develop incident PKP over 2 years compared 
with those in PSP 2, the group with low proportion to none with 
both pressure pain sensitivity and facilitated TS (OR 1.98 [95% 
CI 1.07–3.68]). The other classes were not statistically signifi-

cantly associated with development of PKP (Table 3).

Sensitivity analyses. The models for both sensitivity anal-
yses are presented in Supplementary Figures 1 and 2, http://

onlinelibrary.wiley.com/doi/10.1002/art.40752/abstract. The first 
sensitivity analysis, using a model with fewer QST variables, had a 
lower overall entropy of 0.835 but improved model fit (BIC = 7,896). 
Class proportions differed from the original, as did the values for 
each of the 7 indicator variables (see Supplementary Figure 1). The 
QST only model (see Supplementary Figure 2), using variables from 
the original model, resulted in very similar class structure, essen-
tially replicating the pattern of the classes from the original model. 
Entropy was similar at 0.855 and model fit was lower (BIC = 10,132) 
(for fit statistics and entropy values, see Supplementary Table 4, 
http://onlinelibrary.wiley.com/doi/10.1002/art.40752/abstract).

DISCUSSION

We found 4 distinct PSPs among individuals who were 
free from PKP that were primarily differentiated by measures 
indicative of sensitization. Other factors traditionally associ-
ated with knee pain, such as psychological factors, poor sleep, 
and WSP, did not differ substantially between the groups. The 
group with the highest proportion of pressure pain sensitivity at 
both the knee and the wrist (indicating more sensitization both 
locally and centrally) had a 2- fold increased risk of developing 
PKP over a 2- year period. This work lends further support for 
the importance of sensitization in the knee pain experience of 
people with symptomatic knee OA (9,36) and provides new 
insights into the influence of preexisting sensitization on the 
transition from intermittent to PKP among those who were free 
of persistent pain initially. Interestingly, subjects in the group 
with primarily predominant evidence of central sensitization 
with facilitated TS at either the wrist or the knee were not at 
increased risk of developing PKP in this sample.

Figure 2. Spidergram plot of subject characteristics, showing proportions of each characteristic in each of the respective phenotypes. PPT = 
pressure pain threshold; TS = temporal summation; K/L = Kellgren/Lawrence; BMI = body mass index.

http://onlinelibrary.wiley.com/doi/10.1002/art.40752/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40752/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40752/abstract
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In contrast to previous phenotyping studies of people with 
symptomatic knee OA that have concentrated on QST mea-
sures or psychological factors (9,15,36), we employed a multi-
factorial approach similar to that recommended by the Initiative 
on Methods, Measurement, and Pain Assessment in Clinical 
Trials (21). This work represents an initial step in helping to 
more clearly understand symptom persistence and the transi-
tion from intermittent to persistent pain. It is noteworthy that the 
individual entropy values in our LCA model (an indicator of the 
influence of a variable on class formation; see Supplementary 
Table 5, http:// onlinelibrary.wiley.com/doi/10.1002/art.40752/
abstract) for PPT and TS testing were the highest, while  minimal 
between- class differences were noted among the remaining 
indicator variables. This means that in our community- based 

cohort, features of pain sensitization had the greatest influ-
ence on phenotype formation in those free from PKP, but the 
 psychological constructs (e.g., symptoms of depression, pain 
catastrophizing), sleep quality, or WSP did not. Our findings 
indicate that while other studies have highlighted the impor-
tance of these latter factors, the presence of sensitization 
appears to have a far greater influence on the development of 
persistent pain.

We found female sex, age >65 years, and non- Caucasian 
race to be significant predictors of class membership in PSP 3 
compared with PSP 2, with sex and non-Caucasian race having 
the highest risk estimates of any group. Studies of pain phe-
notypes in people with symptomatic OA have demonstrated 
similar associations (9,15,17,36), but others have also shown 
associations with BMI and education (9,15,36). Few have shown 
any association with radiographic severity (17,37). In previous 
studies, female sex has had greater positive associations with 
facilitated TS as opposed to our finding of an association with 
greater pressure pain sensitivity and a negative association with 
facilitated TS (9,36), while reports of the association of non- 
Caucasian race with increased TS are conflicting (9,36). How 
these characteristics are related to neurophysiologic test results 
at different pain stages requires further clarification.

We focused on subjects who were free of persistent pain to 
evaluate which grouping or cluster of features tended to occur 
together, as well as their relationship to the development of PKP. 
In studies of symptomatic groups, there is disagreement as to 
whether trajectories of pain change or stay stable over periods of 
5–6 years (37,38). Our results, while not trajectory based, indicate 
that the group with the highest proportion with sensitization, as 
reflected by local, extrasegmental, and distant pressure pain sen-
sitivity, is at higher risk of developing PKP compared with those 
who have a relative absence of sensitization as reflected by pres-
sure pain sensitivity.

Table 2. Association of subject characteristics with PSP class membership*

Characteristic

Low-to-moderate  
proportion with both 

PP sensitivity and  
facilitated TS (PSP  

class 1), OR (95% CI)

High proportion with 
PP sensitivity and 

moderate proportion 
with facilitated TS (PSP 
class 3), OR (95% CI) 

Low proportion with 
PP sensitivity and high 
proportion with facili-
tated TS (PSP class 4), 

OR (95% CI) 

Low/absent proportion 
with both PP sensitiv-
ity and facilitated TS 

(PSP class 2)

Age >65 years 1.42 (0.99–2.06) 1.88 (1.24–2.85)† 3.03 (1.78–5.15)† 1 (referent)
Female sex 2.69 (1.87–3.87)† 4.08 (2.68–6.22)† 0.46 (0.27–0.79)† 1 (referent)
BMI >30 kg/m2 1.17 (0.81–1.70) 1.18 (0.78–1.77) 0.99 (0.60–1.64) 1 (referent)
Non- Caucasian 0.80 (0.42–1.52)  2.47 (1.36–4.49)† 3.53 (1.78–6.98)† 1 (referent)
K/L grade >2 0.85 (0.59–1.23) 1.15 (0.76–1.73) 1.60 (0.97–2.62) 1 (referent)
Postsecondary 

education 
0.99 (0.65–1.53) 1.33 (0.82–2.17) 1.40 (0.77–2.55) 1 (referent)

One or more 
comorbidities 

1.38 (0.84–2.27) 0.92 (0.51–1.65) 1.32 (0.66–2.63) 1 (referent)

* PP = pressure pain; TS = temporal summation; OR = odds ratio; 95% CI = 95% confidence interval; BMI = body mass index; K/L = Kellgren/
Lawrence. 
† Significantly different from pain susceptibility phenotype (PSP) class 2. 

Table 3. Risk of incident PKP*

Class OR (95% CI)†

Low-to-moderate proportion with both 
PP sensitivity and facilitated TS (PSP 
1) (n = 261)

0.84 (0.43–1.64)

High proportion with PP sensitivity and 
moderate proportion with facilitated 
TS (PSP 3) (n = 182) 

1.98 (1.07–3.68)‡

Low proportion with PP sensitivity and 
high proportion with facilitated TS 
(PSP 4) (n = 96) 

0.96 (0.41–2.27)

Low/absent proportion with both PP 
sensitivity and facilitated TS (PSP 2) 
(n = 234) 

1 (referent)

* Eighty- two of 773 subjects (10.6%) developed incident persistent 
knee pain (PKP) over 2 years. OR = odds ratio; 95% CI = 95% confi-
dence interval; PP = pressure pain; TS = temporal summation. 
† Adjusted for body mass index, race, education, sex, comorbidi-
ties, Kellgren/Lawrence grade, and age. 
‡ Significantly different from pain susceptibility phenotype (PSP) 
class 2. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40752/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40752/abstract


CARLESSO ET AL 548       |

Our first sensitivity analysis revealed that when using fewer 
QST variables, similar patterns of pain susceptibility groupings 
among the classes can be found; however, the proportion of 
individuals found in each respective class changed. By compar-
ison, our second sensitivity analysis, using only the QST mea-
sures from our main model provided, yielded almost identical 
results, thereby demonstrating how these variables drove the 
model, with psychosocial, WSP, and sleep variables offering 
little influence in differentiating the groups and the risk of devel-
oping PKP. The lack of effect of WSP was further substantiated 
by a model that we ran without the inclusion of WSP, which did 
not change the estimates of the remaining variables (see Sup-
plementary Table 6, http://onlinelibrary.wiley.com/doi/10.1002/
art.40752/abstract).

Our study has several limitations to consider. While we 
included variables known to have a direct relationship with the 
experience of pain in people with or at risk of knee OA and 
were guided by the availability of variables in the MOST study, 
the ideal representation and/or combination of variables for pain 
susceptibility phenotyping may not be fully characterized. Gen-
eralizability of our findings is limited in the application to different 
geographic regions and different racial classes. We used a lim-
ited set of QST measures, and our sample may not be repre-
sentative of the spectrum of OA disease. Finally, as with all latent 
class models, our findings are exploratory and require external 
validation. There are equally several strengths to consider. Our 
study is the first to focus on people with or at risk of knee OA 
who are free of PKP to understand the development of the clini-
cally relevant entity of PKP in knee OA. This is an important sub-
group to consider given the intermittent nature of pain in knee 
OA that typically evolves to become more persistent over time. 
We have shown that phenotypes vary according to the degree 
of sensitization as detected by QST and that specific socio-
demographic factors are associated with PSP membership. 
Compared with other clustering methods, the use of LCA, an 
agnostic data- driven model- based approach, is less subjective 
in class formation, creating potentially more valid subgroups.

In conclusion, we identified 4 distinct PSPs in people 
with or at risk of knee OA who were free of PKP at baseline. 
We found that the PSP with the highest degree of sensitiza-
tion, namely the group with the highest proportion of people 
with pressure pain sensitivity across all sites tested (locally, 
extrasegmentally, and remotely), was at greatest risk of devel-
oping PKP. Understanding the mechanisms that contribute to 
pain susceptibility and identifying prognostic phenotypes are 
important steps toward the goal of phenotypic, mechanism- 
based management of pain.
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Central Sensitization in Knee Osteoarthritis:  
Relating Presurgical Brainstem Neuroimaging and 
PainDETECT-BasedPatientStratificationto 
Arthroplasty Outcome
Anushka Soni,1 Vishvarani Wanigasekera,1 Melvin Mezue,1 Cyrus Cooper,2 Muhammad K. Javaid,1 
Andrew J. Price,1 and Irene Tracey1

Objective. The neural mechanisms of pain in knee osteoarthritis (OA) are not fully understood, and some patients 
have neuropathic- like pain associated with central sensitization. To address this, we undertook the present study in or-
der to identify central sensitization using neuroimaging and PainDETECT and to relate it to postarthroplasty outcome.

Methods. Patients awaiting arthroplasty underwent quantitative sensory testing, psychological assessment, and 
functional magnetic resonance imaging (fMRI). Neuroimaging (fMRI) was conducted during punctate stimulation  
(n = 24) and cold stimulation (n = 20) to the affected knee. The postoperative outcome was measured using the Ox-
ford Knee Score, patient- reported moderate- to- severe long- term pain postarthroplasty, and a range of pain- related 
questionnaires.

Results. Patients with neuropathic- like pain presurgery (identified using PainDETECT; n = 14) reported significantly 
higher pain in response to punctate stimuli and cold stimuli near the affected joint (P < 0.05). Neural activity in these pa-
tients, compared to those without neuropathic- like pain, was significantly lower in the rostral anterior cingulate cortex 
(P < 0.05) and higher in the rostral ventromedial medulla (RVM) during punctate stimulation (P < 0.05), with significant 
functional connectivity between these two areas (r = 0.49, P = 0.018). Preoperative neuropathic- like pain and higher 
neural activity in the RVM were associated with moderate- to- severe long- term pain after arthroplasty (P = 0.0356).

Conclusion. The psychophysical and neuroimaging data suggest that a subset of OA patients have centrally medi-
ated pain sensitization. This was likely due to supraspinally mediated reductions in inhibition and increases in facilitation 
of nociceptive signaling, and was associated with a worse outcome following arthroplasty. The neurobiologic confirma-
tion of central sensitization in patients with features of neuropathic pain, identified using PainDETECT, provides further 
support for the investigation of such bedside measures for patient stratification, to better predict postsurgical outcomes.

INTRODUCTION

Neuropathic pain is defined as pain caused by a lesion or 
disease of the somatosensory system (1). In contrast, nociceptive 
pain is defined as pain that arises from actual or threatened dam-
age to non- neural tissue and is due to the activation of nocicep-
tors (1). Traditionally, pain in osteoarthritis (OA) was thought to be 
purely nociceptive, but screening tools such as the PainDETECT 
Questionnaire (PD- Q) (2) have suggested a neuropathic com-

ponent in some patients (3–5). Animal studies, symptom- based 
assessments, quantitative sensory testing, and early neuroimag-
ing studies show that central sensitization may be an important 
mechanism in a subgroup of patients, even in the absence of the 
structural lesion in the nervous system that is typically required 
in order to fulfill the definition of neuropathic pain (6–8). This type 
of pain might be more characteristic of nociplastic pain, a third 
category recently endorsed by the International Association of 
the Study of Pain, which acknowledges an abnormal pain state 
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“characterized by clinical and psychophysical findings that sug-
gest altered nociception, despite there being no clear evidence 
of actual or threatened tissue damage causing the activation of 
nociceptors or evidence for disease or lesion of the somatosen-
sory system causing the chronic pain” (1,9). However, non- neural 
tissue is damaged in OA (meaning that the pain is nociceptive), so 
the nociplastic definition is not ideal either. Nonetheless, as clear 
lesions of the somatosensory system have not been identified in 
the context of OA, the term “neuropathic- like pain” is used in the 
present report to describe patients in whom symptoms sugges-
tive of neuropathic pain have been identified.

Central sensitization is defined as an amplification of neural 
signaling within the central nervous system that elicits pain hyper-
sensitivity (10). It arises from a wide variety of underlying mech-
anisms ranging from sensitization within the spinal cord to sig-
nal amplification secondary to active descending pain facilitation 
pathways. The mechanisms by which central sensitization devel-
ops in OA and its impact on response to current treatment options 
remain unclear.

Neuroimaging provides a noninvasive objective method for 
measuring the central processing of pain in humans. Its utility in 
furthering our understanding of the pain mechanisms in patient 
populations and of suitable treatment options is increasingly 
accepted (11,12). Previous neuroimaging studies in OA patients 
have demonstrated that both spontaneous and experimentally 
induced pain are associated with increased neural activity in brain 
areas involved in sensory discrimination (7,13–16) as well as with 
the affective and cognitive- evaluative components of nociception 
(13,14,17). Furthermore, when compared to healthy controls, OA 
patients exhibited a disruption of the resting state default mode 
network (15) and a decrease in gray matter volume in areas such 
as the thalamus (16). Taken together, these findings suggest that 
both the structure and function of the brain are likely to be affected 
in patients with knee OA.

In patients with hip OA, neuroimaging results have also 
demonstrated the involvement of brainstem areas such as the 
periaqueductal gray (PAG), a component of the descending pain 
modulatory system (DPMS) (7). In that study, punctate stimu-
lation in an area of referred pain in the OA patients was asso-
ciated with increased activation in the PAG, when compared 
to healthy participants. Furthermore, patients with features of 
neuropathic pain, identified using the PD- Q and psychophysi-
cal assessment, showed significantly greater activation within 
the PAG compared to those with a low PD- Q score. This pro-
vided direct evidence of central sensitization in patients with 
OA, linking activity in the DPMS to neuropathic- like features.

Cortical and subcortical brain areas are known to modu-
late nociception by interacting with the midbrain and medullary 
structures that form the DPMS (18). This is a well- characterized 
network that regulates nociceptive processing in the dorsal horn 
via inhibitory and facilitatory influences (12,19). The midbrain PAG 
mainly exerts its effect through the rostral ventromedial medulla 

(RVM), which is thought to represent the final relay in descend-
ing modulation from supraspinal sites (20). The RVM can both 
inhibit and facilitate pain (21,22), and it is thought that an imbal-
ance between the inhibitory and facilitatory tone of the DPMS may 
contribute to an abnormal chronic pain state (12). Cortical and 
subcortical areas of the brain, including the anterior cingulate cor-
tex, amygdala, insula, and hypothalamus, are also involved in pain 
modulation via the DPMS. This link is likely to explain how other 
centrally mediated factors such as sleep, cognition, mood, and 
placebo effects influence the experience of pain (23).

Neuroimaging studies in humans with central sensitization 
have shown the involvement of the PAG, the adjacent nucleus 
cuneiformis (NCF), and the mesopontine reticular formation, which 
are also major sources of input to the RVM (24,25). Furthermore, 
preclinical work has shown that the central sensitization seen in 
conjunction with neuropathic features of pain in OA is partly medi-
ated by descending modulation, and that pain relief was achieved 
by blocking descending pain facilitatory pathways from the RVM 
(21,22,26). These findings are consistent with a substantial body 
of work that has demonstrated that central nervous system no ci-
ceptive processing is altered in patients with other musculoskeletal 
conditions such as fibromyalgia (27,28). Interestingly, the co ex-
istence of characteristics of fibromyalgia (suggestive of augmented 
central nervous system pain processing) in patients with OA has 
been associated with a poorer outcome following arthroplasty (29).

In this study, we investigated the neural correlates of the fea-
tures of neuropathic pain (as measured using the modified PD-Q 
[mPD-Q]), compared to nociceptive pain, in knee OA. Further-
more, we examined the relationship between central sensitization 
(identified using functional magnetic resonance imaging [fMRI]) 
and the outcome following knee replacement surgery, a treatment 
option that only addresses the peripheral nociceptive drive for 
pain. Based on previous literature and our own work, we chose 
to specifically examine the PAG, NCF, and RVM. We hypothe-
sized that patients with features of neuropathic pain would show 
higher activity in response to a painful stimulus in these brainstem 
regions and have a worse outcome following surgery, compared 
to those with nociceptive pain.

PATIENTS AND METHODS

Patients. Participants recruited to the Evaluation of Periop-
erative Pain in Osteoarthritis of the Knee (EPIONE) Study, a pro-
spective cohort study of patients with primary OA who were await-
ing primary knee replacement surgery (30), were invited to take 
part in this neuroimaging substudy. Patients were recruited from 
the Nuffield Orthopaedic Centre in Oxford, UK. The local ethics 
committee approved the study (National Research Ethics Service- 
South Central- Oxford B, 09/H0605/76), and written consent was 
obtained from each participant. Sample size in our study was 
based on a previous fMRI study using a similar stimulus paradigm 
(7). In that study, there was a significant difference in the mean ± 
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SD percentage of neural activity signal evoked by punctate stimuli 
between patients with neuropathic pain–like features (0.35 ± 0.25) 
and those with nociceptive pain (0.98 ± 0.40). Therefore, to detect 
a statistically significant result with a P value of  less than 0.05 and 
a probability of 80%, the estimated sample size per group is 9.

Psychophysical assessment. Validated questionnaires 
were used to assess psychological characteristics and sleep dis-
turbances. These included the State- Trait Anxiety Inventory (31), 
the Pain Catastrophizing Scale (32), the Tampa Scale for Kinesio-
phobia (33), the Hospital Anxiety and Depression Scale (34), and 
the Pittsburgh Sleep Quality Index (35).

Oxford Knee Score. The primary outcome measure follow-
ing surgery was the Oxford Knee Score (OKS) (36), which mea-
sures 3 symptom domains: pain, stiffness, and functional disability, 
in relation to the knee. It has been shown that an OKS of ≥37 can 
be used to identify patients who are more likely to have achieved 
an acceptable state of postoperative functioning (37). Pain and 
function subscales, which can be calculated using original data 
from the OKS, have also been defined and validated (38). These 
subscales are scored from 0 (best possible score, least severe 
symptoms) to 100 (worst possible score, most severe symptoms). 
OKS results at 12 months after surgery were collected as part of 
a postal questionnaire; participants who did not initially respond 
were sent 2 postal reminders. The proportion of patients (in each 
pain group) with moderate- to- severe long- term pain after arthro-
plasty was used as a secondary outcome measure. Moderate- 
to- severe long- term postoperative pain was measured 12 months 
after surgery using the visual analog scale in the short form of the 
McGill Pain Questionnaire (39,40) and defined by an average pain 
severity score of ≥3 for the preceding week (41).

Quantitative sensory testing (QST). QST mea sures 
including cold detection and cold pain thresholds, as well 
as mechanical pain threshold in alignment with the standard 
research protocol for QST (42), were conducted prior to the scan 
session. Mechanical punctate pain intensity was also measured 
using a 512- mN punctate probe. For this assessment, a single 
punctate pain stimulus was delivered over the medial joint line 
of the affected joint, and the participant was asked to rate the 
intensity of the pain stimulus on a numeric rating scale (0–10), 
with 0 indicating that the stimulus was not at all sharp and 10 
indicating the sharpest imaginable pain. This was repeated 3 
times, and the average pain rating was calculated by taking the 
arithmetic mean of the 3 readings. Patients were also asked to 
rate the severity of their current knee pain using a visual analog 
scale just before commencing the scanning experiment.

Functional MRI scanning protocol. Brain images were 
acquired using a Siemens Magnetom Verio 3.0T MRI system and 
a 32- channel head coil. Scan data were acquired during cold 

stimulation, punctate stimulation, and rest. Participants com-
pleted perception ratings at the end of each paradigm (see Sup-
plementary Methods, on the Arthritis & Rheumatology web site 
at http://onlinelibrary.wiley.com/doi/10.1002/art.40749/abstract).

Blood oxygen level–dependent (BOLD) imaging 
analysis. Prior to analysis, the BOLD fMRI data for those with 
left- sided knee pain were flipped so that the left–right orientation 
was comparable across the group. Functional MRI data process-
ing was carried out using an fMRI Expert Analysis Tool, version 
6.0 (www.fmrib.ox.ac.uk/fsl). Details on how statistical images 
were generated to identify significant brain activity evoked by 
cold pain and punctate paradigms are available in Supplementary 
Methods and Supplementary Figure 1 (http://onlinelibrary.wiley.
com/doi/10.1002/art.40749/abstract). In addition to whole brain 
analyses, regions of interest analyses were also conducted for the 
areas in the brainstem, defined a priori (Supplementary Methods).

Post hoc analyses were conducted to further investigate the 
association of clinical measures of neuropathic pain severity with 
changes in the BOLD signal in brain areas found to show signif-
icantly different levels of activation between the nociceptive and 
neuropathic- like pain groups. The parameter estimates for these 
regions were compared to the postoperative outcome OKS and 
the presence of moderate- to- severe long- term pain at 12 months 
after arthroplasty (Supplementary Methods).

Seed- based functional connectivity. In order to fur-
ther extend the findings of the stimulus- evoked fMRI data, rest-
ing state data were used to interrogate connectivity between the 
RVM and the rostral anterior cingulate cortex (rACC). Consider-
ing the emerging evidence suggesting that preexisting aberrant 
connectivity in the reward system, especially involving the nucleus 
accumbens (NA), may contribute to chronic pain and an inability 
to derive relief from pain- relieving interventions (43–45), an addi-
tional post hoc analysis of connectivity between the RVM and 
NA was conducted (Supplementary Methods, http://onlinelibrary.
wiley.com/doi/10.1002/art.40749/abstract).

Data analysis. The mPD-Q was used to subclassify 
patients according to established cutoff values for nociceptive 
pain, unclear pain, and neuropathic pain (2). For the purposes of 
comparing those with purely nociceptive clinical pain to those with 
features of neuropathic pain, the unclear pain group was com-
bined with the neuropathic pain group, which is referred to as the 
neuropathic- like pain group. This approach is consistent with those 
from previous studies (3,8) and ensures that patients with possible 
neuropathic pain are included. The differences in psychophysical 
characteristics between the nociceptive and neuropathic- like pain 
groups at baseline were investigated using Student’s t- test for 
normally distributed data, Wilcoxon- Mann- Whitney test for non- 
normally distributed data, and Fisher’s exact test for categorical 
data. The Wilcoxon- Mann- Whitney test was used to investigate 

http://onlinelibrary.wiley.com/doi/10.1002/art.40749/abstract
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differences in OKS between the 2 groups postoperatively. Fisher’s 
exact test was used to determine differences in the proportion of 
patients who reported moderate- to- severe long- term pain after 
arthroplasty and those who achieved patient- acceptable symp-
tom state at 12 months postsurgery.

RESULTS

Twenty- six participants were enrolled in the study. One par-
ticipant was excluded from all analyses due to excess motion 

artifact, and a second participant was excluded due to inciden-
tal structural abnormality precluding adequate registration. Of the 
remaining 24 participants, the cold paradigm was not completed 
in 4 participants due to technical problems with the thermode.

Psychophysical characteristics. Ten patients met the 
criteria for nociceptive pain, using standard cutoff criteria for 
the mPD-Q. The remaining 14 patients were included in the 
neuropathic- like pain group. Although in the neuropathic- like 
pain group there were trends toward younger age, higher 

Table  1. Preoperative characteristics of participants in the neuroimaging substudy, divided according to the presence or absence of 
neuropathic pain features*

Nociceptive 
pain group  

(n = 10)

Neuropathic- like 
pain group  

(n = 14)

Clinical features
Age, mean + SD years 70 ± 7 67 ± 10
Female, no. (%) 3 (30) 8 (57)
Right knee affected,  

no. (%)
3 (30) 7 (50)

Duration of pain, median 
(IQR) months

60 (24, 108) 24 (18, 60)

OKS, mean + SD  
(range 0–48)

20.5 ± 6.7 17.0 ± 6.5

OKS pain subscale,  
mean + SD  
(range 0–100)

69.2 ± 12.0 74.8 ± 11.2

OKS function subscale, 
mean + SD  
(range 0–100)

61.2 ± 13.1 67.1 ± 11.2

Psychological features
HAD anxiety, mean + SD 

(range 0–21)
6.4 ± 4.5 8.0 ± 3.4

HAD depression,  
mean + SD  
(range 0–21)

6.9 ± 2.3 7.3 ± 3.0

STAI state anxiety,  
mean + SD  
(range 20–80)

31.8 ± 16.2 39.9 ± 13.5

STAI trait anxiety,  
mean + SD  
(range 20–80)

31.6 ± 12.9 38.1 ± 13.7

PCS, median (IQR)  
(range 0–52)

11 (3, 14) 18 (7, 30)†

TSK, mean + SD  
(range 17–68) 

33.4 ± 5.3 39.2 ± 4.4†

PSQI, mean + SD  
(range 0–21)‡

8.6 ± 1.7 10.7 ± 4.4

Nociceptive 
pain group  

(n = 10)

Neuropathic- like 
pain group  

(n = 14)

QST measures at the knee
Mechanical pain threshold, 

median (IQR) mN 
96.0 (32.0, 

128.0)
32.0 (25.4, 101.6)

Sharpness rating to 512- 
mN probe, mean + SD 
(range 0–10) 

4.5 ± 2.4 5.1 ± 2.8

Cold detection threshold, 
median (IQR) °C 

27.7 (27.1, 
28.3)

28.7 (27.8, 29.6)

Cold pain threshold,  
median (IQR) °C 

10 (10, 12.0) 20.4 (10, 23.1)†

Stimulus ratings in the scanner
Unpleasantness of cold 

stimuli, median (IQR) 
(range 0–100)

0.0 (0.0, 0.0) 4.5 (0.0, 9.5)

Pain with cold stimuli, 
median (IQR)  
(range 0–100)

0.0 (0.0, 24.0) 3.5 (0.0, 24.0)

Sharpness of punctate 
stimuli, median (IQR) 
(range 0–100)

0.0 (0.0, 27.0) 17.5 (10.0, 36.0)

Unpleasantness of  
punctate stimuli, median 
(IQR) (range 0–100)

0.0 (0.0, 10.0) 11.0 (5.0, 20.0)†

Knee pain ratings in the scanner
Pain severity immediately  

prior to experiment, 
 median (IQR)  
(range 0–100)

0.0 (0.0, 20.0) 20.0 (0.0, 50.0)

Pain severity after cold 
stimuli, median (IQR) 
(range 0–100)

3.5 (0.0, 10.5) 3.0 (0.0, 18.5)

Pain severity after punctate 
stimuli, median (IQR) 
(range 0–100)

0.0 (0.0, 0.0) 5.5 (0.0, 27.0)†

* The preoperative modified PainDETECT questionnaire score was used to subdivide patients by nociceptive pain (<13) and neuropathic pain 
(>13), and the statistical significance of differences between groups was assessed. IQR = interquartile range; OKS = Oxford Knee Score; HAD 
= Hospital Anxiety and Depression Scale; STAI = State-Trait Anxiety Inventory; PCS = Pain Catastrophizing Score; TSK = Tampa Scale of Kinesi-
ophobia; QST = quantitative sensory testing. 
† P < 0.05 versus nociceptive pain group. 
‡ Measures of the Pittsburgh Sleep Quality Index (PSQI) were only available for 8 and 12 participants in the nociceptive and neuropathic- like 
pain groups, respectively. 
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proportion of female subjects, shorter duration of knee pain, 
and more severe symptoms prior to surgery, none of these 
differences reached statistical significance (Table  1). The 
data on  psychological measures demonstrated significant 
increases in fear of movement and pain catastrophizing in 
the neuropathic- like pain group compared to the nociceptive 
group.

For readings obtained with the patient outside the scanner, 
sensitivity to cold pain was significantly higher in the neuropathic- 
like pain group compared to the nociceptive pain group (P < 0.05). 
The remaining QST parameters showed a nonsignificant trend 
toward increased sensitivity in the neuropathic- like pain group 
compared to the nociceptive pain group.

For readings obtained with the patient inside the scanner, 
the neuropathic- like pain group reported significantly greater 
levels of unpleasantness in response to the punctate stimuli (P 
< 0.05). The neuropathic- like pain group also tended to report 
higher scores for the other ratings, but these did not reach 

statistical significance. Finally, the neuropathic- like pain group 
reported significantly greater knee pain immediately after the 
punctate paradigm, compared to the nociceptive pain group 
(P < 0.05).

Functional MRI results. In the punctate paradigm (n = 
24), the stimuli evoked increased brain activity bilaterally in the 
secondary somatosensory cortex, anterior and posterior insula, 
and supplementary motor area, as well as in the mid–anterior 
cingulate cortex (Supplementary Figure 2, http://onlinelibrary.
wiley.com/doi/10.1002/art.40749/abstract). Deactivation was 
seen in the precuneous and contralateral primary motor cortex. 
The cold paradigm (n = 20) was associated with activation in 
the following areas bilaterally: secondary somatosensory cor-
tex, caudate, thalamus, cerebellum, and contralateral insula and 
putamen (Supplementary Figure 2). Deactivation during the cold 
paradigm was observed in the precuneous and anterior paracin-
gulate gyrus.

Figure 1. Whole- brain analysis and region of interest analysis results of punctate stimulation. A, Mixed- effects, whole- brain analysis comparing 
responses to punctate stimulation between the neuropathic- like pain group (n = 14) and the nociceptive pain group (n = 10). Correlation 
between the change in blood oxygen level–dependent (BOLD) signal activity in the rostral anterior cingulate cortex (rACC) and the severity 
of neuropathic- like pain symptoms is shown. Significantly increased activity in the nociceptive pain group compared to the neuropathic- like 
pain group is indicated (red), and a functional mask was generated using a 5- mm sphere from the peak voxel of activation in the rACC cluster 
(yellow). There were no areas in which activation was significantly higher in the neuropathic- like pain group than in the nociceptive pain group. 
Whole- brain analyses were corrected for multiple comparisons (Z score >2.3, P < 0.05). B, Region of interest analysis comparing responses  
(n = 24) to punctate stimulation between the neuropathic- like pain group (n = 14) and the nociceptive pain group (n = 10). Correlation between 
the change in BOLD signal activity in the rostral ventromedial medulla (RVM) and the severity of neuropathic- like pain symptoms is shown. 
Region of interest test statistics were generated from a generalized linear model design, thresholded using threshold- free cluster enhancement. 
P < 0.05. Images are displayed in radiologic convention with Montreal Neurological Institute coordinates given.

http://onlinelibrary.wiley.com/doi/10.1002/art.40749/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40749/abstract
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For the punctate paradigm, the nociceptive pain group (n = 
10) demonstrated significantly higher activation in the rACC and
the ipsilateral putamen using whole- brain comparisons, compared 
to the neuropathic- like pain group (n = 14) (Figure 1A). The change 
in BOLD activation in the rACC showed a significant inverse 
relationship with the severity of neuropathic- like pain  features, 
 measured using the mPD- Q (r = −0.4101, P < 0.05) (Figure 1A). 
There were no areas in which activation was significantly higher in 
the neuropathic- like pain group than in the nociceptive pain group. 
The small sample size (7 patients in the nociceptive pain group 
and 13 in neuropathic- like pain group) precluded meaningful sub-
group analysis for the cold paradigm.

Region of interest analyses revealed increased activation in 
the ipsilateral NCF (P < 0.05) (Supplementary Figure 3, http://
onlinelibrary.wiley.com/doi/10.1002/art.40749/abstract) and RVM 
(P < 0.05) (Figure 1B) in the neuropathic- like pain group, com-
pared to the nociceptive pain group, during punctate stimulation. 
There was no significant difference in activation in the PAG. There 
was no significant association between BOLD signal change 
and the mPD- Q score in the NCF (Supplementary Figure 3). 
The change in BOLD activation in the RVM was significantly and 

strongly  positively correlated with the mPD- Q score (r = 0.6209, 
P = 0.0012) (Figure 1B).

Connectivity results. Whole- brain analysis did not reveal 
any significant differences in connectivity with the RVM or rACC 
between the nociceptive pain group and neuropathic- like pain 
group. Region of interest analysis demonstrated that connectivity 
between the RVM and the rACC was greater in the nociceptive 
pain group than in the neuropathic- like pain group with the RVM 
seed- based analysis only (Figure 2). In addition, region of interest 
analysis showed increased connectivity between the RVM and 
contralateral NA in the nociceptive pain group, compared to the 
neuropathic- like pain group (Figure 2).

Clinical and psychological features 12 months 
postsurgery. Long- term follow- up data were available for 19 
patients. All of the clinical and psychological features showed 
significant improvement compared to baseline (P < 0.05), except 
for state and trait anxiety, pain catastrophizing, and sleep distur-
bance. Anxiety and pain catastrophizing were found to be sig-
nificantly worse in the neuropathic- like pain group, compared to 

Figure 2. Rostral ventromedial medulla seed- based functional connectivity analysis. Correlation between the connectivity coefficient, for the 
rACC and NAc, with severity of neuropathic- like pain symptoms (n = 23) is shown. Test statistics were generated from a generalized linear 
model design and thresholded using threshold-free cluster enhancement. P < 0.05. rACC = rostral anterior cingulate cortex; NAc = nucleus 
accumbens.

http://onlinelibrary.wiley.com/doi/10.1002/art.40749/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40749/abstract
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the nociceptive pain group. In the neuropathic- like pain group, 
there was a nonsignificant trend toward worse clinical symptom 
severity, which was assessed using the OKS and the propor-
tion of patients achieving a patient- acceptable symptom state. 
However, the neuropathic- like pain group, as defined presurgi-
cally, did have a significantly higher proportion of patients with 

moderate- to- severe long- term pain after arthroplasty, compared 
to the nociceptive pain group (Table 2). Furthermore, patients with 
moderate- to- severe  long- term pain after arthroplasty had signif-
icantly higher BOLD signal change in the RVM prior to surgery 
(median −0.38 [interquartile range −0.58, 0.07]), compared to 
those who did not report long- term pain after arthroplasty (median 

Table  2. Twelve- month postoperative characteristics of participants in the neuroimaging substudy, 
divided according to the presence or absence of neuropathic pain features*

Nociceptive pain 
group 

(n = 10)

Neuropathic- like 
pain group 

(n = 9)

Clinical features
OKS, median (IQR) (range 0–48) 46.0 (40.0, 47.0) 40.0 (33.0, 48.0)
OKS pain subscale, median (IQR) (range 0–100) 26.0 (24.0, 32.0) 36.0 (20.0, 52.0)
OKS function subscale, median (IQR) (range 0–100) 20.0 (20.0, 28.6) 31.7 (21.5, 37.2)
Patient- acceptable symptom state, no. (%) 9 (90) 5 (56)
Moderate- to- severe long- term pain after arthroplasty,  

no. (%)
0 (0) 4 (44)†

Psychological features
HAD anxiety, median (IQR) (range 0–21) 0.5 (0.0, 2.0) 3.0 (1.0, 7.0)†
HAD depression, median (IQR) (range 0–21) 1.0 (0.0, 3.0) 1.0 (0.0, 7.0)
STAI state anxiety, mean + SD (range 20–80) 24.0 ± 10.2 33.0 ± 15.8
STAI trait anxiety, mean + SD (range 20–80) 28.0 ± 5.5 33.9 ± 12.7
PCS, median (IQR) (range 0–52) 5 (0, 6) 14 (2, 17)†
PSQI, mean + SD (range 0–21) 7.8 ± 2.9 8.7 ± 4.3

* The preoperative PainDETECT questionnaire score was used to subdivide patients by nociceptive pain 
(<13) and neuropathic pain (>13), and the statistical significance of differences between groups was 
assessed. OKS = Oxford Knee Score; IQR = interquartile range; HAD = Hospital Anxiety and Depression 
Scale; STAI = State-Trait Anxiety Inventory; PCS = Pain Catastrophizing Score; PSQI = Pittsburgh Sleep 
Quality Index. 
† P < 0.05 versus nociceptive pain group. 

Figure 3. Relationship between functional magnetic resonance imaging activation in the rostral ventromedial medulla prior to surgery and 
clinical outcome at 12 months (n = 19). BOLD = blood oxygen level–dependent.
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0.21 [interquartile range 0.14, 0.58]) (P = 0.0356)  (Figure 3). There 
was no significant relationship between BOLD signal change in 
the rACC and long- term pain after arthroplasty (Supplementary 
Figure 4, http://onlinelibrary.wiley.com/doi/10.1002/art.40749/
abstract), and there was no significant association between 
BOLD signal change in the RVM or rACC during punctate stimu-

lation and OKS results 12 months postsurgery.

DISCUSSION

The main finding of this preliminary study is that patients await-
ing arthroplasty for knee OA who have features of neuropathic 
pain (identified using the mPD-Q) demonstrated  psychophysical 
and functional imaging evidence of centrally mediated pain sen-
sitization, compared to OA patients with nociceptive pain. The 
neuropathic- like pain group exhibited significantly lower levels of 
activation in the rACC (Z score >2.3, P < 0.05) and higher levels 
of activation in the RVM (P = 0.00182) and ipsilateral NCF (P = 
0.02962) in response to punctate stimulation of the affected knee, 
compared to those with features of nociceptive pain. In addition, 
the resting state data showed increased connectivity between the 
RVM and rACC, as well as between the RVM and NA, in the noci-
ceptive pain group compared to the neuropathic- like pain group. 
Psychophysically, the neuropathic- like pain group had significantly 
higher sensitivity to cold and punctate stimuli, as well as signif-
icantly higher levels of pain catastrophizing and kinesiophobia, 
prior to surgery.

Following knee replacement surgery, there was a trend 
toward worse outcomes in the neuropathic- like pain group, 
with a significantly higher proportion of patients experiencing 
moderate- to- severe long- term pain after arthroplasty. More-
over, punctate stimuli–evoked RVM activation prior to surgery 
was significantly higher in patients reporting moderate- to- 
severe long- term pain after arthroplasty compared to those 
who did not. These findings may be related to the well- 
established fact that pain severity prior to surgery is an impor-
tant predictor of persistent pain after total knee arthroplasty 
(46). In the current study, patients with neuropathic- like pain 
reported higher levels of pain and disability prior to surgery but 
the difference was not statistically significant, possibly due to 
small sample sizes. The current study, in attempting to stratify 
patients by different mechanisms for pain, provides additional 
insight into why some patients, who were also likely to have 
higher preoperative pain severity, had a higher probability of 
experiencing unsatisfactory pain relief from arthroplasty.

The rACC is an important cortical area involved in the 
descending inhibitory control of pain, which works by 
 recruiting an antinociceptive subcortical network, including 
the  amygdalae and PAG (47). Its role in regulating pain has 
been most  extensively investigated in the context of placebo 
analgesia, where the effect is mediated by the endogenous 
opioid system via μ- opioid receptor activation in specific brain 

regions, including the rACC (48). The current study shows that 
patients with knee OA who demonstrated increased rACC 
activation in response to punctate stimulation were less likely 
to report features of neuropathic- like pain with respect to their 
clinical knee pain. The mechanism underlying the differences 
in the manifestation of the same clinical condition may there-
fore be associated with the differential ability to successfully 
engage the endogenous inhibitory system in patients from the 
nociceptive pain group, compared to the neuropathic- like pain 
group. Although the role of the rACC in patients with knee 
OA had not been previously reported, the current results are 
consistent with previous observations in fibromyalgia, where 
reduced structural and functional connectivity in the rACC 
was demonstrated when compared to control participants 
(49) and interpreted as a dysfunction in descending inhibition.

The NCF is known to be part of the descending pain modula-
tory system, and a previous study of experimentally induced cen-
tral sensitization in healthy participants showed increased activa-
tion in the contralateral NCF during hyperalgesia (24). Findings 
from the current study support a similar involvement of the NCF 
in the context of clinical pain sensitization secondary to knee OA.

The RVM is known to receive input from the PAG and adjacent 
NCF and is considered to be the final relay point for the descend-
ing supraspinal signals, before modifying incoming nociceptive 
signals in the dorsal horn of the spinal cord (11). The descending 
modulation of spinal cord function was originally thought to involve 
only inhibitory mechanisms, but over time the role of facilitatory 
effects on nociceptive processing has been recognized, demon-
strated in the imaging of humans in injury models, and even shown 
to be modifiable by analgesics (19,21,22,24,50–52). As such, the 
RVM is highly likely to be involved in chronic pain development 
and maintenance (51).

In the current study, increased activation in the RVM in 
patients with neuropathic- like pain, compared to those with 
nociceptive pain, may reflect increased activity in RVM on- cells, 
resulting in descending facilitation similar to what was previously 
found in hip OA (7) and in our earlier studies that focused on 
imaging of centrally sensitized states (24,25). Functional MRI 
data alone do not allow us to distinguish between facilitatory 
and inhibitory activity in the RVM, and it is possible that the 
increased activity reflects increased inhibitory drive in response 
to the greater pain severity associated with the presence of 
neuropathic- like pain. However, the former hypothesis is some-
what supported by the fact that the mPD- Q score was signif-
icantly and positively correlated with the level of RVM activity, 
as well as by the psychophysical differences that demonstrated 
heightened fear of movement, pain cat astrophizing, punctate 
unpleasantness score, and joint pain after punctate stimulation 
in the neuropathic- like pain group compared to the nociceptive 
group (Table 2). Furthermore, our recent work in diabetic painful 
peripheral neuropathy emphasizes the facilitatory role of DPMS 
brainstem nuclei (53).

http://onlinelibrary.wiley.com/doi/10.1002/art.40749/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40749/abstract
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In accordance with the dual capability of the RVM to 
inhibit and facilitate pain processing, the higher rate of con-
nectivity between the RVM and rACC in the nociceptive pain 
group suggests that the RVM in these patients is likely to exert 
an inhibitory effect on pain. Additionally, before surgery, these 
patients had higher connectivity between the RVM and NAC 
(a key structure of the reward processing system), and it was 
evident that they had better pain relief results postoperatively. 
This is consistent with the emerging concept that an intact 
reward system may be important for experiencing pain relief 
(45). However, this post hoc finding requires further validation 
in a separate study.

The current study did not demonstrate any significant differ-
ences in PAG activation between the 2 patient groups. This is sur-
prising, given the previous findings in patients with hip OA (7) and 
knowledge about the functional connectivity of the rACC and the 
descending modulation of pain. It is possible that the involvement 
of the PAG in more than 1 function and its multiple connections, in 
conjunction with its relatively small size (54), contributed to a lack 
of significant difference between the patient groups in this study. 
Further studies using ultra- high- field imaging or enhanced acqui-
sition sequences to enable functional neuroanatomical dissection 
of the PAG into its constituent components, as we did for the 
diabetic painful neuropathy study (53), should also help identify 
differences in pain- related PAG function that may exist between 
patient groups.

The main strength of the current study is that it recruited 
patients with clinically homogeneous disease severity, in that 
they were all deemed to be appropriate candidates for knee 
replacement surgery. Moreover, the neuroimaging data were 
related to behavioral and QST measures. The main limitation of 
the study was the use of the mPD-Q to stratify patients, as the 
questionnaire was designed to measure more broadly neuro-
pathic pain rather than specifically and only central sensitization. 
Since the design of the study, other tools have been developed 
to specifically identify features of centralized pain, such as the 
modified 2010 American College of Rheumatology Preliminary 
Diagnostic Criteria for Fibromyalgia (55) and the Central Sensiti-
zation Inventory (56).

It may also be beneficial to compare the responses in the 
nociceptive pain group to the neuropathic- like pain group with-
out inclusion of the unclear pain group in the latter. Unfortu-
nately, recruitment to a study like this is challenging due to the 
demographic and the potential for contraindications with MR. 
The sample size (while adequately powered) was not sufficient 
to conduct an analysis of arthroplasty outcome data, as only 19 
patients returned postsurgery; this is something we would like to 
address in future studies. The relatively small sample size might 
also have contributed to the lack of a significant difference in 
postoperative OKS results between groups, especially as data 
from 2 larger patient cohorts confirm the difference in outcome 
between patients stratified by nociceptive pain and neuropathic- 

like pain as both clinically and statistically significant (30). None-
theless, the overall proportion of patients with unfavorable long- 
term pain postarthroplasty, reported here, is reassuringly similar 
to the data reported in the literature (57).

Finally, what is not clear from this study or previous studies 
is whether changes in imaging findings are related to the pain or 
are the consequence of pain- related biomechanical alterations 
due to musculoskeletal damage causing changes in gait, life-
style, activity levels, etc. Attempts to decipher this by imaging 
patients after successful arthroplasty do show normalization 
of imaging findings (16,58); however, it may be that pain relief 
facilitated improvement in biomechanics that largely explained 
the brain imaging changes. A similar line of reasoning supports 
recent work redefining phantom limb pain (59).

In summary, this preliminary study furthers our understand-
ing of the underlying neurobiologic mechanisms in patients with 
knee OA who have clinical features suggestive of neuropathic 
pain. Explorative work has suggested that preoperative PD- Q 
scores independently predict postoperative pain intensity (60). 
Current neuroimaging data suggest that this may be due to 
both reduced descending inhibitory mechanisms and increased 
supraspinal facilitation of nociceptive signals in the dorsal horn. 
The neurobiologic suggestion of central sensitization in patients 
with features of neuropathic pain, identified using the mPD- Q, 
provides further support for investigation of stratified patient 
groups in order to better predict the outcome following surgery. 
Further work is needed to confirm the findings of this small- scale 
study and to determine the optimal method for identifying the 
patient group most likely to have more complex underlying pain 
mechanisms, such as central sensitization. Clarification of the 
terminology used in this scenario (i.e., in which there is abnormal 
nociceptive processing in the absence of a structural lesion of 
the somatosensory system) will also be critical as this body of 
research progresses, in addition to enabling successful transla-
tion to the clinical setting. In the future, it may be possible to 
use this information to potentially guide the use of drug therapy 
and behavioral treatments to specifically target this mechanism in 
order to improve overall arthroplasty- related treatment outcomes.
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Annotating Transcriptional Effects of Genetic Variants 
in Disease- Relevant Tissue: Transcriptome- Wide Allelic 
Imbalance in Osteoarthritic Cartilage
Wouter den Hollander,1 Irina Pulyakhina,2 Cindy Boer,3 Nils Bomer,1 Ruud van der Breggen,1 
Wibowo Arindrarto,1 Rodrigo Couthino de Almeida,1 Nico Lakenberg,1 Thom Sentner,1 Jeroen F. J. Laros,1  
Peter A. C. ‘t Hoen,4 Eline P. E. Slagboom,1 Rob G. H. H. Nelissen,1 Joyce van Meurs,3 Yolande F. M. Ramos,1  
and Ingrid Meulenbelt1

Objective. Multiple single- nucleotide polymorphisms (SNPs) conferring susceptibility to osteoarthritis (OA) mark 
imbalanced expression of positional genes in articular cartilage, reflected by unequally expressed alleles among het-
erozygotes (allelic imbalance [AI]). We undertook this study to explore the articular cartilage transcriptome from OA 
patients for AI events to identify putative disease- driving genetic variation.

Methods. AI was assessed in 42 preserved and 5 lesioned OA cartilage samples (from the Research Arthritis and 
Articular Cartilage study) for which RNA sequencing data were available. The count fraction of the alternative alleles 
among the alternative and reference alleles together (φ) was determined for heterozygous individuals. A meta- analysis 
was performed to generate a meta- φ and P value for each SNP with a false discovery rate (FDR) correction for mul-
tiple comparisons. To further validate AI events, we explored them as a function of multiple additional OA features.

Results. We observed a total of 2,070 SNPs that consistently marked AI of 1,031 unique genes in articular carti-
lage. Of these genes, 49 were found to be significantly differentially expressed (fold change <0.5 or >2, FDR <0.05) 
between preserved and paired lesioned cartilage, and 18 had previously been reported to confer susceptibility to 
OA and/or related phenotypes. Moreover, we identified notable highly significant AI SNPs in the CRLF1, WWP2, and 
RPS3 genes that were related to multiple OA features.

Conclusion. We present a framework and resulting data set for researchers in the OA research field to probe for 
disease- relevant genetic variation that affects gene expression in pivotal disease- affected tissue. This likely includes 
putative novel compelling OA risk genes such as CRLF1, WWP2, and RPS3.

INTRODUCTION

Due to the increased proportion of elderly persons in the 
human population, osteoarthritis (OA) has become one of the 
major musculoskeletal diseases (1). While all joint tissues have 
been implicated in OA pathology, the disease is characterized 
primarily by progressive degradation and calcification of articular 
cartilage (2). Both gene- targeted research (3–5) and genome- 
wide research (6–9) showed that a multitude of genes are involved 

in the currently irreversible destruction of articular cartilage that 
precedes total joint replacement surgery, which is at present the 
only effective treatment for end- stage OA. In this regard, numer-
ous studies have shown altered regulation of gene expression 
that reflects, attenuates, and/or stimulates OA- mediated cartilage 
degradation (10–13). Moreover, multiple OA risk alleles of single- 
nucleotide polymorphisms (SNPs) were shown to  consistently 
modulate OA pathology by altering transcription of the respec-
tive genes in articular cartilage, commonly referred to as an allelic 
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imbalance (AI) (14–19). Notable recent examples are the genes 
ALDH1A2 (18) and MGP (20). Hence, it is clear that in-cis genetic 
regulation of transcription plays a substantial role in cartilage 
homeostasis and, therefore, in OA pathophysiology.

Despite the evidence for in-cis genetic regulation of transcrip-
tion in OA susceptibility, genome- wide association studies (GWAS) 
have thus far failed to explain the larger part of the hereditary com-
ponent of OA (21). In this regard, a large number of the tested 
SNPs in GWAS likely bear no biologic function in relation to the 
addressed phenotype or disease- relevant tissues (22), resulting in 
massive inflation of possibly biologically irrelevant statistical tests 
and thus the multiple testing correction penalty. Consequently, 
large numbers of SNPs that do bear biologic functionality in the 
context of OA are missed. Furthermore, SNPs that reside within 
linkage disequilibrium (LD) blocks are hard to interpret, as associ-
ation analysis is inherently unable to distinguish disease- relevant 
alleles from merely statistically associated alleles.

In previous studies, we and others have used targeted 
approaches to address AI events of putative as well as estab-
lished OA susceptibility genes (14,16–18,23,24). Given the suc-
cessful identification of the transcriptional consequences of 
multiple OA- associated SNPs, we have aimed to characterize, 
on a transcriptome- wide scale, novel SNPs that tag AI of genes 
expressed in articular cartilage, and we have subsequently identi-
fied those that appear to confer susceptibility to OA. Finally, further 
using the RNA sequencing data set, we ran analyses to identify 
AI genes whose expression was additionally modified with sever-
ity of OA pathophysiology as reflected by differential expression 
between preserved and lesioned OA cartilage.

MATERIALS AND METHODS

Cohorts. Ethical approval for the Research Arthritis and 
Articular Cartilage (RAAK) study was obtained from the med-
ical ethics committee of the Leiden University Medical Center 
(P08.239), and informed consent was obtained from all patients 
included. For the current study, RNA sequencing data were 
available from preserved and lesioned cartilage from 21 patients 
(6 with hip OA and 15 with knee OA), complemented by an addi-
tional 21 preserved samples (from 14 patients with hip OA and 7 
patients with knee OA) and 5 lesioned samples (from 2 patients 
with hip OA and 3 patients with knee OA) (see Supplementary 
Table 1, available on the Arthritis & Rheumatology web site at 
http://onlinelibrary.wiley.com/doi/10.1002/art.40748/abstract). 
For cartilage sampling details, see refs. 19 and 25.

RNA sequencing data. After RNA isolation  (RNeasy 
Mini Kit, RNA integrity number >7; Qiagen), paired- end 100- 
bp RNA library sequencing (Illumina TruSeq RNA Library Prep 
Kit, Illumina HiSeq 2000) resulted in an average of 10  million 
clusters. Reads were aligned using GSNAP (an R package 
within Bioconductor; https://rdrr.io/bioc/gmapR/) against the 

human (hg19) reference genome, while known Dutch SNPs 
(Genome of the Netherlands) were masked to aid in preventing 
potential reference alignment bias. AI events were assessed 
on SNPs called using SNVMix2 with default settings (26) with 
minimum coverage of 25 and at least 10 reads (R) per allele. 
AI is reported as the average fraction (φ) of the alternative
allele reads (Ralternative) among the total number of reads (Rtotal =  
R alternative + Rreference) at the position of the respective genetic 
 variation per sample (i):

To detect SNPs that robustly mark imbalance, 2 binomial 
tests were performed per heterozygote and per SNP under 
the null hypothesis that the amount of imbalance is either 
greater or smaller than 0.477. A meta- analysis (meta; http://
www.r-project.org/) per SNP among heterozygous individuals 
(null hypothesis median φ = 0.49) was performed to gener-
ate a meta- φ and P value per SNP with a false discovery rate
(FDR) correction for multiple comparisons. To allow independ-
ent samples in the meta- analysis only, the preserved cartilage 
of each sample pair (n = 21) was used complemented with the 
individual preserved (n = 21) and lesioned (n = 5) OA samples.

Unfortunately, SNVMix2 discards strand specificity. While 
in general this does not pose an issue when annotating the AI 
direction to an effector allele, it does so for A>T, T>A, G>C, 
and C>G SNPs. Therefore, for these SNPs (n = 119) we sup-
plied (see Supplementary Table 2, http://onlinelibrary.wiley.
com/doi/10.1002/art.40748/abstract) minor allele frequencies 
(MAFs) and SNPs in strong LD for GWAS look- ups. Using the 
edgeR package, fragments per gene were used to assess the 
dispersion by quantile- adjusted conditional maximum likeli-
hood (27). Subsequently, differential gene expression analy-
sis was performed pairwise between preserved and lesioned 
samples for which we had RNA of both (n = 21) (Table 1) fol-
lowed by FDR correction. Gene Ontology (GO) term enrich-
ment analysis was performed using the tool DAVID available 

online (28).

Genotype data. Using Illumina HumanOmniExpressExome 
chips, genome- wide genotyping data were constructed for 216 
samples from the RAAK study. SNPs with <95% call rate, Hardy- 
Weinberg equilibrium <10−4, MAF <0.01, or located on the sex 
chromosomes were removed prior to imputation against the 1000 
GenomesV3 March 2012 reference panel (29). We removed SNPs 
for which the imputation quality of 0.4 was not met (12,30).

TaqMan assay. Conventional TaqMan genotyping was per-
formed on both genomic DNA and articular cartilage complemen-
tary DNA (cDNA) (31) from 6 patients (2 females and 4 males) who 
underwent total joint replacement surgery of the knee due to pri-
mary OA. An allele-specific custom TaqMan assay for rs7256319 
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(ThermoFisher Scientific) was used to quantify the allele ratio in 
cDNA samples. AI of cDNA was normalized against the genomic 
DNA ratio (with an inherent 1:1 allele ratio) as a reference.

RESULTS

Transcriptome- wide discovery of articular car-
tilage AI events. To understand how genetic variation con-
tributes in-cis to transcriptional regulation in articular cartilage 
on a transcriptome- wide scale, we first called heterozygous 
SNPs (dbSNP144) using RNA sequencing data from articular 
cartilage derived from patients who underwent total replace-
ment surgery of either the hip joint (n = 22) or knee joint (n = 25) 
due to primary OA (Table 1; also see Supplementary Table 1, 
http://onlinelibrary.wiley.com/doi/10.1002/art.40748/abstract). 
After filtering by the number of read counts per position  
(Rreference ≥10, Ralternative ≥10, and Rtotal ≥25), selecting for hete-
rozygous SNPs present in at least 2 individuals, removing SNPs 
present in multiple or no distinct transcripts, and discarding 
the HLA locus, we defined φ for 13,853 SNPs as the meas-
ure of imbalance (Figure  1A), which denotes the fraction of  
Ralternative among Rtotal. Possibly due to reference bias, a consid-
erable number of SNPs were marked as allelic imbalanced by 
φ <0.1 or φ >0.9 (n = 418) and were subsequently removed prior 
to further analyses. As such, in Supplementary Table 2 (http:// 

onlinelibrary.wiley.com/doi/10.1002/art.40748/abstract) we show  
AI, defined as φ across all individuals heterozygous for the 
13,435 SNPs.

Subsequently, a meta- analysis among heterozygous individ-
uals of each SNP (null hypothesis: median φ = 0.49) and subse-
quent FDR correction for multiple testing revealed 2,070 SNPs 
that significantly marked AI among 1,031 genes (Figure  1B; 
also see Supplementary Table 3, http://onlinelibrary.wiley.com/
doi/10.1002/art.40748/abstract). To allow unambiguous annota-
tion of the AI direction to a GWAS effector allele, for A>T, T>A, 
G>C, and C>G SNPs with MAFs surrounding 0.50 (n = 119), we 
supplied MAFs and SNPs in strong LD.

Intersection of genes subject to AI with those differ-
entially expressed between preserved and paired OA- 
lesioned cartilage. While articular cartilage genes subject to AI 
due to genetic variation could contribute to OA pathophysiology 
in various ways (e.g., in cartilage development or homeostasis), 
it can be expected that allelic imbalanced genes that additionally 
mark the articular cartilage’s disease state are more likely to con-
tribute to or attenuate disease progression. Therefore, we went 
back to the original expression data and determined differential 
expression in patients for whom paired RNA sequencing data of 
both preserved and OA- lesioned articular cartilage were gener-
ated (6 hip joints and 15 knee joints) (Table 1).

Table 1. Sample characteristics of preserved and lesioned OA articular cartilage in the Research Arthritis and Articular Cartilage 
study*

Tissue type
No. of 

 samples
Age, mean 
± SD years No. of men

No. of 
women

OA articular cartilage

Preserved Lesioned

Preserved–
lesioned 

pairs

Knee 25 69 ± 9 4 21 22 18 15
Hip 22 66 ± 9 5 17 20 8 6
All 47 68 ± 9 9 38 42 26 21

* OA = osteoarthritic. 

Figure 1. Distribution of allelic imbalance (AI) events in articular cartilage. AI is reported as the average fraction (φ) of the alternative allele 
reads among the total number of reads. A, AI was defined for 13,853 called variants after selecting for at least 2 heterozygotes, selecting single- 
nucleotide polymorphisms (SNPs) present in only single genes and removing low counts. B, After filtering by allelic fraction (0.1<φ<0.9) and 
meta false discovery rate <0.05, 2,070 SNPs remained that marked significant AI of 1,031 unique genes.

http://onlinelibrary.wiley.com/doi/10.1002/art.40748/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40748/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40748/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40748/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40748/abstract
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Of the 10,468 Ensembl gene identifiers with at least 5 counts 
per million, 137 and 86 were observed to be significantly (FDR 
<0.05) down- regulated (fold change <0.5) and up- regulated (fold 
change >2), respectively, in lesioned cartilage compared to pre-
served cartilage (see Supplementary Figure 1A and Supplemen-
tary Table 4, http://onlinelibrary.wiley.com/doi/10.1002/art.40748/
abstract). As has been shown by microarray studies that have 
used a similar design, subsequent GO term enrichment analy-
sis (see Supplementary Table 5, http://onlinelibrary.wiley.com/
doi/10.1002/art.40748/abstract) revealed significant enrichment 
for inflammatory pathways (e.g., SCUBE1, CFH, and CXCL14) 
(see Supplementary Figures 1B–D, http://onlinelibrary.wiley.com/
doi/10.1002/art.40748/abstract), pathways of response to wound 
healing (e.g., NOTCH3, BMP5, and SERPINE1) (see Supplemen-
tary Figures 1E–G), and joint development–associated pathways 
(e.g., SPP1, MMP3, and COL9A1) (see Supplementary Figures 
1H–J).

Of the 223 differentially expressed genes, 49 were addition-
ally subject to AI, marked by 128 SNPs (see Supplementary Table 
6, http://onlinelibrary.wiley.com/doi/10.1002/art.40748/abstract). 
A notable example was the CRLF1 gene, which was subject to 
highly consistent AI, with the T allele of rs7256319 marking con-
sistently lower expression of CRLF1 compared to the reference 
allele C (φ = 0.29, FDR = 4.02 × 10−21) (Figure 2A). Moreover, as 
shown in Figure 2B, the AI of CRLF1 was confirmed by custom 
TaqMan assay performed in 5 preserved and 5 lesioned articular 
cartilage samples, originating from 6 independent patients who 
underwent total knee replacement surgery. In parallel, expression 
of CRLF1 in the current data set differed significantly between pre-

served and OA- lesioned cartilage, with significant up- regulation  
in OA- affected cartilage (fold change 4.6, FDR = 3.1 × 10−10)  
(Figure 2C).

Cartilage AI SNPs that contribute to OA suscepti-
bility. On the basis of the significant AI SNPs in articular car-
tilage (see Supplementary Table 3, http://onlinelibrary.wiley.com/
doi/10.1002/art.40748/abstract), it is to be expected that these 
SNPs are enriched for those conferring genetic susceptibility to 
OA. Hence, for 173 AI SNPs with FDR <5 × 10−8, not previously 
reported as OA risk genes, we went to the genome- wide associa-
tion catalogs of OA to look for their genetic association signal. We 
used the GWAS meta- analysis for hip OA performed under the 
auspices of the Translational Research in Europe Applied Technol-
ogies in Osteoarthritis (TreatOA) consortium (32) and the GWAS 
meta- analysis on cartilage thickness (measured by the OA endo-
phenotype minimal joint space width [JSW]) (8). Given that the 
entire genome was not being assessed for genetic association, a 
nominal genetic association (P < 0.05) was considered. Moreover, 
we only checked for genetic association when the AI SNP could 
be used directly or when a clear proxy SNP was identified.

As shown in Table 2, we observed multiple AI SNPs conferring 
susceptibility to hip OA and/or minimal JSW. Notable examples in 
Table 2 are the AI SNP rs3133187 in the RPS3 gene conferring 
the most significant susceptibility to hip OA (Figure 3A) and the AI 
SNP rs1052429 in the WWP2 gene associated with minimal JSW 
(Figure 3B). Alternatively, in Supplementary Tables 7 and 8 (http:// 
onlinelibrary.wiley.com/doi/10.1002/art.40748/abstract), we show 
the intersection of the 65 AI SNPs significantly associated with hip 

Figure  2. CRLF1 expression is subject to allelic imbalance (AI) and is modulated in articular cartilage with osteoarthritis (OA)–induced 
destruction. A, AI of rs7256319 in RNA sequencing data set, reported as the average fraction (φ) of the alternative allele reads among the total 
number of reads with 95% confidence interval, showing decreasing expression of CRLF1 transcript of the alternative T allele in preserved and 
lesioned OA cartilage relative to the reference C allele (φ = 0.29, false discovery rate [FDR] = 4.02 × 10−21). Preserved OA cartilage is depicted 
in blue, lesioned OA cartilage in red, and meta- φ (META) in black. B, Replication of AI expression with rs7256319 by TaqMan genotyping in 
6 additional knee samples, confirming the observed lower expression of the alternative allele T relative to the reference allele C of rs7256319 
(T:C ratio = 0.63). Preserved OA cartilage is depicted in blue, lesioned OA cartilage in red, and genomic DNA (used as the reference ratio) in 
black. The meta- φ of genomic DNA, lesioned cartilage complementary DNA (cDNA), and preserved cartilage cDNA is depicted in black, red, 
and blue, respectively. Data are shown as box plots. Each box represents the 25th to 75th percentiles. Lines inside the boxes represent the 
median. Lines outside the boxes represent the 10th and 90th percentiles. In A and B, horizontal dashed lines depict equal ratios of the CRLF1 
rs7256319 alleles. C, Differential expression analyses of CRLF1 showing significantly up- regulated expression in lesioned (red) compared to 
paired preserved (blue) OA articular cartilage (fold change 4.6, FDR- corrected P = 3.1 × 10−10). RAAK = Research Arthritis and Articular Cartilage 
(study). 
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OA in the TreatOA GWAS meta-analysis (FDR <0.05) and the 63 
AI SNPs significantly associated with minimal JSW in the GWAS 
meta-analysis on cartilage thickness (P < 0.05). Among these 
lists we find SNPs in compelling known (MGP, ALDH1A2, FRZB, 
COL11A1, PLEC) and potentially novel (ACAN, MATN, TNC, 

VEGFA, PLOD2) OA risk genes.

Cartilage AI SNPs that contribute to expression 
quantitative trait loci (eQTLs). To provide additional sup-
porting data on the AI findings in the putative OA risk SNPs in 
Table 2, we combined the RNA sequencing data of the genes with 
genome- wide SNP data (Illumina HumanOmniExpressExome) of 
RAAK study samples to extract gene- targeted cartilage eQTLs on 
the basis of 50 samples that were overlapping. Additionally, we 
explored eQTL data of the Genotype- Tissue Expression (GTEx) 
Project. The fact that GTEx data are merely from tissues other 
than those particularly relevant to OA indicates the generalizability 
of the identified AI to other tissues. As shown in Supplementary 
Table 9 (http://onlinelibrary.wiley.com/doi/10.1002/art.40748/
abstract), the GTEx eQTL data largely support (the direction of) 
the identified AI effects also in other tissues.

OA susceptibility SNPs that show AI in cartilage. 
Since identified OA risk SNPs have been demonstrated to fre-
quently confer risk by modifying expression of positional genes 
in-cis, the aforementioned genome- wide AI data set of articular 
cartilage (see Supplementary Table 3, http://onlinelibrary.wiley.
com/doi/10.1002/art.40748/abstract) can function as a data-
base to assess in silico the direction of effect of such identified 
susceptibility SNPs. Hence, we reviewed the literature to intersect 
the list of currently published robust genetic OA association sig-
nals with the identified AI SNPs. We included robustly identified 
susceptibility SNPs and their positional genes associated with 

knee, hand, and hip OA as well as OA- associated phenotypes 
such as minimal JSW and markers of cartilage turnover (soluble 
cartilage oligomeric matrix protein). Of the 46 genes linked to the 
reported OA risk SNPs, 36 genes were detected in our data set 
(i.e., had detectable expression levels in cartilage) and were het-
erozygous carriers of a coding SNP. As shown in Supplementary 
Table 10 (http://onlinelibrary.wiley.com/doi/10.1002/art.40748/
abstract), we found 11 previously identified OA risk genes to 
contain SNPs that mark AI in articular cartilage. Of these, the 
respective risk alleles marked lower expression through AI in 
heterozygotes of FRZB (rs7775), COL11A1 (rs2615977 and 
rs1676486), IGFBP3 (rs788748 through double heterozygotes 
with rs6670), ALDH1A2 (rs3204689), and MGP (rs4764133 in 
LD with rs1800801). For SMAD3, CDCL5, COL12A1, BCAP29, 
PIK3R1, and COMP, AI was detected but not in relation to the 
reported risk alleles.

To provide additional functional data to these previously iden-
tified OA risk genes, level and differential expression data between 
preserved and lesioned OA articular cartilage are depicted in Sup-
plementary Table 11 (http://onlinelibrary.wiley.com/doi/10.1002/
art.40748/abstract). For IGFBP3, PIK3R1, BCAP29, COL12A1, 
FRZB, ALDH1A2, and MGP, significant differential expression (FDR 
<0.05) was observed in addition to AI. Finally, to find supporting 
data on the AI findings in the OA risk SNPs, we combined the RNA 
sequencing data of the OA risk genes with genome- wide asso-
ciation data (Illumina HumanOmniExpressExome) of RAAK study 
samples to extract gene- targeted eQTL data on the basis of 50 
cartilage samples that were overlapping. Additionally, to the eQTL 
data in Supplementary Table 11, we added data from the GTEx 
Project, although from tissues other than those particularly relevant 
to OA. For the OA genes GNL3, FTO, NCOA3, MICAL3, IFRD1, 
IGFBP3, TGFA, and MGP, we found significant eQTL effects (P 
< 0.05) of risk SNPs that substantiated the respective AI effects.

Figure 3. Compelling cartilage- specific allelic imbalance (AI) genes. AI is reported as the average fraction (φ) of the alternative allele reads
among the total number of reads with 95% confidence interval. A, Significant (P = 4.97 × 10−9) allelic imbalanced expression at rs3133187 with 
the G allele decreasing expression of RPS3 transcript in preserved and lesioned osteoarthritic (OA) cartilage relative to the A allele (meta-φ =
0.42). The G allele of rs3133187 additionally confers significant association with hip OA (P = 1.1 × 10−3). B, Significant (P = 3.37 × 10−55) allelic 
imbalanced expression at rs1052429 with the A allele increasing expression of WWP2 transcript in preserved and lesioned OA cartilage relative 
to the G allele (meta- φ = 0.56). The A allele of rs1052429, linked to the A allele of rs1566452 (r2 = 0.92, D′ = 1.0), additionally confers significant
association with reduced minimal joint space width (P = 2.8 × 10−3), resulting in cartilage degeneration or OA. Horizontal dashed lines depict 
equal ratios of alleles. RAAK = Research Arthritis and Articular Cartilage (study).
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http://onlinelibrary.wiley.com/doi/10.1002/art.40748/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40748/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40748/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40748/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40748/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40748/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40748/abstract


TRANSCRIPTOME-WIDEALLELICIMBALANCESINOACARTILAGE |      567

DISCUSSION

Our approach in the current study comprises a concept 
framework for complex traits to identify disease- relevant genetic 
variation, as reflected by allele- associated transcription levels in 
cartilage, a pivotal tissue in the disease. We have aimed to pres-
ent the reported observations as a legacy data set for research-
ers in the field to probe for their gene or SNP of interest. Herein, 
we  highlight notable examples. Among our (highly) significant 
AI SNPs we confirmed well- known genes that have previously 
been reported by others to confer robust risk of OA (e.g., MGP, 
ALDH1A2, IGFBP3, and FRZB) (17,33,34). We hypothesize that 
among our (highly) significant AI SNPs and particularly those that 
show additional, differential expression between preserved and 
lesioned OA cartilage (e.g., CRLF1 [Figure 2; also see Supplemen-
tary Table 6, http://onlinelibrary.wiley.com/doi/10.1002/art.40748/
abstract]) or genetic association with OA phenotypes (e.g., WWP2 
and RPS3 [Figure 3 and Table 2; also see Supplementary Tables 
7 and 8, http://onlinelibrary.wiley.com/doi/10.1002/art.40748/
abstract]) are putative novel compelling OA risk genes.

The CRLF1 gene, encoding for cytokine receptor–like fac-
tor 1 protein, harbors the rs7256319 C>T SNP that has marked 
imbalanced expression of its respective alleles in articular carti-
lage, reflected by consistent lower expression of the alternative 
allele T in comparison with the reference allele C among heterozy-
gotes. As was also reported previously (25,35), CRLF1 appeared 
to be significantly up- regulated in lesioned compared to preserved 
OA articular cartilage (fold change 4.6, FDR = 3.1 × 10−10), as 
was its signaling partner CLCF1 (fold change 2.1, FDR = 1.0 × 
10−6), while the protein complex signaling receptor gene CNTFR 
was significantly down- regulated (fold change 0.3, FDR = 1.9 × 
10−8) (see Supplementary Table 3, http://onlinelibrary.wiley.com/
doi/10.1002/art.40748/abstract). Additionally, it was shown by 
Tsuritani et al (35) that up- regulation of the cytokine receptor–like 
factor 1/cardiotrophin- like cytokine complex in ATDC5 cells dis-
rupts cartilage homeostasis and promotes progression of OA by 
enhancing the proliferation of chondrocytes and suppressing the 
production of cartilage matrix. As such, we hypothesize that the 
alternative allele T of rs7256319 in heterozygote carriers may be 
able to mitigate CRLF1/CLCF1 signaling toward ongoing cartilage 
degradation due to primary OA.

Among the notable novel putative OA genes in Table  2 is 
WWP2, which showed (in addition to multiple coding SNPs mark-
ing consistent AI expression of WWP2 in cartilage) significant dif-
ferential expression between preserved and lesioned OA cartilage 
(fold change 0.78, FDR = 0.0053; results not shown) and a signal 
of genetic association with minimal JSW (P = 0.0028) (Figure 3). 
Based on these data, we hypothesize that allele rs1052429 A 
located in WWP2 is an OA susceptibility allele that acts via higher 
expression of WWP2 in cartilage, which is associated with lower 
minimal JSW and thus with degeneration of cartilage. In addition, 
expression of WWP2 was previously shown to be consistently 

modified by methylation at CpG sites (36). The WWP2 protein is a 
member of the Nedd4 family of E3 ligases, which play an impor-
tant role in protein ubiquitination (37). Moreover, the encoded pro-
tein was shown to physically interact with SOX9, thereby affecting 
the transcriptional activity of SOX9 via translocation to the nucleus 
(38).

Similarly, RPS3, encoding ribosomal protein S3, is subject to 
significant AI marked by rs3133187 with the G allele decreasing 
expression of RPS3 transcript in cartilage (FDR = 4.97 × 10−9) and 
significant association with hip OA (P = 1.1 × 10−3).  Ribosomal 
protein S3 is a multifunctional DNA repair endonuclease and ribo-
somal protein, yet its role in inducing apoptosis through activa-
tion of CASP8/CASP3 may be relevant to mention with respect 
to OA (39). It was recently shown by Jeon et al (40) that selec-
tive removal of senescent cells may attenuate the development 
of OA. We hypothesize that decreasing RPS3 expression by the 
OA risk allele G of rs3133187 negatively affects removal of senes-
cent chondrocytes by cytokine- induced apoptosis. Nonetheless, 
functional studies are necessary to verify the exact mechanism by 
which the AI in CRLF1, WWP2, and RPS3 contributes to cartilage 
degeneration in humans. It would be preferable to investigate this 
using human in vitro micromass cultures in which the expression 
of the genes (e.g., by lentiviral induction) is modified in the direc-
tion of the risk alleles as previously found with, for example, GDF5 
(15) or DIO2 (14).

Our RNA sequencing data set consisted of both preserved 
and lesioned OA samples, as well as knee and hip cartilage. Due 
to our focus on significant AI effects across our samples, we have 
ignored possible variation in the AI effects between preserved and 
lesioned OA cartilage or between knee and hip joints. Such var-
iation could arise, e.g., due to local expression of transcription 
factors that exaggerate or attenuate the observed AI. By provid-
ing AI, defined by φ across all individuals heterozygous for any of 
the 13,435 SNPs (see Supplementary Table 2, http://onlinelibrary.
wiley.com/doi/10.1002/art.40748/abstract), possible differences 
in AI for preserved/OA or hip/knee cartilage may be explored. It 
should be mentioned, however, that the current sample size and 
the variable number of heterozygous individuals likely precludes 
a robust statement on either analyses and will require additional 
targeted AI measurements by, for example, TaqMan assay.

By combining reported genetic OA signals with AI SNPs 
that alter transcription of articular cartilage genes in-cis, we also 
had the opportunity to address functionality of OA risk alleles. For 
example, the A allele of rs788748, located upstream of IGFBP3, 
is associated with lower odds of hip OA (41). Given that this SNP 
is not located in an exon, we assessed its potential revelance to 
AI through rs6670 double heterozygotes, which revealed that the 
protective rs788748 A allele marks lower expression of IGFBP3 
compared to the G allele. In addition, significant up- regulation 
of the gene was observed in OA- affected cartilage compared to 
paired preserved cartilage, as well as a similar eQTL effect of the 
rs788748 SNP (see Supplementary Table 9, http://onlinelibrary.
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wiley.com/doi/10.1002/art.40748/abstract), similar to what has 
been reported by others (8). These observations solidify the notion 
of IGFBP3’s role in OA, and we propose that the reported pro-
tective effect of the rs788748 A allele is mediated through lower 
expression of the transcript.

For a selected number of comparable (although gene- 
targeted) studies, we discuss the respective confirmations 
and/or discrepancies. A number of SNPs are known to mark 
AI in articular cartilage, as has been shown by gene- targeted 
approaches. We were able to replicate the earlier observed AI of 
ALDH1A2 (18) and MGP (20) and to a lesser extent that of DIO2 
(14) and GDF5 (42). Furthermore, for rs11177 (GNL3) (16) and 
rs6617 (SPCS1) (16) in our data set, AI was not as obvious as 
previously reported, and we did not observe heterozygotes for 
rs143383 (GDF5) (23) or rs3815148 (HBP1) (24).

For COL11A1, AI was previously thoroughly investigated 
by Raine et al (17) in view of the OA risk SNP rs2615977 (7) 
and the lumbar disc herniation SNP rs1676486 (43). They 
showed that considerable AI of COL11A1 was correlated with 
the lumbar disc herniation risk allele of SNP rs1676486, while 
the observed AI of COL11A1 was not correlated with the OA 
risk allele of SNP rs2615977. The latter result was based on 
the AI effect observed in individuals double heterozygous for 
rs2615977 and rs9659030. As shown in Supplementary Fig-
ure 2 and Supplementary Table 8 (http://onlinelibrary.wiley.
com/doi/10.1002/art.40748/abstract), we observed 2 inde-
pendent COL11A1 SNPs (D′ = 0.2, r2 = 0.01) (44) with highly
significant meta- φ AI. The first was the abovementioned SNP
rs9659030 with meta- φ AI of 0.65 (P = 1.2 × 10−25) and the
second was SNP rs2229783 with meta- φ AI of 0.53 (P = 3.7 ×
10−8). Notably, and in contrast to the results obtained by Raine 
et al (17), the extent and consistency of AI for rs9659030 were 
considerably higher than those for rs2229783 and rs1676486. 
The suggestive evidence of AI of the lumbar disc herniation 
risk allele of SNP rs1676486 as well as the AI of its proxy 
SNP rs2229783 (D′ = 1, r2 = 0.3) confirm that the lumbar disc
herniation risk allele is likely associated with lower COL11A1 
expression. Moreover, the AI of the noncoding OA risk SNP 
rs2615977, which is not in strong LD with a coding SNP, 
remains unclear. Yet, based on the proxy SNP rs1031820 (D′ =
0.77, r2 = 0.16), it may be that the OA risk allele of rs2615977 
also acts via lower expression of COL11A1.

Taken together, these confirmations and/or discrepancies 
indicate first and foremost that additional replication to verify AI is 
required to increase confidence in the observed AI (e.g., by better 
preselection on heterozygous samples). Second, it stresses the 
fact that observed AI reflects regulatory properties of the respec-
tive LD block and does not per se identify genetic variation that 
affects respective gene expression levels mechanistically. Further-
more, despite the applied filtering steps and statistics, the list of 
significant AI SNPs potentially contains a number of false posi-

tives, some of which could have originated from alignment bias. 
While future novel alignment and other bioinformatic approaches 
(45) might address these issues from a more fundamental per-
spective, in the present study we have aimed to reduce false-pos-
itive AI SNPs by including multiple filtering steps (0.1<φ<0.9,
include SNPs with at least 2 heterozygotes, and null hypothesis 
adjustment).

While in canonical GWAS a strict genome- wide signifi-
cance level of 5 × 10−8 is imposed due to the vast amount of 
SNPs that are tested for, we postulate that providing SNPs 
that are more likely to affect expression of genes in-cis in a 
disease- relevant tissue could aid the search for the functional 
susceptibility SNPs and the putative OA risk gene. Neverthe-
less, among the significant AI SNPs, we did not necessarily 
obtain a clear enrichment of putative significant OA risk SNPs; 
among the SNPs for which we had both AI and GWAS data, 
6.7% showed significant association with the OA pheno-
types, while among the significant AI genes (FDR <0.05), 7.2% 
showed significant association with the OA phenotypes. Fur-
ther downstream selection criteria, such as (but not limited to) 
significant differential expression between preserved and OA- 
lesioned cartilage and/or trans- eQTL analysis, will help tailor 
genetic association analyses even more and might attribute 
SNPs to specific disease facets, such as extent of cartilage 
degradation, as we have shown in the present study. Of note, 
inherent to our study design, we might have missed genes 
that affect joint morphology or cartilage integrity during devel-
opment and/or that change expression in healthy cartilage or 
during early- stage OA.

In summary, we present a framework and resulting data 
set for researchers in the OA research field to probe for disease- 
relevant genetic variation that affects gene expression in pivotal 
disease- affected tissue. This likely includes putative novel compel-
ling OA risk genes such as CRLF1, WWP2, and RPS3.
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Targeted Inhibition of Aggrecanases Prevents Articular 
Cartilage Degradation and Augments Bone Mass in the 
STR/Ort Mouse Model of Spontaneous Osteoarthritis
Ioannis Kanakis,1  Ke Liu,1 Blandine Poulet,1  Behzad Javaheri,2  Rob J. van ’t Hof,1

Andrew A. Pitsillides,2  and George Bou-Gharios1

Objective. Cartilage destruction in osteoarthritis (OA) is mediated mainly by matrix metalloproteinases (MMPs) 
and ADAMTS. The therapeutic candidature of targeting aggrecanases has not yet been defined in joints in which 
spontaneous OA arises from genetic susceptibility, as in the case of the STR/Ort mouse, without a traumatic or load- 
induced etiology. In addition, we do not know the long- term effect of aggrecanase inhibition on bone. We undertook 
this study to assess the potential aggrecanase selectivity of a variant of tissue inhibitor of metalloproteinases 3 
(TIMP- 3), called [- 1A]TIMP- 3, on spontaneous OA development and bone formation in STR/Ort mice.

Methods. Using the background of STR/Ort mice, which develop spontaneous OA, we generated transgenic mice 
that overexpress [- 1A]TIMP- 3, either ubiquitously or conditionally in chondrocytes. [- 1A]TIMP- 3 has an extra alanine 
at the N- terminus that selectively inhibits ADAMTS but not MMPs. We analyzed a range of OA- related measures in 
all mice at age 40 weeks.

Results. Mice expressing high levels of [- 1A]TIMP- 3 were protected against development of OA, while those ex-
pressing low levels were not. Interestingly, we also found that high levels of [- 1A]TIMP- 3 transgene overexpression 
resulted in increased bone mass, particularly in females. This regulation of bone mass was at least partly direct, as 
adult mouse primary osteoblasts infected with [- 1A]TIMP- 3 in vitro showed elevated rates of mineralization.

Conclusion. The results provide evidence that [- 1A]TIMP- 3–mediated inhibition of aggrecanases can protect 
against cartilage degradation in a naturally occurring mouse model of OA, and they highlight a novel role that aggre-
canase inhibition may play in increased bone mass.

INTRODUCTION

Osteoarthritis (OA) is characterized by altered homeostasis of 
articular cartilage and abnormal bone formation. OA development 
depends on a balance of extracellular matrix (ECM) production 
and degradation. Proteolytic enzymes such as ADAMTS as well 
as matrix metalloproteinases (MMPs) are found to be up- regulated 
in OA joints (1–5) and are directly involved in OA pathophysiol-
ogy (6,7). Therefore, inhibition of these metalloproteinases is a 
potential route for the design of pharmaceutical agents to retard, 
suppress, and even halt the progression of OA. However, broad- 
spectrum inhibitors of MMPs, which were shown to be chondro-
protective in animal models, raised safety concerns in a clinical 
trial, pinpointing a need for inhibitors with greater specificity (8). 
In C57BL/6 mice, loss of activity of key catabolic enzymes, such 

as ADAMTS- 5, protects against OA lesions (9–11) compared 
with deletion of ADAMTS- 1 or ADAMTS- 4, which suggests that 
ADAMTS- 5 plays a central role in mouse models of inflammatory- 
and surgically induced OA (12,13). However, more recent data 
suggest that another aggrecanase, not yet determined, cleaves 
aggrecan before its secretion. Moreover, a noncatalytic function 
of ADAMTS- 5 is suggested to have competitive interactions with 
major endocytic recycling machinery (14).

Investigators using STR/Ort mice as a model of human OA 
have proved that genetic susceptibility is a solid basis for assess-
ing the protection afforded by novel treatment (15,16). Crucially, 
OA in STR/Ort mice closely resembles human OA and progresses 
to cartilage loss, along with similar alterations in bone mass and 
structure (17–20). Pertinently, it has been shown that the OA- 
related proteoglycan depletion observed predominantly across 
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the medial tibial compartment in STR/Ort mouse joints also 
likely involves both collagenase and aggrecanase activities, as 
in humans (20,21). Interestingly, compared with C57BL/6 mice, 
female STR/Ort mice have high bone mass, with bone marrow 
compression and extramedullary hematopoiesis observed by 
age 36 weeks (22). Consistently, recent studies from our group 
showed that this difference is present even in young STR/Ort 
mice, which have increased cortical and trabecular parameters 
compared with age- matched CBA mice (23). These character-
istics make the STR/Ort strain an intriguing and hitherto unex-
plored target in which to explore potentially protective transgenic 
 strategies.

Tissue inhibitor of metalloproteinases 3 (TIMP- 3) is a native 
biologic inhibitor of enzyme activity for members of the metzincin 
family, including collagenases (MMPs 1, 8, and 13), gelatinases 
(MMPs 2 and 9), and aggrecanases (ADAMTS- 4 and ADAMTS- 5). 
Extracellular trafficking of TIMP- 3 is regulated by the competition 
between ECM binding and endocytosis via low- density lipopro-
tein receptor–related protein 1 (LRP- 1) (24–26). It has previously 
been shown that modifications in TIMP- 3 expression could modify 
joint degeneration (27) and that loss/gain of TIMP- 3 function leads 
to significant alteration in bone structure (28,29). In the present 
study, we have used a variant of TIMP- 3, named [- 1A]TIMP- 3, 
which harbors a single alanine addition to the amino- terminal end, 
which was shown to inhibit aggrecanases, namely ADAMTS- 4/5, 
with much greater selectivity than other MMPs (30,31). This mod-
ified activity is driven by conformational changes, in which the 
active site is tilted and the interaction of Phe34 of the inhibitor with 
MMPs is lost (31).

Our aim was to assess the potential aggrecanase selectivity 
of [- 1A]TIMP- 3 on spontaneous OA development and bone for-
mation in STR/Ort mice. We found that high levels of [- 1A]TIMP- 3 
expression in transgenic STR/Ort mice can effectively attenuate 
cartilage destruction and OA- related subchondral thickening, but, 
strikingly, can also significantly augment bone mass.

MATERIALS AND METHODS

Generation of lentiviral and plasmid vectors to over-
express [- 1A]TIMP- 3. The lentivirus vector was constructed by 
cloning [- 1A]TIMP- 3 with a FLAG tag into the Eco RV–Sal I site of 
the pCCL- expressing vector driven by the elongation factor 1α 
(EF- 1α) promoter. The construct also contained nerve growth fac-
tor receptor (NGFR) as a marker (Figure 1A).

We cotransfected 293T17 cells with transfer vector and 
packaging vectors by electroporation using a Neon transfection 
system (Invitrogen) to produce the virus. Viral supernatants were 
harvested 48 and 72 hours after transfection and concentrated 
by ultracentrifugation at 10,000g for 2 hours. The viral pellet was 
collected and dissolved in phosphate buffered saline (PBS).

A second conditional plasmid was generated using the 
Col2a1 3- kb promoter and the 3- kb first intron that drives specific 

expression in chondrocytes (32). The [- 1A]TIMP- 3 complementary 
DNA (cDNA) was followed by an internal ribosome entry site and 
a β- galactosidase reporter gene (Figure 1B).

Transient transduction was performed at 10 multiplicities 
of infection in 2 cell lines, HEK 293 and HTB94, to test integra-
tion efficacy and overexpression capacity. Flow cytometry with 
allophycocyanin- conjugated anti- NGFR was used to estimate 
transfection efficiency. Trichloroacetic acid (TCA) protein precipi-
tation and Western blotting were used to test [- 1A]TIMP- 3 protein 
levels.

Animals. An STR/Ort mouse colony maintained at Royal 
Veterinary College, London was used to generate transgenic mice 
overexpressing [- 1A]TIMP- 3 on this background. Each fertilized 
embryo was injected with either Col2a1[- 1A]TIMP- 3 linearized 
plasmid in male pro nucleus or by infection using 100 lentiviral 
particles (EF- 1α[- 1A]TIMP- 3) per embryo. The latter procedure 
was also used to generate transgenic mice in the control CBA 
strain (EF- 1α[- 1A]TIMP- 3–transgenic CBA mice). Newborn trans-
genic mice were routinely genotyped by quantitative polymerase 
chain reaction (qPCR) using the reporter gene LacZ as well as the 
[- 1A]TIMP- 3 insert (see Supplementary Table 1, available on the 
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40765/abstract). All experimental protocols were 
performed in compliance with the UK Animals (Scientific Proce-
dures) Act 1986 regulations.

We analyzed hind limb bones and knee joints isolated from 
STR/Ort mice at age 40 weeks. Age- matched nontransgenic 
(untreated) STR/Ort mice or transgenic CBA mice, a parental 
background strain of STR/Ort mice, were used as controls. The 
exact number of animals used in each analysis is described in Sup-
plementary Table 2, http://onlinelibrary.wiley.com/doi/10.1002/art. 
40765/abstract.

Western blotting. Cultured media from transfected HEK 
293 and HTB94 cells were precipitated with TCA, resuspended 
in PBS to equal total protein content, resolved by 10% sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis under reduc-
ing conditions, and electrotransferred to Hybond P PVDF mem-
branes (Amersham Biosciences). Membranes were blocked with 
5% skim milk and probed overnight at 4°C with rabbit polyclonal 
anti–TIMP- 3 antibody (1:2,000 dilution, AB6000; Millipore), fol-
lowed by incubation with horseradish peroxidase (HRP)–labeled 
goat anti- rabbit antibody (1:10,000 dilution; Dako). Analysis was 
performed using an ECL Advanced Western Blotting Detection 
Kit (Amersham Biosciences). For Western blots using mouse 
tails, 250 mg of tissue was boiled at 95°C for 10 minutes in 
Laemmli buffer, and samples were electrophoresed in 4–12% 
Bis- Tris precast gels (NuPAGE) at 200V for 35 minutes. Proteins 
were transferred on PVDF membranes, blocked, and incubated 
overnight with either anti–TIMP- 3 antibody or rabbit anti–β- actin 
(ab8227; Abcam). Detection was performed using fluorescent 
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goat  anti- rabbit  secondary antibodies (IRDye 680RD for actin and 
800CW for TIMP- 3; Li- Cor), and relative quantitation was con-
ducted with β- actin as a reference protein.

Quantitative PCR. Integration of [- 1A]TIMP- 3 cDNA and 
overexpression were monitored by qPCR at both genomic DNA 

and messenger RNA (mRNA) levels (for details, see Supple-
mentary Methods, http://onlinelibrary.wiley.com/doi/10.1002/
art.40765/abstract).

Micro–computed tomography (micro- CT). Left and right 
hind limbs of all STR/Ort mice were dissected and  immediately 

Figure  1. Evaluation of lentiviral expression. A and B, Illustrations of constructed vectors for overexpression of the tissue inhibitor 
of metalloproteinases 3 (TIMP- 3) variant [- 1A]TIMP- 3 with lentivirus (LV)–driven elongation factor 1α (EF- 1α) promoter (A) and conditional 
Col2a1- driven transductions (B) are shown. C, Chondrocytic HTB94 cells, analyzed by flow cytometry, show increased expression of nerve 
growth factor receptor (NGFR) in cells expressing the lentiviral transgene. APC = allophycocyanin. D, Western blots of HTB94 cells show 
small quantities of endogenous TIMP- 3 in lentiviral empty vector (LV- empty) compared with high protein levels in both HEK 293 and HTB94 
[- 1A]TIMP- 3–overexpressing cells (LV- [- 1A]TIMP- 3). E, Integration of [- 1A]TIMP- 3 into genomic DNA (gDNA) extracted from ear notches 
in all mice was evaluated by quantitative polymerase chain reaction. STR/Ort mice in the Col2a1[- 1A]TIMP- 3–transgenic group expressed 
significantly lower levels of [- 1A]TIMP- 3 compared with EF- 1α[- 1A]TIMP- 3–transgenic CBA control mice. NS = not significant. F, Quantification 
of [- 1A]TIMP- 3 mRNA in femoral heads of STR/Ort mice showed higher expression in EF- 1α[- 1A]TIMP- 3–transgenic mice. Mice were separated 
according to high and low levels of [- 1A]TIMP- 3 mRNA expression, with a cutoff value of 2- fold difference. G, Males expressed lower levels of 
[- 1A]TIMP- 3 than did females in both transgenic groups, and the difference was significant in Col2a1[- 1A]TIMP- 3–transgenic mice. H, Western 
blot confirmed increasing levels of [- 1A]TIMP- 3 protein in STR/Ort mice expressing higher amounts of [- 1A]TIMP- 3 mRNA compared with STR/
Ort mice expressing lower amounts of [- 1A]TIMP- 3 mRNA and compared with wild- type (WT) mice. In E–G, symbols represent individual mice; 
bars show the mean ± SD. * = P < 0.05; *** = P < 0.001; **** = P < 0.0001.
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scanned using a Skyscan 1272 micro- CT scanner (Bruker) at 
50 kV, 0.5 aluminum filter, 200 mA, voxel size 9.00 μm, and 0.3° 
rotation angle. Data sets were reconstructed using NRecon recon-
struction software, and 3- dimensional volumes of interest were 
selected using Dataviewer and CTAn software. Morphometric 
parameters were analyzed for tibial metaphyseal trabecular bone, 
cortical bone in diaphysis, and subchondral bone in epiphysis 
as previously described (33,34) (for details, see Supplementary 
Methods, http://onlinelibrary.wiley.com/doi/10.1002/art.40765/
abstract).

In vitro bone cell culture and mineralization assay. 
STR/Ort and CBA mouse–derived primary osteoblasts were iso-
lated, and their mineralization capacity was assessed by alizarin 
red S staining after 4 weeks. To assess the in vitro osteoregula-
tory effect of [- 1A]TIMP- 3, osteoblasts were isolated from skel-
etally mature 12- week- old wild- type (WT) C57BL/6 mice and 
infected with [- 1A]TIMP- 3 or TIMP- 3 lentiviruses, while untreated 
and lentivirus–mock- infected osteoblasts served as controls. 
Early mineralization capacity of the infected osteoblasts was 
evaluated with alizarin red S staining after 21 days (for details, 
see Supplementary Methods, http://onlinelibrary.wiley.com/
doi/10.1002/art.40765/abstract).

Histologic evaluation of cartilage lesions in STR/
Ort mice. Following micro- CT, knee joints from all STR/Ort 
mice were fixed in 4% paraformaldehyde solution for 24 hours, 
decalcified in 10% EDTA for 3 weeks, and subsequently stored 
in 70% ethanol until processing. Samples were embedded in 
paraffin wax and sectioned coronally (5 μm thickness) through 
the entire joint. Proteoglycan loss was evaluated using Safranin 
O–fast green staining and a validated scoring system following 
the Osteoarthritis Research Society International (OARSI) rec-
ommendations (35). Joints were scored in a blinded manner by 
2 experienced investigators (IK and BP), and scores were aver-
aged using a modification to the methods of Poulet et al (18). To 
obtain robust results, as OA affects predominantly the medial 
tibial plateau and medial femoral condyle, the average of the 
maximum scores at both sites was used for each sample. Mean 
scores were calculated as the average of the scores recorded at 
8 levels at 90- μm intervals across the entire joint.

Immunohistochemistry. For immunohistochemistry  
experiments, sections were deparaffinized, rehydrated, and 
probed with selected antibodies. Two percent normal goat serum 
was used for blocking. For [- 1A]TIMP- 3 detection, an additional 
step of antigen retrieval was applied by incubation with chondroit-
inase ABC (Sigma) at 0.01 units/ml. Rabbit anti- mouse TIMP- 3 
polyclonal antibody against the C- terminus of TIMP- 3 (Millipore) 
was used at 1:3,000 dilution in normal goat serum. Rabbit anti- 
mouse anti- NVTEGE antibody (1:850), kindly provided by Dr. 
J. S. Mort (36), was used for detection of ADAMTS- generated 

neoepitopes. Nonimmune rabbit serum was used as negative 
control. Primary antibodies were detected using a Vectastain 
ABC kit with a secondary goat anti- rabbit biotinylated antibody 
(Vector) and visualized with HRP- conjugated streptavidin using 
3,3′- diaminobenzidine.

Statistical analysis. All data were analyzed with Graph-
Pad Prism 6 software and expressed as the mean ± SD. Data 
sets were tested for Gaussian distribution with the D’Agostino- 
Pearson normality test. Comparisons between ≥3 groups were 
performed by one- way analysis of variance followed by Tukey’s 
multiple comparisons post hoc test. The Mann- Whitney U test or 
Student’s 2- tailed t- test was used to compare 2 groups. Corre-
lations were performed with Pearson’s test. In all cases, P values 
less than 0.05 were considered significant.

RESULTS

In vitro efficacy of [- 1A]TIMP- 3 lentiviral transduc-
tion. In order to evaluate efficacy of lentiviral transduction, we 
infected the human embryonic kidney cell line (HEK 293) as well 
as the chondrosarcoma HTB94 cell line with a lentiviral construct 
(Figure 1A). Approximately 75% of HTB94 cells transduced with 
the [- 1A]TIMP- 3–containing vector expressed the NGFR marker, 
which is coexpressed by the same vector; in contrast, there was 
no detectible NGFR marker expression in uninfected control 
HTB94 cells (Figure 1C).

Western blot analysis showed that control HTB94 cells 
transduced by empty lentiviral vector secreted a small amount 
of endogenous TIMP- 3 protein into the medium, detected by the 
anti–TIMP- 3 antibody. In contrast, a high level of [- 1A]TIMP- 3 pro-
tein was secreted by HTB94 cells infected with EF- 1α[- 1A]TIMP- 3 
lentivirus compared with a lower level of protein from HEK 293 
cells (Figure 1D). The data demonstrate effective lentivirus trans-
duction into different types of cells and overexpression of the [- 1A]
TIMP- 3 transgene in chondrocytes.

Transgenic overexpression of [- 1A]TIMP- 3 in mice. 
We generated several transgenic lines using 2 different meth-
ods. Lentivirus- induced global [- 1A]TIMP- 3–transgenic mice 
(EF- 1α[- 1A]TIMP- 3–transgenic mice) were compared with con-
ditional Col2a1[- 1A]TIMP- 3–transgenic mice. The method of 
pronuclear injection of fertilized STR/Ort mouse eggs using 
Col2a1[- 1A]TIMP- 3 linearized plasmid resulted in a low level 
of integration of the transgene, as determined by qPCR of 
genomic DNA from ear notches (Figure 1E). In order to deter-
mine mRNA expression levels within STR/Ort transgenic mice, 
total RNA was extracted from whole mouse femoral heads. 
Quantitative PCR using a specific primer for FLAG tag at the 
3′- end of [- 1A]TIMP- 3 to distinguish endogenous from trans-
genic mRNA resulted in a range of mRNA overexpression, 
ranging between a ≤2- fold and a 13- fold increase (Figure 1F). 

http://onlinelibrary.wiley.com/doi/10.1002/art.40765/abstract
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Most mice expressing high levels of [- 1A]TIMP- 3 mRNA were 
generated from lentiviral infection. [- 1A]TIMP- 3 mRNA levels 
were consistent across paired left and right femoral heads in 
both EF- 1α[- 1A]TIMP- 3– and Col2a1[- 1A]TIMP- 3–transgenic 
groups of mice, but lower levels of expression were noted 
in males compared with females, especially in those of the 

Col2a1[- 1A]TIMP- 3–transgenic group, perhaps because of 
smaller group size (Figure  1G). Western blot showed unde-
tectable [- 1A]TIMP- 3 protein levels in WT and low expressers 
but 5–10- fold greater levels in mice deemed high expressers 
based on an assessment of their [- 1A]TIMP- 3 mRNA levels 
(Figure 1H).

Figure 2. Overexpression of [- 1A]TIMP- 3 protects against osteoarthritis (OA) cartilage degradation in STR/Ort mice. A–C, Untreated STR/
Ort mice at age 40 weeks show severe OA erosion in the medial sites of the tibial plateau and femoral condyles (circled in A), while both EF- 
1α[- 1A]TIMP- 3–transgenic mice (B) and Col2a1[- 1A]TIMP- 3–transgenic mice (C) show cartilage protection. D and E, OA scores of both EF- 
1α[- 1A]TIMP- 3–transgenic mice and Col2a1[- 1A]TIMP- 3–transgenic mice were significantly lower than those of age- matched untreated STR/
Ort mice, which had high maximum (D) and mean (E) OA scores of the knee joints. MTP = medial tibial plateau; MFC = medial femoral condyle. 
F and G, Significant negative correlations between [- 1A]TIMP- 3 expression levels and OA scores were found in Col2a1[- 1A]TIMP- 3–transgenic 
mice (F) and EF- 1α[- 1A]TIMP- 3–transgenic mice (G), which suggests that mice expressing high levels of [- 1A]TIMP- 3 (solid symbols) were better 
protected than those expressing low levels of [- 1A]TIMP- 3 (open symbols). H–J, Subchondral bone thickness was assessed by micro–computed 
tomography, which demonstrated that untreated STR/Ort mice with OA had severe sclerotic lesions (arrow) at the medial side of the tibial epiphysis 
(H) compared with EF- 1α[- 1A]TIMP- 3–transgenic mice (I) and Col2a1[- 1A]TIMP- 3–transgenic mice (J). K, Quantification of subchondral bone 
thickness showed significant reduction on the medial site, while the lateral site seemed unaffected. In D, E, and K, symbols represent individual 
mice; bars show the mean ± SD. * = P < 0.05; ** = P < 0.01; **** = P < 0.0001. See Figure 1 for other definitions and explanation of cutoff.
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Overall, STR/Ort background transgenic mice were harder 
to generate by direct pronuclear injection as fewer eggs were fer-
tilized compared with CBA control mice and significant numbers 
of injected eggs did not survive. Importantly, the various levels 
of transgene expression achieved allowed us to determine the 
“threshold” expression level of [- 1A]TIMP- 3 needed for effective 
amelioration of the STR/Ort phenotype.

[- 1A]TIMP- 3 protects against OA cartilage degrada-
tion in STR/Ort mice. The main OA features in the STR/Ort 
mouse knee are cartilage loss on the medial tibial plateau and 
medial femoral condyle accompanied by osteophyte develop-
ment and subchondral bone sclerosis (23). Therefore, we investi-
gated these regions in mice age 40 weeks using OARSI maximum 
and mean OA scores (Figures 2A–E).

We found that while knees of untreated STR/Ort mice at 
age 40 weeks had severe loss of articular cartilage at the medial 
tibial plateau and medial femoral condyle (Figure 2A), STR/Ort 
transgenic mice overexpressing [- 1A]TIMP- 3 with either EF- 
1α[- 1A]TIMP- 3 or Col2a1[- 1A]TIMP- 3 maintained their artic-
ular cartilage (Figures 2B and C). The overall analysis showed 
a significant reduction or prevention of articular cartilage deg-
radation with a decrease of 57% (mean maximum score 1.4; 
P < 0.0001) for the EF- 1α[- 1A]TIMP- 3–transgenic group and a 
decrease of 22% (mean maximum score 2.5; P = 0.0165) for the 
Col2a1[- 1A]TIMP- 3–transgenic group, compared with untreated 
STR/Ort mice (mean maximum score 3.2) (Figure 2D). Similarly, 
mean scores at the medial sites for both overexpressing STR/Ort 
groups were significantly lower than those in the untreated group 
(P = 0.005 for the EF- 1α[- 1A]TIMP- 3–transgenic group and P = 
0.043 for the Col2a1[- 1A]TIMP- 3–transgenic group) (Figure 2E). 
Furthermore, there was a negative correlation between max-
imum OA score and [- 1A]TIMP- 3 expression levels, indicating 
a protective effect of [- 1A]TIMP- 3 when it is expressed at high 
levels (Figures 2F and G). A careful examination of stained sec-
tions revealed that mice expressing high levels of [- 1A]TIMP- 3 
also showed signs of reduced proteoglycan accumulation in the 
cruciate ligaments, restored medial collateral ligament physiol-
ogy, ameliorated osteophyte formation, and abolished synovial 
activation and inflammatory cell infiltration, which are known hall-
marks of OA in this strain (see Supplementary Figure 1, http://
onlinelibrary.wiley.com/doi/10.1002/art.40765/abstract).

The micro- CT data showed that untreated STR/Ort controls 
had severe subchondral sclerosis on the medial side of the knee 
joint (Figures 2H and K). This subchondral bone thickening was 
abrogated both in EF- 1α[- 1A]TIMP- 3–transgenic STR/Ort mice 
and in Col2a1[- 1A]TIMP- 3–transgenic STR/Ort mice (Figures 
2I–K).

Localization of [- 1A]TIMP- 3 and inhibition of aggre-
canases in rescued cartilage. To validate whether the reduc-
tion in articular cartilage degradation and diminished aggrecanase 

cleavage is linked directly to overexpression of [- 1A]TIMP- 3, 
immunohistologic labeling for [- 1A]TIMP- 3 and the aggrecan 
NVTEGE neoepitope was done on adjacent knee joint sections. 
Figure  3A shows a representative coronal section of protected 
knee joint from STR/Ort mice in which [- 1A]TIMP- 3 immunostain-
ing was seen in the adjacent section; [- 1A]TIMP- 3 was evident in 
both menisci and articular cartilage (Figure 3B) and resembled the 
endogenous TIMP- 3 localization with pericellular distribution, as 
previously described (37).

Immunostaining against the NVTEGE neoepitope, an 
ADAMTS catabolic product, revealed that the medial side of 
the joints in OA- prone STR/Ort mice expressing low levels of 
the transgene (Figure  3F) showed little if any labeling for the 
NVTEGE neoepitope due to the extensive cartilage damage 
(verified by Safranin O staining) (Figure 3D) and the likely loss of 
known matrix binding partners for this antigen. This was con-
sistent with NVTEGE- positive labeling (Figure 3F) in the appar-
ently intact sites directly neighboring this damaged OA cartilage 
tissue, into which OA development was likely actively advanc-
ing. The lateral compartment, which is OA- resistant even in the 
STR/Ort strain, retained relatively intact cartilage compared with 
the medial side, yet already exhibited slight proteoglycan loss 
(evidenced by Safranin O staining) (Figure 3E) that colocalized 
with NVTEGE- positive labeling (Figure 3G). In contrast, STR/Ort 
mice expressing high levels of the transgene, which exhibited 
protection against OA and therefore retention of intact carti-
lage in both medial (Figure 3I) and lateral (Figure 3J) knee joint 
compartments, did not show NVTEGE- positive labeling (Figures 
K–M). This was consistent with [- 1A]TIMP- 3–related inhibition of 
ADAMTS- mediated aggrecan degradation.

Selective inhibition of aggrecanases increases bone 
mass in vivo. Given that STR/Ort mice, especially female 
mice (22), show increased trabecular bone mass, we examined 
bone mass (expressed as percentage trabecular bone volume/
total tissue volume [%BV/TV]) using micro- CT in the tibial met-
aphysis of all mice overexpressing the transgene in comparison 
with untreated STR/Ort mice and EF- 1α[- 1A]TIMP- 3–transgenic 
CBA control mice. Consistent with previous findings, nontrans-
genic untreated STR/Ort mice showed significantly increased 
BV/TV compared with CBA mice (22). Intriguingly, tibial BV/TV 
was further increased both in EF- 1α[- 1A]TIMP- 3–transgenic 
mice and in Col2a1[- 1A]TIMP- 3–transgenic mice compared 
with untreated STR/Ort mice (Figure 4A) (representative images 
are shown in Figure 4E), and this was consistent with the other 
micro- CT trabecular bone parameters (see Supplementary Table 
3, http://onlinelibrary.wiley.com/doi/10.1002/art.40765/abstract). 
The extent of this elevation in BV/TV was greater in EF- 1α[- 1A]
TIMP- 3–transgenic mice, presumably due to higher levels of 
[- 1A]TIMP- 3 mRNA overexpression. Subgroup analysis of mice 
expressing low and high levels of [- 1A]TIMP- 3 showed a statisti-
cally significant increase in BV/TV only in STR/Ort mice express-
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ing high levels of [- 1A]TIMP- 3 (Figure  4B). A similar trend was 
observed in EF- 1α[- 1A]TIMP- 3–transgenic CBA control mice 
(Figure 4C).

Data subanalysis based on separation by sex revealed that 
STR/Ort females of both transgenic mouse lines had substan-

tially higher bone mass than untreated controls (Figure 4D). The 
difference was greater in female EF- 1α[- 1A]TIMP- 3–transgenic 
mice expressing high levels of [- 1A]TIMP- 3. Male STR/Ort mice, 
which expressed relatively lower overall levels of [- 1A]TIMP- 3, 
similarly showed higher bone mass in the EF- 1α[- 1A]TIMP- 3–

Figure 3. Localization of the tissue inhibitor of metalloproteinases 3 (TIMP- 3) variant [- 1A]TIMP- 3 and inhibition of aggrecanase activity in 
articular cartilage. A–C, Mice expressing high levels of [- 1A]TIMP- 3, which were protected against osteoarthritis as revealed by Safranin O 
staining (A), showed immunohistochemical staining for anti–TIMP- 3 antibody (arrows in B), which indicated that [- 1A]TIMP- 3 protein was 
translated at high levels. Rabbit IgG was used as negative control (C). D and F, STR/Ort mice expressing low levels of the transgene showed 
cartilage degradation at the medial site (D), which was concomitant with a lack of ADAMTS- derived NVTEGE neoepitope in the adjacent section 
(F), where arrows indicate peripheral neoepitope staining in meniscus (m) and cartilage matrix not yet affected by proteolysis (F). E, G, and H, 
Safranin O staining of the lateral condyle and plateau shows slight proteoglycan loss (E) colocalizing with NVTEGE- positive labeling (circled in 
G). Rabbit IgG was used as negative control (H). I–M, In contrast, in mice expressing high levels of [- 1A]TIMP- 3, cartilage matrix integrity was 
maintained at both medial (I) and lateral (J) sites, with undetectable levels of NVTEGE at either site (K and L), which suggests that ADAMTS- 4/5 
neoepitopes were inhibited by [- 1A]TIMP- 3. Rabbit IgG was used as negative control (M).
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transgenic group compared with untreated STR/Ort mice (Fig-
ure 4D). Finally, cortical bone analysis revealed increased mean 
cortical bone thickness in transgenic STR/Ort mice, demon-
strating that the effect of [- 1A]TIMP- 3 overexpression on bone 
tissue also extends to cortical bone regions (Figures 4F and G).

[- 1A]TIMP- 3 enhances in vitro bone formation. 
The next sets of experiments were devised, first, to determine 
whether the increase in bone mass is coupled with sustained 
changes in osteoblasts isolated from CBA and STR/Ort mice 
with divergent levels of [- 1A]TIMP- 3 transgene overexpres-

Figure 4. Selective inhibition of aggrecanases by [- 1A]TIMP- 3 leads to augmented bone mass in vivo. A, Micro–computed tomography 
trabecular analysis showed that untreated STR/Ort mice have significantly increased bone mass compared with EF- 1α[- 1A]TIMP- 3–transgenic 
CBA mice. EF- 1α[- 1A]TIMP- 3–transgenic mice and Col2a1[- 1A]TIMP- 3–transgenic mice both had significantly increased bone mass compared 
with untreated STR/Ort mice. B, Elevation of bone volume/total tissue volume (BV/TV) was observed only in STR/Ort mice expressing high levels 
of [- 1A]TIMP- 3 (solid symbols), while BV/TV in STR/Ort mice expressing low levels of [- 1A]TIMP- 3 (open symbols) did not differ from BV/TV 
in untreated STR/Ort mice. C, The increase in BV/TV in EF- 1α[- 1A]TIMP- 3–transgenic CBA mice expressing high levels of [- 1A]TIMP- 3 was 
not significant. D, Analysis according to sex showed that STR/Ort females overexpressing either transgene had significantly higher bone mass 
compared with untreated STR/Ort females, while in STR/Ort males an increase in bone mass was observed only in the EF- 1α[- 1A]TIMP- 3–
transgenic group. E, Representative images from groups of STR/Ort female mice are shown, as well as an image representing a group of 
female EF- 1α[- 1A]TIMP- 3–transgenic CBA mice. Lines show the bone volume of interest (VOI) that was analyzed in this experiment. F, The 
same results were observed with cortical bone measurements in the same groups of female mice represented in E. G, Results of cortical bone 
measurements in F are represented visually. In A–D and F, symbols represent individual mice; bars show the mean ± SD. In A–C, ** = P < 
0.01; *** = P < 0.001; **** = P < 0.0001. In D, * = P < 0.05; ** = P < 0.01 versus untreated STR/Ort mice. In F, ** = P < 0.01; **** = P < 0.0001 
versus EF- 1α[- 1A]TIMP- 3–transgenic CBA mice, and †† = P < 0.01; †††† = P < 0.0001 versus untreated STR/Ort mice. See Figure 1 for other 
definitions.
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sion, and second, to test whether enhanced bone mass in 
transgenic mice was related to a developmental program that 
was abrogated by aggrecanase inhibition, or whether changes 
in isolated adult osteoblasts correspond to greater bone  
formation observed in [- 1A]TIMP- 3–overexpressing mice. Pri-
mary osteoblasts were isolated from long bones of CBA and 
STR/Ort EF- 1α[- 1A]TIMP- 3–overexpressing mice, and the 

level of mineralization was assessed using alizarin red S stain-
ing. Results showed that the level of mineralization in isolated 
osteoblasts depended on the level of [- 1A]TIMP- 3 expression 
(Figures  5A and B); higher [- 1A]TIMP- 3 expression levels in 
both STR/Ort and CBA mice were associated with a greater 
extent of mineralization, with osteoblasts from these mice 
forming larger and more  numerous bone nodules compared 

Figure 5. Overexpression of [- 1A]TIMP- 3 increases bone formation both in transgenic mouse–derived and newly infected primary osteoblasts. 
A and B, In vitro bone mineralization assay using alizarin red S staining indicated that long bone osteoblasts derived from EF- 1α[- 1A]TIMP- 3–
transgenic STR/Ort and CBA mice expressing high levels of [- 1A]TIMP- 3 had greater bone- forming capacity than osteoblasts derived from 
mice in these groups expressing low levels of [- 1A]TIMP- 3 (A), forming more and larger bone nodules with a significantly greater percentage 
of stained area (B) at 28 days of mineralization. C and D, Mature osteoblasts isolated from 12- week- old C57BL/6 mice were left untreated, 
mock- infected, or infected with lentiviral [- 1A]TIMP- 3 or native TIMP- 3 and assessed for the extent of mineralization at 21 days (C); osteoblasts 
infected with lentiviral [- 1A]TIMP- 3 showed a significantly greater rate of mineralization compared with untreated or mock- infected osteoblasts 
(D). C–E, In contrast, overexpression of native TIMP- 3 completely stopped mineralization of bone matrix. E, Osteoblasts infected with lentiviral 
[- 1A]TIMP- 3 also showed significantly increased expression of osteogenic gene markers such as alkaline phosphatase (AP), osteocalcin (OC), 
type I collagen (COL1A1), and the transcription factor Runx- 2 compared with untreated or mock- infected osteoblasts. In B, D, and E, symbols 
represent individual mice; bars show the mean ± SD. * = P < 0.05; ** = P < 0.01; **** = P < 0.0001. See Figure 1 for other definitions.
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with osteoblasts derived from mice expressing low levels of 
[- 1A]TIMP- 3.

To further determine whether [- 1A]TIMP- 3 directly affects 
osteoblastic bone formation and mineralization in cells that were 
not previously exposed to the [- 1A]TIMP- 3 transgene in vivo, we 
performed in vitro transduction of adult osteoblasts isolated from 
the long bones of 3- month- old WT mice. We found that [- 1A]
TIMP- 3–transduced osteoblasts formed a significantly increased 
number of mineralized bone nodules compared with untreated 
or mock- infected cells (Figures 5C and D). In order to verify that 
[- 1A]TIMP- 3 exerts different effects compared with native, endog-
enous TIMP- 3, we extended the experiments to include native 
 TIMP- 3. In contrast to transduction with [- 1A]TIMP- 3, native 
TIMP- 3  complete ly abrogated bone formation, consistent with our 
 previous in vivo findings, in which overexpression of Col2a1- driven 
TIMP- 3 resulted in significant reduction in bone mass (28). Simi-
larly, expression of mRNA for alkaline phosphatase, osteocalcin, 
type I collagen, and RUNX- 2, reflecting osteogenic stimulation, 
was found to be elevated in [- 1A]TIMP- 3–transduced osteoblasts 
and suppressed by TIMP- 3 (Figure 5E).

DISCUSSION

The primary aim of our study was to evaluate whether OA 
that arises spontaneously in STR/Ort mice can be ameliorated 
by an aggrecanase inhibitor. We used [- 1A]TIMP- 3, a modified 
TIMP- 3 that was shown to be a “selective” but not a “specific” 
inhibitor against aggrecanases in vitro (30).

We compared knee joints of untreated STR/Ort mice with 
STR/Ort mice that were genetically modified to overexpress [- 1A]
TIMP- 3 either specifically in chondrocytes using the Col2a1 pro-
moter/enhancer Col2a1[- 1A]TIMP- 3 or ubiquitously through len-
tiviral transduction using EF- 1α[- 1A]TIMP- 3. The results clearly 
showed that mice overexpressing [- 1A]TIMP- 3 had protected 
articular cartilage or reduced severity of cartilage degradation 
compared with age- matched, untreated STR/Ort control mice. 
This protection was dependent on expression levels of [- 1A]TIMP- 
3. Maximum and mean OA scores were lower in mice expressing
high levels of [- 1A]TIMP- 3 and higher in mice expressing low levels 
of [- 1A]TIMP- 3, irrespective of lentiviral or Col2a1- selective deliv-
ery. Our findings demonstrate the critical roles of aggrecanases 
in OA pathophysiology in STR/Ort mice, and they highlight that 
[- 1A]TIMP- 3 can restrict cartilage aggrecan degradation by block-
ing aggrecanase activity, and not only that of ADAMTS- 4 and 
ADAMTS- 5.

Furthermore, our findings indicate that the characteristic 
subchondral bone sclerosis observed in the medial site of epiph-
ysis (19,38) was also significantly reduced in response to [- 1A]
TIMP- 3 overexpression. This suggests that [- 1A]TIMP- 3 may reg-
ulate communication between chondrocytes and bone cells, or 
may indeed have a direct effect on bone through chondrocyte 
transdifferentiation into osteoblasts (39). Alternatively, we need 

to explore the possibility that the primary effect of [- 1A]TIMP- 3 
could be the reduction in subchondral bone sclerosis, which in 
turn improves cartilage stability.

It should be noted that catabolic enzymes such as ADAMTS- 4 
and ADAMTS- 5 are endocytosed by chondrocytes via LRP- 1 
(25,40) which potentially provides protection for cartilage. It is 
also notable that LRP- 1–mediated endocytic clearance of TIMP- 3 
(37,41) and [- 1A]TIMP- 3 is likely to be regulated by LRP- 1 (42). 
This was evident when sulfated glycans (37) inhibited binding of 
TIMP- 3 to LRP- 1 or when mutants of LRP- 1 binding inhibited 
metalloproteinase- mediated degradation of cartilage at lower 
concentrations and for longer periods of time than WT TIMP- 3, 
indicating that their increased half- lives improved their ability to 
protect cartilage (42).

The fact that the endogenous level of TIMP- 3 could be very 
tightly regulated by LRP- 1 at steady state requires an overexpres-
sion system rather than knockout to investigate the role of TIMP- 3 
in vivo, as in the present study in which a significant amount of 
[- 1A]TIMP- 3 protein in mice expressing high levels of the trans-
gene was evident by Western blot, compared with endogenous 
(WT) TIMP- 3. This indicates that the overexpression system over-
comes LRP- 1–mediated endocytic clearance. However, in OA 
cartilage and under inflammatory conditions this clearance sys-
tem is impaired due to increased shedding of LRP- 1 (26). It is 
plausible that LRP- 1 shedding, defective LRP- 1 clearance, or the 
apparent role of glucose transporter 4/LRP- 1 interaction (14) may 
be important contributors to the many defects that increase the 
chances of OA development in STR/Ort mice, but we have not 
investigated this process. Nonetheless, the selective aggrecanase 
inhibitor [- 1A]TIMP- 3 is able to ameliorate the cartilage pathology 
of these mice.

Another major and surprising finding is related to the effect 
of [- 1A]TIMP- 3–mediated aggrecanase inhibition on bone mass. 
STR/Ort mice have an inherent high bone mass phenotype, which 
is linked to increased osteoblast numbers and bone formation 
and reduced osteoclast activity (22). Moreover, STR/Ort females 
exhibit higher bone mass than males, underlying the reported sex-
ual dimorphism in this strain (19,43). Evidence presented herein 
shows that STR/Ort mice expressing high levels of [- 1A]TIMP- 3, 
especially females, had significantly increased trabecular param-
eters and cortical bone thickness, compared with control mice 
and mice expressing low levels of [- 1A]TIMP- 3. We expected the 
opposite effect, since our previous studies demonstrated that high 
levels of WT TIMP- 3 overexpression in mouse cartilage led to lack 
of secondary ossification, and mice with intermediate levels of 
TIMP- 3 had reduced bone mass (28). It has already been shown 
that MMP deficiency (e.g., deficiencies of MMP- 9 and membrane 
type 1 MMP) can lead to developmental skeletal abnormalities 
(44,45). The increased bone mass in STR/Ort mice was mirrored 
in CBA control mice, which suggests that bone augmentation by 
[- 1A]TIMP- 3 is not specific to the STR/Ort strain. Taken together, 
the data suggest that there might be a unique involvement of 
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aggrecanases in bone metabolism, and they highlight that main-
taining skeletal homeostasis depends on balanced matrix remod-
eling by aggrecanases and collagenases.

The findings from in vitro primary osteoblast mineralization 
assays show that osteoblasts isolated from STR/Ort mice highly 
overexpressing [- 1A]TIMP- 3 had a greater bone- forming capac-
ity. This suggests that bone formation is positively influenced by 
inhibition of aggrecanases, which warrants further investigation. 
Most important, this observation was not strain- specific, as in 
vitro infection of WT osteoblasts from young C57BL/6 mice also 
resulted in enhanced bone mineralization and induction of oste-
ogenic pathways when transduced by lentivirus overexpressing 
[- 1A]TIMP- 3 compared with TIMP- 3. Our data suggest that [- 1A]
TIMP- 3 may serve as a novel therapeutic agent in osteoporotic 
bone loss. This notion is supported by findings indicating that 
conditional overexpression of bone- specific TIMP- 1, an MMP- 
only inhibitor, in osteoblasts leads to low bone turnover only in 
females (46).

In conclusion, the spontaneous OA that develops over time in 
STR/Ort mice is driven by aggrecanases, and [- 1A]TIMP- 3 over-
expression can protect against cartilage damage and subchon-
dral bone thickening in this mouse model. In addition, high levels 
of [- 1A]TIMP- 3 overexpression also led to a significant increase 
in bone mass, which highlights a possible dual role of this mol-
ecule as a regulator of cartilage and bone homeostasis. In the 
absence of an effective OA treatment, our novel data show that 
[- 1A]TIMP- 3 or other similar molecules exhibiting selective affinity 
for aggrecanases could be strong candidates for treatment of OA 
and osteoporosis.
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Genetic Inactivation of ZCCHC6 Suppresses Interleukin- 6 
Expression and Reduces the Severity of Experimental 
Osteoarthritis in Mice
Mohammad Y. Ansari,1 Nazir M. Khan,1 Nashrah Ahmad,2 Jonathan Green,1 Kimberly Novak,1 and 
Tariq M. Haqqi1

Objective. Cytokine expression is tightly regulated posttranscriptionally, but high levels of interleukin- 6 (IL- 6) 
in patients with osteoarthritis (OA) indicate that regulatory mechanisms are disrupted in this disorder. The enzyme  
ZCCHC6 (zinc- finger CCHC domain–containing protein 6; TUT- 7) has been implicated in posttranscriptional regula-
tion of inflammatory cytokine expression, but its role in OA pathogenesis is unknown. The present study was under-
taken to investigate whether ZCCHC6 directs the expression of IL- 6 and influences OA pathogenesis in vivo.

Methods. Human and mouse chondrocytes were stimulated with recombinant IL- 1β. Expression of ZCCHC6 in
human chondrocytes was knocked down using small interfering RNAs. IL- 6 transcript stability was determined by 
actinomycin D chase, and 3′- uridylation of microRNAs was determined by deep sequencing. Zcchc6−/− mice were
produced by gene targeting. OA was surgically induced in the knee joints of mice, and disease severity was scored 
using a semiquantitative grading system.

Results. ZCCHC6 was markedly up- regulated in damaged cartilage from human OA patients and from wild- 
type mice with surgically induced OA. Overexpression of ZCCHC6 induced the expression of IL- 6, and its knock-
down reduced IL- 6 transcript stability and IL- 1β–induced IL- 6 expression in chondrocytes. Reintroduction of Zcchc6
in  Zcchc6−/− mouse chondrocytes rescued the IL- 1β–induced IL- 6 expression. Knockdown of ZCCHC6 reduced
the population of micro- RNA 26b (miR- 26b) with 3′- uridylation by 60%. Zcchc6−/− mice with surgically induced OA
 produced low levels of IL- 6 and exhibited reduced cartilage damage and synovitis in the joints.

Conclusion. These findings indicate that ZCCHC6 enhances IL- 6 expression in chondrocytes through transcript 
stabilization and by uridylating miR- 26b, which abrogates repression of IL- 6. Inhibition of IL- 6 expression and sig-
nificantly reduced OA severity in Zcchc6−/− mice identify ZCCHC6 as a novel therapeutic target to inhibit disease 
pathogenesis.

INTRODUCTION

Osteoarthritis (OA) is the most common form of arthritis, 
affecting diarthrodial joints and causing pain and disability (1). 
OA pathology is now being recognized as driven by a proin-
flammatory component, as high levels of interleukin- 6 (IL- 6) and 
other cytokines are present in the synovial fluid of OA patients 
and also seen in animal models of OA (2–5). A prospective study 
of a population- based cohort of British women showed a cor-
relation of higher body mass index and elevated serum levels 
of IL- 6 with development of radiographic knee OA (6). IL- 6 has 

also been shown to act as a crucial mediator of matrix metallo-
proteinase 13 expression in hypoxia- inducible factor 2α–induced
experimental OA in mice (7) and affects anabolic processes in 
cartilage, such as down- regulation of type II collagen expression 
(8). It has been reported that IL- 6 increases the severity of OA, 
and inhibition of IL- 6/STAT3 signaling slows the progression of 
experimental OA (9,10). However, regulation of IL- 6 expression 
in OA is still not fully understood.

Expression of cytokine genes is a tightly regulated process 
to control tissue inflammation. Cytokine gene expression is reg-
ulated by various factors at the transcriptional, posttranscrip-
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tional, and translational levels (11), and microRNAs (miRNAs) 
have been found to play a critical role in the regulation of cytokine 
gene expression (12). Recent work has shown the presence of 
nontemplated uridine residues, added by terminal uridylyltrans-
ferases (TUTases), on pre- miRNAs, miRNAs, and messenger 
RNAs (mRNAs) (13–16). ZCCHC6 (zinc- finger CCHC domain–
containing protein 6; TUT- 7) is a noncanonical poly(A) polymerase 
and a member of the nucleotidyltransferase superfamily that has 
been shown to uridylate the 3′ end of miRNAs and modulate the 
biogenesis and stability of mRNAs and miRNAs (17,18). It was 
found that knockdown of ZCCHC11 expression in A549 cells 
suppressed the expression of IL- 6 by altering the 3′- uridylation 
of miRNAs involved in the regulation of IL- 6 expression (19). 
ZCCHC6, a homolog of ZCCHC11, has recently been shown to 
be involved in the regulation of inflammatory cytokines in mouse 
macrophages (20), but its role in chondrocytes or in OA pathogen-
esis has not previously been investigated.

In this study, we used human OA cartilage and a mouse 
model of surgically induced OA to investigate the expression of 
ZCCHC6 and examine whether it regulates IL- 6 expression in 
chondrocytes and affects OA pathogenesis in vivo. Herein we 
report that ZCCHC6 expression was highly up- regulated in human 
and mouse OA cartilage and chondrocytes and was also mod-
ulated by IL- 1β in vitro. Human chondrocytes transfected with 
ZCCHC6- targeting small interfering RNAs (siRNAs) expressed low 
levels of IL- 6, while its overexpression enhanced the production 
of IL- 6. ZCCHC6 modulated both the stability and the expression 
of IL- 6 mRNAs in chondrocytes. Knockdown of ZCCHC6 had no 
effect on the overall expression level of  miRNAs but reduced the 
population of 3′- uridylated miRNA 26b (miR- 26b), which targets 
IL- 6 mRNA in human chondrocytes. Zcchc6−/− mice with surgically 
induced OA expressed low levels of IL- 6 in the joints and showed 
reduced synovitis, significantly reduced cartilage damage, and loss 
of proteoglycans compared to wild- type (WT) littermates. Taken 
together, our gain- of- function and loss- of- function studies clearly 
demonstrated that ZCCHC6 acts as a novel regulator of IL- 6 
expression and disease pathogenesis in a mouse model of OA.

MATERIALS AND METHODS

Chondrocyte preparation and culture. Experiments 
involving the use of discarded, deidentified human cartilage sam-
ples were approved as non–human subject study under 45 CFR, 
Exemption 4, by the Summa Health System/Northeast Ohio Med-
ical University Institutional Review Board. Chondrocytes from OA 
cartilage were prepared by enzymatic digestion and cultured as 
described previously (21). Chondrocytes from mouse joints using 
femoral condyles and tibial plateaus were prepared as described 
(22). When 80% confluent, chondrocyte cultures were serum 
starved overnight and then stimulated for various amounts of time 
with 5 ng/ml human IL- 1β or mouse IL- 1β (nos. 201- LB- 025 and 
401- ML- 005, respectively; R&D Systems). Culture supernatants 

were centrifuged for 5 minutes at 20,000g to remove debris prior 
to use in enzyme- linked immunosorbent assays (ELISAs) and 
cytokine multiplex assays. Chondrocyte phenotype was analyzed 
using a polymerase chain reaction (PCR) array for chondrocyte- 
specific genes (no. GK064; ScienCell Research Laboratories).

Experimental OA and histologic analyses of mouse 
knee joints. All animal studies were approved by the Institutional 
Animal Use and Care Committee of the Northeast Ohio Medi-
cal University. Zcchc6+/− mice were generated by gene targeting 
(SIGTR ES cell line AE0325; Mutant Mouse Regional Resource 
Center, University of California, Davis), and Zcchc6−/− mice were 
produced by breeding Zcchc6+/− × Zcchc6+/− mice and then 
Zcchc6−/− × Zcchc6−/− mice. Experimental OA was induced in 
the right knee of 12- week- old male Zcchc6−/− mice and WT litter-
mates (n = 10 per group) by surgical destabilization of the medial 
meniscus (DMM) as previously described (23). Sham surgery was 
performed on the left knee, which served as a control. Mice were 
killed 8 weeks postsurgery, and the joints were used for histologic 
assessment of disease severity and scored according to the semi-
quantitative Osteoarthritis Research Society International (OARSI) 
grading system (24). Synovitis was determined by Safranin O and 
hematoxylin staining, and the degree of synovial inflammation was 
scored on a scale of 0–3 as previously described (25).

Knockdown and overexpression of ZCCHC6. Human 
OA chondrocytes were transfected with 100 nmoles of scram-
bled or ZCCHC6- targeting siRNAs (On- Target Plus SMARTpool; 
 Dharmacon) or ZCCHC6 expression plasmid (26) (generously pro-
vided by Dr. Chris Norbury, University of Oxford, Oxford, UK) using a 
4D Nucleofector System (Lonza) and P3 Primary Cell 4D Nucleofec-
tion kit (Amaxa) and were cultured as described above. Gene 
expression analyses were performed 48 hours after transfection.

Total RNA isolation from cartilage and chondrocytes 
and gene expression analysis by TaqMan assay. Human 
cartilage samples were stained with India ink and cartilage from 
damaged and undamaged areas was resected, frozen in liquid 
nitrogen, and pulverized to powder using a freezer mill (no. 6770; 
Spex). The pulverized cartilage was then used to extract DNA- free 
total RNA using an miRNeasy kit (no. 217004; Qiagen). Total RNA 
from human or mouse chondrocytes was also prepared as above. 
Integrity of RNA preparations was determined using TapeStation 
4200 (Agilent), and 1 μg of total RNA was used to synthesize com-
plementary DNA (cDNA) (cDNA synthesis kit, no. 4368814; Applied 
 Biosystems); mRNA expression was determined by TaqMan assay.

Messenger RNA decay experiments. The stability of IL- 6 
mRNA transcripts in human OA chondrocytes with knockdown of 
ZCCHC6 expression or in Zcchc6−/− and Zcchc6+/+ mouse chon-
drocytes was determined by actinomycin D chase experiments as 
described previously (27).
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RNA immunoprecipitation assay (RIPA). RIPA was per-
formed as described earlier (27). Briefly, chondrocytes (5 × 106 
cells per 100- mm dish, total of 10 dishes) were stimulated with 
IL- 1β for 6 hours, harvested, and washed with ice- cold phosphate
buffered saline followed by lysis in Polysomes lysis buffer (100 mM 
KCl, 5 mM MgCL2, 10 mM HEPES, 0.5% Nonidet P40, 1 mM 
dithiothreitol, 100 units/ml RNasin, 400 μM vanadyl ribonucle-
oside complex, and protease inhibitor cocktail). The lysate was 
incubated with anti- ZCCHC6 antibody (or rabbit IgG as control) 
overnight at 4°C. The antibody–lysate mix was incubated with 
protein A–agarose beads for pulldown, and RNA was prepared 
from the immunoprecipitate using the TRIzol–chloroform method, 
followed by TaqMan assay for IL- 6 mRNA quantification.

Western immunoblotting. Protein expression was deter-
mined by Western blotting as described (28). Briefly, chondrocytes 
were lysed in RIPA buffer containing complete protease inhibitor 
cocktail (no. 11697498001; Roche), and the protein concentration 
was estimated by Bradford dye assay. Lysates were resolved by 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis and 
transferred to PVDF membrane (no. 1704156; Bio- Rad). Mem-
branes were probed with primary polyclonal antibodies specific for 
ZCCHC6 (validated by siRNA- mediated knockdown of ZCCHC6) 
(no. sc- 137947; Santa Cruz Biotechnology) or an anti–β- actin 
monoclonal antibody (no. sc- 47778; Santa Cruz Biotechnology) 
followed by appropriate horseradish peroxidase (HRP)–conju-
gated secondary antibodies (Cell Signaling Technology). Images 
were acquired using a Pxi- Imaging System (Syngene), and band 
intensities were quantified with ImageJ software (National Insti-
tutes of Health).

IL- 6 ELISA. IL- 6 concentrations in the culture supernatants 
were determined using a human IL- 6 ELISA kit according to the 
instructions of the manufacturer (R&D Systems). Plates were read 
with a Synergy H1 Hybrid Plate Reader (BioTek Instruments). The 
sensitivity of the assay was 0.7 pg IL- 6/ml.

Cytokine multiplex immunoassay. Levels of secreted 
cytokines and chemokines in the culture supernatants were deter-
mined using a Procarta Plex 65- plex immunoassay for human 
chondrocytes and 36- plex immunoassay for mouse chondro-
cytes (both from ThermoFisher Scientific). Human chondrocytes 
with knockdown of ZCCHC6 expression or chondrocytes isolated 
from Zcchc6−/− mice and WT littermates were stimulated with IL- 
1β for 6 hours, and 50- μl aliquots of the supernatants in duplicate
were assayed for secreted molecules using a Luminex 200 Sys-
tem and analyzed with ProcartaPlex Analyst 1.0 (Luminex).

Cytokine PCR array analyses. Human OA chondrocytes 
with knockdown of ZCCHC6 expression were stimulated with IL- 
1β for 6 hours, and total RNA was extracted for cDNA synthesis
as described above. Gene expression was analyzed using a panel 

of 88 genes involved in immune cell response, inflammation, and 
cellular signaling and 8 housekeeping genes as normalization 
control (no. HAIIR- I; Realtimeprimers.com).

Immunohistochemistry analysis. Full- thickness human 
cartilage pieces were obtained from the tibial plateau and were 
fixed in 4% paraformaldehyde for 48 hours. Samples were dehy-
drated, embedded in paraffin, and 5- μM–thick serial sections 
were cut for immunohistochemistry. To analyze the expression of 
ZCCHC6, sections were probed with anti- ZCCHC6 antibody and 
appropriate HRP- conjugated secondary antibody. The sections 
were developed with DAB substrate (Pierce), and images were 
captured with an Olympus VS120 scanning microscope.

Deep sequencing of small RNAs and miRNA 3′ end 
uridylation analyses. Total RNA from control and ZCCHC6- 
depleted chondrocytes from 3 different donors was prepared 
using a miRNeasy kit as described above. RNA samples with RNA 
integrity numbers of ≥8 were used for deep sequencing. The small 
RNA library was prepared using a TruSeq small RNA Library Prep 
Kit according to the instructions of the manufacturer (Illumina), and 
sequencing was performed on an Illumina MiSeq system using 
an MiSeq reagent kit. The miRNA 3′- uridylation analysis was per-
formed using Chimira (29).

Transfection of human OA chondrocytes with WT 
and modified miR- 26a/26b mimetics. Standard miR- 26a 
and miR- 26b oligos and oligos with addition of 1 or 2 nontem-
plate uridines were purchased from IDT Inc. Oligo- transfected and 
mock- transfected human OA chondrocytes were treated with IL- 
1β for 6 hours, and IL- 6 mRNA expression was determined by
TaqMan assay.

Statistical analysis. All statistical analyses were performed 
using GraphPad Prism version 7.04. The significance of differ-
ences between groups was calculated by Student’s 2- tailed t- test 
for comparisons of 2 groups and by one- way analysis of variance 
followed by Tukey’s post hoc test for comparisons of >2 groups. 
P values less than or equal to 0.05 were considered significant.

RESULTS

Up- regulation of ZCCHC6 in human and mouse 
OA cartilage and chondrocytes treated with IL- 1β.
To explore the role of TUTases in OA pathogenesis, we first 
analyzed the expression profile of ZCCHC6 (TUT- 7) and 
ZCCHC11 (TUT- 4) in human OA cartilage. Our data showed 
that expression levels of both ZCCHC6 and ZCCHC11 were 
high in damaged cartilage compared to undamaged cartilage 
from the same patient (Figure 1A). Importantly, the expression 
of ZCCHC6 was significantly higher than that of ZCCHC11 
(P = 0.02) (Figure 1A). Consistent with the increased mRNA 
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expression, immunohistochemistry analysis showed increased 
numbers of ZCCHC6- positive chondrocytes in the damaged 
OA cartilage (Figures  1B and C). Similarly, the number of 
Zcchc6- positive chondrocytes was significantly increased in 
the cartilage of mice with surgically induced OA (Figure 1D). 
Additionally, stimulation of both human and mouse chondro-
cytes with IL- 1β caused significant up- regulation of ZCCHC6 
mRNA and protein expression (Figures 1E and F).

ZCCHC6 regulation of IL- 6 expression in chon-
drocytes under pathologic conditions. To delineate the 
 target(s) of ZCCHC6 in chondrocytes, a systematic and com-
prehensive analysis was performed to define the common 

cytokine(s)/chemokine(s) affected by ZCCHC6 depletion in 
both human and mouse chondrocytes. A Venn diagram anal-
ysis (Figure  2A) of the data derived from cytokine PCR array 
and multiplex assays (Supplementary Table 1, on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40751/abstract) from human and mouse 
chondrocytes indicated that IL- 6 is the major cytokine reg-
ulated by ZCCHC6. Based on the above analysis and pub-
lished reports on the role of IL- 6 in OA pathogenesis (7,8), we 
chose to study the regulation of IL- 6 by ZCCHC6 in human 
and mouse chondrocytes by using loss- of- function and gain- 
of- function approaches. Chondrocytes with siRNA- mediated 
knockdown of ZCCHC6 (Figure  2B) significantly suppressed 

Figure 1. High levels of ZCCHC6 (zinc- finger CCHC domain–containing protein 6) expression in the damaged areas of human and mouse 
osteoarthritic (OA) cartilage. A, Total RNA was prepared from damaged (fibrillated) and undamaged (smooth) areas of human OA cartilage (n = 
7), and the expression of ZCCHC6 and ZCCHC11 was determined by TaqMan assay. The data were normalized to β- actin and are represented 
as the fold change relative to the expression level in smooth cartilage. Symbols represent individual samples; bars show the mean ± SD. B, 
Human OA cartilage sections (n = 5) were stained with Safranin O–fast green. Representative image shows the superficial zone, with excessive 
loss of proteoglycans compared to the deep zone. Bar = 200 μm. C, ZCCHC6 protein expression in human OA cartilage was determined by 
immunohistochemistry. Bar = 200 μm. The superficial damaged area showed increased expression of ZCCHC6 protein in comparison to the 
deep zone. Boxed areas in the left panels are shown at higher magnification in the right panels. D, OA was induced in the knee joints of male 
C57BL/6 mice by destabilization of the medial meniscus (DMM), and expression of Zcchc6 was visualized by immunofluorescence staining. The 
staining showed enhanced expression of Zcchc6 in mouse knee joints with DMM surgery compared to controls. Bars = 20 μm. E and F, Human 
(E) and mouse (F) OA chondrocytes were treated with interleukin- 1β (IL- 1β), and the expression of ZCCHC6 mRNA and protein was assessed. 
Values are the mean ± SD (3 independent Western blot experiments in the protein analyses). * = P < 0.05; *** = P < 0.0005.

http://onlinelibrary.wiley.com/doi/10.1002/art.40751/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40751/abstract
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the expression of  constitutive and  IL- 1β–induced IL- 6 mRNA
and protein expression  (Figure 2C and  Supplementary Figure 1, 
http://onlinelibrary.wiley.com/doi/10.1002/art.40751/abstract). 
Furthermore, human OA chondrocytes with overexpression 
of ZCCHC6 (Supplementary Figure 2, http: //onlinelibrary. 
wiley.com/doi/10.1002/art.40751/abstract) showed significantly 
increased constitutive expression of IL- 6, which was further 
increased by severalfold upon  stimulation with IL- 1β  (Figure 2D).

To determine whether the observed effect of ZCCHC6 
knockdown and overexpression is specific to ZCCHC6 or if other 
 TUTases  also regulate IL- 6 expression, we knocked down the 
expression of TUT- 1 and TUT- 2 in human OA chondrocytes using 

siRNAs and examined the expression of IL- 6 mRNA. Interestingly 
knockdown of TUT- 1 and TUT- 2 expression did not suppress the 
expression of IL- 6 (Supplementary Figure 3,  http://onlinelibrary.
wiley.com/doi/10.1002/art.40751/abstract), demonstrating that 
the observed effect in chondrocytes with knockdown of ZCCHC6 
expression was ZCCHC6 specific. Of importance is our find-
ing that knockdown of ZCCHC6 did not alter the expression of 
ZCCHC11 (Supplementary Figure 4, http://onlinelibrary.wiley.
com/doi/10.1002/art.40751/abstract). Taken together, the above 
data demonstrated that ZCCHC6 plays an essential role in the 
regulation of IL- 6 expression in OA chondrocytes under patho-
logic conditions.

Figure 2. ZCCHC6 regulates IL- 6 expression in chondrocytes. A, Cytokine multiplex assay (Plex) and quantitative polymerase chain reaction 
(qPCR) were performed with culture supernatant from ZCCHC6- depleted human chondrocytes and Zcchc6−/− mouse chondrocytes, and total 
RNA prepared from ZCCHC6- depleted human chondrocytes and their respective controls. Cytokine expression in the 3 different experiments 
was compared. As seen in the Venn diagrams, IL- 6 was the common cytokine down- regulated in both human and mouse chondrocytes. B, 
Small interfering RNA (siRNA)–mediated knockdown of ZCCHC6 at the mRNA and protein levels was confirmed by qPCR and Western blotting, 
respectively. C, Human OA chondrocytes with siRNA- mediated knockdown of ZCCHC6 expressed low levels of constitutive and IL- 1β–induced
IL- 6 compared to controls. D, Overexpression of ZCCHC6 in human OA chondrocytes increased constitutive and IL- 1β–induced expression
of IL- 6. Values are the mean ± SD. * = P < 0.05. GROα = growth- related oncogene α; IFNα = interferon- α; IP- 10 = interferon- γ–inducible 10- 
kd protein; M- CSF = macrophage colony- stimulating factor; MCP- 3 = monocyte chemotactic protein 3; MIP- 1β = macrophage inflammatory
protein 1β; TNF = tumor necrosis factor (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.40751/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.40751/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40751/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40751/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40751/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40751/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40751/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40751/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40751/abstract
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To investigate whether ZCCHC6 also regulates the expres-
sion of IL- 6 in mouse chondrocytes, we prepared articular carti-
lage chondrocytes from Zcchc6−/− mice and corresponding WT 
(Zcchc6+/+) littermates and assessed the expression of IL- 6 as 
described above. Similar to the data obtained with human chon-
drocytes, expression of IL- 6 in Zcchc6−/− mouse chondrocyte 
was significantly reduced in comparison to the levels detected 
in Zcchc6+/+ mouse chondrocytes (Figure  3A). Stimulation of 
mouse chondrocytes with IL- 1β resulted in significant increases
in the expression of IL- 6 mRNA and protein in both Zcchc6+/+ 
and Zcchc6−/− mouse chondrocytes; however, IL- 6 expression in 
Zcchc6−/− mouse chondrocytes remained significantly low com-
pared to the levels in Zcchc6+/+ mouse chondrocytes (Figures 3A 
and B). To confirm that the observed effect on IL- 6 expression 
was due to depletion of Zcchc6, chondrocytes prepared from 
Zcchc6−/− mice were transfected with Zcchc6 expression plas-
mid, and expression of IL- 6 was determined. Restoration of 
Zcchc6 expression in Zcchc6−/− mouse chondrocytes not only 
rescued, but also increased, the constitutive and IL- 1β–induced
expression of IL- 6 (Figures 3C and D), indicating that Zcchc6 is 
an important regulator of IL- 6 expression in  chondrocytes.

ZCCHC6 binds IL- 6 mRNA transcripts in chondro-
cytes. Zinc- finger–containing proteins, such as ZCCHC6, are 
known to bind to RNA (30), but the binding of ZCCHC6 to IL- 6 
mRNA has not been reported. We performed an RNA immunopre-
cipitation assay and found significant enrichment of IL- 6 mRNA in 
the anti- ZCCHC6 antibody pulldown fractions compared to con-
trol IgG pulldown fractions (Figure 4A). We further confirmed the 
binding of ZCCHC6 protein with IL- 6 mRNA in colocalization stud-
ies using immunofluorescence staining of ZCCHC6 protein and 
fluorescence in situ hybridization of IL- 6 mRNA. In these exper-
iments we found that IL- 6 mRNA colocalized with the ZCCHC6 
protein in human chondrocytes (Supplementary Figure 5, on the 
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40751/abstract).

Essential role of ZCCHC6 in maintaining the poly(A) 
tail lengths and stability of IL- 6 mRNA transcripts in 
chondrocytes. Poly(A) tail length of mammalian mRNA func-
tions as an important determinant of mRNA stability and trans-
lation (31). Since ZCCHC6 is a noncanonical poly(A) polymerase 
and our data demonstrated its binding with IL- 6 mRNA (Fig-

Figure 3. Zcchc6−/− mouse chondrocytes express low levels of IL- 6 upon stimulation with interleukin- 1β (IL- 1β). A, Chondrocytes from the
knee joints of Zcchc6−/− mice and Zcchc6+/+ littermates were either left untreated or treated with IL- 1β. Expression of IL- 6 mRNA was down- 
regulated in Zcchc6−/− mouse chondrocytes compared to Zcchc6+/+ mouse chondrocytes, in both the presence and the absence of IL- 1β.
B, IL- 6 protein expression in the culture supernatant was determined by Western blotting. The results showed reduced levels of IL-6 protein 
in Zcchc6−/− mouse chondrocyte culture supernatant. C and D, Zcchc6−/− mouse chondrocytes were transfected with mouse (m) Zcchc6 
overexpression plasmid, followed by stimulation with IL- 1β; pcDNA was used as control. Zcchc6 expression restored constitutive and induced
expression of IL- 6 mRNA (C) and protein (D) in Zcchc6−/− mouse chondrocytes. Experiments were repeated at least 3 times. Values are the 
mean ± SD. * = P < 0.05.

http://onlinelibrary.wiley.com/doi/10.1002/art.40751/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40751/abstract
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ure 4A), we investigated whether it plays a role in maintaining 
the poly(A) tail length of IL- 6 mRNA in human chondrocytes, 
using a loss- of- function approach. In human chondrocytes with 
knockdown of ZCCHC6 expression, the poly(A) tail length of IL- 6 
mRNA was decreased (Figure 4B). This suggested that in the 
absence of ZCCHC6, IL- 6 mRNA may not be stable and may 
have a shorter half- life. To test this, human OA chondrocytes 
with siRNA- mediated knockdown of ZCCHC6 were stimulated 
with IL- 1β, after which actinomycin D chase experiments were 
performed. The mean ± SD half- life (t½) of IL- 6 mRNA in con-
trol chondrocytes was found to be 157.74 ± 5.33 minutes; this 
was reduced to 83.18 ± 10.29 minutes in chondrocytes with 
siRNA- mediated knockdown of ZCCHC6 (Figure 4C). In accord-
ance with these findings, Zcchc6−/− mouse chondrocytes that 
were stimulated with IL- 1β also showed almost a 50% reduc-
tion in the half- life of IL- 6 mRNA (t½ 28.68 ± 1.5 minutes, versus 
55.37 ± 5.4 minutes in WT mouse chondrocytes) (Figure 4D). In 
summary, our experiments showed that absence of ZCCHC6 
negatively affects the poly(A) tail length and the stability of 
IL- 6 mRNA in chondrocytes, suggesting that maintaining the 
poly(A) tail length is a step through which ZCCHC6 regulates  
IL- 6 expression.

ZCCHC6 knockdown reduces the 3′- uridylation of 
IL- 6–targeting miRNAs. Previous studies have demonstrated 
that the closely homologous enzyme ZCCHC11 regulates 
the expression of IL- 6 by 3′- uridylation of miRNAs (19). Since 
ZCCHC6 has been shown to uridylate RNAs (31), we investigated 
whether it plays a role in maintaining high levels of IL- 6 expression 
through the inactivation of miRNAs that repress IL- 6 expression 
via nontemplate additions of uridines at the 3′ ends. We ana-
lyzed the 3′- uridylation of miRNAs at a global level in ZCCHC6- 
depleted chondrocytes by deep sequencing. Data analyses using 
the online miRNA modification analysis tool Chimira (29) showed 
that ZCCHC6 depletion in human OA chondrocytes resulted in a 
global reduction of 3′– mono-  and di- uridylation of miRNAs (Sup-
plementary Figure 6, http://onlinelibrary.wiley.com/doi/10.1002/
art.40751/abstract).

Since our aim was to investigate the regulation of IL- 6 
expression, we chose miR- 26a and miR- 26b, which are known 
to repress IL- 6 expression (19) by binding to the highly conserved 
“seed sequence” present in the 3′- UTR of IL- 6 mRNA (Figure 5A). 
We first determined the expression levels of miR- 26a and miR- 
26b miRNAs in human chondrocytes with depleted expression of 
ZCCHC6 and found that these levels were not affected  (Figure 5B). 

Figure 4. ZCCHC6 binds to IL- 6 mRNA and regulates its stability. A, Human OA chondrocytes were stimulated with IL- 1β for 6 hours and 
harvested for RNA immunoprecipitation assay (RIPA) using anti- ZCCHC6 antibody. RIPA showed significant enrichment of IL- 6 mRNA with 
anti-ZCCHC6 antibody compared to IgG (negative control). * = P < 0.05. B, Poly(A) tail length of IL- 6 mRNA was reduced in ZCCHC6- depleted 
human OA chondrocytes. C, ZCCHC6- depleted human OA chondrocytes showed a significantly reduced half- life of IL- 6 mRNA (t½ 83.18 ± 
10.29 minutes with ZCCHC6 small interfering RNA [siRNA], versus 157.74 ± 5.33 minutes with control siRNA; P < 0.05). D, Zcchc6−/− mouse 
chondrocytes also showed a significantly reduced half- life of IL- 6 mRNA (t½ 28.68 ± 1.5 minutes in chondrocytes from Zcchc6−/− mice, versus 
55.37 ± 5.4 minutes in chondrocytes from Zcchc6+/+ mice; P < 0.05). Experiments were repeated at least 3 times. Values are the mean ± SD. 
WT = wild- type; KO = knockout (see Figure 1 for other definitions).

http://onlinelibrary.wiley.com/doi/10.1002/art.40751/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40751/abstract
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Further, overexpression of miR- 26a and miR- 26b suppressed the 
IL- 1β–induced expression of IL- 6 in human OA chondrocytes (Fig-
ure 5C). We next analyzed the deep sequencing data to investi-
gate the 3′- uridylation of miR- 26a and miR- 26b miRNAs and dis-
covered that the 3′- uridylation of miR- 26a/26b miRNAs at the +1
and +2 positions was significantly decreased in ZCCHC6- depleted 
chondrocytes (Figure 5D). To test whether 3′- uridylation of miR- 
26a and miR- 26b abrogates their suppressive effects in chondro-
cytes, we used miR- 26a and miR- 26b mimetics with additional 
mono- uridines (U) or di- uridines (UU) at their 3′ end and deter-
mined their ability to suppress IL- 1β–induced expression of IL- 6 in
human chondrocytes. Interestingly, we observed that addition of 
uridines at the 3′ end of miR- 26b, but not of miR- 26a, abrogated
the suppression of IL- 1β–induced IL- 6 expression in human OA
chondrocytes (Figure 5E). Taken together, these findings suggest 
that the increased expression of IL- 6 may result from inactivation of 
miR- 26b by 3′- uridylation due to increased expression and activity
of ZCCHC6 in chondrocytes under pathologic conditions.

Genetic inactivation of Zcchc6 abrogates OA patho-
genesis. We used Zcchc6−/− mice to investigate the role of 
Zcchc6 in regulating IL- 6 expression and OA pathogenesis in 
vivo. Zcchc6−/− mice were born in Mendelian ratios without any 
overt abnormalities. Since female mice are resistant to the devel-

opment of OA (32), we performed DMM surgery on 12- week- old 
male Zcchc6+/+ and Zcchc6−/− mice and assessed the effect of 
Zcchc6 inactivation on the severity of OA 8 weeks post- DMM. 
We used serial sections of frontally embedded knee joints, har-
vested at 80- μM intervals, for histologic scoring, and intervening 
sections were used to analyze the expression of IL- 6 by immu-
nohistochemistry. Our results showed that compared to WT lit-
termates, Zcchc6−/− mice exhibited low levels of IL- 6 in the joints 
with DMM- induced OA (Figure 6A). Additionally, cartilage erosion 
was significantly reduced in Zcchc6−/− mice compared to WT 
littermates (Figure 6B). OARSI scoring further confirmed a signifi-
cant reduction in cartilage damage in Zcchc6−/− mice (Figure 6C). 
We additionally found that synovitis was reduced in these mice 
(Figures  6D and E), and IL- 6 expression in the  synovium was 
decreased (Figure 6F). There was also a significant reduction in 
osteophyte thickness (Figure 6G). Overall, these results support 
the conclusion that Zcchc6 plays a critical role in disease patho-
genesis through up- regulated expression of IL- 6 in mice with 
DMM- induced OA.

DISCUSSION

A hallmark of OA is the progressive and irreversible carti-
lage degradation due to enhanced production of inflammatory 

Figure 5. IL- 6 mRNA expression in chondrocytes is regulated by the 26a/b family of microRNAs (miR26a/b). A, Targetscan prediction showed 
a conserved site for miR26a/b in the 3′- untranslated region (3′- UTR) of IL- 6 mRNA. B, The expression levels of miR26a and miR26b were not
altered in human chondrocytes with knockdown of ZCCHC6 (via small interfering RNA [siZCCHC6]). C, Expression of miR26a and miR26b 
suppressed the IL- 1β–induced expression of IL- 6 in human OA chondrocytes. D, 3′- uridylation analyses of miR26a and miR26b by deep
sequencing showed decreased uridylation at the +1 and +2 positions. E, Human OA chondrocytes were transfected with miR26a or miR26b 
mimetics and with miR26a and miR26b mimetics with additional mono-  or di- uridines (U or UU) at the 3′ ends, followed by treatment with IL- 1β
for 6 hours. Scrambled oligo was used as a negative control. Quantitative polymerase chain reaction analysis showed that miR26b mimetics 
with di- uridine at the 3′ end (UU) failed to suppress IL- 1β–induced expression of IL- 6 mRNA. Experiments were repeated with chondrocytes from 
at least 3 OA donors. Values are the mean ± SD. * = P < 0.05. See Figure 1 for other definitions.
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cytokines, such as IL- 6, by activated chondrocytes, which in turn 
amplifies the inflammatory effect in the involved joints and induces 
expression of several cartilage extracellular matrix–degrading 
enzymes. The overall cytokine repertoire of OA synovial fluid has 
been shown to be primarily dependent on the extent of disease (5). 
Importantly, our results showed that human chondrocyte cultures 
derived from pathologic cartilage samples produced a cytokine 
repertoire that included elevated levels of IL- 6 (Supplemen-
tary Table 1, on the Arthritis & Rheumatology web site at http:// 
onlinelibrary.wiley.com/doi/10.1002/art.40751/abstract), mirroring 
the cytokine repertoire in OA synovial fluid (2). Highly elevated lev-
els of IL- 6 were also detected in knee cartilage from OA patients 

(3) and were found to positively correlate with the degree of ra dio-
graphic damage (4).

Cytokines are central mediators of tissue inflammation and 
their expression is tightly regulated at various levels, including 
transcriptional, posttranscriptional, and translational levels. Our 
group has demonstrated previously that various transcription fac-
tors, including NF- κB and activator protein 1, regulate the expres-
sion of IL- 6 at the transcriptional level in human chondrocytes 
(33,34). Posttranscriptional regulation by RNA binding proteins 
and  miRNAs has been shown to play a vital role in controlling 
the expression of cytokines by modulating mRNA stability and 
translation (12). ZCCHC6 and its homolog, ZCCHC11, have been 

Figure 6. Zcchc6 inactivation reduces the severity of experimental OA in mice. A, Twelve- week- old male Zcchc6−/− or Zcchc6+/+ C57BL/6 
mice (n = 10 per group) were subjected to DMM surgery of the right knee to induce OA, with the left knee used as a control. Mice were killed 8 
weeks after DMM surgery, and joints were collected and processed for histologic analysis. Immunohistochemistry (IHC) studies with anti–IL- 6 
antibody showed decreased expression of IL- 6 protein in the operated joints from Zcchc6−/− mice compared to Zcchc6+/+ mice. Bars = 50 μm. 
B, Loss of proteoglycans in the knee joints with surgically induced OA was analyzed by Safranin O–fast green staining. The results showed 
less of a decrease in proteoglycan staining in the joints of Zcchc6−/− with DMM compared to those of Zcchc6+/+ mice with DMM. Bars = 100 
μm. C, OA was scored according to the Osteoarthritis Research Society International (OARSI) grading system. Zcchc6 deletion exhibited a 
protective effect on cartilage degeneration in mice with surgically induced OA. D and E, Synovium from Zcchc6−/− and Zcchc6+/+ littermates with 
surgically induced OA was analyzed by staining with Safranin O–hematoxylin (D) (bars = 50 μm), and the results were quantified (E). Synovial 
thickness and synovitis were significantly reduced in Zcchc6−/− mice. F, Immunohistochemistry analysis of Zcchc6−/−and Zcchc6+/+ mouse joints 
with surgically induced OA showed reduced expression of IL- 6 in the synovium of Zcchc6−/− mice. Bars = 20 μm. G, Osteophyte thickness was 
significantly reduced in the operated joints from Zcchc6−/− mice compared to Zcchc6+/+ mice. In C, symbols represent individual samples; bars 
show the mean ± SD. In E and G, values are the mean ± SD. * = P < 0.005. See Figure 1 for other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.40751/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40751/abstract
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reported to uridylate and alter the stability of mRNAs in HeLa cells 
(18). It was also found that ZCCHC11 knockdown in A549 cells 
down- regulated the expression of IL- 6 (19). However; the involve-
ment of ZCCHC6 or any other TUTase in regulating IL- 6 gene 
expression in chondrocytes and its role in OA pathogenesis have 
not been reported.

In the present study, we used loss- of- function and gain- of- 
function approaches to investigate the potential role of ZCCHC6 
in the posttranscriptional regulation of IL- 6 expression. Our data 
showed that ZCCHC6 down- regulation in human OA chondro-
cytes significantly reduced the expression of IL- 6 mRNA and pro-
tein. This is similar to the effect of ZCCHC11 depletion in A549 
cells (19). We further found that, in accordance with the obser-
vations in human OA chondrocytes, the expression of IL- 6 in 
Zcchc6- deficient mouse chondrocytes was also down- regulated 
in both in vitro and in vivo studies (Figure 3). In contrast to the 
results reported here, a recent study showed increased expres-
sion of IL- 6 in Zcchc6- deficient mouse macrophages (20), indicat-
ing cell type– and context- specific regulation of IL- 6 expression by 
Zcchc6 in vivo.

The poly(A) tail length of eukaryotic mRNA is a critical deter-
minant of transcript stability and translational efficiency (35). 
We found that IL- 6 mRNA had a shorter poly(A) tail length in 
chondrocytes with ZCCHC6 depletion, indicating that ZCCHC6 
functions in maintaining IL- 6 transcript stability and translation. 
This is supported by our demonstration that overexpression of 
ZCCHC6 in human chondrocytes up- regulated the expression 
of IL- 6 mRNA and protein. To our knowledge, this has not been 
shown in any cell type before. This activity of ZCCHC6 in main-
taining the poly(A) tail lengths of IL- 6 mRNA in chondrocytes 
mimics that of ZCCHC11 in immune cells (19). Since ZCCHC11 
expression was not altered in chondrocytes with knockdown of 
ZCCHC6, and knockdown of TUT- 1 and TUT- 2 did not affect 
IL- 6 mRNA expression, the down- regulation of IL- 6 expression 
appears to be specific to ZCCHC6 knockdown in chondrocytes. 
We postulate that these enzymes may have cell- specific nonre-
dundant functions as well.

Cytokine expression is tightly regulated by miRNAs (12), 
and ZCCHC6 and ZCCHC11 both have been shown to reg-
ulate the expression of various cytokines by altering miRNA 
biogenesis and stability (17). ZCCHC6 has been found to 
selectively uridylate miRNAs and modulate their stability and 
mRNA- repressive activity (36,37). Interestingly, we found that 
ZCCHC6 knockdown in human OA chondrocytes decreased 
the 3′- uridylation of miRNAs, with significant reduction in the 
population of 3′- uridylated miR- 26b. Furthermore, we showed 
that a miR- 26b mimetic with additional UU (di- uridines) at the 
3′ end did not suppress the expression of IL- 6 mRNA. This 
indicates that the miR- 26b with 2 uridines at the 3′ end found 
in our RNA- Seq analyses represents the miR-26b population 
that is incapable of suppressing IL- 6 expression and identifies 
a mechanism through which increased ZCCHC6 activity con-

tributes to increased IL- 6 expression in chondrocytes under 
pathologic conditions.

Our results are consistent with those of another study in 
which it was found that 3′- uridylation of miR- 26b abrogated 
IL- 6 mRNA–repressive activity in A549 cells (19). As IL- 6 plays 
an important role in the OA pathogenesis, we also investigated 
whether its inhibition may prevent cartilage damage in OA. 
Indeed, we found that the expression of IL- 6 and damage to 
cartilage were both significantly reduced in Zcchc6−/− mice that 
had undergone DMM surgery. These results strongly support 
the hypothesis that Zcchc6 contributes to OA pathogenesis 
by facilitating increased expression of IL- 6 in chondrocytes. 
However; our data on IL- 6 do not rule out the possibility that 
ZCCHC6 regulates other OA- related genes as well, and this 
will be investigated in future studies.

In summary, the present study is the first in vivo analysis 
of the effects of ZCCHC6 on IL- 6 expression in articular carti-
lage chondrocytes and its role in OA pathogenesis. We demon-
strated that genetic inactivation of Zcchc6 reduced IL- 6 expres-
sion and cartilage damage in a mouse model of OA. Additionally, 
we found that the expression patterns of ZCCHC6 and IL- 6 were 
similar in human and mouse OA cartilage. Taken together, these 
data demonstrate a previously unknown function of ZCCHC6 in 
regulating IL- 6 expression in chondrocytes and thus a potential 
role of this enzyme in OA pathogenesis and identify a potential 
therapeutic target for the management of OA.
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B R I E F  R E P O R T

Sacroiliac Joint Ankylosis in Young Spondyloarthritis 
Patients Receiving Biologic Therapy: Observation of Serial 
Magnetic Resonance Imaging Scans
Timothy J. P. Bray,  Andre Lopes, Corinne Fisher, Coziana Ciurtin,  Debajit Sen, and 
Margaret A. Hall-Craggs

Objective. To assess the temporal relationship between initiating biologic therapy and magnetic resonance imag-
ing (MRI) scores of inflammation and structural damage in young patients with spondyloarthritis.

Methods. A local adolescent/young adult patient rheumatology database was searched for patients ages 12–24 
years who had evidence of sacroiliitis on MRI and a clinical diagnosis of enthesitis- related arthritis (ERA) with axial 
involvement or nonradiographic axial spondyloarthritis. Patients treated with tumor necrosis factor inhibitor (TNFi) 
therapy who had undergone a minimum of 1 MRI scan before and 2 MRI scans after starting TNFi therapy (over ≥2 
years) were included. Images of the sacroiliac joints were scored for inflammation and structural abnormalities (in-
cluding erosions, fat metaplasia, and fusion). The effects of TNFi therapy and of time since initiation of TNFi therapy 
on inflammation and structural abnormalities were assessed using a mixed- effects regression analysis.

Results. Twenty- nine patients (ages 12–23 years) with ERA or nonradiographic axial spondyloarthritis who under-
went TNFi therapy were included. Inflammation scores were significantly lower in patients receiving TNFi treatment 
(P = 0.013), but there was no significant effect of time from TNFi initiation on inflammation (P = 0.125). Conversely, 
there was no significant effect of active TNFi treatment on fusion scores (P = 0.308), but fusion scores significantly 
increased with time from TNFi initiation (P < 0.001); a similar positive relationship between time since biologic start 
and fat metaplasia scores was observed.

Conclusion. TNFi therapy failed to prevent the eventual development of joint ankylosis in this cohort of young 
patients with spondyloarthritis, despite a substantial reduction in inflammation with TNFi therapy.

INTRODUCTION

The spondyloarthritides are a group of immune- mediated 
inflammatory disorders that are characterized by inflammation of 
the spine, entheses, and peripheral joints. Ankylosing spondylitis 
(AS) is the “prototypic” spondyloarthritis and causes ankylosis 
(fusion) of the axial skeleton with subsequent disability, morbid-
ity, and impaired quality of life (1). However, ankylosis may be 
less severe or absent in other spondyloarthritis subgroups, sug-
gesting that these groups represent a milder or earlier form of 
the disease (1). For example, patients with nonradiographic axial 

spondyloarthritis have little or no structural damage, and pediat-
ric patients with spondyloarthritis—who are typically diagnosed 
as having enthesitis- related arthritis (ERA)—may have a similar 
phenotype (2,3). However, it remains unclear whether the dis-
ease in these patients represents an early form of AS or a funda-
mentally different subtype of spondyloarthritis. Furthermore, it is 
not known whether treating these patients early in their disease 
might prevent ankylosis.

Evidence from the preclinical literature suggests that new 
bone formation may be initiated by an initial inflammatory trigger 
(4,5), and data from cohorts of adult patients with spondyloarthri-
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tis suggest that structural damage is often preceded by inflamma-
tion (6,7). These findings suggest that early, aggressive treatment 
of spondyloarthritis might reduce the stimulus for subsequent 
ankylosis (8). However, studies of animal models of the spondy-
loarthritides have unravelled alternative pathways, suggesting that 
an uncoupling of inflammation and bone formation, each involv-
ing different molecular mechanisms, may take place, with bone 
morphogenetic protein and Wnt signaling involved in the bone 
formation pathway (9). In adults with established AS, clinical trials 
of tumor necrosis factor inhibitor (TNFi) therapy have produced 
mixed results, but have not shown a clear reduction in spinal 
radiographic progression when compared to historical cohorts of 
patients who have never been treated with a TNFi (10,11).

Despite their well- recognized efficacy in controlling inflam-
mation, the debate about the role of TNFi as disease modifiers 
in spondyloarthritis continues. In this study, we assessed serial 
magnetic resonance imaging (MRI) scans in young patients with 
axial spondyloarthritis undergoing biologic therapy, in order to 
describe the changes in inflammation and structural damage 
occurring over time.

MATERIALS AND METHODS

This retrospective study was covered by Institutional Review 
Board approval from the National Research Ethics Service 
Committee London (Bentham, UK) (reference no. 11/LO/0330). 

Informed consent was waived because of the retrospective nature 
of the study.

A local rheumatology database containing clinical data from 
adolescents and young adults was used to identify patients ages 
12–24 years who had evidence of sacroiliitis on MRI, and who 
had a clinical diagnosis of ERA with axial involvement or nonra-
diographic axial spondyloarthritis (2,3). A subsequent search of 
the picture- archiving and communication system was used to 
identify all patients who had undergone at least 3 MRI scans of 
the sacroiliac joints over at least a 2- year period, with at least 1 
scan  conducted before or at the time of starting the TNFi (adal-
imumab, etanercept, or infliximab) therapy, and at least 2 scans 
conducted after the start of the TNFi therapy. Posttreatment 
scans were performed either due to clinical need or as a part of 
routine imaging in the follow- up period, according to a previously 
described protocol (12).

The posttreatment protocol was as follows: MRI scans 
were acquired on a 1.5- Tesla MRI system with integrated pos-
terior and anterior surface coils, using a specified protocol that 
included STIR, T1- weighted turbo spin- echo (T1WSE), and 
post–gadolinium- enhanced fat- saturated images of the sacroiliac 
joints and thoracolumbar spine. Sequence parameters included 
the following: for STIR images, repetition time (TR) 4,340–6,070 
msec, echo time (TE) 83 msec, and inversion time (TI) 150 msec; 
for T1WSE images, TR 475–610 msec and TE 11 msec; and for 
T1WSE images with fat saturation, TR 619–715 msec and TE 11 

Figure 1. Magnetic resonance images from a representative patient showing the progression of ankylosis over a 5- year period. a–c, Before the 
initiation of tumor necrosis factor inhibitor (TNFi) therapy, bilateral bone marrow edema is evident on the STIR image (a) and T1- weighted (T1W) 
images (b and c). d–h, After TNFi therapy, the joint erosions gradually become less distinct, and the joints ultimately fuse in anatomic locations 
similar to those in which the initial edema was found. Arrows indicate the areas of edema (on STIR images) and fat metaplasia (on T1W images).
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msec. Sacroiliac joint images were acquired in both para- coronal 
(angled parallel to the sacrum) and para- axial (angled perpen-
dicular to the sacrum) planes, and thoracolumbar spine images 
were acquired in the sagittal plane with extended lateral coverage. 
Only the sacroiliac joint images were used for the current analy-
ses. Representative MR images demonstrating the progression of 
ankylosis in a young patient over a 5- year period, before and after 
TNFi therapy, are shown in Figure 1.

MR images of the sacroiliac joints were scored independently 
by 2 readers (TJPB and MHC) with specific expertise in musculo-
skeletal imaging and in the assessment of spondyloarthritis. The 
extent of inflammation was assessed on STIR images using the 
Spondyloarthritis Research Consortium of Canada scoring system 
(13), taking care to differentiate between areas of high signal due 
to skeletal immaturity and bone marrow edema. Chronic inflam-
matory (structural) abnormalities were assessed on T1- weighted 
images using a recently proposed structural score, which mea-
sures the extent of erosions, fat metaplasia, and joint fusion (14). 
For each subject, the images were scored in temporal order to 
enable comparison with previous scans. Readers were blinded 
with regard to the biologic start dates and to the clinical status at 
the time of each scan.

The statistical analysis plan was designed to evaluate the 
effect of the biologic treatment as well as the effect of time from 
biologic initiation on 4 outcomes, which were measured using 
MRI scores. The outcomes assessed were MRI scores of inflam-
mation, fat metaplasia, erosions, and fusion. For each outcome, 
we took the mean of the 2 observers’ measurements for the sta-
tistical analysis. A mixed- effects model was used for each out-
come and included, as explanatory variables, treatment (receving 
biologic therapy versus not receiving biologic therapy) and time 
from biologic start, and accounted for repeated measurements 
in each patient. Assuming a quadratic, cubic, and categorical 
relationship between time and the outcome measures based 
on likelihood ratio testing, the linear model was compared to 
more complex models. If this analysis did not reveal a significant 
improvement with any of the more complex models over the lin-
ear model at a 5% significance level, then the reference results 
were derived from the linear model. For completeness, the fluc-
tuations over time in each of the MRI scores were summarized 
from the results derived from the saturated model, where time 
was included as a categorical variable.

We also tested for relationships between inflammation 
and fusion, between fat metaplasia and fusion, between ero-
sions and fusion, and between inflammation and fat meta-
plasia, using random intercept and slope models for each of 
the relationships in question. For example, in order to assess 
whether, adjusting for time, inflammation scores have an 
effect on fusion, a random intercept and slope model was 
implemented in which we included fusion as the outcome var-
iable and time and inflammation scores as the explanatory 
variables.

RESULTS

Twenty- nine patients (23 male and 6 female) were included in 
the study. The mean age at biologic start was 17 years 2 months 
(range 12 years 3 months to 22 years 10 months). Twenty- three 
patients were HLA–B27 positive, 2 were negative for HLA–B27, 
and 4 had not been tested. The mean symptom duration in 
patients at the time of biologic therapy start was 5 years 3 months 
(range 4 months to 11 years). In total, 18 patients were treated with 
etanercept, 8 with adalimumab, and 3 with infliximab. Five patients 
switched biologics during the follow- up period of the study (due 
to side effects in 3 cases, and due to inefficacy in 2 cases). The 
mean number of MRI scans performed per patient was 4.5 (range 
3–7), and the mean interval between the first and last scans was 
5 years 2 months (range 1 year 9 months to 9 years 11 months).

Our analysis of the mixed- effects model did not reveal a sig-
nificant improvement with any of the more complex models over 
the linear model. Therefore, the linear model was selected for the 
main analysis.

Estimates of inflammation, erosions, fat metaplasia, and 
fusion scores in the 29 patients over time, derived from the 
saturated model for the purposes of illustration, are shown in 
Figures  2A–D. Inflammation scores were significantly lower in 
patients receiving TNFi treatment than in those not receiving TNFi 
treatment (β = −6.94, 95% confidence interval [95% CI] −12.4 
to −1.44; P = 0.013), but there was no significant effect of time 
since biologic initiation on inflammation scores (β = −0.90, 95% CI 
−2.04 to 0.35; P = 0.125) (Figure 2A).

Conversely, there was no significant effect of active 
TNFi treatment on fusion scores (β = −0.74, 95% CI −2.17 
to 0.69; P = 0.308), but there was a significant positive rela-
tionship between time since biologic start and fusion scores  
(β = 1.55, 95% CI 1.02 to 2.09; P < 0.001).

Figure 2. Scores of inflammation (A), erosions (B), fat metaplasia 
(C), and fusion (D) over time before and after the start of tumor 
necrosis factor inhibitor (TNFi) therapy, in the linear mixed- effects 
model. Bars show the estimate for each time point ± 95% confidence 
interval.
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Similarly, there was no significant effect of active TNFi treat-
ment on fat metaplasia scores (β = 1.66, 95% CI −1.38 to 4.70;  
P = 0.285), but time since biologic start was significantly associ-
ated with fat metaplasia scores (β = 1.53, 95% CI 0.57 to 2.50;  
P = 0.002) (Figure 2C). There was no significant effect of TNFi 
treatment (β = 0.12 −3.83 to 4.06; P = 0.954) or time since bio-
logic initiation (β = −0.82, 95% CI −1.91 to 0.27; P = 0.139) on 
erosion scores (Figure 2B).

When the effects of time and treatment were accounted for, 
there was a significant negative relationship between inflammation 
and fat metaplasia scores (β = −0.25, 95% CI −0.34 to −0.17; P 
< 0.001). However, there was no significant relationship between 
inflammation and fusion scores (β = −0.02, 95% CI −0.06 to 0.03); 
P = 0.443), fat metaplasia and fusion scores (β = 0.04, 95% CI 
−0.04 to 0.12; P = 0.305), or erosions and fusion scores (β =  
−0.05, 95% CI −0.11 to 0.01; P = 0.104).

DISCUSSION

The spondyloarthritides encompass a wide range of disease 
phenotypes, each of which varies in terms of disease severity, 
the presence of structural damage, and age at presentation. 
Spondyloarthritis patients who present early might offer a unique 
opportunity to study the disease course, and to characterize the 
evolution of inflammatory and structural damage over time. In 
addition, it has been suggested that early intervention might help 
to avoid structural complications and thereby improve long- term 
outcomes (8). However, we observed that TNFi therapy did not 
prevent the eventual fusion of the sacroiliac joints in patients with 
ERA, despite there being relatively little structural damage (par-
ticularly fusion) at presentation and despite the fact that inflam-
mation was substantially reduced by TNFi treatment. Although 
sacroiliac joint ankylosis in itself may have a relatively small effect 
on disability, it is possible that the effect of treatment on inflam-
mation and structural damage would be similar in the remainder 
of the spine.

The results of our study do not enable us to comment on the 
specific cause of fusion in these patients; we do not know whether 
fusion is a consequence of inflammation itself, or whether it is 
related to the TNFi therapy. Although the levels of inflammation were 
substantially reduced after treatment, it is possible that low levels 
of inflammation persist and drive joint ankylosis. Alternatively, joint 
fusion may be triggered by the initial inflammatory insult and then 
proceed independently, as other authors have suggested (4,5). 
Either way, these results suggest that more research is needed into 
strategies for preventing structural damage, either through a reduc-
tion in inflammation or the inhibition of bone- forming pathways.

Some limitations have arisen due to the retrospective nature 
of the study. Since the number of MRI scans was an inclusion 
criterion, it is likely that our cohort includes patients with more 

severe disease. However, the severity of the disease in this 
cohort of patients with “definite” spondyloarthritis probably also 
increased the size of the effects in question, which may have actu-
ally strengthened the analysis.

An additional issue is that scans were acquired at irregular 
intervals (as determined by clinical need), meaning that the data 
were not evenly distributed in the posttreatment period. None-
theless, our regression model accounted for the clustered nature 
of the data, reducing any potential effect on the final analysis. It 
should be emphasized that spondyloarthritis in young people is 
comparatively rare, and it would have been very difficult to acquire 
data over such a long time period in a prospective manner.

The development of imaging methods that could identify 
new bone formation before the development of overt ankylosis 
might reduce the follow- up period needed to assess the effect 
of novel therapies on new bone formation. Several groups have 
begun to explore MRI methods that can derive signal directly 
from mineralized bone or quantify bone mineral density indi-
rectly (15), and it is likely that these techniques will become more 
widely applicable in the years to come.

In conclusion, we found that TNFi therapy in young patients 
with spondyloarthritis failed to prevent the eventual development 
of joint ankylosis, despite a substantial reduction in inflammation 
with TNFi therapy.
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Efficacy and Safety of Ixekizumab in the Treatment of 
Radiographic Axial Spondyloarthritis: Sixteen- Week 
Results From a Phase III Randomized, Double- Blind,  
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Objective. To investigate the efficacy and safety of ixekizumab in patients with active radiographic axial spon-
dyloarthritis (SpA) and prior inadequate response to or intolerance of 1 or 2 tumor necrosis factor inhibitors (TNFi).

Methods. In this phase III randomized, double- blind, placebo- controlled trial, adult patients with an inadequate 
response to or intolerance of 1 or 2 TNFi and an established diagnosis of axial SpA (according to the Assessment of 
SpondyloArthritis international Society [ASAS] criteria for radiographic axial SpA, with radiographic sacroiliitis defined 
according to the modified New York criteria and ≥1 feature of SpA) were recruited and randomized 1:1:1 to receive 
placebo or 80- mg subcutaneous ixekizumab every 2 weeks (IXEQ2W) or 4 weeks (IXEQ4W), with an 80- mg or 160- 
mg starting dose. The primary end point was 40% improvement in disease activity according to the ASAS criteria 
(ASAS40) at week 16. Secondary outcomes and safety were also assessed.

Results. A total of 316 patients were randomized to receive placebo (n = 104), IXEQ2W (n = 98), or IXEQ4W (n = 114). At 
week 16, significantly higher proportions of IXEQ2W patients (n = 30 [30.6%]; P = 0.003) or IXEQ4W patients (n = 29 [25.4%];  
P = 0.017) had achieved an ASAS40 response versus the placebo group (n = 13 [12.5%]), with statistically significant 
differences reported as early as week 1 with ixekizumab treatment. Statistically significant improvements in disease 
activity, function, quality of life, and spinal magnetic resonance imaging–evident inflammation were observed after 16 
weeks of ixekizumab treatment versus placebo. Treatment- emergent adverse events (AEs) with ixekizumab treatment 
were more frequent than with placebo. Serious AEs were similar across treatment arms. One death was reported (IX-
EQ2W group).

Conclusion. Ixekizumab treatment for 16 weeks in patients with active radiographic axial SpA and previous inad-
equate response to or intolerance of 1 or 2 TNFi yields rapid and significant improvements in the signs and symptoms 
of radiographic axial SpA versus placebo.
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INTRODUCTION

Axial spondyloarthritis (SpA) is a chronic inflammatory dis-
ease that is estimated to affect 0.9–1.4% of adults in the US and 
encompasses both nonradiographic axial SpA and radiographic 
axial SpA (1,2). Radiographic axial SpA is also referred to as anky-
losing spondylitis (AS). The disease is typically characterized by 
inflammatory back pain and radiographically defined sacroiliac 
(SI) joint structural damage (2,3). Patients with axial SpA may also 
exhibit peripheral musculoskeletal (inflammatory arthritis, enthesi-
tis, and dactylitis) and extraarticular (uveitis, psoriasis, and inflam-
matory bowel disease [IBD]) involvement.

Currently, the American College of Rheumatology/Spondyli-
tis Association of America/Spondyloarthritis Research and Treat-
ment Network, the Assessment of SpondyloArthritis international 
Society (ASAS)/European League Against Rheumatism, and the 
National Institute for Health and Care Excellence guidelines for 
the management of axial SpA recommend treatment with tumor 
necrosis factor inhibitors (TNFi) in patients with axial SpA who 
do not respond or tolerate nonsteroidal antiinflammatory drugs 
(NSAIDs) (4–6). Approximately 30–40% of patients with AS do not 
achieve adequate disease control or symptom relief according to 
clinical trials of TNFi (7–12). In addition, some patients may not be 
eligible to receive TNFi due to relative contraindications (13).

The interleukin- 17 (IL- 17) axis has been linked to the immu-
nopathology of axial SpA (14,15). IL- 17 inhibition has demon-
strated efficacy in patients with AS; however, an IL- 17 antagonist 
has not been evaluated in a population that exclusively consisted 
of patients with prior inadequate response to or intolerance of 
TNFi in a clinical trial setting (16). This is an important population 
on which to focus, given that it has been shown to be difficult to 
treat, with treatment responses lower in magnitude than observed 
in biologics- naive populations (17,18).

Ixekizumab is a high- affinity monoclonal antibody that selec-
tively targets IL- 17A (19). Here we present the 16- week results of 
COAST- W, a phase III clinical trial investigating the efficacy and 
safety of ixekizumab in patients with active radiographic axial SpA 
and previous inadequate response to or intolerance of 1 or 2 TNFi.

PATIENTS AND METHODS

Trial design. COAST- W is a multicenter, phase III, ran-
domized, double- blind, placebo- controlled, parallel-group, outpa-
tient clinical trial of 1 year’s duration, followed by an optional 2- year 
extension trial (COAST- Y) (see Supplementary Figure 1, available 
on the Arthritis & Rheumatology web site at http://onlinelibrary.

wiley.com/doi/10.1002/art.40753/abstract). Patient enrollment 
and data collection occurred at 106 sites located in 15 countries 
across North America, South America, Europe, and Asia (for a 
list of investigators and sites, see Supplementary Appendix A, 
available at http://onlinelibrary.wiley.com/doi/10.1002/art.40753/
abstract). This trial was conducted in accordance with the eth-
ical principles of the Declaration of Helsinki and in compliance 
with local laws and regulations. All participants provided informed 
consent. COAST- W protocol and consent forms were approved 
by each site’s institutional review board or ethics committee. The 
trial was registered with ClinicalTrials.gov (NCT02696798) and the 
European Union Clinical Trials Register (2015- 003937- 84).

Trial participants. Complete inclusion and exclusion cri-
teria are provided in Supplementary Appendix B (available at 
http://onlinelibrary.wiley.com/doi/10.1002/art.40753/abstract). 
Eligible subjects were age ≥18 years, required to have an estab-
lished diagnosis of axial SpA and fulfillment of ASAS classification 
criteria for radiographic axial SpA (i.e., radiographic evidence of 
sacroiliitis according to the modified New York criteria and having 
≥1 SpA feature), and required to have a history of back pain for ≥3 
months with an age at onset of <45 years (20–22). SI joint radio-
graphs were scored by central readers. All patients fulfilling ASAS 
criteria for radiographic axial SpA (20) also fulfilled the modified 
New York criteria for AS (21).

Additional inclusion criteria included a baseline Bath Ankylos-
ing Spondylitis Disease Activity Index (BASDAI) score (23) of ≥4, 
a baseline total back pain numeric rating scale score of ≥4, and a 
history of therapy for axial SpA of at least 12 weeks’ duration prior 
to screening. Patients were required to have discontinued at least 
1 TNFi, but no more than 2 TNFi, either due to intolerance or due 
to an inadequate response (in the opinion of the investigator) to 
treatment with a single TNFi for at least 12 weeks at an adequate 
dose. The required TNFi washout periods are described in Sup-
plementary Appendix B and were based upon the half- lives of the 
respective TNFi.

The exclusion criteria included total spinal ankylosis 
(according to the site investigator’s opinion), active or recent 
infections, current or history of lymphoproliferative or malig-
nant disease (<5 years prior to baseline) or other medical con-
ditions (e.g., systemic inflammatory diseases or chronic pain 
conditions such as fibromyalgia), other non- TNF biologic or 
other immunomodulatory agent treatments, or surgical proce-
dures that could pose an unacceptable risk to patients or that 
could confound interpretation of trial results. Patients with IBD 
(Crohn’s disease or ulcerative colitis) were eligible if no disease 
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exacerbations had occurred for ≥6 months (stable treatment 
allowed). Patients with anterior uveitis were eligible if no exac-
erbations had occurred for ≥4 weeks.

Patients could continue to receive the following medications 
at a stable dose: sulfasalazine (≤3 gm/day), methotrexate (≤25 
mg/week), prednisone or equivalent (≤10 mg/day), and NSAIDs. 
No changes to these medications were allowed during the blinded 
treatment dosing period, except for safety reasons. Analgesics 
were also allowed according to the eligibility criteria (see Supple-
mentary Appendix B, available at http://onlinelibrary.wiley.com/
doi/10.1002/art.40753/abstract).

Randomization and blinding. Patients were randomly 
assigned (1:1:1) to receive subcutaneous administration of ixeki-
zumab 80 mg every 2 weeks (IXEQ2W group), ixekizumab 80 mg 
every 4 weeks (IXEQ4W group), or matched placebo from week 0 
to week 16. Patients randomized to the ixekizumab treatment reg-
imens were randomized (1:1) to receive either an 80- mg or 160- 
mg starting dose of ixekizumab at week 0. The 2 starting doses 
were included in order to assess the impact of starting dose on 
week 16 responses, following regulatory agency feedback. All 
patients received the same frequency and number of injections 
regardless of treatment arm or assigned starting dose.

During the double- blinded treatment period (weeks 0–16), 
site personnel, patients, and the sponsor trial team were 
blinded with regard to treatment. Randomization to treatment 
groups was determined using a computer- generated, random- 
sequence, interactive web- response system with follow- up con-
firmation by site personnel using the confirmation number pres-
ent on the investigational product packaging. Randomization of 
treatment assignment (including starting dose) was stratified by 
country, high- sensitivity C- reactive protein (CRP) level (≤5 or >5 
mg/liter) at screening, and the number of prior TNFi taken (1 or 
2) to achieve between- group comparability.

At week 16, patients entered the extended treatment period 
(weeks 16–52). Patients who were initially assigned to the placebo 
arm were, for the extended treatment period, randomly reassigned 
at week 16 to IXEQ4W or IXEQ2W with a 160- mg starting dose. 
Patients already receiving ixekizumab remained on their assigned 
treatment regimens through week 52.

Procedures of product administration. The investiga-
tional product was supplied in prefilled manual syringes for subcu-
taneous administration, with trial- specific labels. Ixekizumab and its 
matching placebo were visually indistinguishable from each other. 
To maintain blinding, all patients received 2 injections at week 0 
and 1 injection every 2 weeks. Placebo patients received a pla-
cebo injection every 2 weeks and IXEQ4W patients received a pla-
cebo injection every other 2 weeks to maintain blinding. Patients 
assigned to an ixekizumab treatment regimen received their start-
ing dose (either 80- mg ixekizumab [1 80- mg injection and 1 pla-
cebo injection] or ixekizumab 160 mg [2 80- mg injections]) at week 

0. Trial visits and data collection occurred at baseline (week 0) and
at weeks 1, 2, 4, 8, 12, and 16 during the blinded treatment dosing 
period. The primary end point was assessed at week 16.

Efficacy and safety assessments. The primary end 
point of the trial was the proportion of patients achieving an 
ASAS 40% improvement in disease activity (ASAS40) (22) at 
week 16, with comparison of each ixekizumab dosing regimen 
to placebo. Major secondary end points assessed at week 16 
were ASAS20, an Ankylosing Spondylitis Disease Activity Score 
(ASDAS) of <2.1 (inactive or low disease activity) (24), and 
changes from baseline in the ASDAS, BASDAI, Bath Ankylos-
ing Spondylitis Functional Index (BASFI) (25), Medical Outcomes 
Study Short Form 36 (SF- 36) health survey physical component 
score (PCS) (26), ASAS Health Index (ASAS- HI) (27,28), and 
Spondyloarthritis Research Consortium of Canada (SPARCC) 
magnetic resonance imaging (MRI) index for the spine (MRI pro-
tocol addendum only) (29). These end points were assessed at 
every visit (i.e., screening, baseline, weeks 1, 2, 4, 8, 12, and 16) 
except for the SF- 36 PCS and ASAS- HI (collected at baseline, 
weeks 4, 8, and 16) and MRI (collected at baseline and week 
16). Additionally, CRP level was assessed at every visit. All listed 
end points are described in Supplementary Appendix C, avail-
able on the Arthritis & Rheumatology web site at http://onlineli-
brary.wiley.com/doi/10.1002/art.40753/abstract.

Safety outcomes were assessed at every visit. Data on terms 
related to cerebrocardiovascular events and suspected IBD were 
adjudicated by external clinical event committees. Details on adju-
dication criteria are provided in Supplementary Appendix C.

Statistical analysis. The sample size of COAST- W was 
estimated to have 96% power for testing the superiority of IXEQ2W 
to placebo for an ASAS40 response at week 16 (for details on 
power analysis assumptions, see Supplementary Appendix C).

Efficacy analyses for the blinded treatment dosing period 
included all randomized patients according to the treatment to 
which they were assigned. Analyses of the IXEQ2W and IXEQ4W 
treatment groups were performed without regard to the starting 
dose. Missing values (including for those patients who discon-
tinued trial treatment) were imputed as nonresponders using 
nonresponder imputation for categorical variables; continuous 
variables were analyzed using a mixed- effects model of repeated 
measures (MMRM) without imputation for missing values.

The primary analysis method for categorical outcome vari-
ables was logistic regression with treatment, geographic region, 
baseline CRP status (≤5 versus >5 mg/liter), and the number of 
prior TNFi taken included in the model. Secondary analysis of cat-
egorical outcomes was performed using Fisher’s exact test when 
the logistic model did not converge due to sparse data.

The primary analysis method for continuous outcomes, 
except SPARCC MRI index scores, was MMRM with treatment, 
geographic region, baseline CRP level, the number of prior TNFi 
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taken, baseline value, visit, baseline value–by- visit, and treatment- 
by- visit interaction as fixed factors. The primary analysis method 
for SPARCC MRI index scores was analysis of covariance 
(ANCOVA) with observed case analysis, with inclusion only of 
patients with both baseline (between 42 days prior to and 14 days 
after the first injection) and week 16 (injection date at week 16 
[±14 days]) SPARCC MRI index scores. The ANCOVA included 
treatment, geographic region, baseline CRP level, number of prior 
TNFi taken, and baseline value.

A graphical multiple testing strategy was implemented for pri-
mary and major secondary objectives to control the overall family- 
wise Type I error rate at a 2- sided alpha level of 0.05 (see Sup-
plementary Figures 2–4, available on the Arthritis & Rheumatology 
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40753/
abstract). There was no adjustment for multiple comparisons for 
any other analyses. The analyses investigating efficacy prior to 
week 16 were not included in the multiple testing strategy.

Descriptive analyses (with no prespecified hypothesis test-
ing) were performed using the safety population, which was 
defined as all randomized patients who received ≥1 dose of the 
trial drug, according to assigned treatments. Safety data were 
summarized as the frequency of events occurring in each treat-
ment group during the blinded treatment dosing period.

RESULTS

Patient disposition and baseline characteristics. 
The Consolidated Standards of Reporting Trials  (CONSORT) 
diagram is provided in Figure 1. Of the 610 patients assessed 
for trial eligibility, 316 were randomly assigned to either pla-
cebo (n = 104), IXEQ2W (n = 98), or IXEQ4W (n =114), and 
294 patients were designated as ineligible at screening or 
were discontinued prior to randomization. The predominant 
reason for ineligibility at screening was the lack of definitive 
sacroiliitis according to centrally read SI joint radiographs (n = 
217 [35.6%]) (see Supplementary Table 1, available at http://
onlinelibrary.wiley.com/doi/10.1002/art.40753/abstract). The 
number of patients screened and enrolled for each country 
is shown in Supplementary Table 2 (available at http://online  
library.wiley.com/doi/10.1002/art.40753/abstract). The 16- week  
blinded treatment dosing period was completed by 93 patients 
(89.4%) receiving placebo, 90 patients (91.8%) receiving 
IXEQ2W, and 99 patients (86.8%) receiving IXEQ4W. Overall, 
282 patients (89.2%) completed week 16.

Treatment arms were generally balanced for baseline demo-
graphic and clinical characteristics (Table 1). Baseline spondyloar-
thritis features are listed in Supplementary Table 3 (available at  

Figure 1. Disposition of the patients. Details are given according to the Consolidated Standards of Reporting Trials (CONSORT) statement 
for reporting randomized controlled trials.
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Table 1. Patient demographic and clinical characteristics for the intent- to- treat population in the COAST- W study*

Placebo group 
(n = 104)

IXEQ2W group 
(n = 98)

IXEQ4W group 
(n = 114)

Age, mean ± SD years 46.6 ± 12.7 44.2 ± 10.8 47.4 ± 13.4
Male sex 87 (83.7) 75 (76.5) 91 (79.8)
Race

White 85 (81.7) 78 (79.6) 91 (80.5)
Asian 13 (12.5) 13 (13.3) 14 (12.4)

Weight, mean ± SD kg 84.3 ± 17.9 79.3 ± 17.3 85.5 ± 20.2
<70 kg 21 (20.2) 25 (25.5) 24 (21.1)
≥70 kg 83 (79.8) 73 (74.5) 90 (78.9)

Body mass index, mean ± SD kg/m2 28.9 ± 5.6 27.5 ± 5.4 29.4 ± 7.3
Age at onset of axial SpA, mean ± SD years 27.1 ± 8.8 28.1 ± 10 28.9 ± 9.6
Duration of symptoms since axial SpA onset, 

mean ± SD years
19.9 ± 11.6 16.5 ± 9.6 18.8 ± 11.6

Duration of disease since axial SpA diagnosis, 
mean ± SD years

13.0 ± 10.5 11.7 ± 8.8 10.1 ± 7.8

Use of DMARDs 
Methotrexate 20 (19.2) 9 (9.2) 12 (10.5)
Sulfasalazine 13 (12.5) 16 (16.3) 17 (14.9)

Use of oral corticosteroid 14 (13.5) 11 (11.2) 11 (9.6)
Use of NSAIDs 84 (80.8) 71 (72.4) 86 (75.4)
Prior TNFi experience†

1 prior TNFi 62 (59.6) 66 (68.0) 70 (61.4)
2 prior TNFi 42 (40.4) 31 (32.0) 44 (38.6)

Reason for failing prior TNFi‡
Inadequate response to 1 TNFi 64 (61.5) 66 (68.0) 75 (65.8)
Inadequate response to 2 TNFi 32 (30.8) 20 (20.6) 26 (22.8)
Intolerance of TNFi 8 (7.7) 11 (11.3) 13 (11.4)

TNFi washout period, median  
(minimum–maximum) days§

123.5 
(31.0–4,053.0)

143.0 
(32.0–3,851.0)

153.5 
(29.0–4,639.0)

Baseline C- reactive protein, mean ± SD mg/liter 16.0 ± 22.3 16.9 ± 19.8 20.2 ± 34.3

≤5.00 mg/liter 39 (37.5) 26 (26.5) 44 (38.6)
>5.00 mg/liter 65 (62.6) 72 (73.5) 70 (61.4)

ASDAS, mean ± SD 4.1 ± 0.8 4.2 ± 0.8 4.2 ± 0.9
BASDAI score, mean ± SD 7.3 ± 1.3 7.5 ± 1.3 7.5 ± 1.3
BASFI score, mean ± SD 7.0 ± 1.7 7.4 ± 1.4 7.4 ± 1.8
ASAS- HI score, mean ± SD 9.0 ± 3.5 10.1 ± 3.6 10.0 ± 3.7
SF- 36 PCS, mean ± SD 30.6 ± 7.8 27.9 ± 7.3 27.5 ± 8.3
SPARCC MRI spine score, mean ± SD¶ 6.4 ± 10.2 11.1 ± 20.3 8.3 ± 16

SPARCC MRI spine score ≥2¶ 25 (49.0) 24 (45.3) 31 (53.4)

* Except where indicated otherwise, values are the number (%) of patients in the analysis population. IXEQ2W = 80- mg subcuta-
neous  ixekizumab every 2 weeks; IXEQ4W = 80- mg subcutaneous ixekizumab every 4 weeks; SpA = spondyloarthritis; DMARDs = 
disease- modifying antirheumatic drugs; NSAIDs = nonsteroidal antiinflammatory drugs; ASDAS = Ankylosing Spondylitis Dis-
ease Activity Score; BASDAI = Bath Ankylosing Spondylitis Disease Activity Index; BASFI = Bath Ankylosing Spondylitis Functional 
Index; ASAS- HI = Assessment of Spondyloarthritis international Society Health Index; SF- 36 = Medical Outcomes Study Short 
Form 36 health survey; PCS = physical component score; SPARCC = Spondyloarthritis Research Consortium of Canada. 
† Patients were included regardless of whether they were inadequate responders to or intolerant of tumor necrosis factor 
inhibitors (TNFi). 
‡ If a patient had both an inadequate response to 1 TNFi and an intolerance of another TNFi, that patient was classified as having 
had an inadequate response to 1 TNFi. Patients in the intolerance category discontinued prior TNFi (1 or 2) due to intolerance only. 
§ Washout period for the last TNFi taken. Data were available for all but 1 IXEQ2W patient. 
¶ Data were available for the magnetic resonance imaging (MRI) addendum population only (n = 51 for the placebo group, 
n = 58 for the IXEQ2W group, and n = 53 for the IXEQ4W group). 
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http://onlinelibrary.wiley.com/doi/10.1002/art.40753/abstract). 
Overall, 315 patients had prior TNFi experience; 205 patients 
(65.1%) had an inadequate response to 1 TNFi, 78 patients 
(24.8%) had an inadequate response to 2 TNFi, and 32 patients 
(10.2%) were intolerant of TNFi. One patient was inadvertently 
enrolled without prior TNFi experience. Reasons for the discontin-
uation of previous biologic therapies are provided in Supplemen-
tary Table 4 (available at http://onlinelibrary.wiley.com/doi/10.1002/
art.40753/abstract). The median washout period for TNFi prior 
to study entry was 5 months (minimum 1 month, maximum 155 
months). At baseline, 86 patients (27.2%) were receiving concomi-
tant conventional synthetic disease- modifying antirheumatic drugs 

(DMARDs; sulfasalazine or methotrexate).

Clinical end points. Ixekizumab was found to be superior 
to placebo for the primary and all major secondary end points 
at week 16 with both ixekizumab treatment regimens, except for 
ASAS- HI scores with IXEQ2W (Figures 2–4 and Supplementary 
Table 5, available at http://onlinelibrary.wiley.com/doi/10.1002/
art.40753/abstract). The proportion of patients who achieved the 

primary end point of an ASAS40 response at week 16 was signif-
icantly higher among patients treated with either IXEQ2W (n = 30 
[30.6%]; P = 0.003) or IXEQ4W (n = 29 [25.4%]; P = 0.017) than 
among patients treated with placebo (n = 13 [12.5%]), with a sig-
nificant response observed as early as week 1 for both ixekizumab 
regimens (Figure 2A). The proportion of patients who achieved an 
ASAS20 response at week 16 was also significantly higher among 
patients treated with either IXEQ2W (n = 46 [46.9%]) or IXEQ4W 
(n = 55 [48.2%]) than among patients treated with placebo (n = 31 
[29.8%]), with a significant response as early as week 1 for both 
dosing regimens (Figure 2B). The starting dose of 160 mg versus 
80 mg at week 0 did not lead to a significant improvement of the 
results observed at week 16 (Supplementary Figure 5, available 
at http://onlinelibrary.wiley.com/doi/10.1002/art.40753/abstract). 
Further analyses are required in order to evaluate the effect of 
starting dose on speed of onset.

Statistically significant improvements in measures of disease 
activity were observed among patients treated with IXEQ2W or 
IXEQ4W relative to placebo at week 16, as measured by a change 
from baseline in ASDAS and BASDAI scores, as well as achieve-

Figure  2. Proportion of patients achieving A, 40% improvement in disease activity according to the Assessment of SpondyloArthritis 
international Society criteria (ASAS40) or B, ASAS20 responses through week 16 when treated with placebo (PBO), ixekizumab every 2 weeks 
(IXEQ2W), or ixekizumab every 4 weeks (IXEQ4W). * = P < 0.05; † = P < 0.01; ‡ = P < 0.001, all versus placebo by logistic regression analysis, 
except for week 1 with ASAS40, for which Fisher’s exact test was used due to model nonconvergence. Only analyses at week 16 were included 
in the prespecified multiple testing strategy. n = number of patients in the analysis category; N = number of patients in the analysis population.

http://onlinelibrary.wiley.com/doi/10.1002/art.40753/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40753/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40753/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40753/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40753/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40753/abstract
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ment of ASDAS <2.1 (inactive or low disease activity) (Figures 3A–C).  
Patient function was also significantly improved at week 16 in 
patients treated with IXEQ2W or IXEQ4W relative to placebo, as 
mea sured by a change from baseline in BASFI scores (Figure 3D).

Quality of life end points. Statistically significant 
improvements in quality of life, as measured by mean change 
from baseline in the SF- 36 PCS, were reported at week 16 
for patients treated with IXEQ2W and IXEQ4W versus placebo 
 (Figure  3E). Similarly, statistically significant improvements in 
health  functioning, as measured by mean change from baseline 
in ASAS- HI scores, were reported at week 16 among patients 
treated with IXEQ4W versus placebo (Figure 3F).

Spinal MRI and systemic inflammation. Spinal MRI 
and systemic inflammation significantly improved in patients 
treated with IXEQ2W or IXEQ4W, as demonstrated by the mean 

change from baseline in SPARCC MRI index spine scores and in 
mean change from serum baseline CRP levels, respectively, at 
week 16 versus placebo (Figures 4A and B).

Safety. Safety outcomes reported in COAST- W during 
the blinded treatment dosing period are summarized in Table 2. 
Overall mean ± SD exposure was 109.1 ± 19.6 days or a total 
of 94.4 patient- years. The proportions of patients in each ixeki-
zumab treatment regimen who reported treatment- emergent 
adverse events (TEAEs) were higher than those for placebo 
patients and were similar between ixekizumab treatment regi-
mens. Most reported TEAEs were mild or moderate in sever-
ity. Severe TEAEs occurred in 7 placebo patients (6.7%), 4 
IXEQ2W patients (4.1%), and 4 IXEQ4W patients (3.5%). The 
most frequently reported TEAEs (occurring in ≥5% of patients 
receiving ixekizumab overall) were upper respiratory tract infec-
tions and injection site reactions. AEs leading to discontinuation 

Figure 3. Major secondary outcomes investigating disease activity, function, and quality of life among patients treated with placebo (PBO), 
ixekizumab every 2 weeks (IXEQ2W), or ixekizumab every 4 weeks (IXEQ4W) for 16 weeks. A–D, Ankylosing Spondylitis Disease Activity 
Score (ASDAS) (A), Bath Ankylosing Spondylitis Disease Activity Index (BASDAI) (B), ASDAS score <2.1 (C), and  Bath Ankylosing Spondylitis 
Functional Index (BASFI) (D). E and F, Medical Outcomes Study Short Form 36 (SF- 36) health survey, physical component score (PCS) (E) and 
Assessment of Spondyloarthritis international Society Health Index (ASAS- HI) (F). * = P < 0.05; † = P < 0.01; ‡ = P < 0.001, all versus placebo 
by mixed- effects model of repeated measures (MMRM) or logistic regression analysis (C only). Only analyses at week 16 were included in the 
prespecified multiple testing strategy. Values shown at week 16 for all measures (except C) are the least squares mean (LSM) ± SE.



DEODHAR ET AL 606       |

were reported for 2 placebo patients (1.9%), 3 IXEQ2W patients 
(3.1%), and 10 IXEQ4W patients (8.8%) (for specific AEs, see 
Supplementary Table 6, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40753/abstract). Few serious AEs were reported, with similar 
rates across treatment arms: n = 5 (4.8%) for placebo patients, 
n = 3 (3.1%) for IXEQ2W patients, and n = 4 (3.5%) for IXEQ4W 
patients. One death (suicide) occurred in the IXEQ2W treatment 
arm, in a patient with a documented prior history of depression 
of ~1 year (reported as mild at study entry), and was judged by 
the blinded principal investigator to be unrelated to the investi-

gational product.
The incidence of infections was higher for ixekizumab than 

for placebo, with most infections being mild or moderate (Table 2). 
Two Candida infections were reported in the IXEQ2W study arm 
(1 esophageal and 1 genital candidiasis), 1 herpes zoster infection 
was reported in the IXEQ4W study arm, and no infections were 
reported in the placebo group. Serious infections were reported 
in 2 patients in the IXEQ4W group (1 peritonitis and 1 pharyngitis; 

both patients continued the trial). No new cases of tuberculosis or 
reactivation were reported during the trial.

Reported injection site reactions were all mild or moderate in 
severity, occurred across all treatment arms (n = 6 [5.8%] for pla-
cebo, n = 16 [16.3%] for IXEQ2W, and n = 9 [7.9%] for IXEQ4W), 
and led to treatment discontinuation in only 2 patients (1 each in 
the IXEQ2W and IXEQ4W groups).

Mild neutropenia (grade 1) occurred more frequently in the 
ixekizumab arms than in the placebo arm, was transient in nature, 
and resolved spontaneously while ixekizumab treatment continued. 
A single case of grade 2 neutropenia was reported in each ixeki-
zumab treatment arm; 1 of these cases existed before treatment 
began. One malignancy (acute promyelocytic leukemia [PML]) was 
reported 4 weeks postbaseline in the IXEQ4W treatment arm. The 
single report of grade 4 neutropenia was in this same patient. A 
post hoc analysis of a serum sample collected prior to investiga-
tional product exposure revealed that this patient had a genetic risk 
factor for acute PML (PML/retinoic acid receptor ɑ mutation) prior
to trial entry. Treatment was discontinued in this patient.

Figure 4. Spondyloarthritis Research Consortium of Canada (SPARCC) magnetic resonance imaging (MRI) index spine scores (A) and serum 
C- reactive protein (CRP) levels (B) among patients treated with placebo (PBO), ixekizumab every 2 weeks (IXEQ2W), or ixekizumab every 4 
weeks (IXEQ4W) through 16 weeks. † = P < 0.01; ‡ = P < 0.001, all versus placebo by analysis of covariance (ANCOVA) and least squares 
mean (LSM) (A) or mixed- effects model of repeated measures (MMRM) and LSM (B). Only SPARCC MRI spine score analyses at week 16 were 
included in the prespecified multiple testing strategy. Values shown are the LSM ± SE. N = number of patients in the analysis population; Nx = 
number of patients in the MRI addendum population.

http://onlinelibrary.wiley.com/doi/10.1002/art.40753/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40753/abstract
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Single adjudicated cerebrocardiovascular events were 
reported in the placebo and IXEQ2W treatment arms. The cer-
ebrocardiovascular events were confirmed as stent placement 

(placebo group) and atrial fibrillation (IXEQ2W group), respectively. 
Both of these patients continued treatment through week 16. No 
major adverse cerebrocardiovascular events were reported dur-

Table 2. Adverse events (AEs) and treatment- emergent adverse events (TEAEs) during the 16- week blinded 
treatment dosing period of the COAST- W study*

Placebo 
group 

(n = 104)

IXEQ2W 
group 

(n = 98)

IXEQ4W 
group 

(n = 114)

TEAE 51 (49.0) 59 (60.2) 73 (64.0)
Mild 18 (17.3) 23 (23.5) 34 (29.8)
Moderate 26 (25.0) 32 (32.7) 35 (30.7)
Severe 7 (6.7) 4 (4.1) 4 (3.5)

Discontinuation due to AE 2 (1.9) 3 (3.1) 10 (8.8)
Serious AE 5 (4.8) 3 (3.1) 4 (3.5)
Death 0 1 (1.0) 0
Common TEAEs†

Upper respiratory tract infection 3 (2.9) 4 (4.1) 9 (7.9)
Injection site reaction 1 (1.0) 8 (8.2) 3 (2.6)

TEAEs of special interest
Hepatic 2 (1.9) 1 (1.0) 5 (4.4)
Cytopenia 0 2 (2.0) 0

Grade 1 neutropenia (≥1.5 to <2.0 × 109 cells/liter) 1 (1.0) 8 (8.2) 10 (8.8)
Grade 2 neutropenia (≥1.0 to <1.5 × 109 cells/liter) 0 1 (1.0) 1 (0.9)
Grade 3 neutropenia (≥0.5 to <1.0 × 109 cells/liter) 0 0 0
Grade 4 neutropenia (<0.5 × 109 cells/liter) 0 0 1 (0.9)

Infections 10 (9.6) 23 (23.5) 34 (29.8)
Mild 5 (4.8) 14 (14.3) 20 (17.5)
Moderate 5 (4.8) 9 (9.2) 13 (11.4)
Severe 0 0 1 (0.9)
Serious 0 0 2 (1.8)
Candida (genital) 0 1 (1.0) 0
Candida (esophageal) 0 1 (1.0) 0
Herpes zoster 0 0 1 (0.9)
Reactivated tuberculosis 0 0 0

Allergic reactions/hypersensitivities 1 (1.0) 6 (6.1) 3 (2.6)
Potential anaphylaxis 0 0 0

Injection site reactions‡ 6 (5.8) 16 (16.3) 9 (7.9)
Cerebrocardiovascular events§ 1 (1.0) 1 (1.0) 0
Malignancies 0 0 1 (0.9)
Depression 5 (4.8) 2 (2.0) 0
Anterior uveitis¶ 0 3 (3.1) 2 (1.8)
Inflammatory bowel disease 1 (1.0) 0 3 (2.6)
Interstitial lung disease 0 0 0

* Values are the number (%) of patients in the analysis population. IXEQ2W = 80- mg subcutaneous ixekizumab
every 2 weeks; IXEQ4W = 80- mg subcutaneous ixekizumab every 4 weeks. 
† Common TEAEs are defined as those that occurred at a frequency of ≥5% for patients receiving ixekizumab 
(both treatment regimen populations combined). 
‡ Injection site reaction high- level terms include injection site, pain, erythema, dermatitis, hypersensitivity, pru-
ritus, bruising, rash, and paresthesia or reaction (unspecified). 
§ Confirmed cerebrocardiovascular events only.
¶ Anterior uveitis was not a prespecified AE of special interest but was included in the prespecified analyses. 
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ing the blinded treatment dosing period. Depression was reported 
more often in patients taking placebo (n = 5 [4.8%]) than in patients 
taking IXEQ2W (n = 2 [2.0%]) and IXEQ4W (n = 0).

IBD was reported in 1 patient (1.0%) in the placebo arm 
(colitis), no patients in the IXEQ2W arm, and in 3 patients (2.6%) 
in the IXEQ4W arm (1 colitis, 1 ulcerative colitis, and 1 Crohn’s 
 disease). Two cases (1 in the placebo group and 1 in the IXEQ4W 
group) were flares in patients with a preexisting diagnosis of IBD. 
Of the other 2 IBD cases (IXEQ4W group), 1 case was in a cur-
rent smoker (smoking since 1994) with a perianal cyst reported in 
2010 and accompanying intermittent abdominal pain since that 
time. The other case was in a long- term smoker (since 2009), 
who stopped smoking 3 months prior to trial entry, with a prior 
history of anemia (2012–2014) and intermittent diarrhea since 
2011 (ongoing but mild at time of trial entry). All reported cases 
of IBD were adjudicated as “probable.” Anterior uveitis was 
reported  in 3 IXEQ2W patients (3.1%) and 2 IXEQ4W patients 
(1.8%); 3 of these 5 patients (2 in the IXEQ2W group and 1 in the 
IXEQ4W group) were documented to have a preexisting history 
of anterior uveitis; 4 of the 5 patients were HLA–B27 positive, 
and all had longstanding disease (experiencing symptoms for 
at least 7 years and up to 28 years). Psoriasis was reported in 
2 patients with a previous medical history of psoriasis (1 in the 
placebo group and 1 in the IXEQ4W group).

Treatment- emergent antidrug antibodies were observed 
in 3 placebo patients (2.9%), 4 IXEQ2W patients (4.1%), and 
8 IXEQ4W patients (7.1%). Most of the reported antidrug anti-
bodies were classified as being low titer, 2 IXEQ2W patients 
(2.0%) and 1 IXEQ4W patient (0.9%) were reported as having 
moderate titers, and 1 IXEQ2W patient (0.9%) was reported 
with high titers. Neutralizing antidrug antibodies were detected 
in 3 IXEQ4W patients (2.7%). No associations were identified 
between treatment- emergent antidrug antibody status and 
ASAS40 response, injection site reactions, or potential allergic/
hypersensitivity events with either ixekizumab treatment regimen.

DISCUSSION

The COAST- W trial is the first large, randomized, controlled 
trial focusing exclusively on radiographic axial SpA patients 
with prior treatment failure (inadequate response to or intoler-
ance of 1 or 2 TNFi). In that respect, this study differs from other 
reported phase III studies of radiographic axial SpA that enrolled 
exclusively or predominantly biologic DMARD (bDMARD)–naive 
patients. Ixekizumab was superior to placebo in reducing the 
signs and symptoms of radiographic axial SpA in this popula-
tion of patients with longstanding disease and very high disease 
activity. For the primary end point (ASAS40 response), both 
IXEQ2W and IXEQ4W were superior to placebo at week 16. 
Statistically significant and clinically meaningful improvements 
over placebo were also observed at week 16 for all major sec-
ondary end points, including measures of disease activity, func-

tion, and quality of life for IXEQ4W and for all but 1 (ASAS- HI) 
major secondary end points for IXEQ2W. Statistically significant 
improvements over placebo were reported early in the trial for all 
of these end points. In addition, and despite baseline levels of 
spinal inflammation being relatively low, thereby hampering the 
ability to show improvement, a statistically significant and objec-
tive effect on spinal inflammation was observed for IXEQ2W and 
IXEQ4W, as measured by the SPARCC MRI index score, which 
was supported by parallel improvements in CRP levels. The spi-
nal MRI data are the first to be reported in a large subset of 
patients with prior intolerance of or inadequate response to TNFi 
in the context of a placebo- controlled registration study.

Despite the greater exposure with the IXEQ2W regimen, 
IXEQ2W did not show a clinically meaningful incremental increase 
in observed efficacy relative to the IXEQ4W regimen. Similarly, the 
week 0 starting dose of ixekizumab 160 mg did not reveal a clin-
ically meaningful incremental improvement in week 16 response 
rates relative to the 80- mg starting dose for either ixekizumab 
regimen. The impact of starting dose on speed of onset requires 
further analysis.

Ixekizumab showed an acceptable safety profile in this 
patient population with longstanding and very active disease. 
The frequency of TEAEs in this population (patients with prior 
inadequate response to or intolerance of TNFi) was higher across 
all treatment arms, including placebo, than those reported in a 
bDMARD- naive population with radiographic axial SpA from 
another phase III ixekizumab study (COAST- V, NCT02696785) 
(30). TEAEs occurred more often with ixekizumab than with pla-
cebo, mostly driven by upper respiratory tract infections and 
injection site reactions. Serious AEs occurred at similar rates 
across ixekizumab and placebo treatment arms. The reported 
frequencies for total TEAEs and serious AEs are consistent with 
those reported among patients with psoriasis and psoriatic 
arthritis (PsA) treated with ixekizumab (31–34). Discontinuations 
due to AEs were similar for IXEQ2W relative to placebo but higher 
for IXEQ4W relative to placebo, with no particular AE driving the 
difference. The explanation for this discrepancy is unclear, given 
that there were no discontinuations due to AEs in the IXEQ4W 
treatment arm in the study of ixekizumab treatment in bDMARD- 
naive patients with radiographic axial SpA (30).

Infection frequencies were higher in patients treated with 
ixekizumab relative to placebo. The majority of infections were 
mild, with the most commonly reported being upper respiratory 
tract infections and nasopharyngitis. Serious infections were 
uncommon (n = 2). Reported infection frequencies were higher 
than those reported in COAST- V, but consistent with or lower than 
those reported in trials of ixekizumab for PsA and psoriasis (30).

Injection site reactions (high- level terms) were higher in 
patients treated with ixekizumab relative to placebo, and similar 
to or lower than previously observed in trials of ixekizumab for 
PsA and psoriasis (33,34). One case of grade 4 neutropenia was 
reported in the IXEQ4W treatment arm in a patient with treatment- 
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emergent acute PML who had a genetic risk factor for this dis-
ease. In the IXEQ2W treatment arm, one patient with a docu-
mented prior history of depression committed suicide, which was 
judged by the blinded investigator to be unrelated to the investi-
gational product.

The incidences of IBD and acute anterior uveitis in the cur-
rent study involving patients with prior inadequate response to 
or intolerance of 1 or 2 TNFi, and longstanding (mean ± SD 
 symptom duration 18.4 ± 11.1 years) and very active disease, 
were higher than reported among bDMARD- naive patients with 
radiographic axial SpA treated with ixekizumab (30). Certain 
comorbidities in axial SpA, especially IBD and acute anterior 
uveitis, have been reported to be associated with longer dis-
ease duration (35). Integrated data from the ixekizumab axial 
SpA studies, as well as longer- term data, are needed to bet-
ter understand whether the IBD events observed in the current 
study reflect the recruited patient population, study treatment, 
other factors (such as discontinuation of prior TNFi), or a combi-
nation of the above (36).

The incidence of ixekizumab antidrug antibodies was low 
and consistent with previous reports in patients with PsA and 
prior inadequate response to or intolerance of 1 or 2 TNFi (34). 
Ixekizumab antidrug antibodies were not associated with immune 
reactions or reductions in efficacy.

TNFi and 1 IL- 17A antagonist (secukinumab) are the only 
approved biologic agents for treatment of AS. The ixekizumab 
results reported here for patients with inadequate response to 
or intolerance of 1 or 2 TNFi are consistent with those previously 
reported for secukinumab in patients with inadequate response 
to or intolerance of 1 TNFi (subset of 85 patients from the  
MEA SURE- 2 study) (18). However, given that other baseline 
characteristics may also differ between these 2 studies, direct 
comparisons should not be made between the trial results. Both 
MEASURE- 2 and COAST- W demonstrate that IL- 17A antago-
nists are efficacious and well- tolerated in patients with prior intol-
erance of or inadequate response to TNFi.

The COAST- W trial has several strengths. It is the first large, 
randomized, controlled trial to focus exclusively on patients with 
radiographic axial SpA with a prior inadequate response to or 
intolerance of 1 or 2 TNFi. This focus allowed for a comprehensive 
evaluation of the baseline characteristics, burden of disease, and 
treatment efficacy and safety in this population. COAST- W also 
used the ASAS40 response as the primary end point, reflecting 
major improvement and representing a more stringent end point 
than the commonly used ASAS20. In addition, COAST- W is the 
first placebo- controlled trial to generate spinal MRI data in a TNFi- 
intolerant or inadequate responder population. Conversely, the 
current data set is limited to a 16- week treatment period. Longer- 
term data, which are being collected through 1 year of treatment 
in the present trial, as well as during an optional 2- year extension 
trial, will provide further information on the long- term efficacy and 
safety of ixekizumab.

In conclusion, the findings of this study demonstrate that 
the ixekizumab treatment regimens yield rapid and significant 
improvements in the signs and symptoms of radiographic axial 
SpA, as well as a significant reduction in inflammation of the spine 
as measured by MRI, when compared to placebo. The current 
results support ixekizumab as a treatment option for patients with 
radiographic axial SpA and prior inadequate response to or intol-
erance of TNFi.
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Interleukin-17AInhibitionDiminishesInflammationand
NewBoneFormationinExperimentalSpondyloarthritis
Melissa N. van Tok,1 Leonie M. van Duivenvoorde,1 Ina Kramer,2 Peter Ingold,2 Sabina Pfister,2 Lukas Roth,2 
Iris C. Blijdorp,1 Marleen G. H. van de Sande,1 Joel D. Taurog,3 Frank Kolbinger,2 and Dominique L. Baeten4

Objective. It remains unclear if and how inflammation and new bone formation in spondyloarthritis (SpA) are 
coupled. We undertook this study to assess the hypothesis that interleukin- 17A (IL- 17A) is a pivotal driver of both 
processes.

Methods. The effect of tumor necrosis factor (TNF) and IL- 17A on osteogenesis was tested in an osteoblastic differ-
entiation assay using SpA fibroblast- like synoviocytes (FLS) differentiated with dexamethasone, β- glycophosphatase, 
and ascorbic acid. IL- 17A blockade was performed in HLA–B27/human β2- microglobulin (hβ2m)–transgenic rats,
which served as a model for SpA in both prophylactic and therapeutic settings. Inflammation and new bone formation 
were evaluated by micro–computed tomography imaging, histologic analysis, and gene expression profiling.

Results. TNF and IL- 17A significantly increased in vitro osteoblastic differentiation. In vivo, prophylactic blockade 
of IL- 17A significantly delayed spondylitis and arthritis development and decreased arthritis severity. Anti–IL- 17A 
treatment was also associated with prevention of bone loss and periosteal new bone formation. Therapeutic targeting 
of IL- 17A after the initial inflammatory insult also significantly reduced axial and peripheral joint inflammation. This 
treatment was again associated with a marked reduction in spinal and peripheral structural damage, including new 
bone formation. RNA sequencing of target tissue confirmed that IL- 17A is a key driver of the molecular signature of 
disease in this model and that therapeutic anti–IL- 17A treatment reversed the inflammatory signature and the select-
ed gene expression related to bone damage.

Conclusion. Both prophylactic and therapeutic inhibition of IL- 17A diminished inflammation and new bone for-
mation in HLA- B27/hβ2m–transgenic rats. Taken together with the ability of IL- 17A to promote osteoblastic differen-
tiation of human SpA FLS, these data suggest a direct link between IL- 17A–driven inflammation and pathologic new 
bone formation in SpA.

INTRODUCTION

The structural hallmark of spondyloarthritis (SpA) is exces-
sive new bone formation, which in some cases progresses to 
complete spinal ankylosis. The mechanism behind new bone for-
mation in SpA remains poorly understood. The fact that tumor 
necrosis factor (TNF) inhibition, which potently suppresses inflam-
mation and focal bone destruction in both axial and peripheral 
SpA, has little to no impact on new bone formation (1–5) suggests 

an uncoupling of inflammation and osteoproliferation. This uncou-
pling could be explained either by reparative bone formation after 
resolution of inflammation (i.e., the TNF- brake hypothesis) (6) or by 
the existence of 2 parallel but independent processes of inflam-
mation and structural remodeling initiated by a common trigger 
(i.e., the entheseal stress hypothesis) (7). The notion that inflam-
mation and new bone formation are uncoupled is, however, chal-
lenged by a couple of key observations. In the HLA–B27/human 
β2- microglobulin (B27/hβ2m)–transgenic rat model of SpA, new
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bone formation is never observed in the absence of inflammation. 
Both processes exist simultaneously at distinct anatomic sites of 
the joint (8,9). In human axial SpA, high disease activity is associ-
ated with accelerated spinal progression (10). Accordingly, in this 
report we propose an alternative hypothesis: that chronic tissue 
inflammation and new bone formation in SpA are directly linked by 
inflammatory mediators distinct from soluble TNF (11). We have 
previously provided direct evidence for this concept by demon-
strating that overexpression of transmembrane (but not soluble) 
TNF in mice leads to axial and peripheral inflammation and new 
bone formation, reminiscent of human SpA (van  Duivenvoorde 
LM, et al: submitted for publication).

One of the key inflammatory mediators in SpA is interleukin- 
17A (IL- 17A) (12). Animal studies, translational research, and 
clinical trials have demonstrated that IL- 17A plays a central role 
in inflammation in both axial and peripheral SpA (12–16). How-
ever, its potential role in new bone formation remains incompletely 
understood. Beyond the well- established effect of IL- 17A on oste-
oclasts (17,18), 2 recent studies demonstrated in vitro and in vivo 
that IL- 17A has an inhibitory effect on mature osteoblasts through 
the Wnt signaling pathway (19,20). In contrast, IL- 17A promoted 
new bone formation and fracture healing in a drill- hole model by 
stimulating proliferation and osteoblastic differentiation of mes-
enchymal precursors (21). Accordingly, IL- 17A was shown to 
promote osteoblastic differentiation of human stromal precursor 
cells, including bone marrow mesenchymal stem cells (22,23) and 
fibroblast- like synoviocytes (FLS) (24). These conflicting results 
may be explained by differences in cell origin, state of differenti-
ation, and/or microenvironment, which suggests the necessity of 
a detailed analysis of the role of IL- 17A in new bone formation in 
SpA- relevant in vitro and/or in vivo models. We hypothesized that 
IL- 17A is a key mediator linking inflammation to new bone forma-
tion in SpA. To test this hypothesis, we performed in vitro human 
osteoblastic differentiation assays and in vivo IL- 17A blockade 
in Mycobacterium tuberculosis–induced disease in B27/hβ2m–
transgenic rats (9,25).

MATERIALS AND METHODS

In vitro osteoblastic differentiation. Primary human 
FLS cultures were generated from synovial biopsy samples from 
8 SpA patients, according to standardized protocol (26). Peri-
osteal cells were derived (with written informed consent) from 
waste material from nonarthritic patients undergoing total knee 
replacement surgery. StemXVivo osteogenic/adipogenic base 
medium (no. CCM007; R&D Systems) supplemented with 100 
nM dexamethasone, 50 μM ascorbic acid, and 10 mM β- gly-
cophosphatase was used for differentiation in the presence or 
absence of 50 ng/ml recombinant IL- 17A (R&D Systems), 1 ng/ml 
recombinant TNF (R&D Systems), or a combination of both. Half 
of the medium was replaced twice weekly. After 14 days and 21 
days, wells were stained for alizarin red or alkaline phosphatase 

(AP); cells were fixed with 4% formalin, washed with phosphate 
buffered saline, and incubated with 2% alizarin red S or AP dye. 
After the drying of the wells, 2 independent observers scored the 
percentage of staining.

RNA was extracted using RNeasy Micro Columns (no. 
74004; Qiagen), and complementary DNA (cDNA) was synthe-
sized using a RevertAid First Strand cDNA Synthesis Kit (no. 
K1622;  ThermoFisher), both according to the manufacturer’s 
protocol, after 7 days and 14 days of differentiation. Quantita-
tive polymerase chain reaction (qPCR) analyses were performed 
using TaqMan assays (Life Technologies) for ALPL (assay ID 
Hs01029144_m1), RUNX2 (assay ID Hs00231692_m1), BGLAP 
(assay ID Hs01587814_g1), IBSP (assay ID Hs00173720_m1), 
and GAPDH (no. 4310884E) as a housekeeping gene. The expres-
sion of all indicated genes was measured at several time points (3 
days, 7 days, 14 days, and 21 days after differentiation) to identify 
the peak expression. For ALPL, RUNX2, and IBSP, the peak was 
on day 7, and for BGLAP it was on day 14 (data not shown). All 
qPCR data were analyzed using the 2−ΔΔCt method (27).

Rats. The transgenic 21- 3 (B27/hβ2m) Reh and 283- 2 (B27/
hβ2m) Reh rat lines (26) on Lewis background were bred and
housed (4 per cage) in open or individually ventilated cages at 
the animal research facility at Amsterdam Medical Center (AMC). 
Orchiectomized and M tuberculosis–immunized [21- 3 × 283- 2]
F1 male rats were used for all experiments (9,26). All experi-
ments were approved by the AMC Animal Ethics Committee.

Orchiectomy and immunization. To prevent epididy-
moorchitis, orchiectomy on 4- week- old male rats was performed 
using standard methods (9,28). Briefly, orchiectomy was performed 
under isoflurane anesthesia via the abdominal cavity. Fifteen min-
utes prior to surgery, all rats received 1 ml/kg carprofen as a pain-
killer. After a washout period of 2 weeks, rats were immunized with 
45–60 μg of pulverized heat- inactivated M tuberculosis (Difco) in 
100 μl Freund’s incomplete adjuvant (Chondrex), as previously 
described (9). Rats received an intradermal injection at the tail base 
under isoflurane anesthesia. The M tuberculosis dose was depen d-
ent on housing conditions (45 μg for animals in open- cage housing 
and 60 μg for animals in individually ventilated cage housing).

Anti–IL- 17A treatment. Rats were treated once weekly 
via intraperitoneal injection with 15 mg/kg mouse anti–mouse/
rat IL- 17A antibody (BZN035) or with mouse IgG2a isotype con-
trol antibody (both from Novartis). Prophylactic treatment (n = 6 
rats per group) started 1 week after immunization. Therapeutic 
treatment (n = 12 rats per group) started 1 week after the arthritis 
incidence reached 50%. At the start of therapeutic treatment, ran-
domization was performed based on arthritis scores. Treatment 
continued for 5 weeks, and rats were killed 1 week after the final 
injection. The therapeutic intervention was performed in duplicate, 
and data were pooled for analysis.
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Clinical scoring. The presence and severity of arthritis in 
the paws were determined macroscopically (0–3 score) as previ-
ously described (9), and digital swelling was measured by plethys-
mometry. Cumulative clinical scores were calculated for severity 
analysis. Swelling (in cm3) was normalized to the day before dis-
ease onset (for the prophylactic treatment experiment) or to the 
day of treatment initiation (for the therapeutic treatment experi-
ment). Spondylitis (presence of swelling and bumps in the tail) was 
determined macroscopically and severity was scored (0–3 score) 
at the end of the therapeutic treatment experiment.

Clinical scoring during the therapeutic treatment experiment 
was performed by 1 observer (MNvT) who was blinded with 
regard to treatment details. Humane end points were defined 
as 15% body weight loss or 2 completely swollen paws (in 
the prophylactic treatment group), and 20% body weight loss 
or 2 complete ly swollen front paws (in the therapeutic treat-
ment group). In the prophylactic treatment experiment, 4 of 6 
IgG2a- treated controls were killed 13 days prior to the end of 
the experiment due to severe disease that resulted in >15% 
body weight loss; in these cases, the last observation was car-
ried forward. In the therapeutic treatment experiment, no rats 
reached the humane end points. Additionally, rats in this group 
that did not have arthritis at the start of treatment were excluded 
from further analysis (except for incidence analysis). Among the 
12 rats in each therapeutic treatment group, 3 rats per group 
had no arthritis at the start of treatment (resulting in a total of 
9 rats per group). During the therapeutic treatment experiment, 
age- matched healthy control rats were included only for ex vivo 
experiments and analyses. These HLA–B27–transgenic rats 
were orchiectomized to prevent epididymoorchitis but were not 
immunized.

Ex vivo micro–computed tomography (micro-CT) 
analysis. Hind paws, lumbar spines, and tails of IgG2a- 
treated and anti–IL- 17A–treated rats (and age- matched healthy 
controls, only in the therapeutic treatment experiment) were 
fixed in 4% formalin, transferred to 70% ethanol, and imaged 
with a micro- CT scanner. Hind paws and lumbar spines were 
measured using a μCT 40 instrument, and tail vertebrae were 
imaged with a vivaCT 40 instrument (both from Scanco Med-
ical). The following scan parameters were employed: energy/
intensity 70 kV, 114 μA, 4 W; sample time 150 msec for hind 
paws, 190 msec for caudal vertebrae, and 300 msec for lum-
bar vertebrae; matrix 1,024 × 1,024 pixels for hind paws and 
caudal spine, and 2,048 × 2,048 pixels for lumbar spine; and 
voxel size 20 μm for hind paws, 25 μm for caudal vertebrae, 
and 10 μm for lumbar vertebrae. Structural vertebral bone 
parameters were calculated from 60 slices of L4, applying a 
segmentation threshold of 620 mg of hydroxyapatite (HA)/
cm3. Segmentation thresholds of 400–750 mg of HA/cm3 (hind 
paws) or 200–500 mg of HA/cm3 (caudal vertebrae) were used 

to identify the newly formed bone anticipated to have a lower 
material bone mineral density (BMD). Segmentation thresholds 
of 800–3,000 mg of HA/cm3 (hind paws) or 550–3,000 mg 
of HA/cm3 (caudal vertebrae) were applied in order to meas-
ure the normal mature bone with higher BMD. In addition, a 
Gaussian filter (σ = 0.8, support of 1 voxel) was applied, and 1 
surface voxel was removed with a morphologic erosion opera-
tion to compensate for the partial volume effect.

Histology. After micro- CT analysis, hind paws and tails of 
IgG2a- treated and anti–IL- 17A–treated rats (and age- matched 
healthy controls, only in the therapeutic experiment) were decal-
cified in OsteoSoft decalcifier solution (no. 101728; Merck) and 
embedded in paraffin. Five- micrometer sections were stained 
for hematoxylin and eosin (H&E) or Safranin O. Briefly, sections 
were deparaffinized and, for H&E staining, incubated in Mayer’s 
hematoxylin (no. MHS16) and Eosin Y solution (no. HT110116) 
(both from Sigma). For Safranin O staining, sections were incu-
bated in Weigert’s iron hematoxylin (no. HT1079), 0.1% fast green 
FCF (no. F7252), and 0.1% Safranin O solution (no. HT90432) (all 
from Sigma). Sections were dehydrated, embedded in Entellan 
(no. 1.07961.0100; Merck), and semiquantitatively scored by 2 
separate observers (MNvT, LMvD), both blinded with regard to 
treatment details, as previously described (8).

RNA sequencing library preparation and analysis. 
RNA samples were obtained from the 2 most severely swollen 
metacarpophalangeal (MCP) joints in 1 front paw (n = 5 IgG2a- 
treated rats and 5 anti–IL- 17A–treated rats) and both front paws 
from age- matched healthy control rats (n = 3), using previously 
described methods for total RNA extraction from frozen bone tis-
sue (29). From each sample of RNA, Illumina mRNA- Seq libraries 
were prepared using a TruSeq Ribozero RNA kit (Illumina) accord-
ing to the manufacturer’s instructions. Libraries were pooled and 
sequenced on a HiSeq 2000 sequencing system at ~30 million 
reads. Of 16 samples, 4 were excluded from further analysis (1 in 
the healthy control group and 3 in the IgG2a- treated group) due 
to an insufficient total library size evident by hierarchical clustering 
analysis. RNA sequencing reads for each library were mapped 
using Spliced Transcripts Alignment to a Reference software 
against the National Center for Biotechnology Information rat 
genome version 5.0. Read counts were aggregated at gene level 
using featureCounts. Finally, gene differential expression was cal-
culated with the edgeR analysis pipeline package. Briefly, library 
sizes were normalized using voom factor size estimation, and 
cross- replicate variability of gene counts was estimated by fitting 
a generalized linear model (Limma). The following comparisons 
were computed: IgG2a versus healthy control, anti–IL- 17A versus 
healthy control, and anti–IL- 17A versus IgG2a. False discovery 
rate was controlled by adjusting differential gene expression P val-
ues using the Benjamini- Hochberg method (30), and differentially 
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expressed genes were defined as having a log2 fold change of >1 
and an adjusted P value of <0.01.

RNA sequencing gene enrichment analysis. Univari-
ate analysis of gene expression is often not enough to  understand 
the function of regulated genes and their roles in biologic  
processes. Therefore, differentially expressed genes were 
mapped to known biologic pathways using Ingenuity Pathway 

Analysis. With this measure, the top enriched canonical path-
ways that were up- regulated (versus healthy controls) by IgG2a 
treatment and/or down- regulated upon anti–IL- 17A treatment 
were determined using an adjusted P value of <0.01. Addition-
ally, we compiled an IL- 17A gene signature by selecting genes 
that were dysregulated (based on IL- 17A stimulation and inhi-
bition in different cell types, i.e., whole blood, keratinocytes, 
and/or synoviocytes) in at least 3 of 22 data sets (Roth L, et al: 

Figure 1. In vitro differentiation of spondyloarthritis (SpA) fibroblast- like synoviocytes (FLS) to osteoblasts is accelerated in the presence of 
tumor necrosis factor (TNF) and interleukin- 17A (IL- 17A). SpA FLS (n = 8) were differentiated to osteoblasts, and on day 14 and 21, alizarin 
red (AR) staining was performed. StemXvivo osteogenic/adipogenic medium was used in all experiments, either without differentiation factors 
(−), with differentiation factors (+), or with differentiation factors in the presence of IL- 17A, TNF, or the combination of TNF and IL- 17A. A, 
Representative images of alizarin red and alkaline phosphatase (AP) staining. Original magnification × 100. B, Quantification of alizarin red 
and AP staining on day 21, after the start of differentiation. C, Relative expression of ALPL, RUNX2, and BGLAP after 7 days or 14 days of 
differentiation. Values in B and C are the mean ± SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001. Color figure can be viewed in the online 
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40770/abstract.
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unpublished observations). These 132 genes downstream of IL- 
17A were assessed by Fisher’s exact test for enrichment (versus 
healthy controls) with IgG2a and with anti–IL- 17A versus IgG2a 
treatment with a log2 fold change cutoff of >1 and an adjusted P 
value of <0.01 for each individual gene.

Statistical analysis. Data were analyzed using GraphPad 
Prism 6 and IBM SPSS Statistics 23 software. Student’s t- test 
or one- way analysis of variance (for multiple comparisons) was 
performed on all metric data; for clinical scores and hind paw 
swelling, the area under the curve was calculated first. All cate-
gorical data (semiquantitative scores) were analyzed by a Mann- 
Whitney U test.

RESULTS

IL- 17A promotion of in vitro osteogenesis. It was pre-
viously shown that IL- 17A promotes osteoblastic differentiation of 
FLS in osteoarthritis (but not rheumatoid arthritis) (24). We hypoth-
esized that IL- 17A and other inflammatory mediators would also 
promote osteoblastic differentiation of FLS in SpA. FLS derived 
from the synovium (a major target lesion of the disease) of patients 
with active SpA were differentiated toward osteoblasts. Mineraliza-
tion and differentiation were determined by alizarin red or AP stain-
ing after 14 days and 21 days of differentiation. Alizarin red staining 
was absent in undifferentiated FLS, which were treated with osteo-
genic medium alone, and mild background staining was observed 
for AP. Osteogenic medium supplemented with differentiation fac-
tors in the absence or presence of TNF or IL- 17A induced clear 
alizarin red and AP staining, indicating the differentiation toward 
osteoblasts (Figure 1A). Dose dependent effects of recombinant 
IL- 17A could be observed for alizarin red staining (see Supplemen-
tary Figure 1, on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40770/abstract).

Quantification of staining indicated that combined IL- 17A 
and TNF significantly increased mineralization at both time points. 
IL- 17A and TNF (Figure 1B), but not IL- 22 and IL- 17F (data not 
shown), increased differentiation on day 21. AP staining did not 
further increase with the addition of cytokines to the differentia-
tion cocktail (Figure 1B). Gene expression analysis on day 7 and 
day 14 indicated increased expression of osteogenesis- relevant 
genes, including ALPL and RUNX2, but not BGLAP, under all 
differentiation conditions (Figure  1C). These data indicate that 
TNF and IL- 17A promoted the differentiation of SpA FLS toward  
osteoblasts.

Reduction in joint inflammation with prophylactic 
IL- 17A blockade. To test whether IL- 17A is an important driver 
of experimental SpA, we treated HLA–B27–transgenic rats with 
an anti–IL- 17A antibody or IgG2a as a control, in a prophylactic 
treatment experiment (Figure  2A). Clinical disease development 
was monitored over time, and inflammation was analyzed histo-

logically at the end of the study. All control rats developed clinical 
spondylitis and arthritis, with a mean onset time of 14 days. In 
contrast, the development of spondylitis and arthritis were signifi-
cantly delayed in the anti–IL- 17A–treated rats, with a mean onset 
time of 28 days (P = 0.037) and 27 days (P = 0.015), respectively 
(Figure 2B). Similarly, arthritis score and hind paw swelling were 
significantly decreased in the rats treated with anti–IL- 17A (Fig-
ure 2C). Finally, there was a trend toward less histologically evident 
inflammation and destruction in the axial joints of anti–IL- 17A–
treated rats. Peripheral inflammation and destruction were sig-
nificantly reduced in anti–IL- 17A–treated ankle joints (Figure 2D). 
Taken together, these data indicate that spondylitis and arthritis in 
HLA–B27–transgenic rats is at least partially IL- 17A–dependent.

Decreased structural damage with prophylactic 
IL- 17A blockade. To assess the effect of IL- 17A blockade 
on new bone formation, spine and ankle tissues were ana-
lyzed by micro- CT imaging and histology. We hypothesized 
that the decrease in inflammation would partially prevent the 
development of new bone formation. Histologic analysis of the 
spine indicated a trend toward less new bone formation and 
no difference in the presence of hypertrophic chondrocytes. 
We observed a significant decrease in histologically evident 
new bone formation in the ankle joints after anti–IL- 17A treat-
ment. The presence of ectopic foci of hypertrophic chondro-
cytes was similar in both groups (Figure 3A). Micro- CT anal-
ysis of the ankle joints revealed loss of cortical bone and the 
distinct presence of low- density bone (used as a measure for 
new bone formation) in the control group. Both bone loss and 
new bone formation were less pronounced in the ankles of 
anti–IL- 17A–treated rats (Figure  3B and Supplementary Fig-
ure 2, http://onlinelibrary.wiley.com/doi/10.1002/art.40770/
abstract). Quantification of normal- density bone (>800 mg of 
HA/cm3) revealed that rats receiving anti–IL- 17A treatment had 
significantly increased bone volume, suggesting reduced bone 
loss (Figure 3C). Moreover, anti–IL- 17A–treated rats exhibited 
significantly less low- density bone tissue than IgG2a- treated 
rats, suggesting less new bone formation (Figure 3D). Accord-
ingly, these data suggest that prophylactic inhibition of inflam-
mation by anti–IL- 17A treatment prevents structural damage 
including periosteal new bone formation.

Reduction in spondylitis and arthritis after thera-
peutic IL- 17A blockade. After demonstrating that this model 
is IL- 17A–dependent, we next assessed whether blockade of 
IL- 17A under conditions of established pathology can impact 
inflammation and new bone formation. HLA–B27–transgenic 
rats were treated with anti–IL- 17A or IgG2a antibodies after 
disease onset, and clinical arthritis and spondylitis were mon-
itored over time. Axial and peripheral joints were analyzed by 
micro- CT and histologic assessment at the end of the study 
(Figure 4A). Whereas spondylitis and arthritis developed simi-
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larly in both groups prior to the initiation of treatment, at the end 
of the study, spondylitis was observed in 6 of 12 anti–IL- 17A–
treated rats versus 10 of 12 IgG2a- treated controls, and arthri-
tis was present in 7 of 12 anti–IL- 17A–treated rats versus 11 of 
12 IgG2a- treated controls (Figure 4B). Spondylitis severity was 
significantly reduced in rats that received anti–IL- 17A treatment 
(Figure 4C). In rats that developed arthritis (n = 9 in each group), 
the arthritis score significantly decreased and swelling of the 
hind paws stabilized, resulting in significantly less severe arthri-
tis in anti–IL- 17A–treated rats compared to controls (Figure 4D). 
Histologically evident inflammation and destruction tended to 
be reduced in the spines of rats treated with anti–IL- 17A. Ankle 
joints showed significantly less inflammation and destruction 

upon anti–IL- 17A treatment (Figure 4E). Collectively, these data 
demonstrate that therapeutic anti–IL- 17A treatment decreased 
axial and peripheral joint inflammation.

Reduced periosteal new bone formation after ther-
apeutic IL- 17A blockade. To assess whether IL- 17A inhibition 
after the initial inflammatory insult can reduce structural damage, 
axial and peripheral joints were analyzed by micro- CT and histologic 
assessment at the end of therapeutic treatment. Age- matched 
healthy controls (nonimmunized HLA–B27–transgenic rats) were 
included in this analysis to indicate normal levels of low-  and 
normal- density bone. Bone loss, destruction, new bone formation, 
and ectopic foci of hypertrophic chondrocytes were assessed.

Figure 2. Prophylactic treatment with anti–interleukin- 17A (anti–IL- 17A) reduces clinical symptom development and histologically evident 
inflammation in HLA–B27–transgenic rats. A, Timeline of HLA–B27–transgenic rat immunizations and prophylactic treatment with anti–IL- 17A 
or IgG2a (n = 6 rats per group) for 5 weeks. B, Spondylitis and arthritis incidence. C, Arthritis severity in diseased rats as measured by arthritis 
score and swelling of hind paws. D, Inflammation and destruction of axial and peripheral joints from all rats, quantified following histologic 
staining. Values in C and D are the mean ± SEM. MTB = Mycobacterium tuberculosis; IFA = Freund’s incomplete adjuvant; micro- CT = micro–
computed tomography; AUC = area under the curve. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.40770/abstract.
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Histologic analysis of the axial joints showed numerical (albeit 
not statistically significant) differences in new bone formation and 
hypertrophic chondrocytes in the spines of anti–IL- 17A–treated 
rats (n = 9) (Figure  5A). Reconstructed 3- dimensional (3- D) 
images of caudal vertebrae were analyzed for new bone forma-
tion (Figure 5B). In the IgG2a- treated rat group (n = 9), 11 ver-
tebrae from 5 rats were affected by new bone formation, and in 
the anti–IL- 17A–treated rat group (n = 9), 9 vertebrae from 3 rats 
were affected (Figure 5C). In addition, classic micro- CT analysis 
revealed trends toward a mild positive effect of anti–IL- 17A treat-
ment on ameliorating osteopenia in the lumbar spine by preserv-

ing cancellous bone volume/total volume, BMD, and trabecular 
thickness, but not trabecular number (Supplementary Figure 3,  
http://onlinelibrary.wiley.com/doi/10.1002/art.40770/abstract).

Histologic analysis of the peripheral joints showed signifi-
cantly less new bone formation and ectopic foci of hypertrophic 
chondrocytes in the ankles of anti–IL- 17A–treated rats (Figure 5D). 
Similar to our observations after prophylactic treatment, micro- CT 
imaging revealed loss of cortical bone and distinct presence of low- 
density bone in IgG2a- treated rats, while this was strongly reduced 
in anti–IL- 17A–treated rats (Figure 5E and Supplementary Figure 
4, http://onlinelibrary.wiley.com/doi/10.1002/art.40770/abstract).  

Figure 3. Reduction in structural damage with prophylactic anti–interleukin- 17A (anti–IL- 17A) treatment. In addition to clinical and histologic 
examination of inflammation, structural damage was assessed by micro–computed tomography (micro- CT) (n = 6 rats per group). A, Histologic 
quantification of new bone formation and ectopic foci of hypertrophic (Hyp.) chondrocytes in axial and peripheral joints. B, Micro- CT analysis 
revealing normal- density/cortical bone and low- density/newly formed bone in IgG2a- treated controls and anti–IL- 17A–treated rats. Red coloring 
in the 3- dimensional models and arrowheads in the 2- dimensional cross- sections indicate low- density bone. C and D, Quantification of 
normal- density bone (C) and low- density bone (D). Values in A, C, and D are the mean ± SEM.
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Accordingly, normal- density bone tissue was increased by 8% 
in anti–IL- 17A–treated rats compared to IgG2a- treated rats, 
although the difference was not significant (Figure  5F). Low- 
density bone volume, reflecting newly formed bone, in anti–IL- 
17A–treated rats was significantly lower than in IgG2a- treated 
rats and was even similar to that in age- matched, nonimmunized 
healthy controls (Figure 5G). Taken together, these data confirm 
that therapeutic  IL- 17A blockade reduced not only inflammation 
but structural damage, including new bone formation.

IL- 17A as major driver of molecular signature of 
disease. To confirm and extend the above findings at the 
molecular level, RNA was extracted from the front paw MCP 

joints of age- matched healthy controls, IgG2a- treated rats, 
and anti–IL- 17A–treated rats from the therapeutic experiment 
for RNA sequencing analysis. Principal component analysis 
identified all groups as separate clusters (Supplementary Fig-
ure 5, http://onlinelibrary.wiley.com/doi/10.1002/art.40770/
abstract). Nine hundred twenty- two identified genes were up- 
regulated in disease; 323 of these genes were consistently 
down- regulated after anti–IL- 17A treatment (Supplementary 
Figure 6). Pathway enrichment analysis indicated that the 
majority of the differentially expressed genes were related to 
cell cycle control, granulocyte adhesion, cytotoxic T cell sig-
naling, and the IL- 17A pathway (Supplementary Figure 6). The 
top 20 significantly up- regulated transcripts in IgG2a- treated 

Figure 4. Therapeutic treatment with anti–IL- 17A reduces clinical symptom development and histologically evident inflammation in HLA–B27–
transgenic rats. A, Timeline of HLA–B27–transgenic rat immunizations and therapeutic treatment with anti–IL- 17A or IgG2a (n = 12 rats per 
group) for 5 weeks. B, Spondylitis and arthritis incidence. C, Spondylitis score of rats that had arthritis at start of treatment (n = 9 rats per group). 
D, Arthritis severity in rats that had arthritis at the start of treatment, as measured by arthritis score and hind paw swelling. E, Inflammation 
and destruction of axial and peripheral joints from rats that had arthritis at the start of treatment, quantified following histologic staining. Values 
in C, D, and E are the mean ± SEM. See Figure 2 for definitions. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.40770/abstract.
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rats versus healthy controls (Table 1) revealed genes related 
to neutrophils (such as defensins, elastase, and myeloid per-
oxidase) and erythrocytes. Strikingly, 35% of the total number 

of up- regulated genes were markedly suppressed by treat-
ment with anti–IL- 17A. Analysis of all genes that were signif-
icantly down- regulated upon anti–IL- 17A treatment showed  

Figure  5. Therapeutic treatment with anti–IL- 17A reduces structural damage. Structural damage was assessed by micro- CT analysis 
and histologic assessment (n = 9 rats per group). A, Histologic quantification of new bone formation and presence of hypertrophic (Hyp.) 
chondrocytes in the spine of IgG2a- treated rats, anti–IL- 17A–treated rats, and healthy control rats. B, Overview of the caudal spine of 1 healthy 
rat and 1 IgG2- treated rat with arthritis. Red coloring indicates low- density bone. C, Overview of all vertebrae affected by new bone formation 
as indicated by red staining of low- density bone in IgG2a-  and anti–IL- 17A–treated rats. D, Histologic quantification of new bone formation 
and presence of hypertrophic chondrocytes in the ankles of IgG2a- treated rats, anti–IL- 17A–treated rats, and healthy control rats. E, Micro- CT 
analysis showing normal- density/cortical bone and low- density/newly formed bone. Red coloring in the 3- dimensional models and arrowheads 
in the 2- dimensional cross- sections indicate low- density bone. F and G, Quantification of normal- density bone (F) and low- density bone (G). 
Values in A, D, and F are the mean ± SEM. See Figure 2 for other definitions.
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significant down- regulation of the IL- 17 gene signature, includ-
ing Lcn2 (Supplementary Table 1 and Supplementary Fig-
ure 7, http://onlinelibrary.wiley.com/doi/10.1002/art.40770/
abstract). These data indicate that IL- 17A is a major driver 
of the molecular disease signature in this experimental SpA 
model. A subanalysis of genes related to molecular mecha-
nisms of new bone formation failed to reveal any specifically 
up- regulated pathway. However, a similar analysis of genes 
that were down- regulated by anti–IL- 17A treatment revealed 
strong suppression of carbonic anhydrase (CA) 1 and 2, which 
are genes involved in bone metabolism, and specifically, calci-

fication (Supplementary Table 1).

DISCUSSION

While clinical trials with anti–IL- 17A antibodies demonstrated 
the importance of this cytokine in axial and peripheral joint inflam-
mation in the context of human SpA (13–16), the exact manner 
in which IL- 17A exerts proinflammatory functions in this disease 
remains poorly understood. In psoriasis, studies of target tissues 
(30) and animal models (31,32) have elucidated the cellular and 
molecular immunopathology driven by IL- 17A. In contrast, SpA 
studies of target tissues (33,34) are currently scarce, and ani-
mal models do not seem to recapitulate human disease. IL- 17A  

minicircle DNA overexpression, as well as IL- 17A blockade 
in mice overexpressing IL- 23 minicircle DNA, failed to reveal a 
prominent role of this cytokine in these models (35). In curdlan- 
induced arthritis in SKG mice, the effect of IL- 17A deficiency is 
small (36), and therapeutic blockade has not been assessed. 
Moreover, some of these models poorly replicate key features of 
human SpA, including pathologic new bone formation (37).

Here we show that IL- 17A plays a pivotal role in the HLA–
B27–transgenic rat model of SpA, which is driven by overex-
pression of the major human susceptibility gene associated 
with the disease and shows all major clinical and pathologic 
features of the human disease, with the exception of extraar-
ticular manifestations (8,9). The notion that IL- 17A has a central 
role in this model is supported by the prophylactic and thera-
peutic effect of anti–IL- 17A on axial and peripheral joint inflam-
mation, and by RNA sequencing analysis of the target tissues, 
which indicated that the molecular signature of the disease is 
driven in part by IL- 17A. Regarding axial disease, it is impor-
tant to understand that not all vertebrae are affected by spon-
dylitis. Thus, quantification of axial pathology is rather difficult. 
Assessment of clinical spondylitis at the end of  therapeutic 
treatment indicated a significant reduction in spondylitis sever-
ity upon anti–IL- 17A treatment. Both histologic analysis and 
micro- CT imaging showed a trend toward less new bone for-

Table 1. Top 20 up- regulated genes in front paw bone of IgG2a- treated rats*

Gene 

Log2 fold change, 
IgG2a- treated rats 

versus healthy 
control rats

Log2 fold change, 
anti–IL- 17A–treat-

ed rats versus 
IgG2a- treated rats

Expression value 
in healthy controls, 
mean ± SD FPKM

Expression value in 
IgG2a- treated rats, 
mean ± SD FPKM

Expression value in 
anti–IL- 17A–treat-

ed rats, mean ± SD 
FPKM

Defa5 7.07 −3.68 13.70 ± 4.68 980.27 ± 331.68 132.07 ± 59.93
RatNP-3b 6.94 –3.64 10.52 ± 3.46 749.07 ± 264.79 94.05 ± 48.43
Defa11 6.94 –3.88 0.60 ± 0.27 49.49 ± 20.49 4.87 ± 2.60
Prtn3 6.72 –4.35 0.44 ± 0.21 17.72 ± 9.81 1.46 ± 0.83
Np4 6.66 –3.47 17.26 ± 5.74 950.18 ± 313.53 145.71 ± 77.36
Ms4a3 6.4 –3.41 0.74 ± 0.16 30.91 ± 12.83 5.58 ± 3.26
Elane 6.3 –3.99 3.25 ± 1.17 88.95 ± 46.32 11.48 ± 6.83
Ngp 5.99 –2.87 12.08 ± 5.14 374.43 ± 55.68 75.06 ± 25.10
Ctsg 5.97 –3.91 2.97 ± 0.97 88.07 ± 46.79 10.52 ± 6.13
Camp 5.77 –2.72 15.03 ± 4.77 591.79 ± 128.84 108.98 ± 35.32
Mpo 5.76 –3.27 3.84 ± 1.12 88.41 ± 40.76 17.69 ± 10.22
Rhag 5.16 –3.14 1.04 ± 0.30 23.59 ± 6.81 2.70 ± 0.58
Spta1 5.11 –2.76 0.61 ± 0.15 14.09 ± 4.17 2.20 ± 0.57
Slc4a1 5.06 –2.86 3.32 ± 0.65 79.77 ± 25.51 11.54 ± 3.11
Mcpt9 4.99 –3.33 0.63 ± 0.22 14.55 ± 3.92 1.81 ± 0.73
Rhd 4.95 –3.04 1.67 ± 0.38 37.81 ± 11.97 4.55 ± 0.95
Ermap 4.89 –2.7 0.67 ± 0.15 13.80 ± 3.93 2.14 ± 0.50
Kel 4.88 –2.83 0.54 ± 0.14 10.11 ± 2.68 1.42 ± 0.33
Gypa 4.81 –3.04 4.02 ± 0.80 91.33 ± 30.59 11.11 ± 2.81
S100a9 4.79 –2.59 137.19 ± 32.77 2,902.75 ± 762.68 547.33 ± 117.62

* Anti–IL- 17A = anti–interleukin- 17A; FPKM = fragments per kilobase million. 
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mation in the spine. To confirm these findings, we performed 
a second independent experiment with IL- 17A blockade. In 
this follow- up experiment, we observed similar results: severity 
of spondylitis and levels of histologically evident inflammation 
were significantly decreased. Moreover, histologic analysis of 
spinal tissue indicated significantly less new bone formation 
upon treatment with anti–IL- 17A as compared to the isotype 
control. Micro- CT analysis indicated similar results, although 
the findings were not statistically significant. The results pre-
sented in this report provide evidence of a diminished pres-
ence of inflammation and new bone formation in the spine.

One of the most enigmatic aspects of SpA is the link 
between inflammation and new bone formation. In contrast to 
bone destruction, which can be driven by both TNF and IL- 17A 
(15,16,38), the failure of TNF inhibition to profoundly impact new 
bone formation in ankylosing spondylitis (AS) raises the possibility 
that inflammation and new bone formation may be uncoupled. 
The first hypothesis on this uncoupling proposes that new bone 
formation in SpA is an excessive form of physiologic repair that, 
initiated by inflammation and bone destruction, occurs only after 
the resolution of the inflammatory process (6). According to this 
hypothesis, late antiinflammatory treatment would not affect new 
bone formation, as the repair process would already have been 
triggered. However, this hypothesis is inconsistent with observa-
tions that inhibition of osteoclasts does not inhibit new bone for-
mation in experimental arthritis (39) and that TNF blockade does 
not accelerate osteoproliferation in human AS (1). In the present 
study, we further invalidated this concept by showing that thera-
peutic suppression of inflammation by IL- 17A blockade after the 
initial insult does not promote or stabilize new bone formation but 
instead significantly inhibits this process.

The second hypothesis on uncoupling of inflammation and 
new bone formation proposes that an unknown trigger, presum-
ably entheseal stress, induces simultaneous inflammation and 
activation of stromal progenitor cells, resulting in inflammation- 
independent tissue remodeling, new bone formation, and anky-
losis (7). According to this hypothesis, progression of structural 
damage after the initial phase of the disease would not be reduced 
by antiinflammatory treatment and would require specific targeting 
of stromal remodeling pathways. While our observations on the 
prophylactic impact of anti–IL- 17A on both inflammation and new 
bone formation are consistent with this hypothesis, the therapeutic 
effect of IL- 17A blockade on structural damage that was demon-
strated in our study clearly indicates that progression of new bone 
formation is dependent on ongoing, IL- 17A–driven inflammation.

Regarding the question of whether anti–IL- 17A treatment 
affects osteoblasts directly or through the resolution of inflam-
mation, we can only speculate. The finding that inflammation 
correlated with new bone formation in the anti–IL- 17A–treated 
rats (data not shown) does not prove a direct effect of anti–IL- 
17A treatment on osteoblasts or new bone formation. However, 
in vitro differentiation experiments indicate that IL- 17A is capa-

ble of directly stimulating osteoblastic differentiation. Moreover, 
exploratory experiments with in vitro differentiation of FLS indi-
cate that in the absence of inflammation, IL- 17A can stimulate 
osteoblastic differentiation (Supplementary Figures 8B and C,  
http://onlinelibrary.wiley.com/doi/10.1002/art.40770/abstract). 
These data suggest that IL- 17A does have the ability to directly 
regulate new bone formation.

A key question raised by our current findings relates to the 
mechanism by which IL- 17A exerts its function on bone. The 
mechanism of action of IL- 17A in bone appears similar to that in 
peripheral and axial joints. Additionally, micro- CT analysis reveals a 
paradoxical effect with the simultaneous improvement of the quality 
of the cortical bone and inhibition of periosteal new bone formation. 
Two mechanisms could, either separately or together, contribute to 
the improvement in cortical bone quality: first, a decrease in bone 
resorption, and second, an increase in osteoblastic activity. In the 
analysis of bone metabolism, we observed a clear decreasing effect 
of anti–IL- 17A on pathologic new bone formation. Based on in vitro 
assays, histologic assessment, and micro- CT, we concluded that 
osteoblasts could be less active. We also analyzed cortical bone, 
as this mechanism could apply to it as well; however, micro- CT 
analysis of the cortical bone indicated no difference in cortical bone 
density upon anti–IL- 17A treatment. These data imply that different 
cells or mechanisms are important for the formation of normal/cor-
tical bone versus pathological/syndesmophyte bone.

Use of some additional methods, such as the measurement 
of bone metabolism/turnover markers in the serum, would not 
contribute to the understanding of ongoing processes. We believe 
that micro- CT imaging and histologic analysis give a more accu-
rate overview of ongoing processes, as they indicate the location 
of the processes. While quantitative analysis of micro- CT results is 
based on bone density (in which low- density bone could contrib-
ute to levels of bone loss and levels of bone formation), histologic 
quantification is specific to either bone destruction or formation. 
Both methods used in this study indicate that levels of bone loss 
as well as pathologic bone formation are decreased upon anti–IL- 
17A treatment.

It has yet to be established if the effect of IL- 17A on in vitro 
differentiation corresponds to the inhibitory effect of IL- 17A on 
mature osteoblasts (19,20) or to the stimulatory effect of IL- 17A 
on osteoblastic differentiation of mesenchymal precursors (22–
24). In support of the latter, we demonstrated that IL- 17A directly 
promotes osteoblastic differentiation of human FLS in SpA. Fur-
thermore, RNA expression of bone sialoprotein, a major structural 
matrix protein, was increased after the addition of IL- 17A during 
differentiation (data not shown). RNA sequencing demonstrated 
that IL- 17A blockade down- regulated a number of gene products 
related to bone calcification, including CA1 and CA2; CA2 was 
previously shown to be directly induced by IL- 17A (40). Unfortu-
nately, our approach failed to reveal specific new bone formation 
pathways activated by disease; genes involved in osteoblastic 
differentiation or function were not differentially regulated upon 
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anti–IL- 17A treatment. More approaches to elucidate the precise 
molecular pathways and provide insight into relevant mecha-
nisms are needed. In particular, the temporal aspects of IL- 17A–
mediated disease progression and anti–IL- 17A therapy must be 
addressed, as our detailed analyses focused only on 1 time point 
following 5 weeks of treatment.

The in vitro differentiation assays raised another important 
question: is IL- 17A unique in its ability to drive osteoblastic dif-
ferentiation and new bone formation? This question is difficult 
to answer using in vitro assays, as they yield conflicting results 
depending on the exact model. For example, the osteoblastic dif-
ferentiation assay for FLS that we and others used (24) shows a 
positive effect of IL- 17A and of TNF, either alone or combined with 
IL- 17A (24), but not of IL- 17F (data not shown). In an exploratory 
experiment, we obtained similar results using human periosteum- 
derived cells (Supplementary Figure 8A, http://onlinelibrary.wiley.
com/doi/10.1002/art.40770/abstract). However, in studies involv-
ing differentiation of periosteal cells using another differentiation 
medium, others have demonstrated promotion of bone formation 
by IL- 17A and IL- 17F, but not TNF (41).

The above data indicate that the ability to drive osteogenic 
differentiation is not unique to IL- 17A. Further research is needed 
to determine differences in cell origin and the relationship to differ-
entiation capacity. Other cytokines, either related to IL- 17A (e.g., 
IL- 17F) or unrelated (e.g., TNF), might have the same osteogenic 
potential as IL- 17A in vitro. In vivo, in the classic TNF overexpres-
sion models that lead to high levels of soluble TNF, there are no 
signs of new bone formation (42,43). Moreover, TNF blockade 
with etanercept in a therapeutic setting failed to suppress pathol-
ogy (including inflammation and new bone formation) in an HLA–
B27–transgenic rat model (9). We recently discovered that selec-
tive overexpression of the transmembrane form of TNF in mice 
induces SpA- like arthritis, tendinitis, and spondylitis with promi-
nent new bone formation and ankylosis (van Duivenvoorde LM, et 
al: submitted for publication). These findings warrant further direct 
comparisons of anti–IL- 17A and anti- TNF (which may be more 
potent than soluble TNF receptor to block transmembrane TNF) in 
our HLA–B27–transgenic rats, as well as further research into the 
specific interactions between transmembrane TNF and IL- 17A.

Another important aspect of this study, as highlighted by 
the ongoing debate on the role of TNF in osteoproliferation, is 
the relevance and applicability of these findings to human SpA. 
In vitro differentiation using a cocktail of dexamethasone, β- g-
lycophosphatase, and ascorbic acid indicated that IL- 17A can 
accelerate osteogenesis. Similar results were achieved in the 
absence of antiinflammatory dexamethasone (Supplementary 
Figure 8C, http://onlinelibrary.wiley.com/doi/10.1002/art.40770/
abstract). Others have shown that IL- 17A can exert similar 
osteogenesis- stimulating effects during osteoblastic differenti-
ation of primary periosteal cells (41). In vivo models, including 
the HLA–B27–transgenic rat model, show both periosteal and 
endochondral new bone formation. In the spine, the site of new 

bone formation lesions is similar to the site of syndesmophyte 
formation in humans (8). The current human in vitro assays and 
rat in vivo experiments provide a clear biologic basis, but no 
definitive proof, that IL- 17A plays a role in new bone formation 
or syndesmophyte formation in human SpA. However, it is nota-
ble that magnetic resonance imaging evaluation of the spine in 
AS patients treated with the anti–IL- 17A monoclonal antibody 
secukinumab showed a low number of vertebral units with new 
fatty lesions, a feature that has been associated with subsequent 
new bone formation (44). Accordingly, data after 2 years and 4 
years of continuous treatment with secukinumab indicated low 
progression rates of new bone formation, as assessed by the 
modified Stoke Ankylosing Spondylitis Spinal Score (45–47).

While the present study has obvious limitations including the 
absence of a control group, preliminary observations in human 
patients, taken together with the biologic rationale presented 
by the current results, provide sufficient justification to proceed 
with well- controlled, long- term, head- to- head studies to assess 
whether blocking of IL- 17A–driven inflammation could not only 
suppress inflammation but also halt progression of structural 
damage in SpA.
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B R I E F  R E P O R T

Regression of Peripheral Subclinical Enthesopathy in 
Therapy- Naive Patients Treated With Ustekinumab 
for Moderate-to-SevereChronicPlaquePsoriasis:A 
Fifty- Two–Week, Prospective, Open- Label Feasibility Study
Laura Savage,1 Mark Goodfield,2 Laura Horton,1 Abdulla Watad,3 Elizabeth Hensor,1  Paul Emery,1 
Richard Wakefield,1 Miriam Wittmann,4 and Dennis McGonagle1

Objective. To investigate whether sonographically determined subclinical enthesopathy in patients with moderate- 
to- severe psoriasis regresses with the use of ustekinumab therapy for skin disease.

Methods. Seventy- three patients with moderate- to- severe psoriasis, who were not treated with systemic ther-
apy and did not have symptoms of psoriatic arthritis (PsA), and 23 healthy volunteers were screened by ultrasound 
for subclinical enthesitis. Subsequently, 23 patients with psoriasis whose ultrasound results showed inflammatory 
changes were treated with ustekinumab for 52 weeks. The evolution of sonographic abnormalities of the upper and 
lower limb entheses was assessed using an extensive gray- scale and power Doppler (PD) ultrasound protocol at 
weeks 0, 12, 24, and 52. For each parameter, a gray- scale or PD ultrasound score of >0 was determined to be abnor-
mal, and a summative score based on the Glasgow Ultrasound Enthesitis Scoring System was calculated.

Results. Of all the patients with psoriasis screened using ultrasound, 49.3% had at least 1 inflammatory entheseal ab-
normality. Mean ± SD inflammation scores were higher in the patients with psoriasis compared with the healthy volunteers 
(9.9 ± 6.6 versus 1.0 ± 1.4). With treatment, the mean inflammation scores decreased significantly by 42.2% from week 0 
to week 24 (–4.2 [95% confidence interval –6.3, –2.1]; P < 0.001) and by 47.5% by week 42 (–4.7 [95% confidence interval 
–7.1, –2.3]; P = 0.001). Entheseal structural abnormalities did not change significantly during treatment.

Conclusion. Within 12 weeks of treatment, interleukin- 12 (IL- 12)/IL- 23 inhibition for psoriasis appears to sup-
press subclinical enthesopathy, and the suppression is maintained through week 52. Further longitudinal studies are 
needed to determine whether therapy initiated for skin disease may prevent the development of PsA.

INTRODUCTION

The recognition that psoriatic arthritis (PsA) can quickly lead 
to irreversible joint damage, functional limitation, and quality- of- 

life impairment has prompted a shift in disease management 
toward earlier diagnosis and treatment (1). Given that 70% of PsA 
patients have antecedent psoriasis, dermatologists are ideally 
positioned to identify joint abnormalities earlier. In some psoriasis 
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populations, ~2% of patients develop PsA each year (1). However, 
despite dermatologists’ increasing awareness of the development 
of PsA and the support of screening for PsA in psoriasis patients, 
the prevalence of undiagnosed musculoskeletal disease remains 
high, with undiagnosed PsA reported in up to 29% of patients 
presenting to dermatology clinics (2).

Enthesitis is believed to be the primary abnormality in PsA 
(3). Trials investigating the efficacy of biologic agents in PsA have 
shown improvements in clinical enthesitis as a secondary out-
come measure (4). However, the presence of subclinical enthe-
sopathy and associated osteitis, for which clinical examination is 
ineffective, has been reported in patients with psoriasis but no 
arthritis (5). The sonographic response to biologic drugs used 
in psoriasis and established PsA in subclinical enthesopathy is 
not well studied. One small observational study (6) showed a 
decrease in morphologic sonographic abnormalities in psoriasis 
patients who had enthesitis treated with methotrexate or tumor 
necrosis factor (TNF) inhibitors for 6 months, although some 
of these patients fulfilled the Classification of Psoriatic Arthritis 
(CASPAR) Study Group criteria for PsA (6,7).

Systemic interleukin- 23 (IL- 23) overexpression leads to a 
psoriatic- like spondyloarthritis (SpA) phenotype that begins in the 
enthesis (8). Given the clear role of IL- 23 in the development of 
a SpA- based, entheseal- driven pathology, a therapeutic strat-
egy aimed at blocking the IL- 23/IL- 17 axis would be a logical 
option for the treatment of subclinical enthesopathy in early PsA. 
Therefore, we investigated the effect of IL- 12/IL- 23 inhibition on 
the sonographic features of subclinical enthesopathy in patients 
with moderate- to- severe psoriasis treated with ustekinumab, a 
fully humanized monoclonal antibody directed against IL- 12/IL- 
23p40.

PATIENTS AND METHODS

Patient groups. Seventy- three consecutive new adult 
patients with moderate- to- severe chronic plaque psoriasis (Pso-
riasis Area and Severity Index [PASI] score >10) (9) and no PsA 
(defined as the absence of clinically evident signs/symptoms 
of inflammatory arthritis according to the CASPAR criteria and 
a Psoriasis Epidemiology Screening Tool score of <3) and 23 
healthy volunteers were screened for subclinical enthesitis by 
ultrasound.

Exclusion criteria for both cohorts included any known rheu-
matologic disease, positive rheumatoid factor or anti–citrullinated 
protein antibody, and prior treatment with any disease- modifying 
antirheumatic drug for any condition. The only prior antipsoriatic 
therapies permitted were emollients, topical medications, and 
narrowband ultraviolet phototherapy, since prior systemic thera-
pies may affect subclinical enthesopathy. Patients with psoriasis 
were eligible for inclusion if they exhibited sonographic inflamma-
tory changes that fulfilled the Outcome Measures in Rheumatol-
ogy (OMERACT) definition of enthesopathy in at least 1 peripheral 

enthesis (10). Eligible patients with contraindications to treatment 
with ustekinumab were excluded.

Ultrasonography. Gray- scale and power Doppler 
(PD) ultrasound examinations were performed by 2 research 
sonographers (1 of whom was an author of this report [LH]) 
who are fully trained in entheseal ultrasonography using a 
General Electric Logiq E9 machine. The sonographers were 
aware of the patients’ psoriasis diagnosis, and it was not pos-
sible for them to be blinded with regard to other findings at 
study visits due to the fact that they performed the previous 
scans and the number of participants in the trial was small. 
The psoriasis patients underwent initial ultrasonography of the 
upper and lower limb entheses and adjacent bursae to screen 
for the presence of subclinical inflammation, and were eligible 
for further participation in the study if they exhibited thickening, 
hypoechoic change, and/or a PD signal in at least 1 enthesis.

An ultrasound was performed on eligible patients at baseline 
(day of first ustekinumab dose) and after 12, 24, and 52 weeks 
of therapy. The entheseal sites examined were identical to those 
examined on the screening ultrasound with the exception of the 
third, fourth, and fifth fingers, as they exhibited little or no enthesitis 
at screening. The healthy volunteers had only 1 ultrasound. Enthe-
ses of the flexor and extensor pollicus longus, flexor digitorum pro-
fundus, extensor digitorum, common extensor and flexor, distal 
brachial triceps, quadriceps, proximal and distal patellar, Achilles, 
plantar aponeurosis, and peroneal brevis tendons were assessed.

Ultrasound image interpretation. The OMERACT 
definition of enthesopathy was used to interpret ultrasound 
images. Each entheseal site was assessed for thickening, 
hypoechogenicity, PD signal and calcification, and adjacent 
enthesophytes, bone erosions, and cortex irregularities. Cor-
tex irregularity and bursal involvement were included in the 
assessment, since cortex irregularity may reflect cumulative 
damage from previous inflammation and bursal involvement 
indicates synovio–entheseal complex involvement, a key 
lesion that may be involved in the transition from subclinical 
enthesopathy to PsA. Gray- scale and PD bursal hypertrophy 
were also assessed at the entheseal sites.

Entheseal thickening was assessed at the widest point 
of the entheseal insertion on longitudinal scans. A previ-
ously  published quantitative scoring system was applied to 
the measurements and, where available, normal values were 
accepted as reported in the literature (10,11). Where informa-
tion on normal values was unavailable, the method of Gibbon 
and Long (12) was used, which informed the published plan-
tar fascia threshold used in the Glasgow Ultrasound Enthesitis 
Scoring System (GUESS) (11). The upper limit of tendon thick-
ness in our healthy volunteer cohort was used as the thresh-
old for designating increased tendon thickness in the psoriasis 
patients.



SAVAGE ET AL 628       |

Drug therapy. Ustekinumab was administered at the 
licensed dose by the clinician (weight <100 kg: 45 mg; weight 
≥100 kg: 90 mg) at weeks 0, 4, 16, 28, 40, and 52; subcuta-
neous administration was performed by the clinician to ensure 
compliance. Some concomitant topical psoriasis therapies were 
permitted (emollients, topical corticosteroids, coal tar prepara-
tions, and vitamin D analogs). Glucocorticoids, regular use of 
nonsteroidal antiinflammatory drugs, systemic immunosuppres-
sants, and any experimental drugs were prohibited.

Clinical assessment. Clinical assessments were per-
formed prior to each ultrasound by a dermatologist (LS) who is 
trained in musculoskeletal examination, with an additional safety 
visit at week 4. Assessments included the PASI score, percentage 
body surface area (BSA), modified Nail Psoriasis Severity Index 
(mNAPSI) score, documentation of anatomic sites with psoriasis, 
and assessments for enthesitis (30 sites), dactylitis, and peripheral 
joint swelling and/or tenderness (66/68 joints).

Statistical analysis. This study was designed as a pilot to 
inform a larger randomized controlled trial. The sample size for 

the treatment phase was based on the published standards, sug-
gesting that between 12 and 30 patients should be recruited for 
pilot studies. We aimed to recruit at least 12 (up to 30) depending 
on the recruitment rate, which was a feasibility outcome of the 
trial. Group mean ± SD or median and interquartile range (IQR) 
values were calculated, with 95% confidence intervals (95% CIs).

RESULTS

Participant characteristics. Seventy- three patients 
(45 male and 28 female) with moderate- to- severe plaque pso-
riasis (median PASI score 17.6 [IQR 11.9, 25.4]) were screened 
by ultrasound. Thirty- six patients (49.3%) had ≥1 sonographic 
inflammatory abnormality that fulfilled the OMERACT definition 
of enthesopathy. Of the 36 patients, 30 met the trial eligibility 
criteria, of whom 6 chose conventional therapy and 1 was lost 
to follow- up. Twenty- three patients consented to trial participa-
tion and were treated with ustekinumab. Attempts were made 
to recruit healthy volunteers with similar characteristics (age, 
sex, body mass index [BMI]) to the group of psoriasis patients, 
although specific case matching was not performed (Table 1). 

Table 1. Descriptive characteristics of the 2 cohort populations*

Psoriasis patients 
(n = 23)

Healthy volunteers 
(n = 23)

Sex
Male 12 (52.2) 12 (52.2)
Female 11 (47.8) 11 (47.8)

Age, mean ± SD (range) years 44.1 ± 13.9 (20–74) 39.3 ± 8.3 (22–59)
Fitzpatrick skin type (phototype)

I 3 (13.0) 4 (17.4)
II 11 (47.8) 14 (60.9)
III 8 (34.8) 4 (17.4)
IV 0 (0) 1 (4.3)
V 1 (4.3) 0 (0)
VI 0 (0) 0 (0)

BMI, median (IQR) kg/m2 29.6 (27.6, 29.6) 26.8 (24.6, 31.5)
Smoking status

Never 8 (34.8) 18 (78.3)
Current 7 (30.4) 1 (4.3)
Previous 8 (34.8) 4 (17.4)
Ever 15 (65.2) 5 (21.7)

Cigarette pack- years in current/ex- smokers,  
median (IQR) years

20 (7, 32) 7.9 (4, 12)

Alcohol consumption in drinkers, median  
(IQR) units/week

10 (10, 20) 10 (10, 20)

Positive family history of psoriasis 13 (56.5) 2 (8.7)
Positive family history of psoriatic arthritis 2 (8.7) 0 (0)
Positive family history of other rheumatologic disorder 4 (17.4) 10 (43.5)
Positive family history of autoimmune disease 2 (8.7) 6 (26.1)

* Except where indicated otherwise, values are the number (%) of subjects. BMI = body mass index; IQR =
interquartile range 
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There were no meaningful clinical differences in age (mean dif-
ference 4.8 years [95% CI –2.0, 11.6]) and BMI (median differ-

ence 3.3 kg/m2 [95% CI 0.1, 6.7]).

Pretreatment ultrasonographic abnormalities in 
patients with psoriasis compared with healthy volun-
teers. Entheseal inflammation. Of the 598 entheses scanned in 
psoriasis patients at week 0 (median 6 [of 26] per patient [IQR 
4, 9]), 24.2% had at least 1 inflammatory entheseal abnormality 
(thickening, hypoechogenicity, and/or PD signal) with a score of 
>0, compared with 4.5% in healthy volunteers (median 1 [of 26] 
per volunteer [IQR 0, 1]). In total, 187 inflammatory abnormali-
ties were shown in patients with psoriasis (mean ± SD 8.7 ± 4.7 
abnormalities per patient), compared with 24 shown in healthy 
volunteers (1.0 ± 1.4 abnormalities per healthy volunteer). Mean 
± SD inflammation scores were higher in patients with psoriasis 
(9.9 ± 6.6 of a possible 294, compared with 1.0 ± 1.4 in the 
healthy volunteer group). In both groups, abnormalities were 
seen with the greatest frequency in knee tendons (distal patel-
lar more frequently than quadriceps), followed by the common 
extensor and flexor tendons of the elbow and large entheses 
of the ankle. Bursitis was infrequent; 1 patient had gray- scale 
 hypertrophy in 1 superficial infrapatellar bursa and the contralat-
eral deep infrapatellar bursa, and 1 volunteer had gray- scale 
hypertrophy in 1 retrocalcaneal bursa at week 0. At clinical as-
sessment, 29 tender enthesis sites from the 736 examined in all 
23 patients were identified (3.9%), and 4 patients had asympto-
matic toe swelling consistent with low- grade dactylitis.

Chronic entheseal damage. At week 0, 15.9% of the 598 
entheses examined (median 5 [of 26] per patient [IQR 2, 8]) had 
at least 1 chronic abnormality indicative of structural damage 

with a score of >0, compared with 6.0% in the healthy volunteer 
group (median 1 [of 26] per participant [IQR 0, 3]). In total, 137 
abnormalities were identified in the psoriasis group (mean ± SD 
6.0 ± 4.7 abnormalities per patient), compared with 36 in healthy 
volunteers (1.6 ± 1.6 abnormalities per volunteer). Mean ± SD 
chronicity scores were higher in patients with psoriasis (7.9 ± 
5.7 of a possible 312, compared with 2.0 ± 1.9 in the healthy 
volunteer group).

Cutaneous responses to ustekinumab in partici-
pants with psoriasis. The median duration of psoriasis was 
11 years (IQR 7, 25). Median baseline PASI score and BSA 
were 18.0 and 30%, respectively. Twenty- one patients (91.3%) 
achieved a ≥75% reduction in PASI scores (PASI75) response, 17 
patients (73.9%) achieved a PASI90 response, and 11 patients 
(47.8%) achieved a PASI100 response by week 24 (primary end 
point of the study of ustekinumab efficacy for psoriasis), and 
responses were generally maintained through week 52. Seven-
teen patients had nail involvement at baseline (median mNAPSI 
28/140). Median mNAPSI scores decreased significantly (by 15 
points and 22 points) at weeks 24 and 52, respectively.

Ultrasonographic musculoskeletal responses to 
ustekinumab in patients with psoriasis. Entheseal in-
flammation. Mean entheseal inflammation scores decreased 
by 42.2% from week 0 to week 24 (–4.2 [95% CI –6.3, –2.1]; 
Cohen’s d effect size [d] = 1.2, P < 0.001) and by 47.5% by 
week 52 (–4.7 [95% CI –7.1, –2.3]); d = 1.3, P = 0.001) (Fig-
ure 1). The percentage of entheses with at least 1 inflammatory 
abnormality decreased from 24.2% to 14.0% by week 24, and 
to 10.4% by week 52. Of the 187 inflammatory abnormalities 
found at baseline, 116 (62.0%) resolved, 14 (7.5%) improved, 

Figure 1. Mean change (with 95% confidence interval [95% CI]) 
in total enthesopathy scores for inflammatory and chronic damage 
abnormalities over time in patients treated with ustekinumab. 
Progressive improvement of lesions shown to be potentially 
inflammatory was evident, but chronic changes showed no 
significant differences.

Figure 2. Ultrasound images showing resolution of subclinical 
enthesopathy. Reductions in entheseal thickness from grade 2 to 
grade 0 (†), in hypoechogenicity from grade 1 to grade 0 (*), and 
in power Doppler signal from grade 3 to grade 0 (△) within the 
left proximal patellar tendon enthesis were seen between week 0 
(top) and week 52 of ustekinumab therapy (bottom). Pat = patella; 
PT = patellar tendon; Tib = tibia.
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55 (29.4%) remained  unchanged, and 2 (1.1%) worsened by 
week 24. An example of resolution of subclinical enthesopathy 
is shown in Figure 2. During treatment, 38 new abnormalities 
developed by week 24. The mean ± SD total number of ab-
normalities per patient decreased from 8.1 ± 4.7 at week 0 to 
5.7 ± 3.8 lesions (difference –2.5 [95% CI –3.6, –1.3]) at week 
12, to 4.7 ± 4.2 (difference –3.4 [95% CI –4.9, –1.9]) at week 
24, and to 3.5 ± 2.7 (difference –4.7 [95% CI –6.6, –2.7]) at 
week 52. Bursitis had resolved at week 24 in the patient who 
had 2 affected areas at baseline. Three patients developed 
transient unilateral bursal synovial hypertrophy in 1 area during 
the study, with resolution occurring by the following scan in all 
cases. At all time points assessed, there were no substantive 
differences in inflammatory enthesopathy scores according to 
age, sex, BMI, smoking status, alcohol consumption, duration 
of psoriasis, anatomic location of psoriatic plaques, family his-
tory, or HLA–Cw06 status.

Chronic entheseal damage. Structural abnormalities re-
mained static or marginally worsened over time. Mean entheseal 
chronic damage scores increased by 16.5% between weeks 0 
and 24 (mean increase 1.3 [95% CI –0.2, 2.7]; d = 0.5, P < 
0.082), and by 10% between weeks 0 and 52 (mean increase 
0.8 [95% CI –1.6, 3.1]; d = 0.2, P = 0.512) (Figure 1). The per-
centage of entheses with at least 1 chronic damage abnormal-
ity increased from 15.9% at week 0 to 18.6% at week 24 and 
20.0% at week 52. Of the 137 chronic damage abnormalities 
shown at week 0, 35 (25.5%) resolved, 14 (10.2%) improved, 
75 (54.7%) remained unchanged, and 13 (9.5%) worsened by 
week 24. Sixty- eight new abnormalities developed during treat-
ment. The mean ± SD total number of abnormalities per patient 
changed from 6.0 ± 4.7 at week 0 to 5.6 ± 5.0, 7.4 ± 5.7, and 
7.6 ± 6.1 at weeks 12, 24, and 52, respectively.

Adverse events occurred in a similar frequency to that re-
ported in phase III studies and registry data for ustekinumab. The 
adverse events were not serious (3 cases of upper respiratory 
infection, 1 case of gastroenteritis, and 2 follicular abnormalities).

DISCUSSION

Our findings confirm that subclinical enthesopathy in patients 
with psoriasis is not uncommon, with 49.3% of the 73 patients 
with moderate- to- severe psoriasis having at least 1 potentially 
modifiable inflammatory abnormality at first presentation to a 
dermatologist. This percentage is broadly consistent with recent 
magnetic resonance imaging findings in psoriasis patients but is 
higher than previously reported from more limited ultrasound pro-
tocols (13,14). We determined that targeted treatment of psoria-
sis with a therapeutic agent independently shown to work in PsA, 
namely anti–IL- 12/23p40, can be associated with regression of 
subclinical inflammatory entheseal and synovial abnormalities. 
Ultrasonography- determined chronic damage abnormalities did 
not significantly improve. Our findings support the concept that 

therapies that suppress subclinical enthesopathy may have the 
potential to prevent the development of arthritis, at least in a sub-
set of cases, but this needs formal testing in longitudinal studies.

To evaluate the effect of therapy on subclinical skeletal abnor-
malities in psoriasis, we used a more comprehensive ultrasound 
scoring system based on the GUESS. We chose the GUESS as 
it is an easily reproducible, standardized measure of sonographic 
lower limb entheseal abnormalities. However, it excludes several 
accessible entheses that have not been reliably investigated in 
patients with subclinical disease (notably those in the upper limbs), 
and parameters such as hypoechogenicity, PD signal, and bone 
cortex irregularities that are fundamental parts of the  OMERACT 
definition of enthesopathy. Though important to include, PD 
signal was a rare finding, with only 0.2% of entheses exhibiting 
signals in patients with psoriasis prior to treatment. This is less 
than the 1–7.4% previously reported in other psoriasis cohorts 
(5,14), which may be due to a dilutional effect from the inclusion of 
many more entheseal sites and the investigation of asymptomatic 
patients. As in previous studies, patients in our study exhibited 
the most abnormalities in the larger entheses, such as the quadri-
ceps, proximal and distal patella, common extensor, and Achilles 
tendon insertions. However, reflecting the heterogeneous nature 
of PsA, abnormalities in the smaller entheses were not infrequent 
(10–20%), especially in the extensor and flexor pollicis longus ten-
don insertions of the thumb, the peroneal brevis enthesis, and the 
flexor digitorum profundus enthesis of the index finger.

In our cohort, there were no significant changes in chronic dam-
age abnormalities with ustekinumab therapy. While some structural 
lesions worsened, some appeared to decrease in severity or resolve 
(primarily bone erosions), which is a recognized phenomenon in 
rheumatoid arthritis (15) and in PsA (16). The rate of progression of 
structural lesions without ustekinumab therapy is unknown. Inclu-
sion of an untreated group may have helped determine whether 
ustekinumab slowed the development of damage. However, this 
limitation is difficult to overcome, as it would be unethical to not treat 
a group of psoriasis patients. In our study, we attempted to recruit 
control patients with psoriasis undergoing narrowband ultraviolet B 
phototherapy for comparison, but this proved unfeasible. Similarly, 
it may have been helpful to rescan the healthy volunteers after 24 
weeks to indicate the rate of progression in the normal population. 
High rates of structural damage in the Achilles tendon enthesis 
were shown in our healthy volunteer cohort (30.4%, compared with 
17.4% in psoriasis patients), but the opposite was shown for inflam-
matory abnormalities (4.3% in the healthy volunteers and 15.2% 
in psoriasis patients). This suggests that structural changes in the 
healthy volunteers were caused by trauma and natural degenera-
tion rather than an inflammatory process.

To the best of our knowledge, this is the first study to evalu-
ate the alteration in sonographic features of subclinical enthesitis 
with an IL- 12/IL- 23p40 inhibitor and the first study to investigate 
sonographic treatment responses in patients with asymptomatic 
psoriasis who are naive to systemic therapy. However, a recent 
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study demonstrated that downstream inhibition of IL- 17 may 
have a similar effect on subclinical PsA (17).

The relatively small number of patients investigated in this pilot 
study prevents any definite conclusions regarding the effective-
ness of ustekinumab in treating subclinical enthesitis and bursitis, 
although the identified trends are encouraging. Since this was an 
open- label study, there is a possibility of bias in the longitudinal 
imaging assessments, although the imaging was performed in a 
dark room with limited verbal interaction and with other patients in 
different studies also undergoing sonographic assessments.

These data are consistent with recently published reports 
regarding good sonographic responses of entheseal abnormali-
ties after treatment with TNF inhibitors in patients with psoriasis 
(6) and SpA (18). The results of our proof- of- concept study sup-
port the notion that IL- 12/IL- 23 has a role in entheseal- driven 
pathology in the early stages of PsA and promote the need for 
larger trials to determine whether the regression of subclinical 
arthropathy is associated with PsA prevention.
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Suppression of Murine Lupus by CD4+ and CD8+ Treg Cells 
Induced by T Cell–Targeted Nanoparticles Loaded With 
Interleukin- 2 and Transforming Growth Factor β
David A. Horwitz,1 Sean Bickerton,2 Michael Koss,3 Tarek M. Fahmy,2 and Antonio La Cava4

Objective. To develop a nanoparticle (NP) platform that can expand both CD4+ and CD8+ Treg cells in vivo for 
the suppression of autoimmune responses in systemic lupus erythematosus (SLE).

Methods. Poly(lactic- co- glycolic acid) (PLGA) NPs encapsulating interleukin- 2 (IL- 2) and transforming growth 
factor β (TGFβ) were coated with anti- CD2/CD4 antibodies and administered to mice with lupus- like disease induced
by the transfer of DBA/2 T cells into (C57BL/6 × DBA/2)F1 (BDF1) mice. The peripheral frequency of Treg cells was 
monitored ex vivo by flow cytometry. Disease progression was assessed by measuring serum anti–double- stranded 
DNA antibody levels by enzyme- linked immunosorbent assay. Kidney disease was defined as the presence of pro-
teinuria or renal histopathologic features.

Results. Anti- CD2/CD4 antibody–coated, but not noncoated, NPs encapsulating IL- 2 and TGFβ induced CD4+
and CD8+ FoxP3+ Treg cells in vitro. The optimal dosing regimen of NPs for expansion of CD4+ and CD8+ Treg cells 
was determined in in vivo studies in mice without lupus and then tested in BDF1 mice with lupus. The administration 
of anti- CD2/CD4 antibody–coated NPs encapsulating IL- 2 and TGFβ resulted in the expansion of CD4+ and CD8+
Treg cells, a marked suppression of anti- DNA antibody production, and reduced renal disease.

Conclusion. This study shows for the first time that T cell–targeted PLGA NPs encapsulating IL- 2 and TGFβ can
expand both CD4+ and CD8+ Treg cells in vivo and suppress murine lupus. This approach, which enables the expan-
sion of Treg cells in vivo and inhibits pathogenic immune responses in SLE, could represent a potential new therapeu-
tic modality in autoimmune conditions characterized by impaired Treg cell function associated with IL- 2 deficiency.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a disorder of immune 
regulation in which genetic and environmental factors contribute 
to the disruption of immune homeostasis. In SLE, normally qui-
escent self- reactive T and B cells become activated and are no 
longer held in check by the mechanisms of peripheral tolerance, 
including suppression by Treg cells, which are specialized cells 
that have an impaired function in SLE (1).

Since the levels of interleukin- 2 (IL- 2) and transforming 
growth factor β (TGFβ) that are required for the induction, expan-
sion, and function of Treg cells are compromised in SLE (1), and 
because IL- 2 and TGFβ help induce both CD4+ and CD8+ Treg

cells (in normal and disease settings), it has been proposed that 
these cytokines could be manipulated for the possible restora-
tion of Treg cell deficits (2). For example, low- dose IL- 2 therapy 
has been used to correct defects in Treg cells and to improve 
clinical disease in SLE patients (3,4), supporting the concept that 
the functional impairment of Treg cells in SLE that is attributable 
to cytokine deficiency can be corrected by selective cytokine 
 modulation.

We recently reported that nanoparticles (NPs) composed 
of the biocompatible FDA- approved biodegradable polymer 
poly(lactic- co- glycolic acid) (PLGA) coated with anti- CD4 antibody 
(for the targeting of CD4+ T cells) that encapsulate IL- 2 and TGFβ
can induce ex vivo functional, stable CD4+CD25+FoxP3+ Treg 
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cells (5). In this study, we extend those findings by exploring the 
therapeutic effects of targeted delivery of IL- 2 and TGFβ to T cells
for the induction of Treg cells in vivo. In addition to targeting CD4+ 
T cells by coating NPs with anti- CD4 antibody, we co- coated 
NPs with anti- CD2 antibody to target CD8+ T cells (2) and induce 
CD8+ Treg cells ex vivo (because of the protective effects of CD8+ 
Treg cells in SLE) (6,7).

Specifically, the effects of NPs encapsulating IL- 2 and TGFβ
were investigated in a murine lupus model where donor CD4+ T 
cells from DBA/2 mice injected into (C57BL/6 × DBA/2)F1 (BDF1) 
mice recognize the host major histocompatibility complex (MHC) 
antigens, become activated, and drive B cell hyperactivity (8,9). In 
this model, the outcome of the cell transfer is lymphoid hyperpla-
sia, polyclonal B cell activation, and anti–double- stranded DNA 
(anti- dsDNA) antibody production within 2 weeks and immune 
complex glomerulonephritis within 4–6 weeks (8,9). Of note, an 
advantage of this model is that a single transfer of DBA/2 CD4+ 
and CD8+ Treg cells generated ex vivo with IL- 2 and TGFβ is
sufficient to block B cell activation, autoantibody production, 
and immune complex nephritis (10), allowing the testing of the 
therapeutic potential of targeted delivery of IL- 2 and TGFβ to T
cells for the induction of Treg cells in vivo. Our results indicate 
that NPs encapsulating IL- 2 and TGFβ induced both CD4+ and
CD8+ Treg cells in vivo, with subsequent reduced lupus disease 
 manifestations.

MATERIALS AND METHODS

NP preparation and characterization. Cytokine- 
encapsulating PLGA NPs were prepared according to a previ-
ously described water/oil/water double emulsion protocol (5). 
Briefly, 60 mg PLGA (50:50; Durect) were dissolved in 3 ml 
of chloroform in a glass test tube. A primary emulsion was 
generated by adding 200 μl of an aqueous solution containing 
2.5 μg carrier- free TGFβ and 1.25 μg IL- 2 (PeproTech). Addi-
tion was carried out dropwise while continuously vortexing the 
chloroform polymer solution. The resulting primary emulsion 
was sonicated using an Ultrasonic Processor GEX600 model 
probe at 38% amplitude for a 10- second pulse, and added 
dropwise to a continuously vortexed glass test tube contain-
ing 4 ml of 4.7% polyvinyl alcohol (PVA) and 0.625 mg/ml  
avidin–palmitate conjugate, as previously described (11). The 
resulting double emulsion was sonicated with three 10- second 
pulses with 20- second breaks in an ice bath in between before 
transfer to a beaker containing 200 ml of 0.25% PVA. Particles 
were allowed to harden by stirring for 3 hours at room temper-
ature. Hardened NPs were washed 3 times by cycles of pel-
leting at 18,000g and resuspension in Milli- Q water. Washed 
NPs were flash- frozen in liquid nitrogen and lyophilized for 
multiple days to enable long- term storage. NPs were stored 
at −20°C until used and prepared from lyophilized stocks for 
each experiment.

For cell targeting, NPs were freshly prepared in phosphate 
buffered saline (PBS) at the target concentration and reacted with 
the biotinylated targeting antibody at a concentration ratio of 2 
μg antibody to 1 mg NPs 10 minutes prior to use. NP size was 
quantified using dynamic light scattering with a Malvern Zetasizer 
Nano. Cytokine encapsulation and release were measured by BD 
OptEIA enzyme- linked immunosorbent assay (ELISA) kits, either 
after disrupting particles in DMSO or by supernatant analysis of 
release study aliquots. For the release assay, a 1% weight/volume 
solution of Pluronic F- 127 in PBS was used as release buffer, to 
help stabilize released cytokine and prevent binding to the tube 
surface and loss of capture/detection antibody binding ability.

Mice. C57BL/6, DBA/2, and BALB/c mice (including 
DO11.10, H2d) were purchased from The Jackson Laboratory. 
Female C57BL/6 mice and male DBA/2 mice were bred for the 
generation of (C57BL/6 × DBA/2)F1 (BDF1) mice. Disease was 
induced in BDF1 mice at 8 weeks of age by the transfer of parent 
DBA/2 cells according to standard protocols (10). BDF1 mice were 
then given an intraperitoneal (IP) injection of vehicle as control or 
PLGA NPs encapsulating IL- 2 and TGFβ and left uncoated (control)
or coated with anti- CD2 and anti- CD4 antibody (BD Biosciences). 
Mice were monitored biweekly for the frequency of circulating Treg 
cells by flow cytometric analysis. Serum samples were obtained 
via retroorbital bleeding. Proteinuria was measured using Albustix 
strips (Siemens). Mice were maintained in specific pathogen–free 
facilities at the University of California, Los Angeles. Experiments 
were approved by the Institutional Animal Research Committee.

In vitro assays. For T cell proliferation, splenocytes were 
incubated at 37°C at a concentration of 2 × 105 cells/well in 96- well 
plates (Corning) in complete RPMI medium (100 units/ml penicillin, 
100 μg/ml streptomycin, and 10% heat- inactivated fetal calf serum) 
for 72 hours in the absence (control) or presence of plate- bound 
anti- CD3 antibody (1 μg/ml) and soluble anti- CD28 antibody (1 μg/
ml) (BD Biosciences). In some experiments, ovalbumin 323–339 
peptide (ThermoFisher Scientific) was added, with or without NPs, 
with paired control without peptide. 3H- thymidine was added during 
the last 16 hours before cell harvesting on a Tomtec Harvester 96. 
The stimulation index was calculated as the mean counts per minute 
of antigen- stimulated wells/mean cpm of wells with medium only.

ELISA. ELISA measurement of anti- dsDNA antibody levels 
was performed using kits from Alpha Diagnostics International, 
according to the manufacturer’s instructions. Optical density was 
measured at 450 nm.

Flow cytometric analysis. Peripheral blood mononuclear 
cells (PBMCs) or splenocytes were isolated according to stan dard 
procedures, and single- cell suspensions were used for pheno-
type analyses using combinations of fluorochrome- conjugated 
 antibodies. After Fc blocking, fluorochrome- conjugated anti- 
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mouse antibodies to CD4, CD8, CD25, CD19, CD11b, CD11c, 
and Gr- 1 (all from eBioscience) or isotype control antibodies 
were used for staining prior to acquisition on a FACSCalibur 
flow cytometer (BD Biosciences) and subsequent analysis using 
FlowJo software (Tree Star). For intracellular staining of FoxP3, 
cells were first stained for the expression of cell surface mark-
ers before fixation/permeabilization and FoxP3 staining using an 
eBioscience FoxP3 Staining Kit, according to the manufacturer’s 
instructions. The gating strategy used for the different immune cell 
populations is shown in Supplementary Figure 1 (available on the 
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40773/abstract).

Histologic analysis. Kidney sections (4 μm thick) were 
stained with hematoxylin and eosin according to standard proce-
dures (12). For assessment of pathologic changes by glomerular 
activity score and tubulointerstitial activity score, sections were 
scored in a blinded manner, on a scale of 0–3, where 0 = no lesions, 
1 = lesions in <30% of glomeruli, 2 = lesions in 30–60% of glo-
meruli, and 3 = lesions in >60% of glomeruli. The glomerular activ-
ity score includes glomerular proliferation, karyorrhexis, fibrinoid 
necrosis, inflammatory cells, cellular crescents, and hyaline depos-
its. The tubulointerstitial activity score includes interstitial inflamma-
tion, tubular cell necrosis and/or flattening, and epithelial cells or 
macrophages in the tubular lumen. The raw scores were averaged 
to obtain a mean score for each feature, and the mean scores were 
summed to obtain an average score from which a composite kid-
ney biopsy score was obtained (13). For indirect immunofluores-
cence studies, sections were fixed in cold acetone for 5 minutes, 
washed, and blocked with 2% bovine serum albumin for 1 hour 
before staining with rabbit anti- mouse IgG (Fisher Scientific).

Statistical analysis. Statistical analyses were performed 
using GraphPad Prism software version 5.0. Parametric testing 
was done using the unpaired t- test; nonparametric testing was 

used when data were not normally distributed. P values less than 
0.05 were considered significant.

RESULTS

Preparation of NPs. The prepared cytokine- encapsulating 
NPs were characterized through examination of physical prop-
erties, encapsulation metrics, and release kinetics (Figure 1), as 
previously described (5,14). By dynamic light scattering, NPs 
were found to have a mean ± SD hydrodynamic diameter of 
245.3 ± 2.2 nm with a low polydispersity index (mean ± SD 0.06 
± 0.01), indicative of a uniform NP population with a relatively 
tight size distribution (Figure  1B). Cytokine encapsulation was 
measured by ELISA after NPs were disrupted using DMSO. 
Standard curves were generated using cytokine standards, 
but all wells were supplemented to contain 5% volume/volume 
DMSO and the appropriate concentration of empty NPs. Using 
this method, NPs were found to contain a mean ± SD of 7.4 ± 
0.4 ng TGFβ and 1.9 ± 0.1 ng IL- 2 per mg NP. For TGFβ, the
percent encapsulation efficiency was 17.8 ± 1.1; for IL- 2, it was 
9.1 ± 0.4.

The release assay was performed using 1 mg/ml aliquots 
of particles in release buffer. At each time point, aliquots were 
spun down in a microcentrifuge and supernatant was isolated 
from the particle pellet. The pellet was then resuspended in fresh 
release buffer until the next time point. Supernatant samples 
were frozen until the end of the study, at which point ELISA anal-
ysis was performed. As seen in Figure 1C, release of TGFβ and
IL- 2 from the NP system occurred in a burst during the first 24 
hours, followed by a slower, more sustained release profile over 
the course of the 14- day period.

Establishment of conditions for the induction of 
CD4+ and CD8+ Treg cells. To induce CD4+ and CD8+ Treg 
cells simultaneously, we used PLGA NPs encapsulating IL- 2 

Figure 1. Characterization of the cytokine- encapsulating poly(lactic- co- glycolic acid) (PLGA) nanoparticles (NPs). A, Schematic representation 
of the PLGA NP system showing co- encapsulation of interleukin- 2 (IL- 2) and transforming growth factor β (TGFβ) and surface coating with
targeting anti- CD2 and anti- CD4 antibodies. B, Size distribution of the IL- 2/TGFβ- encapsulating NP population. Physical characterization of
NP size was performed using dynamic light scattering. NPs had a negative surface charge as measured by zeta potential (mean ± SD −15.1 
± 0.5 mV) in Milli- Q water. C, Loading and release of the 2 encapsulated cytokines quantified by enzyme- linked immunosorbent assay. Results 
are the mean ± SD.

http://onlinelibrary.wiley.com/doi/10.1002/art.40773/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40773/abstract


NANOPARTICLE-BASEDINDUCTIONOFTREGCELLSINLUPUS |      635

and TGFβ in amounts that had been used previously (5). Scalar
doses of NPs coated with anti- CD2/CD4 antibodies (Figure 1A) 
were added in culture to mouse purified CD3+ cells for delivery 
to T cells, in a paracrine manner, of IL- 2 and TGFβ that induce
Treg cells in vitro. Since anti- CD3/CD28 antibody stimulation 
with 50 μg/ml NPs promoted a significant increase in the fre-
quency of both CD4+ and CD8+ Treg cells (Figures 2A and B), 
we proceeded to study the conditions for generation of Treg cells 
in vivo.

Establishment of in vivo conditions for the induction 
of CD4+ and CD8+ Treg cells in mice without lupus. Treat-
ment with anti- CD2/CD4 antibody–coated NPs was compared 
with treatment with NPs coated with anti- CD2 antibody only or 
anti- CD4 antibody only, keeping constant the total amount of NPs 
(all encapsulating IL- 2 and TGFβ) (Figures 3A and B). After a load-
ing dose, 1.5 mg NPs were injected into BALB/c mice every 3 
days or every 6 days for the first 12 days. One week later, both 
groups of mice received another 1.5 mg NPs. Analysis of Treg cells 
among circulating PBMCs on day 21 revealed that only those ani-
mals that had received NPs every 3 days had significant increases 
in Treg cells (Figure 3B and Supplementary Figure 2, available on 

the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40773/abstract).

Importantly, the coating antibodies needed to be attached 
to the same NP (co- coated), since coating of anti- CD2 and 
anti- CD4 antibodies on NPs independently was not effective 
in expanding Treg cells. Anti- CD2 antibody coating expanded 
CD8+FoxP3+ cells (Figure  3B), and the percentage of CD8+-
FoxP3+ cells induced by anti- CD2 antibody–coated NPs was 
higher than that induced by anti- CD2/CD4 antibody–coated 
NPs (likely due to lower per- NP coating of anti- CD2 antibody 
in the co- coated system and increased competitive binding to 
CD4+ T cells). In view of the superiority of the anti- CD2/CD4 
antibody–coated NPs in inducing Treg cells as compared to NPs 
coated with each antibody alone, we performed the subsequent 
experiments in mice with lupus using anti- CD2/CD4 antibody–
coated NPs encapsulating IL- 2 and TGFβ. This treatment for the
expansion of Treg cells did not affect T cell responsiveness to 
antigenic stimulation (Supplementary Figure 3, available on the 
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40773/abstract), suggesting that the bind-
ing of NPs to CD2 or CD4 co- receptors did not impede activa-
tion through the T cell receptor.

Figure 2. Establishment of conditions for the in vitro induction of CD4+ and CD8+ Treg cells with anti- CD2/CD4 antibody (anti- CD2/4 Ab)–
coated PLGA NPs encapsulating IL- 2 and TGFβ. Sorted CD3+ T cells (negatively selected with magnetic beads) from 12- week- old BALB/c
mouse splenocytes were cultured in the presence of anti- CD3/CD28 antibodies and the indicated doses of anti-CD2/CD4–coated cytokine-
encapsulating NPs (2 μg of each antibody per mg NP). After 3 days, flow cytometric analysis was performed. Top panels show the percentage 
of CD4+ (A) and CD8+ (B) Treg cells in cultures with cytokine- encapsulating NPs and cultures with empty NPs. Significant differences were 
observed at a dose of 50 μg/ml NP. Circles and error bars show the mean ± SEM. Bottom panels show representative flow cytometry plots for 
pregated CD4+ (A) and CD8+ (B) cells induced with the 50 μg/ml NP dose. Results are representative of 4 experiments using 3 mice per group. 
* = P < 0.05 versus empty NPs. See Figure 1 for definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.40773/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40773/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40773/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40773/abstract
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In vivo studies in BDF1 mice with lupus. When the 
treatment protocol shown in Figure 4 was followed in BDF1 mice 
with lupus, treatment with anti- CD2/CD4 antibody–coated NPs 
encapsulating IL- 2 and TGFβ resulted in increased numbers of 
circulating CD4+ and CD8+ Treg cells (Figure 4A and Supplemen-
tary Figure 4, available on the Arthritis & Rheumatology web site 
at http://onlinelibrary.wiley.com/doi/10.1002/art.40773/abstract). 

Protection against lupus disease manifestations was observed 
when high doses of NPs were used (Figures 4B and C).

In BDF1 mice, disease onset after the transfer of DBA/2 cells 
is rapid, with anti- DNA autoantibodies appearing by 2 weeks 
and proteinuria due to immune complex glomerulonephritis by 6 
weeks after transfer (8–10). Figure 4 shows that a total dose of 
7.5 mg NPs was superior to that of 4.5 mg in inducing tolerogenic 

Figure 3. Protocol for PLGA NP administration in BALB/c mice for the identification of an optimal dose for the expansion of Treg cells in vivo. 
Mice were treated with noncoated NPs (control) or with NPs coated with anti- CD2 antibody alone, NPs coated with anti- CD4 antibody alone, 
NPs co- coated with anti- CD2 and anti- CD4 antibodies (anti- CD2/CD4; both antibodies attached to the same NP), or a combination of NPs 
coated with anti- CD2 antibodies and NPs coated with anti- CD4 antibodies. All NPs encapsulated IL- 2 and TGFβ. A, Percentages of CD4+ (top) 
and CD8+ (bottom) Treg cells in mice injected every 6 days with 1.5 mg of NPs coated as indicated (treatment protocol A in the top panel). 
B, Percentages of CD4+ (top) and CD8+ (bottom) Treg cells in mice injected every 3 days with 1.5 mg of NPs coated as indicated (treatment 
protocol B in the top panel). Bars show the mean ± SEM (n = 4 mice per group). Results are representative of 2 experiments. * = P < 0.05 versus 
controls, by Mann- Whitney U test. See Figure 1 for definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.40773/abstract


NANOPARTICLE-BASEDINDUCTIONOFTREGCELLSINLUPUS |      637

effects. This higher dose was associated with an increase in CD4+ 
Treg cells of ~2- fold and an increase in CD8+ Treg cells of ~4- fold, 
but not with changes in the frequency of other immune cell popu-
lations (Supplementary Figure 5, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40773/abstract), and with a significant decrease in the pro-
duction of anti- dsDNA autoantibodies (Figure 4B) and reduction in 
proteinuria (Figure 4C).

We previously reported that PLGA NPs needed to be tar-
geted to induce and expand CD4+ Treg cells (5). In the present 
study, NPs also needed to be targeted for the expansion of CD4+ 
and CD8+ FoxP3- expressing Treg cells and protection against the 
development of anti- DNA autoantibodies and proteinuria in mice. 
Indeed, noncoated NPs containing IL- 2 and TGFβ administered
at equivalent doses had none of these effects (Figure 4). Of note, 

the decreased proteinuria in mice treated with T cell–targeted NPs 
encapsulating IL- 2 and TGFβ was reflected by histopathologic
kidney changes that indicated preserved glomeruli and reduced 
IgG precipitation (Figure  5). Conversely, control mice (including 
those treated with untargeted NPs) displayed glomerular hyper-
cellularity and proliferative changes characteristic of lupus nephri-
tis and IgG precipitation that were associated with worse renal 
disease scores (Figure 5).

DISCUSSION

We describe for the first time a biodegradable formulation 
of NPs that can expand both CD4+ and CD8+ Treg cells in vivo 
sufficiently to suppress lupus manifestations in mice. The coating 
with anti- CD2/CD4 antibody enabled NPs to bind both CD4+ and 

Figure  4. Reduced lupus manifestations in BDF1 mice with expansion of Treg cells after treatment with T cell–targeted PLGA NPs 
encapsulating IL- 2 and TGFβ. Mice were treated with vehicle, noncoated (unconjugated) NPs, a low dose (4.5 mg total) of anti- CD2/CD4–
coated NPs (treatment protocol shown in the top panel), or a high dose (7.5 mg total) of anti- CD2/CD4–coated NPs (treatment protocol shown 
in the top panel). A, Percentages of peripheral CD4+ (left) and CD8+ (right) Treg cells at the indicated time points after treatment. B, Enzyme- 
linked immunosorbent assay measurements of anti–double- stranded DNA antibody levels in mouse sera obtained at the indicated time points 
after treatment. Symbols represent individual mice (n = 12 per group); horizontal lines and error bars show the mean ± SEM. C, Proteinuria at 
the indicated time points after treatment in the same group of mice as in A. In A and C, symbols and error bars show the mean ± SEM (n = 12 
mice per group). * = P < 0.05;** = P < 0.005, versus unconjugated NPs. See Figure 1 for definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.40773/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40773/abstract
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CD8+ T cells for the expansion of both cell types in vivo, in mice 
without lupus and in BDF1 mice with lupus, with resulting reduc-
tion of anti- dsDNA autoantibody levels and immune complex glo-
merulonephritis in the latter.

Several tolerogenic strategies enhance the ability of lupus Treg 
cells to suppress the production of pathogenic auto antibodies, 
including anti- DNA. These include an induction and expansion of 
Treg cells or the administration of tolerogenic peptides that induce 
both CD4+ and CD8+ Treg cells (10,15–19). Regarding the latter, 
the immunotherapeutic potential of CD8+ Treg cells in SLE has 
not been examined thoroughly, although it is known that improved 
function of CD8+ Treg cells in human SLE is associated with dis-
ease remission (20,21). We have previously shown that IL- 2 and 
TGFβ can induce CD8+ cells to become Treg cells (22), with a pro-
tective effect in humanized mice (23). Notably, when we used both 
CD4+ and CD8+ Treg cells induced ex vivo with IL- 2 and TGFβ to 
suppress lupus- like disease in BDF1 mice, the therapeutic effects 
were much stronger than when the mice were treated with CD4+ 

Treg cells alone, suggesting an important role of CD8+ Treg cells 
in suppressing lupus autoimmunity (10).

In the present study, anti- CD2 antibody targeted CD8+ cells 
in vivo and induced FoxP3+ Treg cells, as is known to happen 
with this stimulus together with CD3 stimulation (24) and con-
sistent with the notion that anti- CD2 antibody and the CD2- 
specific fusion protein alefacept have immunosuppressive effects 
in patients with autoimmune disease (25,26). Mechanistically, the 
observed synergy of anti- CD2 and anti- CD4 antibodies could 
underscore 2 potential non–mutually exclusive possibilities: 1) 
antibody administration to target cells with nanoscale reagents 
could afford multivalency (i.e., multiple copies of antibodies bind-
ing the targets would increase avidity, and thus pharmacologic 
effects), and 2) targeted proximal release of IL- 2 and TGFβ could 
promote local expansion of Treg cells. In this context, the encap-
sulant released from NPs is known to be most effective within 
nanoscale distances from the target cell.

We previously modeled mathematically the “flattening” of the 
cell interface as it interacts with the particle, identifying a signifi-
cantly enhanced magnitude of cytokine accumulation at the cell–
particle interface (27–29). This phenomenon of “paracrine effect 
post release” suggests that targeting, and therefore ligation, via 
anti- CD2 and anti- CD4 antibodies could bring particles and T cells 
within nanoscale ligand–receptor distances, increasing the local 
concentration of cytokines available to cells with great efficacy (5). 
This phenomenon occurs in systems of artificial antigen presenta-
tion, where IL- 2 encapsulated in NPs has an equivalent T cell stim-
ulatory effect to soluble IL- 2 at a 1,000- fold higher concentration 
(27–29). NPs also create a local acidic microenvironment that can 
convert endogenous latent TGFβ to its active form, and this could 
synergize with IL- 2 in extending Treg cell expansion—even after 
the TGFβ stores in the NPs are depleted. Taken together, these 
features suggest an advantage in the use of NP delivery systems 
to afford cytokine delivery at local levels in minute doses, mitigat-
ing high dose–related toxicity while retaining high bioactivity.

Presently, the treatment of SLE (and other autoimmune dis-
eases) includes agents that target proinflammatory cytokines, 
effector cells, or signaling pathways (30). Although those agents 
can block disease progression, they rarely induce remission 
because they also target the compensatory regulatory pathways 
that are required to stop disease. Other attempts to treat SLE 
have tried to “reset” the immune system to cause remission. For 
example, lymphoid cell depletion followed by autologous stem cell 
transplantation resulted in extended disease remission in SLE, but 
this strategy—while valid as proof of concept—was associated 
with postoperative patient mortality (31).

Multiple approaches that use ex vivo expanded CD4+ Treg 
cells in autoimmune diseases are under investigation, especially 
in type 1 diabetes (32), but carry problems such as the need for 
autologous Treg cells that remain functionally stable in vivo, in addi-
tion to requiring technically cumbersome procedures to prepare 
Treg cells in large numbers. Given these considerations, the use of 

Figure 5. Renal histopathologic features of BDF1 mice with lupus 
after treatment with NPs encapsulating IL- 2 and TGFβ and coated 
with anti- CD2/CD4 antibody. Top and middle, Hematoxylin and eosin 
(H&E) staining (top) and indirect immunofluorescence for IgG (middle) 
in kidney sections (4 μm) from a mouse treated with vehicle, a mouse 
treated with noncoated (unconjugated) NPs, and a mouse treated 
with anti- CD2/CD4–antibody coated (T cell–targeted) NPs. Results 
are representative of 6 mice per group. Original magnification × 
20. Bottom, Cumulative kidney glomerular activity score (GAS) and 
tubulointerstitial activity score (TIAS) in mice treated with vehicle, 
unconjugated NPs, or T cell–targeted NPs. Bars show the mean ± 
SEM (n = 6 mice per group). Kidney sections were scored 6 weeks 
after the start of treatment. * = P < 0.001 versus vehicle. See Figure 1 
for other definitions.
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NPs can represent a new therapeutic possibility for the  targeting 
of T cells (or antigen- presenting cells [APCs]) in the induction of 
immune tolerance. PLGA NPs encapsulating  tolerogenic  peptides 
or peptides and rapamycin that targeted APCs prevented or 
reversed disease in animal models of autoimmune diabetes and 
multiple sclerosis through TGFβ- dependent induction of Treg cells 
(33,34). Moreover, NP- mediated delivery of the immunosuppres-
sive drug Ca2+/calmodulin- dependent protein kinase IV inhibitor 
ameliorated murine SLE (35–37).

Additionally, a recent study showed that iron oxide NPs 
coated with MHC peptides could convert interferon- γ–producing  
Th1 cells into IL- 10–producing Tr1 cells, affording therapeutic 
effects in mouse models of autoimmune disease (38). Although 
CD4+ Treg cells induced DCs to become tolerogenic and pro-
tect secondary hosts (39), that system had limitations. It did 
not permit encapsulation/sustained release of multiple thera-
peutic agents, and different MHC- specific peptides would be 
needed to match the MHC diversity encountered in human 
autoimmune diseases. Also, extended iron oxide accumulation 
is toxic. Conversely, biodegradable PLGA NPs—unlike the iron 
oxide NPs that act on differentiated Th1 cells—act upstream 
at the level of T cells that differentiate to become suppressor 
cells.

Before concluding, we acknowledge that our study raises 
questions to address in future experiments. For example, we 
expanded both CD4+ and CD8+ Treg cells but do not know 
the precise relative contribution of each subset on the tim-
ing of the response and possible reciprocal cell interactions in 
the suppression of lupus manifestations. Another unexplored 
aspect is that anti- CD2 antibody can also bind natural killer 
(NK) cells (2), and the contribution of this interaction might be 
important (since CD8–NK cell interactions induce NK cells to 
produce TGFβ) (2,22). In this sense, NPs loaded with IL- 2 and 
a TGFβ inhibitor greatly impacted cancer cells and the tumor 
microenvironment by primarily affecting NK cells (40). We will 
also need to address whether the induced Treg cells could 
transfer suppressive activity to conventional T cells through 
“infectious tolerance” (41), and whether the combination of 
TGFβ and IL- 2 protected T cells against apoptosis, e.g., via 
a modulation of the antiapoptotic protein Bcl- xL (42). Not-
withstanding these considerations, our findings suggest that 
NPs that carry cytokines that are deficient in SLE (43) could 
represent a novel strategy to restore tolerogenic responses in 
the disease, and that targeting CD2 and CD4 simultaneously 
might facilitate synergistic therapeutic effects.
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Dampening of CD8+ T Cell Response by B Cell 
Depletion Therapy in Antineutrophil Cytoplasmic 
Antibody–Associated Vasculitis
Antoine Néel,1 Marie Bucchia,1 Mélanie Néel,1 Gaelle Tilly,1 Aurélie Caristan,1 Michele Yap,2 Marie Rimbert,1 
Sarah Bruneau,1 Marion Cadoux,1 Christian Agard,3 Maryvonne Hourmant,4 Pascal Godmer,5 Sophie Brouard,1 
Céline Bressollette,1 Mohamed Hamidou,1 Regis Josien,1 Fadi Fakhouri,1 and Nicolas Degauque1

Objective. To compare the effects of rituximab (RTX) and conventional immunosuppressants (CIs) on CD4+ 
T cells, Treg cells, and CD8+ T cells in antineutrophil cytoplasmic antibody–associated vasculitis (AAV).

Methods. A thorough immunophenotype analysis of CD4+, Treg, and CD8+ cells from 51 patients with AAV was 
performed. The production of cytokines and chemokines by CD8+ T cells stimulated in vitro was assessed using a 
multiplex immunoassay. The impact of AAV B cells on CD8+ T cell response was assessed using autologous and 
heterologous cocultures.

Results. CD4+ and Treg cell subsets were comparable among RTX- treated and CI- treated patients. In contrast, 
within the CD8+ T cell compartment, RTX, but not CIS, reduced CD45RA+CCR7– (TEMRA) cell frequency (from a me-
dian of 39% before RTX treatment to 10% after RTX treatment [P < 0.01]) and efficiently dampened cytokine/chemok-
ine production (e.g., the median macrophage inflammatory protein 1α level was 815 pg/ml in patients treated with
RTX versus 985 pg/ml in patients treated with CIs versus 970 pg/ml in those with active untreated AAV [P < 0.01]). 
CD8+ T cell subsets cocultured with autologous B cells produced more proinflammatory cytokines in AAV patients 
than in controls (e.g., for tumor necrosis factor–producing effector memory CD8+ T cells: 14% in AAV patients versus 
9.2% in controls [P < 0.05]). In vitro disruption of AAV B cell–CD8+ T cell cross- talk reduced CD8+ T cell cytokine 
production, mirroring the reduced CD8+ response observed ex vivo after RTX treatment.

Conclusion. The disruption of a pathogenic B cell/CD8+ T cell axis may contribute to the efficacy of RTX in AAV. 
Further studies are needed to determine the value of CD8+ T cell immunomonitoring in B cell–targeted therapies.

INTRODUCTION

Antineutrophil cytoplasmic antibody (ANCA)–associated vas-
culitides (AAV) are autoimmune diseases characterized by small 
vessel and/or extravascular inflammation. Pathogenesis involves 
both the innate and adaptive immune systems (1,2), including 
ANCA- producing B cells, CD4+ T cells, and Treg cells (3,4). Anal-
yses of the leukocyte transcriptome of patients with AAV and of 

mouse models suggest that CD8+ T cells are also involved (5,6). 
How this complex autoimmune response is orchestrated remains 
unclear. In 2010 and 2014, two randomized trials demonstrated 
the efficacy of rituximab (RTX) in AAV, and thus the central role of B 
cells (7,8). The initial rationale for targeting B cells was that antimy-
eloperoxidase ANCAs are pathogenic (3). However, T cells likely 
contribute to tissue damage (3). B cells can present antigens, pro-
duce various cytokines, and engage bidirectional cross- talk with 
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other immune cells, including T cells. Their antibody- independent 
pathogenic role in autoimmunity was demonstrated years ago (9). 
In experimental encephalitis, the efficacy of RTX has been linked 
to the suppression of interleukin- 6 (IL- 6)–producing B cells (10). In 
human diseases, most investigators have focused on the impact 
of RTX on CD4+ T cells, with conflicting results (11). How RTX 
impacts the T cell response in AAV patients has not been fully 
investigated (12).

In 2010–2014 AAV maintenance treatment shifted from con-
ventional immunosuppressants (CIs) to RTX in France. We viewed 
this transitional period as a unique opportunity to compare the 
effects of RTX and CIs on T cells and improve our understanding 
of the remarkable efficacy of RTX.

PATIENTS AND METHODS

Inclusion criteria and blood samples. Inclusion criteria 
were a diagnosis of ANCA- associated microscopic polyangiitis or 
granulomatosis with polyangiitis (GPA). Patients with eosinophilic 
granulomatosis with polyangiitis and those receiving dialysis were 
excluded. Patients with active disease were not receiving treat-
ment (including steroids). Remission was defined as a Birmingham 
Vasculitis Activity Score of 0 for 3 months with no evidence of sys-
temic inflammation, which allowed stable or tapered maintenance 
treatment. Patients with disease in remission received either no 
treatment, maintenance RTX (500 mg every 6 months) with or 
without low-dose corticosteroids (<10 mg/day), or oral CIs (azathi-
oprine [AZA], mycophenolate mofetil, or methotrexate [MTX]) with 
or without low- dose corticosteroids (<10 mg/day) for >3 months. 
The study was performed in accordance with the Declaration of 
Helsinki, with participants’ written informed consent. Peripheral 
blood mononuclear cells (PBMCs) were separated on a Ficoll 
gradient layer and frozen in 10% DMSO autologous serum. The 
presence of anti- cytomegalovirus (anti- CMV) IgG was determined 
by chemiluminescence immunoassay (DiaSorin) on frozen sera.

Polychromatic flow cytometric analysis. Detailed 
phenotyping of T cell subsets was performed using the follow-
ing 4 monoclonal antibody (mAb) panels analyzed with an LSRII 
flow cytometer (BD Immunocytometry Systems). The CD4+ T 
cell panel consisted of Brilliant Violet 605–conjugated CD3 
(OKT3), PerCP–Cy5.5–conjugated CD4 (L200), allophycocya-
nin [APC]–Vio770–conjugated CD45RA (T6D11), phycoer ythrin 
(PE)–Cy7–conjugated CCR7 (3D12), PE- conjugated CCR4 
(1G1), fluorescein isothiocyanate (FITC)–conjugated CCR5 
(2D7/CCR5), and PE- Vio770–conjugated CD161 (191B8). The 
Treg cell panel consisted of Brilliant Violet 605–conjugated 
CD3 (OKT3), Pacific Blue–conjugated CD4 (RPA- T4), Brilliant 
Violet 421–conjugated CD25 (BC96), PE- conjugated CD127 
(A019D5), Alexa Fluor 647–conjugated FoxP3 (236A/E7), 
Alexa Fluor 488–conjugated Helios (22F6), APC- Vio770–con-
jugated CD45RA (T6D11), and PE- Vio770–conjugated CD161 

(191B8). CD8+ T cell panel number 1 consisted of VioBlue–
conjugated CD3 (BW264/56), VioGreen–conjugated CD8 
(BW135/80), APC–Vio770–conjugated CD45RA (T6D11), PE–
Cy7–conjugated CCR7 (3D12), Brilliant Violet 605–conjugated 
CD27 (L128), PE–CF594–conjugated CD28 (CD28.2), FITC- 
conjugated CD57 (TB03), and PE- conjugated T- bet (O4–46). 
CD8+ T cell panel number 2 consisted of VioBlue- conjugated 
CD3 (BW264/56), VioGreen- conjugated CD8 (BW135/80), 
APC–Vio770–conjugated CD45RA (T6D11), PE–Cy7–con-
jugated CCR7 (3D12), Brilliant Violet 605–conjugated CD27 
(L128), PE–CF594–conjugated CD28 (CD28.2), Alexa Fluor 
700–conjugated granzyme B (GB11), and PE- conjugated per-
forin (B- D48). Intracellular cytokine staining was performed 
using a fixation/permeabilization solution kit (BD Biosciences) 
and mAb PE- conjugated IL- 2 (5344.111) and FITC- conjugated 
tumor necrosis factor (TNF) (6401.1111).

A Live/Dead Fixable Yellow Dead Cell Stain kit (Invitrogen) 
was used to exclude dead cells from the analysis. BD Comp-
Beads stained separately with individual mAb were used to 
define the compensation matrix. Data were analyzed using 
FlowJo version 9.0.1 (Tree Star). All antibodies were purchased 
from BD Biosciences, except for anti- CD3, anti- CD8, anti- 
CD45RA, anti- CD161, and anti- CD57 mAb (all from Miltenyi 
Biotec), anti- Helios, Brilliant Violet–conjugated anti- CD3 and 
anti- CD25 (all from BioLegend), anti- FoxP3 (eBioscience), and 
antiperforin (Diaclone).

CCR7 and CD45RA expression were used to identify 
naive (CD45RA+CCR7+), central memory (CD45RA–CCR7+), 
effector memory (CD45RA–CCR7–), and late differentiated 
effector memory (CD45RA+CCR7– [TEMRA]) CD4+ or CD8+ 
T cells.

Fluorescence- activated cell sorting (FACS), cell  
culture, and measurement of multiplex cytokine produc-
tion. PBMCs were thawed, rested overnight in TexMACS medium 
(Miltenyi Biotec), and stained with anti- CD3, anti- CD4, and anti-  
CD8 mAb. CD3+CD4−CD8+ cells were FACS- sorted (FACSAria; 
BD Biosciences) (purity >95%) and then stimulated for 4 hours 
with phorbol myristate acetate (PMA) (100 ng/ml; Sigma) and ion-
omycin (1 μg/ml; Sigma) in 96- well round- bottomed plates (5 × 
105 cells/well) at 37°C in 5% CO2. The production of 34 cytokines 
and chemokines was measured in CD8+ T cell culture super-
natant using a multiplex Luminex immunoassay (ProcartaPlex 
Human Cytokine & Chemokine Panel 1A; Affymetrix).

B cell–CD8+ T cell cocultures. B cells (CD19+), naive 
(CD45RA+CD28+) CD8+ T cells, and effector memory (CD45RA–
CD28+) CD8+ T cells were purified by FACS (FACSAria; BD Bio-
sciences) (purity >95%). B cells were cultured with naive or effector 
memory CD8+ T cells (1:1 ratio, 106 cells/ml in round- bottomed 
plates) in TexMACS medium with staphylococcal enterotoxin B 
(SEB; 10 mg/ml). After 72 hours, brefeldin A (10 mg/ml; Sigma) 
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was added for 4 hours. IL- 2 and TNF production of CD8+ T cells 
was then assessed by intracellular flow cytometry. All AAV patients 
(n = 15) had untreated active disease (had not received steroids, 
immunosuppressants, or previous RTX).

Statistical analysis. Quantitative variables are presented 
as the median (interquartile range [IQR]). Unpaired group compar-
isons were performed using the Mann- Whitney test (for 2 groups) 
or the Kruskal- Wallis test with Dunn’s post hoc test (for ≥3 groups). 
Paired data were compared using Wilcoxon’s signed rank test.

RESULTS

Cohort characteristics. A total of 51 patients were 
included. Clinical data are reported in Table 1. Of the 63 sam-
ples obtained, 20 were from patients with untreated active 
disease (at diagnosis in 18 cases) and 43 were from patients 
with disease in remission while receiving maintenance treat-
ment with either RTX (n = 20) or CIs (n = 14 [AZA in 10, MTX 
in 2, and mycophenolate mofetil in 2]), or with disease in drug- 
free remission (n = 9). Twelve patients were analyzed at 2 time 
points, first while untreated (active disease) and then with dis-
ease in remission while receiving RTX (n = 8) or CIs (n = 4). 
All RTX- treated patients had received a 500 mg infusion 6 
months before sampling and had undetectable B cells (<5/
mm3). The median B cell count in patients receiving CIs was 
42/mm3 (IQR 10–56). The median CD4+ T cell count was 292/
mm3 (IQR 255–343) in patients receiving CIs versus 344/mm3 
(IQR 211–644) in patients receiving RTX. The median CD8+ 
T cell count was 199/mm3 (IQR 160–308) in patients receiving 

CIs versus 238/mm3 (IQR 145–324) in patients receiving RTX 

(nonsignificant difference).
Most key clinical data were comparable between patients 

treated with RTX and those treated with CIs, including demo-
graphic characteristics, disease and ANCA type, past expo-
sure to cyclophosphamide, and renal function (Table  1). 
Patients treated with RTX tended to have had more relapses 
than patients treated with CIs (nonsignificant difference). In 
contrast, drug- free patients had a more prolonged duration of 
remission than CI- treated or RTX- treated patients (median 46 
months versus 10 and 6 months, respectively; P = 0.01 and 
P = 0.002). Furthermore, most of these 9 patients with disease 
in long- term remission off therapy had had a single disease 
flare before entering remission, whereas more patients treated 
with CIs or RTX experienced more than one relapse (65% for 
RTX and 12% for long- term remission; P = 0.01).

Similar distributions of CD4+ and Treg cell sub-
sets in patients with disease in remission receiving 
CIs and those receiving RTX. We first assessed whether 
disease activity and/or maintenance therapy affected the dis-
tribution of the different CD4+ and Treg cell subsets. Patients 
with disease in remission had a decreased proportion of naive 
(CD45RA+CCR7+) CD4+ T cells (P = 0.002) (Figure 1A) and 
an increased proportion of effector memory (CD45RA–CCR7–) 
T cells (Figure 1A) (P = 0.001) compared to patients with active 
disease. When the analysis was narrowed to patients with dis-
ease in remission, we found that patients treated with RTX, 
patients treated with CIs, and patients with disease in long- 
term remission off therapy had comparable distributions of 

Table 1. Characteristics of the patients with AAV*

Patients with  
untreated active AAV 

(n = 20)

Patients with AAV in remission

B cell depletion  
therapy (RTX) 

(n = 20)
CIs 

(n =14)

Long- term  
remission off therapy 

(n = 9)

Sex, no. (%) male 13 (65) 14 (70) 5 (36) 2 (22)
Age, years 67 (55–79) 65 (56–75) 68 (59–82) 63 (62–73)
GPA, no (%) 11 (55) 14 (70) 7 (50) 6 (66)
Anti- MPO, no. (%) 11 (55) 7 (35) 7 (50) 4 (44)
eGFR, ml/minute/1.73m2 53 (17–92) 58 (34–86) 67 (44–93) 59 (34–82)
Disease duration, months 0.6 (0.3–0.9) 20 (10–108) 19 (13–53) 58 (13–86)
Past CYC exposure, no. (%) 2 (10) 17 (85) 11 (79) 7 (78)
Remission duration, months NA 6 (5–8) 10 (6–17) 46 (20–73)†
Single flare, no. (%) 18 (90) 7 (35) 8 (57) 8 (88)‡
Previous flares 0 (0–0) 2 (1–4.5) 1 (1–2) 1 (1–1)§

* Except where indicated otherwise, values are the median (interquartile range). AAV = antineutrophil cytoplasmic
 antibody–associated vasculitis; CIs = conventional immunosuppressants; GPA = granulomatosis with polyangiitis; anti- 
MPO = antimyeloperoxidase; eGFR = estimated glomerular filtration rate; CYC = cyclophosphamide; NA = not applicable. 
† P = 0.002 versus rituximab (RTX). 
‡ P = 0.01 versus RTX. 
§ P = 0.008 versus RTX.
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CD4+ T cell subsets. The expression levels of CCR5, CCR4, 
and CD161 were then monitored as surrogate markers for 
Th1, Th2, and Th17 cells, respectively. As expected, CCR5, 
CCR4, and CD161 were mainly expressed on effector mem-
ory T cells (Figure 1B). Their level of expression was analyzed 
on total CD4+ cells as well as on naive T cell, central mem-
ory T cell, effector memory T cell, and TEMRA subsets. No 
difference was observed between patients treated with CIs, 
patients treated with RTX, and patients with disease in long- 
term remission off therapy (Figure 1C).

Several groups, including ours, have reported on quantita-
tive and/or functional Treg cell deficiency in AAV (4), and a recent 
study suggested that RTX increased Treg cell frequency in 
patients with GPA (11). In our cohort, the frequency of CD25high-

CD127lowFoxP3+ Treg cells was not significantly different in 
patients treated with CIs, patients treated with RTX, and patients 

with disease in long- term remission off therapy (P = 0.195) (Fig-
ure 2B). We hypothesized that RTX could target some Treg cell 
subsets that have been identified in recent years, including rest-
ing (CD45RA+) Treg cells, memory (CD45RA–FoxP3high) Treg 
cells, or Treg cell subsets that reportedly exhibit proinflammatory 
potential, i.e., CD161+ Treg cells (13,14) or Treg cells lacking 
Helios expression (15–17). We thus analyzed these markers (gat-
ing strategy shown in Figure 2A) but did not find any  difference 
between RTX- treated and CI- treated patients (Figure 2C). Over-
all, RTX had no distinctive impact on CD4+ and Treg cell subset 
distribution as compared to CIs.

Opposite distributions of CD8+ T cell subsets in 
patients with disease in remission receiving CIs ver-
sus those receiving RTX. In contrast to the CD4+ and Treg 
cell compartments, we observed significant differences in the 

Figure 1. Lack of a significant impact of maintenance treatment type on CD4+ T cell subsets or CD4+ T helper cell markers during remission 
of antineutrophil cytoplasmic antibody–associated vasculitis (AAV). A, Frequency of naive, central memory, effector memory, and TEMRA CD4+ 
T cell subsets according to the expression of CD45RA and CCR7 in patients with AAV. Left, Gating strategy for CCR7 and CD45RA. Middle, 
Frequencies of T cell subsets in patients with active AAV (Act) and patients with AAV in remission (Rem). Right, Frequencies of T cell subsets 
in patients with active AAV, patients with AAV in remission treated with conventional immunosuppressants (CIs), patients with AAV in remission 
treated with rituximab (RTX), and patients with AAV in long- term remission off therapy (LTROT). The frequencies of CD4+ T cell subsets 
correlated with disease activity but not with type of maintenance treatment received during remission. Bars show the median; symbols represent 
individual patients. ** = P < 0.01 by Mann- Whitney test. B, CD4+ T cell surface expression of CCR5, CCR4, and CD161, used as surrogates 
for Th1, Th2, and Th17 response, respectively. The expression of these markers was compared between naive T cells and effector memory T 
(Tem) cells. C, Expression of CCR5, CCR4, and CD161 in patients with AAV in remission treated with CIs, patients with AAV in remission treated 
with RTX, and patients with AAV in long- term remission off therapy. Data are shown as box plots. Lines inside the boxes represent the median. 
Circles indicate outliers. Box plots were constructed using Tukey’s method. MFI = mean fluorescence intensity. Color figure can be viewed in 
the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40766/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.40766/abstract
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distribution of CD8+ T cell subsets in patients treated with CIs, 
patients treated with RTX, and patients with disease in long- 
term remission off therapy (Figure 3A). RTX- treated patients and 
patients with disease in long- term remission off therapy had fewer 
CD45RA+CCR7−CD8+ (TEMRA) cells and more CD45RA−
CCR7−CD8+ (effector memory) T cells than CI- treated patients. 
We then assessed whether the phenotypic features of TEMRA 
CD8+ cells were different across these 3 groups. As expected, 
TEMRA CD8+ T cells were predominantly CD28−CD27− with a 
high expression of perforin, granzyme B, and CD57 (Figure 3B). 
No significant differences among treatment groups were seen 
for the expression of these markers on TEMRA CD8+ cells (Fig-
ure 3C).

Given that the decision to use RTX or CIs was left to the 
discretion of the clinician, we assessed whether any confound-
ing clinical parameter correlated with TEMRA frequency. Renal 
function, disease type, ANCA specificity, disease duration, and 
the number of past disease flares did not correlate with the fre-
quency of TEMRA CD8+ T cells (Figure 3D). Recent studies have 
revealed that TEMRA CD4+ and CD8+ cell frequency is critically 
influenced by latent CMV infection in AAV (18,19). Accordingly, 
we found that latent CMV infection was associated with an 
increased proportion of TEMRA cells. Among the entire cohort, 

the frequency of TEMRA CD8+ cells was 20.5% and 48.5% in 
CMV- negative patients and CMV- positive patients, respectively 
(P < 0.001). In order to confirm the opposite effect of RTX and 
CIs on CD8+ memory cells and to rule out any confounding 
effect of CMV status, we analyzed the CD8+ T cell phenotype of 
12 patients before and 6–12 months after the initiation of treat-
ment with RTX or CIs. This analysis confirmed that, regardless 
of CMV status, RTX reduced the frequency of TEMRA CD8+ 
T cells (from a median of 39% before treatment to 10% after 
treatment [P < 0.01]), whereas CIs tended to have the opposite 
effect (Figure 3E). We then investigated whether cytotoxic CD8+ 
T cells were present in vasculitis lesions using diagnostic mus-
cle biopsy specimens from 3 patients with untreated active AAV. 
CD8+ T cells infiltrating inflamed small vessels were observed in 
all cases and expressed the cytotoxic marker T cell intracellular 
antigen 1. Representative results are shown in Figure 3F.

B cell depletion dampens ex vivo CD8+ T cell 
cytokine production. In order to determine whether the 
opposite effect of RTX and CIs on the CD8+ T cell compartment 
had functional consequences in AAV patients, we compared 
their impact on in vitro production of cytokines and chemokines 
by purified CD8+ T cells stimulated with PMA and ionomycin. 

Figure 2. Lack of a significant impact of maintenance treatment type on total Treg cells or Treg cell subsets during remission of AAV. A, Gating 
strategy for the identification of Treg (CD3+CD4+CD25highCD127lowFoxP3+) cells and Treg cell subsets. Resting and memory Treg cells were 
defined as CD45RA+ and CD45RA−FoxP3high Treg cells, respectively. B and C, Frequencies of total Treg cells (B) and frequencies of CD161+ Treg 
cells, Helios+ Treg cells, resting (CD45RA+) Treg cells, and memory (CD45RA−FoxP3high) Treg cells (C) in patients with active AAV, patients with 
AAV in remission treated with CIs, patients with AAV in remission treated with RTX, and patients with AAV in long- term remission off therapy. No 
significant differences were found (all P > 0.05 by Kruskal- Wallis test). Bars show the median; symbols represent individual patients. See Figure 1 
for definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40766/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.40766/abstract
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We found that CD8+ T cells from patients with disease in remis-
sion while receiving CIs produced similar levels of cytokines 
and chemokines as those from patients with untreated active 
disease. Conversely, CD8+ T cells from patients receiving RTX 
produced lower levels of proinflammatory cytokines and chemo-
kines compared to the 2 other groups (Figure 4A). Differentially 
expressed cytokines and chemokines included interferon- γ
(IFNγ), macrophage inflammatory protein 1α (MIP- 1α)/CCL3,
MIP- 1β/CCL4, RANTES/CCL5, IFNγ–inducible 10- kd protein/
CXCL10, stromal cell–derived factor 1α/CXCL12a, and eotaxin.
For MIP-1α, for example, the median level was 815 pg/ml in

patients treated with RTX versus 985 pg/ml in patients treated 
with CIs versus 970 pg/ml in those with active untreated AAV 
(P  <  0.01). Similar trends were observed for TNF and granu-
locyte–macrophage colony- stimulating factor. Low amounts of 
IL- 4, IL- 5, IL- 8, IL- 10, IL- 12p70, IL- 13, IL- 18, IL- 21, IL- 22, IL- 27, 
monocyte chemotactic protein 1 (MCP- 1), and growth- related 
oncogene α were also detectable, without any difference across
groups. Levels of IL- 1α, IL- 1β, IL- 1 receptor antagonist, IL- 6, IL- 
7, IL- 9, IL- 15, IL- 17A, IL- 23, IL- 31, IFNα, and lymphotoxin were
below the detection threshold. IL- 2 production was too high to 
be confidently quantified.

Figure 3. Opposite effects of RTX and CIs on memory CD8+ T cells in AAV patients. A, Frequency of naive, central memory (Tcm), effector 
memory (Tem), and TEMRA CD8+ T cell subsets according to the expression of CD45RA and CCR7 in patients with active AAV, patients with 
AAV in remission treated with CIs, patients with AAV in remission treated with RTX, and patients with AAV in long- term remission off therapy. 
Representative flow cytometry data are shown. Bars show the median; symbols represent individual patients. * = P < 0.05 across remission 
groups, by Kruskal- Wallis test with Dunn’s post hoc test. B, Representative flow cytometry data of phenotype characterization of TEMRA and 
effector memory T cells. C, Lack of modification of TEMRA phenotype by maintenance treatment in AAV patients. Data are shown as box plots. 
Lines inside the boxes represent the median. The circle indicates an outlier (n = 13 patients treated with CIs, n = 15 patients treated with RTX, and 
n = 9 patients with AAV in long- term remission off therapy). Box plots were constructed using Tukey’s method. D, Lack of correlation between 
TEMRA frequency and disease duration, previous flares, renal function, or disease phenotype. Circles represent individual patients; horizontal 
lines show the median. eGFR = estimated glomerular filtration rate; GPA = granulomatosis with polyangiitis; MPA = microscopic polyangiitis; PR3 
= proteinase 3; MPO = myeloperoxidase. E, Longitudinal analysis of TEMRA frequency in AAV patients before and after treatment with RTX (n 
= 8) or CIs (n = 4) and according to cytomegalovirus (CMV) status (CMV positive [open circles] or CMV negative [closed circles]). Bars show the 
median; circles connected by a line represent samples taken from the same patient before and after treatment.** = P < 0.01 by paired t- test. 
F, Immunohistochemical staining for CD8 and T cell intracellular antigen 1 (TIA- 1) in diagnostic muscle biopsy specimens from 3 patients with 
untreated active AAV. Original magnification × 40. See Figure 1 for other definitions.
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Thus, B cell depletion therapy appears to be more effective 
than a pleiotropic CI in suppressing the proinflammatory poten-
tial of CD8+ T cells. Of note, the production of proinflammatory 
cytokines and chemokines did not correlate with the frequency of 
TEMRA CD8+ T cells, suggesting that RTX had a broad effect on 
the CD8+ T cell compartment, beyond its impact on the distribu-
tion of memory CD8+ T cell subsets.

Promotion of CD8+ T cell activation by AAV B cells 
in vitro. Having shown that B cell depletion reduced TEMRA 
frequency and CD8+ T cell cytokine production ex vivo, we 
then assessed whether B cells from patients with untreated 
active AAV could promote CD8+ T cell activation in vitro. 
FACS- sorted naive or effector memory CD8+ T cells were 
cocultured with B cells for 72 hours in the presence of SEB 
superantigen. Cytokine production of CD8+ T cells was then 
assessed by flow cytometry with intracellular staining. Prelim-
inary experiments performed in healthy volunteers confirmed 
that in B cell–CD8+ T cell cocultures, the addition of SEB 

induced a B cell–dependent CD8+ T cell activation (data avail-
able upon request from the corresponding author).

We found that CD8+ T cells cocultured with autologous 
B cells produced more proinflammatory cytokines in patients 
with untreated active AAV than in age- matched healthy vol-
unteers (e.g., the median percent of TNF-producing effector 
memory CD8+ T cells was 14% in AAV patients versus 9.2% 
in controls [P < 0.05]) (Figure 4B). Of note, cytokine produc-
tion was lower when CD8+ T cell subsets from patients were 
stimulated with B cells from healthy volunteers or vice versa 
(Figure  4B). Taken together, these results demonstrate the 
cross- talk between B cells and CD8+ T cells in AAV patients, 
leading to CD8+ T cell hyperactivation.

DISCUSSION

The main objective of this study was to compare the impact 
of RTX and CIs on CD4+ T cells, Treg cells, and CD8+ T cells 
in AAV. The first finding of our study was that patients receiving 

Figure 4. Diminished ex vivo production of cytokines and chemokines by CD8+ T cells in RTX- treated AAV patients and propensity of B cells 
from AAV patients to promote CD8+ T cell cytokine production in vitro. A, Decrease in the levels of cytokines and chemokines secreted by CD8+ 
T cells purified from AAV patients treated with RTX. Levels of interferon- γ (IFNγ), tumor necrosis factor (TNF), macrophage inflammatory protein 
1β (MIP- 1β), granulocyte–macrophage colony- stimulating factor (GM- CSF), RANTES, MIP- 1α, stromal cell–derived factor 1α (SDF- 1α), IFNγ–
inducible 10- kd protein (IP- 10), and eotaxin were quantified in the supernatants of purified CD8+ T cells after 4 hours of polyclonal stimulation 
using a 34- plex immunoassay. CD8+ T cells from RTX- treated patients produced lower levels of proinflammatory cytokines and chemokines 
than those from CI- treated patients and patients with untreated active disease. Symbols represent individual patients; horizontal lines show the 
median. * = P < 0.05; ** = P < 0.01, by Kruskal- Wallis test with Dunn’s post hoc test. B, Production of TNF and interleukin- 2 (IL- 2) by CD8+ T cells 
purified from patients with untreated active AAV or aged- matched healthy volunteers (HV). Purified naive or effector memory CD8+ T cells were 
cocultured with B cells in the presence of staphylococcal enterotoxin B superantigen for 72 hours. Autologous cocultures of CD8+ T cells and 
B cells from healthy volunteers (n = 29), autologous cocultures of CD8+ T cells and B cells from AAV patients (n = 11), cocultures of B cells from 
AAV patients (n = 15) and CD8+ T cells from healthy volunteers (n = 15), and cocultures of CD8+ T cells from AAV patients (n = 15) and B cells 
from healthy volunteers (n = 15) were performed. Bars show the median ± interquartile range. * = P < 0.005. See Figure 1 for other definitions.
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RTX and those receiving CIs had similar distributions of CD4+ T 
cell and Treg cell subsets. CD4+ T helper cells, including Th1, 
Th2, Th17, and follicular helper T cells, are believed to play a key 
role in AAV (3). Whether B cell depletion differentially affects these 
populations remains unclear. Stasi et al reported an increase in 
Th2 cell frequency in patients with autoimmune thrombocyto-
penia who responded to B cell depletion treatment (20). It has 
been suggested that in rheumatoid arthritis (RA), B cell depletion 
reduces the Th17 cell but not the Th1 cell response (21). Recently, 
 Verstappen et al reported that patients with primary Sjögren’s syn-
drome exhibited an increased frequency of follicular helper T cells, 
which decreased upon B cell depletion, whereas the Th1 and Th2 
cell populations remained stable. A subtle decrease in Th17 cells 
was also noticed (22). How RTX affects distinct CD4+ T cell lin-
eages probably varies according to the underlying disease and 
remains to be fully investigated (11). However, when we compared 
the expression of Th1, Th2, and Th17 markers on CD4+ T cells 
from patients with AAV in remission, we found no significant dif-
ference between patients receiving RTX and those receiving CIs.

Several investigators have reported that Treg cells from AAV 
patients had a decreased suppressive function (4,23–25), even 
in remission and in the absence of any immunosuppressant (4). 
With regard to the effects of B cell depletion therapy on Treg cells, 
contradictory data have been reported in studies performed in 
various settings such as cryoglobulinemic vasculitis (26), RA 
(27,28), systemic lupus erythematosus (SLE) (29,30), and auto-
immune thrombocytopenia (16). Importantly, most of those data 
were from uncontrolled longitudinal studies using simple stain-
ing strategies for Treg cell identification. Herein, we report the 
results of an in- depth phenotype analysis of Treg cells from AAV 
patients. Treg cells expressing CD161+ or lacking Helios have 
been reported to be more prone to producing proinflammatory 
cytokines (13–17). We found no clear impact of B cell depletion 
therapy on these subsets as compared to CIs.

Recently, Zhao et al (12) compared the frequency of Treg 
cells and CD45RA/CD25 expression–defined subsets in GPA 
patients under various conditions (active disease versus inac-
tive disease; CI- treated versus RTX- treated). They found that the 
frequency of Treg cells in GPA patients after RTX treatment was 
similar to that in healthy controls, while GPA patients receiving 
CIs had a reduced frequency of Treg cells (12). They also found a 
trend for Treg cell frequencies to increase after RTX treatment. In 
contrast, we found no significant difference in Treg cell frequency 
in patients receiving RTX versus those receiving CIs. Of note, the 
increase in Treg cells (CD4+CD25+CD127− T cells) noticed by 
Zhao et al was mainly driven by CD45RA−CD25+ cells, which 
are probably not bona fide Treg cells (31). We also assessed 
the frequencies of resting (CD45RA+) Treg cells and memory 
(CD45RA−FoxP3high) Treg cells and found no difference between 
RTX- treated and CI- treated patients. Interestingly, a recent study 
demonstrated that in tumor- bearing mice, RTX could even 

dampen Treg cell expansion (32). Further studies are needed to 
determine whether RTX impacts the Treg cell compartment in 
patients with autoimmune diseases.

Our main finding was that RTX and CIs had clear opposite 
effects on CD8+ T cells. TEMRA cells were expanded by CIs but 
decreased by RTX. These cells had a typical TEMRA phenotype 
with a high cytotoxic potential reflected by the strong expression of 
perforin and granzyme B, which may be implicated in tissue dam-
age. In a murine model of pauci- immune glomerulonephritis, both 
anti- CD8 and antiperforin antibody therapies have been shown to 
reduce glomerular lesions (33,34). In AAV patients, CD8+ T cells 
are present in granulomatous and renal lesions. However, little data 
were available regarding the role of CD8+ T cells in AAV until recently. 
In 2010, McKinney et al analyzed the prognostic value of transcrip-
tion profiling of neutrophils, monocytes, CD8+ T cells, CD4+ T cells, 
and B cells in AAV (5). Unexpectedly, they found that the CD8+ T 
cell transcriptome identified 2 subject groups and predicted relapse 
risk. They identified a CD8+ T cell exhaustion signature that pre-
dicted a favorable outcome in a wide range of autoimmune dis-
eases. These findings suggest that CD8+ T cell effector functions 
have a deleterious role in AAV and other autoimmune diseases.

Interestingly, we found that B cell depletion therapy reduced 
cytokine production by CD8+ T cells in AAV patients, whereas CIs 
did not. In other words, a B cell–targeted therapy had more impact 
on cytokine production by CD8+ T cells than an immunosuppres-
sant that directly impacts T cell biology. This paradoxical finding 
suggests that B cells play a key role in the CD8+ T cell response, 
which may contribute to the high efficacy of RTX in AAV. However, 
since viral and/or opportunistic infections are not a usual feature 
of the absence of B cells in humans (i.e., X- linked agammaglobu-
linemia), one may cast doubt over the role of B cells in the CD8+ 
response in humans. In fact, protective and autoimmune humoral 
and cellular responses may not be equally sensitive to B cell deple-
tion. For instance, RTX has been shown to reduce autoreactive 
but not tetanus toxoid–specific CD4+ cells in pemphigus vulgaris 
(35).

Unfortunately, AAV relapses remain a key issue in the era of B 
cell depletion therapy. Several teams have shown that highly sen-
sitive B cell immunophenotyping could help estimate the relapse 
risk following B cell depletion in SLE (36) or RA (37) and more 
recently AAV (38–40). However, this B cell–focused approach 
poses technical difficulties due to the rarity of B cells following 
RTX, and does not assess the pleiotropic effects of B cell repop-
ulation. Our results suggest that the analysis of CD8+ T cells dur-
ing and after RTX maintenance treatment may help identify new 
immunomonitoring readouts.

In conclusion, the disruption of B cell help to a pathogenic 
CD8+ T cell response could contribute to the dramatic efficacy of 
RTX. Further studies are needed to determine how B cells impact 
CD8+ T cell responses and to assess the value of CD8+ T cell 
immunomonitoring in patients receiving B cell–targeted therapies.
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Diagnostic pitfalls and treatment challenges in 
interstitial pneumonia with autoimmune features: 
comment on the article by Wilfong et al

To the Editor:
We read with interest the article by Wilfong et  al which 

reviewed the diagnostic challenges in and treatment options for 
patients with interstitial pneumonia with autoimmune features 
(IPAF) (1). This term was used by the American Thoracic Soci-
ety (ATS) and European Respiratory Society (ERS) to describe 
patients with idiopathic interstitial pneumonia who do not meet 
classification criteria for a connective tissue disease (CTD) but 
have features of autoimmunity (2). From a rheumatologist’s per-
spective, IPAF, particularly with extrathoracic clinical manifesta-
tions or specific autoantibodies, represents an early manifestation 
of a probable autoimmune disease and may precede the involve-
ment of other organs. The latter may be masked or prevented 
by immunosuppressive therapy. In a study by Ito et al, 12% of 
98 patients with IPAF developed a definite CTD (i.e., rheumatoid 
arthritis, systemic sclerosis [SSc]) within a median follow- up of 
4.5 years (3). In another study by Hu et al, 32% of patients with 
CTD- associated interstitial lung disease (ILD) did not receive an 
accurate initial diagnosis (4). Therefore, classification criteria for 
IPAF should evolve along with criteria for the early diagnosis of 
rheumatic diseases, such as the Very Early Diagnosis of Systemic 
Sclerosis approach (5).

The current IPAF criteria give substantial weight to various 
autoantibodies. Antineutrophil cytoplasmic antibody (ANCA) pos-
itivity has been reported in patients with interstitial pneumonia 
and may indicate microscopic polyangiitis. In our cohort, ILD was 
found in 11 of 102 patients (11.8%) with microscopic polyangiitis 
who tested positive for ANCA. In 6 patients, interstitial pneumonia 
was the first and only manifestation that preceded the overt clin-
ical development of systemic vasculitis. The radiologic patterns 
included nonspecific interstitial pneumonia, usual interstitial pneu-
monia, or unclassifiable interstitial pneumonia. In the official ATS/
ERS research statement, ANCAs were not included in the sero-
logic domain because they are associated with the vasculitides, 
rather than the CTD- associated ILD spectrum of disorders (2). We 
believe ANCA (particularly myeloperoxidase) should be included 
in this domain given the fine line between CTD and systemic 
 vasculitides.

Evidence supporting the choice of treatment in patients with 
IPAF is scarce. Unlike in idiopathic pulmonary fibrosis, cortico-
steroids and/or immunosuppressive agents are frequently given 
as first- line therapy in IPAF. Wilfong et  al stated that mycophe-

nolate mofetil and azathioprine are likely first- line agents, while 
rituximab and calcineurin inhibitors may play a role in refractory 
disease. Cyclophosphamide is another possible option, given its 
established efficacy in patients with lung disease related to SSc 
or ANCA- associated vasculitis. In a recent retrospective cohort 
study, Wiertz et  al found that patients with steroid- resistant 
unclassifiable idiopathic interstitial pneumonia, particularly those 
with IPAF, could respond to induction treatment with intravenous 
cyclophosphamide (6). Unlike Wilfong and colleagues, we would 
not overestimate the potential role of calcineurin inhibitors in 
patients with refractory ILD, given their limited use in the practice 
of rheumatologists and pulmonologists. In contrast, the value of 
rituximab was established in patients with autoimmune diseases 
(rheumatoid arthritis, lupus nephritis, or ANCA- associated vascu-
litis), and its administration in more severe forms of IPAF may be 
justified.

We agree with Wilfong et al that careful prospective clinical 
and immunologic phenotyping is essential in identifying various 
subtypes of IPAF that may have different responses to treatment. 
The results of several studies suggested that certain autoanti-
bodies may predict worse prognosis (anti–Scl- 70 and anti- CADM/
MDA- 5 antibodies) or better prognosis (antinuclear antibody) in 
patients with IPAF (7,8). Testing for specific autoantibodies seems 
to be a promising approach to predict progression and response 
to treatment in patients with IPAF. However, the implication of 
the humoral immune response with regard to disease behavior 
and management remains unknown. In rheumatology, step- up 
immunosuppressive therapy has been partly replaced by a more 
personalized approach that tailors treatment decisions to the 
characteristics of the disease and individual patient. It is tempting 
to extrapolate the data on treatment for specific CTDs to their 
IPAF counterparts, which is defined by the presence of respective 
autoantibodies. This claim lacks supportive evidence, though the 
“absence of evidence is not evidence of absence.”

In conclusion, there is a wide knowledge gap regarding the 
efficacy of immunosuppressive treatment in patients with IPAF. 
We need prospective trials so that the efficacy and safety of 
disease- modifying antirheumatic drugs, biologic agents (ritux-
imab), and antifibrotic agents (nintedanib and pirfenidone) can 
be investigated. Notably, nintedanib and pirfenidone are cur-
rently under investigation in multicenter, double- blind, random-
ized, placebo- controlled trials in patients with unclassifiable 
progressive fibrosing ILD. Future progress in the field will be 
impossible without close collaboration between pulmonologists 
and rheumatologists.
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Reply

To the Editor:
We thank Dr. Novikov and colleagues for their comments on 

our recent review. We agree that the ATS/ERS classification cri-
teria for patients with IPAF (1) will need to be reviewed, revised, 
and validated moving forward. We also agree that collaboration 
between rheumatologists and pulmonologists in the management 
of these cases is critical. In our ongoing prospective longitudinal 

cohort, >93% of cases are co- managed by rheumatology and 
pulmonology clinicians. We strongly advocate this approach world-
wide to provide accurate classification and diagnosis at the time of 
presentation, and to monitor for the emergence of a clearly defined 
CTD.

We concur that ANCA testing should occur in the setting 
of new ILD, although ANCA testing was not universally recom-
mended in the 2018 idiopathic pulmonary fibrosis diagnostic 
guidelines (2). However, whether or not a patient with ILD and 
a positive ANCA has undifferentiated disease or is better clas-
sified as having ANCA-associated vasculitis is under debate. In 
2014, Comarmond and coworkers conducted a retrospective 
review of patients with pulmonary fibrosis and ANCA- associated 
vasculitis (AAV), with myeloperoxidase antibody specificity being 
more common than proteinase 3 specificity (3). They reported 
that ~40% of patients had evidence of pulmonary fibrosis before 
clinically apparent vasculitis, and another 40% of patients pre-
sented with pulmonary fibrosis and evidence of systemic vascu-
litis (usually microscopic polyangiitis). A variety of radiographic 
patterns were present. Interestingly, patients with pulmonary 
fibrosis had poor prognosis with a global mortality of 56%, which 
was somewhat improved by induction therapy consisting of glu-
cocorticoids and either cyclophosphamide or rituximab versus 
glucocorticoids alone (3). The induction treatment regimens for 
AAV differ from the initial treatment of other CTD- associated 
ILDs, so these patients would likely benefit from targeted vascu-
litis therapy. Draft American College of Rheumatology/European 
League Against Rheumatism classification criteria for AAV would 
classify these patients as having AAV (4), which would exclude 
them from the IPAF algorithm should those criteria be ultimately 
ratified.

We also agree that there is significant ambiguity in treat-
ment algorithms. In refractory disease, it is reasonable to 
try a variety of immunosuppressive agents, and an order in 
which to try various therapies may not be clear. We concur 
with using a personalized approach, depending on the exact 
clinical picture and patient preferences. We believe that cal-
cineurin inhibitors are an emerging therapy for myositis- related 
ILD as highlighted in other recent reviews (5,6), and its effi-
cacy in the treatment of rheumatoid arthritis has been previ-
ously documented (7). It may be less ideal in SSc, given the 
risk of renal adverse events. Furthermore, for patients with 
severe ILD in whom lung transplantation may be necessary, 
some transplant centers may have considerable reluctance to 
transplant after administration of either cyclophosphamide or 
rituximab. Calcineurin inhibitors, in contrast, are routinely used 
posttransplant, and these medications may be viewed differ-
ently by some transplant pulmonologists and may preserve 
transplant candidacy.
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In conclusion, we welcome the ongoing discussion regard-
ing these criteria, diagnostic approaches, and management strat-
egies. We believe that patients with ANCA- associated ILD likely 
have AAV rather than IPAF based on the most recent draft AAV 
criteria. We also welcome ongoing collaborations and multicenter 
cohort studies to validate these criteria and determine the best 
treatment options.
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Questions regarding the value of CCL21 as a potential 
biomarker for pulmonary arterial hypertension in sys
temic sclerosis: comment on the article by Hoffmann- 
Vold et al

To the Editor:
We read with great interest the recent article by Hoffmann- 

Vold et al (1), in which they report that serum levels of CCL21 
were significantly higher in systemic sclerosis (SSc) patients 
than controls, and were elevated prior to pulmonary arte-
rial hypertension (PAH) diagnosis. Moreover, concentrations 
of CCL21 were positively correlated with PAH development 
and occurrence of PAH- related events, which suggested that 
CCL21 has potential as a biomarker for SSc- related PAH risk 
prediction and disease progression. However, we have some 
concerns regarding the use of serum CCL21 levels as a bio-
marker for this condition.

First, in a large case–control association study of a cohort 
consisting of 1,031 European Caucasian SSc patients and 1,014 
healthy controls, Coustet et  al (2) showed that the rs2812378 
polymorphism of CCL21 did not contribute to SSc susceptibil-
ity. Their results did not support implication of the CCL21 gene 
in the pathogenesis of SSc, although more single- nucleotide 
poly morphism (SNP) markers at CCL21 loci should be investi-
gated before definitely ruling out association with SSc. It would 
be  interesting to explore possible associations of functional SNPs 
with susceptibility/resistance to the development of SSc in differ-
ent populations.

Second, studies have shown that CCL21 concentrations are 
also elevated in other rheumatic diseases, such as rheumatoid 
arthritis (RA) and systemic lupus erythematosus (3,4). Moreover, 
SSc sometimes occurs concurrently with other diseases, includ-
ing RA. Therefore, it must be elucidated whether the SSc patients 
in Hoffman- Vold and colleagues’ study concomitantly had other 
immune- related diseases and if so, whether the specificity and sen-
sitivity of CCL21 could reach the standards for clinical application. 
In addition, serum levels of CCL21 would have to be measured 
both before and after treatment in patients with SSc- associated 
PAH to ascertain whether these levels are reduced after treatment.

Third, Qu et  al (5) have reported that higher glucose lev-
els and older age were each correlated with higher CCL21 
expression in NOD mice, and CCL21 was highly expressed and 
increased in an age- dependent manner in NOD mice compared 
with normal controls. Although age and sex were taken into 
account in Hoffman- Vold et al’s study, the patients’ history of dia-
betes and alcohol intake should also be considered. In addition, 
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In conclusion, we welcome the ongoing discussion regard-
ing these criteria, diagnostic approaches, and management strat-
egies. We believe that patients with ANCA- associated ILD likely 
have AAV rather than IPAF based on the most recent draft AAV 
criteria. We also welcome ongoing collaborations and multicenter 
cohort studies to validate these criteria and determine the best 
treatment options.
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Questions regarding the value of CCL21 as a potential 
biomarker for pulmonary arterial hypertension in sys
temic sclerosis: comment on the article by Hoffmann- 
Vold et al

To the Editor:
We read with great interest the recent article by Hoffmann- 

Vold et al (1), in which they report that serum levels of CCL21 
were significantly higher in systemic sclerosis (SSc) patients 
than controls, and were elevated prior to pulmonary arte-
rial hypertension (PAH) diagnosis. Moreover, concentrations 
of CCL21 were positively correlated with PAH development 
and occurrence of PAH- related events, which suggested that 
CCL21 has potential as a biomarker for SSc- related PAH risk 
prediction and disease progression. However, we have some 
concerns regarding the use of serum CCL21 levels as a bio-
marker for this condition.

First, in a large case–control association study of a cohort 
consisting of 1,031 European Caucasian SSc patients and 1,014 
healthy controls, Coustet et  al (2) showed that the rs2812378 
polymorphism of CCL21 did not contribute to SSc susceptibil-
ity. Their results did not support implication of the CCL21 gene 
in the pathogenesis of SSc, although more single- nucleotide 
poly morphism (SNP) markers at CCL21 loci should be investi-
gated before definitely ruling out association with SSc. It would 
be  interesting to explore possible associations of functional SNPs 
with susceptibility/resistance to the development of SSc in differ-
ent populations.

Second, studies have shown that CCL21 concentrations are 
also elevated in other rheumatic diseases, such as rheumatoid 
arthritis (RA) and systemic lupus erythematosus (3,4). Moreover, 
SSc sometimes occurs concurrently with other diseases, includ-
ing RA. Therefore, it must be elucidated whether the SSc patients 
in Hoffman- Vold and colleagues’ study concomitantly had other 
immune- related diseases and if so, whether the specificity and sen-
sitivity of CCL21 could reach the standards for clinical application. 
In addition, serum levels of CCL21 would have to be measured 
both before and after treatment in patients with SSc- associated 
PAH to ascertain whether these levels are reduced after treatment.

Third, Qu et  al (5) have reported that higher glucose lev-
els and older age were each correlated with higher CCL21 
expression in NOD mice, and CCL21 was highly expressed and 
increased in an age- dependent manner in NOD mice compared 
with normal controls. Although age and sex were taken into 
account in Hoffman- Vold et al’s study, the patients’ history of dia-
betes and alcohol intake should also be considered. In addition, 
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serum CCL21 levels were compared between patients with dif-
fuse cutaneous SSc and those with limited cutaneous SSc and 
were also classified as high (>0.4 ng/ml) or low, but whether there 
was a relationship between CCL21 level and SSc type was not 
addressed.

The precise role of CCL21 in SSc and the relationship 
between serum CCL21 levels and the severity of SSc- related PAH 
are still unclear and require further study. Although CCL21 might 
serve as a useful biomarker for SSc- related PAH, clinical trials with 
a larger sample size are needed to confirm this.

Ren-Peng Zhou, MD, PhD  
Xin Wei, MD  
Gang-Gang Ma, MD
 Second Hospital of Anhui Medical University
Fei Zhu, MD  
Fei-Hu Chen, MD, PhD
Anhui Medical University
Wei Hu, MD, PhD
Second Hospital of Anhui Medical University
Hefei, China

 1. Hoffmann-Vold AM, Hesselstrand R, Fretheim H, Ueland T,
 Andreassen AK, Brunborg C, et al. CCL21 as a potential serum
 biomarker for  pulmonary arterial hypertension in systemic sclerosis.
Arthritis  Rheumatol 2018;70:1644–53.

 2. Coustet B, Dieude P, Wipft J, Avouac J, Hachulla E, Diot E, et al.
Association study of 3 rheumatoid arthritis risk loci in systemic sclero-
sis in European Caucasian population. Clin Exp Rheumatol 2011;29
Suppl 65:S6–9.

 3. Pickens SR, Chamberlain ND, Volin MV, Pope RM, Talarico NE,
 Mandelin AM II, et al. Role of the CCL21 and CCR7 pathways
in rheumatoid arthritis angiogenesis. Arthritis Rheum 2012;64:
2471–81.

 4. Odler B, Bikov A, Streizig J, Balogh C, Kiss E, Vincze K, et al.
CCL21 and IP- 10 as blood biomarkers for pulmonary involve-
ment in systemic lupus erythematosus patients. Lupus 2017;26:
572–9.

 5. Qu P, Ji RC, Kato S. Expression of CCL21 and 5′- nase on pan-
creatic lymphatics in nonobese diabetic mice. Pancreas 2005;31:
148–55.

DOI 10.1002/art.40819

Insufficient evidence to consider CCL21 a potential 
serum biomarker for pulmonary arterial hypertension 
in systemic sclerosis: comment on the article by 
Hoffmann- Vold et al

To the Editor:
Systemic sclerosis (SSc) is a chronic connective tissue 

disease (CTD) with an autoimmune pattern characterized by 
inflammation, fibrosis, and microcirculation changes leading to 
internal organ malfunctions. It is the most severe CTD, associ-

ated with high mortality risk. Available evidence suggests that 
immunity and genetic factors may correlate with the pathogen-
esis of this complex disease (1). However, the etiology of SSc 
and biomarkers for its diagnosis have not been clearly eluci-
dated to date.

We read with interest the report by Hoffmann- Vold et al (2), 
who showed that serum levels of the chemokine CCL21 were 
elevated in SSc patients compared with healthy controls, and 
elevated prior to pulmonary arterial hypertension (PAH) diagno-
sis. PAH was more frequent in patients with high CCL21 levels 
than in those with low CCL21 levels. In addition, CCL21 was 
related to PAH and occurrence of PAH- associated events. Risk 
stratification at PAH diagnosis alone did not predict PAH- related 
events, but when combined with assessment of CCL21 levels, 
stratification was predictive. The authors concluded that CCL21 
may be a promising marker for SSc- related PAH risk prediction 
and PAH progression. Interestingly, another CTD, systemic lupus 
erythematosus (SLE), sometimes occurs in combination with 
SSc, including in some patients with SSc- related PAH. Odler 
et al (3) reported that SLE patients with pulmonary involvement 
showed significant decreases in lung function parameters, such 
as forced vital capacity, total lung capacity, diffusing capacity 
for carbon monoxide (DLco), and diffusion of CO corrected for 
lung volume, as compared with SLE patients without pulmonary 
involvement. Serum levels of CCL21 were significantly higher in 
patients with pulmonary involvement than in patients without 
pulmonary manifestations, and were negatively correlated with 
DLco and diffusion of CO corrected for lung volume. Moreover, 
receiver operating characteristics analysis confirmed high sen-
sitivity and specificity for distinguishing SLE patients with and 
those without pulmonary involvement according to concentra-
tions of CCL21 (area under the curve 0.85, sensitivity 88.90%, 
specificity 75.00%) (3). Collectively, these findings suggested 
that CCL21 has potential as a biomarker for lung involvement, 
especially SSc- related PAH.

In our opinion, however, it is premature to come to this 
conclusion, for a variety of reasons. First, in a study of CCL21 
gene polymorphism rs2812378 in a cohort of 1,031 SSc 
patients and 1,014 controls of European Caucasian origin 
(4), Coustet et al demonstrated that allelic and genotypic fre-
quencies of this polymorphism were similar in SSc patients 
and controls. Subphenotype analyses, in particular analyses 
in subgroups with the diffuse cutaneous SSc subtype, specific 
autoantibodies, or fibrosing alveolitis, did not reveal any differ-
ence between SSc patients and controls. Indeed, this was an 
important study with a large sample size to potentially confirm 
the correlation between CCL21 and SSc, but the results did 
not show a significant relationship. Therefore, the implication 
of the CCL21 gene in the pathogenesis of SSc requires further 
investigation, for instance, by studying more single- nucleotide 
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polymorphism (SNP) markers in this gene or exploring possible 
functional SNPs to determine how the gene contributes to or 
inhibits SSc development, especially with PAH, in populations 
of different ethnicities.

Second, to determine whether serum CCL21 can be a bio-
marker for SSc or SSc- related PAH, preclinical disease, early 
 disease, and longstanding disease should be major focuses of 
investigation, and serum levels of CCL21 should be evaluated at 
these different stages of disease. The results of studies based on 
this design could lead to a full understanding of the significance 
of this molecule. However, Hoffmann- Vold and colleagues’ study 
was not performed using this design. Therefore, we suggest that 
the authors conduct additional studies in which CCL21 is eval-
uated at all stages of SSc in order to assess its potential as a 
marker for SSc- related PAH.

Third, CCL21 treatment can increase the expression of 
vascular endothelial growth factor (VEGF) in human lung cancer 
cells, through ERK1/2 and Akt phosphorylation (5). Interestingly, 
CCL21 suppression has been shown to correlate with inhibition 
of pulmonary vascular smooth muscle cell proliferation, preven-
tion of thickening of the vessel walls and luminal occlusion of 
pulmonary arteries, and blocking of pulmonary fibrosis (6). Thus, 
whether CCL21 can regulate the VEGF signaling pathway and in 
turn play an important role in SSc- related PAH is still a topic for 
 investigation.

In conclusion, current evidence is not sufficient to confirm 
CCL21 as a biomarker for SSc or SSc- related PAH. Further stud-
ies are needed to elucidate the above questions.
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Reply

To the Editor:
We thank Dr. Zhou and coworkers for their interest in our 

study on the role of CCL21 in PAH associated with SSc, and 
we wish to respond to the concerns they raise. Genome- wide 
association studies (GWAS) represent a major advance in bio-
medical discovery, revealing many robust associations with 
complex diseases. However, although polymorphisms associ-
ated with SSc have been identified, to date there are no known 
genetic loci for SSc- related PAH. Second, despite this success, 
GWAS have been met with considerable skepticism regarding 
their clinical applicability, mainly arising from unclear functional 
consequences. Until functional variants are known, caution 
should be applied in the interpretation of genetic risk for com-
plex diseases, including SSc- related PAH, based on studies 
using tag SNPs.

We agree that CCL21 is not a specific biomarker for SSc, as 
we also pointed out in the article. Its association with atheroscle-
rosis has also been shown previously, by our colleagues at Oslo 
University Hospital (1). In the recent study published in Arthritis & 
Rheumatology, we showed that CCL21 is specific for PAH within 
the SSc population and may help to distinguish SSc patients 
who are likely to develop PAH from those who are not. Patients 
with SSc overlap with another condition were excluded from the 
study cohort, and the frequency of diabetes mellitus was very low 
(<2.5%) and was therefore not adjusted for.

Last, we have since analyzed sera from a partly overlap-
ping SSc cohort from the Oslo University Hospital in a differ-
ent laboratory (University of California, Los Angeles) applying 
a different technique (Luminex). The correlation between the 
CCL21 mea surements was good (r > 0.5, P < 0.001) and the 
data reproducible in the new population, indicating the robust-
ness of CCL21 as a potential biomarker for PAH prediction 
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and prognostication. However, further clinical and mechanis-
tic studies are warranted to elucidate the roles of the CCR7/
CCL21 axis in SSc.

We also thank Xu and coworkers for their interest in 
the study and wish to address their concerns as well. We 
agree that the 2011 study by Coustet et al (2), which did not 
demonstrate any significant association between CCL21 SNP 
rs2812378 and SSc, is relevant when considering the potential 
role of CCL21 in disease pathogenesis. However, that study 
assessed only a single SNP, and it did not address associa-
tions with SSc- related PAH. Additionally, the functional conse-
quences of polymorphisms identified by GWAS have generally 
been unclear. As noted above, we fully agree that CCL21 is not 
a specific biomarker for SSc but is also associated with several 
other conditions.

Recently, we have conducted further analyses of sera from 
123 SSc patients without interstitial lung disease, segregated 
by mean pulmonary artery pressure (mPAP) assessed by right 
heart catheterization. We assessed 3 groups of SSc patients: 
50 patients with normal mPAP (<20 mm Hg), 45 patients with 
borderline mPAP (20–24 mm Hg) (as an expression of preclini-
cal or early PAH), and 28 patients with elevated mPAP (>25 mm 
Hg) (con sistent with manifest PAH). These data were presented 
at the 2018 American College of Rheumatology Annual Meet-
ing (3). Interestingly, we found significantly increased CCL21 
levels in patients with elevated mPAP (mean ± SD 0.52 ± 0.25 
ng/ml), patients with borderline mPAP (0.44 ± 0.33 ng/ml), and 

patients with normal mPAP (0.37 ± 0.31 ng/ml) compared with 
healthy controls (0.28 ± 0.14 ng/ml) (all P < 0.0001) (Figure 1), 
supporting the notion of an increasingly dysregulated immune 
pathway linked to the development of lung vascular damage 
in SSc.

Of note, previous work has demonstrated lymphatic ves-
sel abnormalities in SSc. VEGF- C is a major growth factor for 
lymphatic vessels, and it has been shown that VEGF- C and 
its cognate receptor VEGF- R3 are down- regulated in PAH 
(4). CCL21 has a key role in inflammation leading to PAH 
and is expressed in lymphatic endothelial cells (5). Based 
on these observations we also assessed characteristics of 
VEGF- C and the correlation between VEGF- C and CCL21 in 
SSc- related PAH. We found that VEGF- C and CCL21 levels 
were negatively correlated in SSc patients with PAH, while 
they were positively correlated in patients without pulmo-
nary hypertension and in healthy controls (data not shown). 
Based on this observation, we speculate that the increased 
levels of CCL21 in patients with SSc- related PAH may reflect 
lymphatic vessel abnormalities in this disorder. To further 
address this possibility, studies with mechanistic approaches 
are needed.

Anna-Maria Hoffmann-Vold, MD, PhD  
Henriette Didriksen, MS  
Øyvind Molberg, MD, PhD
Oslo University Hospital Rikshospitalet 

and University of Oslo
Oslo, Norway
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Figure  1. CCL21 levels in systemic sclerosis (SSc) patients 
according to right heart catheterization–verified mean pulmonary 
arterial pressure (mPAP). Mean ± SD CCL21 levels in 100 healthy 
controls, 50 SSc patients with normal mPAP (<20 mm Hg), 45 SSc 
patients with borderline mPAP (20–24 mm Hg) (as an expression 
of preclinical or early pulmonary artery hypertension [PAH]), and 28 
SSc patients with elevated mPAP (>25 mm Hg) (consistent with 
manifest PAH) are shown. P value is for each SSc group versus 
controls.
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Adalimumab as treatment for venous thrombosis in 
Behçet’s syndrome: comment on the article by Emmi 
et al

To the Editor:
We read with interest the article by Emmi et al (1) regarding 

the effect of adalimumab (ADA)–based treatment versus disease- 
modifying antirheumatic drug (DMARD) therapy for venous throm-
bosis in Behçet’s syndrome (BS). Their findings add important 
data to help answer the difficult questions on the treatment of BS. 
However, there are some concerns.

The age at BS onset is usually in the third or fourth de cade, 
and there is a male predominance in severe BS (2). However, 
after several years, disease burnout may occur, and if there 
is major organ/system involvement, it usually occurs within 
the first 5 years (3). In the article by Emmi and colleagues, the 
patient age at disease onset and disease duration were not 
described in detail. The mean ± SD age at treatment initiation 
was 42.8 ± 11.2 years for ADA- based regimens and 53.8 ± 
32.1 years for DMARD therapy. The timing of venous thrombo-
sis occurrence also should have been reported to better define 
the course of disease in the patients. Nineteen men and 16 
women were treated with DMARDs alone, and 18 men and 17 
women were treated with ADA- based regimens. There were no 
differences in clinical characteristics between the sexes, and 
the mean age of the 2 groups at ADA or DMARD initiation was 
quite high. Comparing the effectiveness of ADA and DMARDS 
in groups that are not homogenous in terms of disease mani-
festations may not reflect the real picture in a disease with an 
expanded clinical spectrum like BS.

In the intervention group that received ADA- based regimens, 
8 of the 35 patients were also treated with DMARDs. We question 
whether the authors excluded these patients in their data analysis. 
If not, this could have confounded the assessment of the effec-
tiveness of ADA.

Additionally, venous thrombosis can vary from superficial 
thrombosis to very severe superior/inferior vena cava thrombo-
sis. Postthrombotic syndrome is a major problem in patients with 
BS (4). Emmi and colleagues’ report includes no quantification of 
the severity of thrombosis. We believe this is an important con-
sideration in treatment choices. Further, we do not understand 
why postthrombotic syndrome was not taken into account in the 
evaluation of vascular outcomes.

We thank Dr. Emmi et al for this important and useful study 
and look forward to clarification of some of these questions.

Dr. Karadag has received speaking fees and honoraria from AbbVie, 

Roche, and UCB Pharma (less than $10,000 each). No other disclosures 

relevant to this article were reported.
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Reply

To the Editor:
We thank Dr. Farisogullari and colleagues for their comments 

on our article reporting on how an ADA- based regimen is more 
effective and rapid than DMARD therapy in inducing resolution of 
venous thrombosis in patients with BS, allowing significant reduc-
tion of steroid exposure. Farisogullari et  al suggested that our 
results may have been influenced by the heterogeneity between 
the ADA group and the DMARD group, specifically considering 
age (mean ± SD age at treatment initiation was 42.8 ± 11.2 years 
in the ADA group and 53.8 ± 32.1 years in the DMARD group). 
However, we are confident this difference had a minor impact on 
our results. In fact, the 2 groups were similar in terms of disease 
duration from the time of BS diagnosis to the time the consid-
ered venous events occurred and the subsequent start of ADA 
or DMARD treatment (mean ± SD 82.3 ± 17.3 months in the 
ADA group versus 89.6 ± 15.6 months in the DMARD group; 
P = 0.753). Thus, the results were obtained from groups that were 
homogeneous with similar disease duration.

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.40794&domain=pdf&date_stamp=2019-03-02
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Farisogullari and colleagues’ major concern was that 8 
patients within the ADA group were cotreated with DMARDs, sug-
gesting that this cotreatment may have influenced the reported 
effectiveness of ADA. This concern has a clear pharmacologic 
rationale, considering the potential synergic action of the 2 treat-
ments. However, in our cohort, stratified results confirmed the 
direct role of ADA in inducing vascular response. In fact, the 
number of patients with effective vascular control was 96.3% in 
the ADA- only group (26 of 27) and 100% among the 8 patients 
treated with ADA plus DMARDs. Furthermore, the mean ± SD 
time to achieve a vascular response was 3.6 ± 1.9 weeks in the 
ADA- only group and 3.9 ± 1.2 weeks in the ADA plus DMARD 
group (P = 0.735). As we reported in our article, the mean ± SD 
time to achieve a vascular response in the DMARDs- only group 
was 6.3 ± 1.2 weeks, which is significantly longer compared to 

patients treated with ADA only (P = 0.0002) and those treated with 
ADA plus DMARDs (P = 0.0005).

Overall, the results from our study provided strong evidence 
in support of the use of ADA in the treatment of venous thrombo-
sis in typical sites. In the article, we detailed the reasons for limiting 
our analysis to acute and typical manifestations. However, as cor-
rectly emphasized by Farisogullari et al, the occurrence of venous 
thrombosis in atypical sites and the occurrence of postthrombotic 
syndrome represent major problems in patients with BS. Addi-
tional studies investigating the influence of tumor necrosis factor 
inhibitors in such manifestations would be of clinical help.

Giacomo Emmi, MD, PhD 
Alessandra Bettiol, MD
University of Florence
Florence, Italy
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Annual Meetings 

November 8–13, 2019, Atlanta
November 6–11, 2020, Washington, DC

State-of-the-Art Clinical Symposium

April 5–7, 2019, Chicago

For additional information, contact the ACR offi ce. 

Applications Invited for Arthritis & Rheumatology 
Editor-in-Chief (2020–2025 Term)

The American College of Rheumatology Committee on Journal 

Publications announces the search for the position of Editor, Arthritis 

& Rheumatology. The offi cial term of the next Arthritis & Rheumatology 

editorship is July 1, 2020–June 30, 2025; however, some of the  duties 

of the new Editor will begin during a transition period starting April 1, 

2020. ACR members who are considering applying should submit 

a nonbinding letter of intent by May 1, 2019 to the Managing Editor, 

Jane Diamond, at jdiamond@rheumatology.org, and are also encour-

aged to contact the current Editor-in-Chief, Dr. Richard Bucala, to 

discuss details; initial contact should be made via e-mail to richard.

bucala@yale.edu. Applications are due by June 21, 2019 and will 

be reviewed during the summer of 2019. Application materials are 

available on the ACR web site at https://www.rheumatology.org/

Learning-Center/Publications-Communications/Journals/A-R. 

Nominations for ACR Awards of Distinction and 
 Masters Due May 15

The ACR has many Awards of Distinction, including the Pres-

idential Gold Medal. Members who wish to nominate a colleague or 

mentor for an Award of Distinction must complete the online form at 

www.rheumatology.org. The nomination process includes a letter of 

nomination, 2 additional letters of recommendation, and a copy of the 

nominee’s curriculum vitae. Recognition as a Master of the American 

College of Rheumatology is one of the highest honors the ACR bestows. 

The  designation of Master is conferred on ACR members age 65 or older 

who have made outstanding contributions to the fi eld of  rheumatology 

through scholarly achievements and/or service to their  patients, 

 students, and the profession. To nominate someone for a  Master desig-

nation, members must complete the online nomination form at www.

rheumatology.org and include a letter of nomination, 2 supporting  letters 

from voting members of the ACR, and the nominee’s curriculum vitae. 

Nominees for ACR Master must have reached the age of 65 before 

 October 1, 2019.

ACR Invites Nominations for Volunteer Positions
The ACR encourages all members to participate in forming 

policy and conducting activities by assuming positions of leadership in 

the organization. Positions are available in all areas of the work of the 

American College of Rheumatology and the Rheumatology Research 

Foundation. Please visit www.rheumatology.org for information about 

nominating yourself or a colleague for a volunteer position with the Col-

lege. The deadline for volunteer nominations is June 1, 2019. Letters of 

recommendation are not required but are preferred.

New Division Name

Rheumatology is truly a people specialty: We often develop 

lifelong relationships with our patients as well as our colleagues. We 

increasingly recognize that providing the best rheumatologic care 

requires a team effort. The collegial nature of our specialty is refl ected in 

the ACR’s mission statement: To empower rheumatology professionals 

to excel in their specialty.

In keeping with this mission, we are pleased to announce that 

our health professionals’ membership division is changing its name to 

Association of Rheumatology Professionals (ARP). This name change 

highlights the dedication of the ACR to serve the entire rheumatology 

community. It also refl ects our broadened base of interprofessional 

members (administrators, advanced practice nurses, health educators, 

nurses, occupational therapists, pharmacists, physical therapists, 

physician assistants, research teams, and more).

The name is new, but our commitment and promise remain 

the same: We are here for you, so you can be there for your patients.

ACR Announcements
AMERICAN COLLEGE OF RHEUMATOLOGY

2200 Lake Boulevard NE, Atlanta, Georgia 30319-5312
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