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Highlights from this issue of A&R 1ByLarac. pullen, PhD

Learning Collaborative Helpsto Achieve Treat-to-Target Goasfor RA

Treatment programsfor rheumatoid arthritis
(RA) do not alwaysfollow the recommended
treat-to-target (TTT) approach. In this

issue, Solomon et a
p- 1374 (p. 1374) describe
I their evaluation of
a group-based multisite improvement
learning collaborative and its effect on
adherence to TTT. The Treat-to-Target in
RA: Collaboration to Improve Adoption
and Adherence (TRACTION) trial was a
pragmatic, cluster-randomized controlled
trial. The study encompassed 5 sites with
23 rheumatol ogy providersand 320 patients
who were randomized to intervention and
6 sites with 23 rheumatology providers,
and 321 patients who were randomized
to the waitlist control. The intervention
incorporated rapid-cycle improvement
methods, and the effects were documented
by trained staff who measured efficacy of
the learning collaborative with acomposite
TTT implementation score, defined as the
percentage of 4 required items recorded

£ 100 |
2 i B control
=
[ ; ;
s L . Learning collaborative
=
o
= L
= P =0.044
= L ]
= L
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5 40 3
1]
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0.0% 0.6%
Baseline Follow-up

Figure 1. Percentage of visits at baseline and
follow-up that were in full adherence to the treat-
to-target (TTT) protocol, the secondary outcome of
the Treat-to-Target in RA: Collaboration to Improve
Adoption and Adherence (TRACTION) trial.

in the visit notes for each patient at 2 time
points. This measure was the primary
outcome. Theinvestigators noted that it was

aprocess measure and does not necessarily
reflect clinical outcomes.

At baseline, both groups had a mean
TTT implementation score of 11%.
After the 9-month intervention, the mean
TTT implementation score was 57% in
the intervention group and 25% in the
control group, indicating that the learning
collaborative was able to substantially
improve adherence to TTT. Moreover, the
investigators did not observe excessive
use of resources or an excessive number of
adverse eventsin theintervention arm. The
researchers write that the implementation
of TTT was far lower than desired and
cite previous studies suggesting that this
might be because of patient preference or
because rheumatol ogists prefer not to adjust
medications for symptoms that might be
associated with irreversible joint damage.
Nevertheless, the research supports the use
of an educational collaborative to improve
quality, not just in RA but in other medical
conditionsaswell.

Insights Into Pediatric AAV Outcomes

In this issue, Morishita et al (p. 1470) describe data from the largest
study to date assessing disease outcomes in pediatric patients
with antineutrophil cytoplasmic antibody (ANCA)-associated
vasculitis (AAV). Their multicenter international
p. 1470 study is important because, unlike adult AAV,
I very little is known about pediatric outcomes in
this group of diseases. The investigators focused their analysis on
the early disease course and documented |2-month outcomes.
Children eligible for this inception cohort study were those
who had been entered into the Pediatric Vasculitis Initiative study
and had been diagnosed before their eighteenth birthday as having
granulomatosis with polyangiitis (VVegener’s) (GPA), microscopic
polyangiitis, eosinophilic granulomatosis with polyangiitis (Churg-
Strauss), or ANCA-positive pauci-immune glomerulonephritis. The
median age of the children at diagnosis was 13.8 years, and the
majority of them had GPA. The primary outcome measure was
achievement of disease remission at 12 months, as demonstrated by
a Pediatric Vasculitis Activity Score (PVAS) of 0 in a patient taking a

corticosteroid dosage of <0.2 mg/kg/day. Inactive disease was defined
as a PVAS of 0 with any corticosteroid dosage. The researchers found
that only 42% of patients achieved remission. This is lower than the
90% remission rate that has previously been reported in the literature.

The majority of patients did, however, respond to treatment,
even if they did not achieve inactive disease. This was evidenced
by the fact that 92% of patients experienced 50% improvement
in the PVAS score from the time of diagnosis to postinduction.
Approximately one-fourth of the patients experienced minor
relapses after inactive disease had been achieved postinduction.

As a secondary outcome, the investigators documented
damage to organs at |2 months using the Pediatric Vasculitis
Damage Index (PVDI) score (0 = no damage and | = | damage
item present; total of 64 potential damage items). Unfortunately,
the majority of patients experienced damage to various organ
systems early in the course of disease. Specifically, the median
PVDI score at 12 months was |,and 63% of patients had =| PVDI
damage item present at |2 months.
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Understanding the Relationship Between Obesity and Osteoarthritis

Obese individuals are known to be at
increased risk of osteoarthritis (OA). In this
issue, Harasymowicz et a (p. 1396) found

that infrapatellar fat pad
p- 1396 (IPFP) and synovium tis-
I suedepotsnot only differed
significantly between obese and lean patients,
but the differences were associated with the
patients' body mass index. Adipocytes from
the IPFP of obese patients were also signifi-
cantly larger than thosefromthe | PFP of lean
patients. In addition, the synovium of obese

patients displayed marked fibrosis, increased
macrophage infiltration, and higher levels of
Toll-like receptor 4 (TLR-4) than did the
synovium of lean patients.

When the investigators examined the
adipose-related markers peroxisome pro-
liferator—activated receptor y (PPARY)
and adiponectin, they found that PPARY
was expressed at lower levelsin the |PFP
and synovium of obese patients compared
tolean patients. The IPFPand synovial tis-
sue of obese patients also had increased

numbers of CD45+ hematopoietic cells,
CD45+CD14+ total macrophages, and
CD14+CD206+ M2-type macrophages.
These results suggest that the IPFP and
synovium may contain 2 different white adi-
pose tissue depots. The findings also support
thetheory that patientswith class 1 and class
IIT obesity may have inflammation-induced
OA. The authors call for further investiga-
tion to determine whether these findings
indicate a potentially reversible, or at least
suppressible, cause of OA in obese patients.

A IPFP Synovium

{

Lean

Synovium

B IPFP

Figure I. A and B, Representative hematoxylin and eosin staining (A) and picrosirius red S staining (B) of adipose tissue depots in the infrapatellar fat pad (IPFP) and
synovium from lean and obese patients with end-stage knee osteoarthritis (OA) (n = 10 samples per group).

Insight Into the Reactivity of Anti-Carbamylated

Protein Antibodies

Investigators have noted an association of the risk and severity of
rheumatoid arthritis (RA) with anti—carbamylated protein (anti-
CarP) antibodies, which are frequently directed against fibrinogen.

The physiology behind the anti-CarP antibody
p- 1381 reactivity has thus far remained murky, making it
e difficult to fully analyze the immunopathogenic
association. In this issue, Jones et al (p. 1381) report on their
mapping of anti-CarP antibody epitope reactivity in the sera of
patients with RA.

The investigators found that anti-CarP antibodies appear to
preferentially target the specific regions of the human fibrinogen
B-chain that contain homocitrullines. The researchers began by
evaluating serum from an RA patient for specific reactivity with
carbamylated, but not citrullinated, fibrinogen -chain. They then
used liquid chromatography mass spectrometry to identify

carbamylation of 9 of 34 lysines in the human fibrinogen [-chain.

When they mapped immunoreactivity using tryptic peptide
fragments, they found several candidate carbamylated epitopes
in fibrinogen. In particular, serum from a patient with RA had
anti-CarP antibodies with strong reactivity to a homocitrulline at
position 83 of the f-chain of fibrinogen. Additional reactivity to
peptides containing homocitrullines at positions 52, 264, 351, 367,
and 374 was seen. The researchers note that, while some anti-CarP
antibodies exhibit homocitrulline polyreactivity, most react with
the posttranslational modification in the specific peptides found
in the fibrinogen B-chain. The authors hypothesize that the fact
that humoral immunoreactivity appears to be relatively restricted
in some patients suggests it may be possible to determine a
specific relationship between humoral immunoreactivity and
disease phenotype.
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REDDI Deficiency Impairs Autophagy and
Mitochondrial Biogenesis in Articular Cartilage and
Increases the Severity of Experimental Osteoarthritis

Alvarez-Garcia et al, Arthritis Rheumatol 2017;69:1418-1428.

CORRESPONDENCE
Martin K. Lotz, MD: mlotz@scripps.edu
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SUMMARY

During aging, articular chondrocytes undergo changes in homeostatic processes that compromise their function
and may contribute to cartilage degradation and osteoarthritis (OA). The regulated in development and DNA
damage response | (REDD) protein regulates cell metabolism and coordinates cellular stress responses. Previous
studies showed that REDD | expression is reduced in aged and OA articular cartilage and is a positive regulator

of autophagy. Alvarez-Garcia et al examined the role of REDD | in OA development and identified novel REDD |
functions in articular chondrocytes. Using a mouse model with genetic deletion of REDD | (REDD|7), they
showed that the severity of OA in the destabilized medial meniscus model was increased compared with wild-type
(REDD1*"*) mice and that REDD | deficiency was associated with decreased expression of markers of autophagy
and mitochondrial biogenesis in articular cartilage. They further demonstrated that REDD | is necessary for
maintaining normal levels of mitochondrial biogenesis. Maintaining normal levels of REDD | in articular cartilage
during aging may be a promising novel therapeutic strategy for preventing OA.
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Chemogenetic Inhibition of Pain Neurons in a
Mouse Model of Osteoarthritis

Miller et al, Arthritis Rheumatol 2017;69:1429—1439.

CORRESPONDENCE
Anne-Marie Malfait, MD, PhD: anne-marie_malfait@rush.edu

KEY POINTS

* Novel DREADD
receptors (synthetic
GPCRs) were used to
inhibit the activity of
pain-sensing neurons
(nociceptors) in the
knee joint in a mouse

Clozapine N-oxide

¥

N
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reduced mechanical pain
in early, but not later,
stages of experimental
OA, although morphine
blocked pain at all
phases of the disease.

Opioids developed

Time: 1 H to selectively activate

0 8 weeks 16 weeks peripheral rather than

‘ central opioid receptors

Experimental OA CNO DREADD: Reverses hind paw mechanical allodynia P
induced in mouse knee early (8 weeks) but not late (16 weeks) after DMM surgery may not be effective in
treating OA pain.
SUMMARY

Opioids produce their powerful pain-killing effects by activating opioid receptors (a type of inhibitory G protein—
coupled receptor [GPCRY]) located on both sensory pain neurons (nociceptors, cell bodies that reside in the dorsal
root ganglia [DRGs]) and neurons in the central nervous system (CNS). Because many of the side effects of opiates
are mediated by the CNS, there have been efforts to produce novel opioids that do not enter the CNS but act only
peripherally. To assess the potential for GPCRs selectively localized in peripheral nociceptors to inhibit pain associated
with osteoarthritis (OA), a mouse genetic approach was used to express inhibitory designer receptors exclusively
activated by designer drug (DREADD) receptors in a major subgroup of nociceptors that express the voltage-gated
sodium channel 1.8 (Nay|.8). Activation of DREADD receptors with the use of clozapine N-oxide (CNO) inhibited
the activity of these neurons and blocked hypersensitivity to mechanical stimuli in early experimental OA but not in the
later stages. In contrast, morphine blocked pain responses during the entire course of the disease. The use of inhibitory
and excitatory DREADD receptors expressed by different subtypes of neurons represents an exciting new approach to
determining the role of the nervous system in the symptoms of OA. Importantly, the present observations indicate that
activation of inhibitory GPCRs located solely outside the CNS may be ineffective in treating chronic OA pain.
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EDITORIAL

Arthritis Pain: Moving Between Early- and Late-Stage Disease

David A. Walsh

Joint pain remains the main problem for people
with arthritis, despite availability of an increasing range of
analgesic medications acting through discrete molecular
targets. Existing treatments can relieve pain for some but
not all people with arthritis, some but not all of the time.
There remains a pressing need for better treatments to
reduce the distress and disability of arthritis pain. Pain,
however, also importantly warns us about and protects us
from injury, and painkillers therefore need to target patho-
logic pain in the right people at the right times. In this issue
of Arthritis & Rheumatology, Miller et al (1) provide impor-
tant evidence that different types of pain might respond
differently to the pharmacologic manipulation of a single
analgesic target at various stages in the development of
experimental osteoarthritis (OA) in mice. These preclinical
findings resonate with observations in people with arthritis,
and they point the way to how animal models and sophisti-
cated interventional and measurement techniques might
lead to new treatments and to more effective use of existing
treatments in the foreseeable future.

Miller et al chose to explore pain transmitted
through the abundant subset of articular sensory primary
afferents that express voltage-gated sodium channel 1.8
(Nay1.8). Using designer receptors exclusively activated by
a designer drug technology, they selectively stimulated Gy,
protein signaling in order to reduce peripheral sensory
nerve activity. They found that they could reduce pain
behaviors at various time points after surgical destabiliza-
tion of the medial meniscus (DMM) in mice, sometimes to
an extent similar to the analgesic effects observed with

David A. Walsh, PhD, FRCP: Arthritis Research UK Pain
Centre, University of Nottingham, Nottingham, UK.
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morphine. Morphine also activates G;, proteins, but across
a wider range of nerve types in the peripheral and central
nervous systems. All of this is as might have been expected.
Perhaps more importantly, Miller and colleagues’ carefully
conducted studies reveal that the effects of pharmacologic
activation of Gy, varied according to the type of pain
behavior measured and the time since DMM surgery.
Indeed, significant analgesic effects were only observed
before 12 weeks after surgery, and not at 16 weeks, a time
point generally considered to represent late-stage OA in
humans. In contrast, an analgesic acting on both peripheral
and central nerves was able to inhibit pain behaviors at all
time points.

Pain is not a single and homogeneous experience,
and people with arthritis describe different types of pain,
including pain on weight bearing, joint movement, or at
rest, as well as aching pains or burning pains. Different pain
qualities might well reflect different underlying pain mech-
anisms (2). Pain quality is not measurable in animal mod-
els, but various pain behaviors have also been associated
with different pathophysiologic mechanisms. A reduced
threshold for paw withdrawal from a normally non-noxious
punctate stimulus has been associated with evidence of cen-
tral sensitization in rodents and is consistent with low pain
thresholds to mechanical stimuli distal to an OA joint in
humans (3). Reduced threshold to mechanical pressure on
amouse’s knee might model increased joint line tenderness
in human arthritis, a characteristic interpreted in rheuma-
toid arthritis as a sign of active synovitis. Miller and
colleagues’ data suggest that both of these types of pain
might at least sometimes be dependent on Nay1.8-
expressing peripheral sensory nerves and suppressible by
G, activation.

Unfortunately, many analgesic interventions that
have shown great promise in animal models have failed to
impress through randomized controlled trials in arthritis in
humans. Many explanations have been proposed for this
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lack of translational success from laboratory to clinic.
Clearly, humans are different from mice, and pain mecha-
nisms in humans might differ fundamentally from those in
rodents. Animal models of arthritis pain are designed to
minimize suffering of the animal, and the protracted time
course of human arthritis is ideally avoided in experimental
studies. Miller and colleagues’ data highlight that findings
in mouse models might also not translate to other time
points within the same model. In the same way, effective
analgesics in acute pain in humans might not provide bene-
fit for chronic arthritis pain. Opiates, which also act
through Gy, proteins, are effective in acute musculoskeletal
pain but have limited and typically only very partial benefit
for chronic pain in humans, for example, in OA or low
back pain. Their underwhelming benefit might partly be
attributed to tolerance with chronic use and to adverse
events. It is also important to consider that they might not
work simply because different pain mechanisms are at play.

So what additional mechanisms might contribute to
chronic arthritis pain? Miller et al rightly draw attention to
possible central pain mechanisms. Arthritis pain is probably
not often centrally initiated, in contrast to chronic pain after
cerebrovascular accident. Central mechanisms can, how-
ever, importantly augment evoked pain, both allodynia
(pain in response to a normally non-noxious stimulus) and
hyperalgesia (increased pain experienced with a standard-
ized noxious stimulus). Evoked pain requires an intact
peripheral sensory system, and therefore allodynia and
hyperalgesia can be inhibited by peripherally acting anal-
gesics as well as by agents targeting central pain processing.
Inhibiting Nay1.8-expressing neurons increased paw with-
drawal thresholds during the early phases of the DMM
model, again demonstrating that at least some centrally
augmented pain might be improved by peripherally acting
analgesics. Evidence of central sensitization is commonly
observed in severe, late-stage OA in humans but does not
preclude pain relief from joint replacement surgery, an
intervention specifically designed to reduce peripheral
nociceptive inputs. However, not all people undergoing
arthroplasty experience adequate pain relief, suggesting
that non-nociceptive inputs from the postsurgical joint
might continue to be sufficient to activate central pain path-
ways (allodynia). With increasing chronicity, central pain
augmentation might lose its dependence on peripheral
nociceptive input, perhaps due to structural change within
the central nervous system (4) or long-lasting functional
change, as might be driven by epigenetic modifications (5).
Identifying these mechanisms of chronicity could lead to
novel interventions that maintain capacity for neuronal
plasticity and permit reversal of chronic pain.

Another possibility is that peripheral pain mecha-
nisms change during the progression of arthritis. Miller et al
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comment on a predominant role of inflammation in the
early stages of the DMM model. Synovitis is also a charac-
teristic of established OA in humans; it is associated with
OA pain (6), and pain relief may be achieved at least in
some patients through antiinflammatory medications
(either delivered systemically or by intraarticular injection).
The contribution of subchondral bone to OA pain might
vary between early and late disease, when the osteochondral
junction is breached and bone marrow lesions are associated
with regions of cartilage defects (7). Sensory nerve terminals
might eventually grow into articular structures that are not
innervated in the normal joint, for example, in the inner
regions of knee menisci or in noncalcified articular cartilage,
becoming exposed to unaccustomed mechanical or chemi-
cal stimuli (8). Gene expression patterns in dorsal root gan-
glia also change through the development of arthritis (9,10),
and Gy, activation might have less potential to inhibit noci-
ceptive drive once different nerve types and signaling path-
ways become recruited. Better understanding of peripheral
pain mechanisms might lead to novel treatments for chronic
arthritis pain. If those mechanisms are specific for chronic
(pathologic) rather than acute pain, analgesics might be
developed that do not impair normal protective responses
(and might even lack acute analgesic efficacy) despite offer-
ing relief to those with chronic arthritis.

Animal models are developed to mimic a particular
human condition, and the DMM model was devised to
resemble human OA. It reflects how internal derangement
in human knees can lead to OA, although the time course
for OA development in humans is usually much more pro-
tracted than that observed in mice. Indeed, by 16 weeks, the
histologic, molecular, and behavioral characteristics of the
DMM model closely resemble those of late-stage human
OA. It is less clear, however, to what extent pathologic
changes shortly after surgery reflect those in the more com-
mon, idiopathic forms of OA seen in humans. Despite these
reservations, the early time points in the pathogenesis of the
DMM model might give useful insights into other painful
articular conditions, for example, sports injuries and inflam-
matory joint disease. Specific analgesic approaches might
only be effective at specific times for specific symptoms in
OA, but they might additionally be effective for other diag-
nostic groups that share discrete pain mechanisms.

Miller and colleagues are to be congratulated for
their well-designed and thought-provoking research. Like
much of the best research, it might raise more questions
than are answered, but the direction of travel is clear.
Each increment to our understanding is leading us to bet-
ter explain why different people might respond differently
to the same intervention and, ultimately, who will be most
likely to benefit from which interventions and when.
What can be seen by some as inconsistency or lack of
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robust translational validity in animal models might better
be seen as modeling the heterogeneity of the human expe-
rience of arthritis pain. Understanding this heterogeneity
should lead us ever closer to a more effective and person-
alized approach to rheumatology.
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EDITORIAL

Rituximab in the Treatment of Sjogren’s Syndrome: Is It the Right or Wrong Drug?

Hendrika Bootsma, Frans G. M. Kroese, and Arjan Vissink

The presence of anti-SSA/Ro and/or anti-SSB/
La autoantibodies, elevated plasma levels of gamma
globulins and rheumatoid factor (RF), higher expression
levels of Bruton’s tyrosine kinase in B cells, and an
increased risk of developing lymphomas, particularly
mucosa-associated lymphoid tissue (MALT) lymphomas,
all point toward a major role of B cells in the pathogenesis
of primary Sjogren’s syndrome (SS) (1). Because of this
role, rituximab, a chimeric anti-CD20 monoclonal anti-
body, has been considered a potentially potent biologic
disease-modifying antirheumatic drug to reduce disease
activity in primary SS. Rituximab results in significant
depletion of CD20+ B cells via several mechanisms.
Open-label and smaller randomized placebo-controlled
trials (2) as well as the larger Tolerance and Efficacy of
Rituximab in Primary Sjogren’s Syndrome (TEARS) trial
(3) revealed that rituximab treatment shows beneficial
effects in patients with primary SS. However, as reported
in this issue of Arthritis & Rheumatology, rituximab treat-
ment showed no beneficial effects at all in a new larger
multicenter placebo-controlled trial, the Trial of Anti-B
Cell Therapy in Patients with Primary Sjogren’s Syn-
drome (TRACTISS) (4).

The question now arises as to whether rituximab
is indeed a failing drug or is effective in only a selected
category of patients with primary SS. In other words,
should patients with primary SS who are treated with
rituximab be better defined to enhance success of this
promising treatment modality, given that beneficial
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effects have been reported at clinical, biologic, histologic,
and ultrasonographic levels (2,3,5)? Moreover, post hoc
analyses have identified possible predictors of response
(6). As currently classified (7), primary SS is a heteroge-
neous disease (8), while rituximab might be of value to a
particular, yet to be identified, subgroup of patients with
primary SS and thus should not be used as a general
treatment for primary SS. Therefore, before rituximab
can be considered a successful or failing drug, it is neces-
sary to assess whether it is effective in a specific subgroup
of patients with primary SS (precision medicine).

Effects of rituximab on B cell hyperactivity
in primary SS

Rituximab treatment of patients with primary SS
results consistently in an almost complete depletion of B
cells and plasmablasts in peripheral blood, which lasts up
to 24-36 weeks posttreatment (9). Accordingly, a signifi-
cant reduction of B cells and plasma cells was seen in
minor and major salivary glands, without affecting the
number of T cells (9). High absolute numbers of B cells in
parotid glands have even been shown to predict respon-
siveness to rituximab (6). This reduction in B cells and
antibody-secreting cells explains the observed decrease in
total IgG and autoantibodies (RF, anti-SSA, anti-SSB) in
serum. Also, other B cell activation markers, such as £3,-
microglobulin and free light chains, decrease as a conse-
quence of B cell depletion. Clearly not all plasma cells in
salivary gland tissue are depleted, since most plasma cells
are long-lived and are not directly targeted by rituximab.
Persisting plasma cells have been found in parotid glands
up to 1 year after treatment. B cells are also indirectly
affected by the effect of B cell depletion on the T cell com-
partment. Circulating follicular helper T (Tth) cells and to
a lesser extent Th17 cells decrease after treatment,
together with serum levels of their signature cytokines
interleukin-21 (IL-21) and IL-17. The lower Tth cell activ-
ity may be responsible for significantly reduced numbers
of germinal centers in salivary glands after treatment with
rituximab (6).
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The central position of B cells as a target of therapy
is further illustrated by positive results of other recent trials
of biologic agents that are not based on the direct deple-
tion of B cells but that do target these cells either directly
or indirectly (2). These biologic agents comprise belim-
umab, which binds to BAFF (10), resulting in less survival
and less activation of B cells, and abatacept (11), which
blocks costimulation of T cells and, consequently, T cell-
dependent activation of B cells (1). Although several cyto-
kines and chemokines decrease after rituximab treatment,
BAFF levels increase, likely as the result of the relative
unavailability of B cells, which express BAFF-binding
receptors. Since high BAFF levels have been associated
with humoral autoimmunity, a current trial is assessing
whether the addition of belimumab enhances the efficacy
of rituximab (ClinicalTrials.gov identifier: NCT02631538).

An important finding is that rituximab is the only
biologic agent yet applied to the treatment of primary SS
that also results in restoration of salivary gland tissue
(6,12). This is reflected by the declining number and sever-
ity of lymphoepithelial lesions in glandular tissue (6).
Taken together, these biologic findings provide a rationale
for the clinical effects observed after rituximab treatment.

Clinical efficacy of rituximab

Effects of rituximab treatment on salivary flow are
inconsistent. Although several studies showed improve-
ment or stabilization of saliva production (13-15), other
studies (3,16) did not show such an effect. A possible
explanation for this discrepancy is that the studies showing
no effect on saliva production also included patients who
had very low saliva production at baseline. Based on the
secretion of unstimulated whole saliva at baseline, the
patients in the study by Meijer et al (14) were apparently less
heterogeneous than those in the TEARS trial (3). St.Clair
et al (16) even included patients without unstimulated whole
saliva secretion at baseline, and such patients are presumably
not likely to show functional improvement. The TRACTISS
trial showed that unstimulated whole saliva secretion by
rituximab-treated patients remained stable, while it deterio-
rated in placebo-treated patients. The latter was the only
affirmative observation in the TRACTISS trial. Thus,
rituximab treatment may have a beneficial effect on
salivary gland function, as the various studies provide evi-
dence of at least a stabilization of the salivary flow rate.
These observations are consistent with recovery of sali-
vary gland parenchyma as observed in histopathology
studies (6,12) and with improved parotid parenchyma
echostructure (17).

The effect of rituximab on tear gland function has
not been established, since with the exception of the study
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by Carubbi et al (15) and the TEARS trial, most studies do
not show an effect on the Schirmer I test score. The
Schirmer I test is not sufficiently sensitive to detect small
changes in tear production. However, rituximab has been
shown to improve corneal integrity, as measured by
lissamine green and rose bengal staining (13,14). This
apparent recovery of corneal integrity also indicates the
beneficial effect of rituximab. Except for the TRACTISS
trial (4), positive results with regard to symptoms of oral
and ocular dryness were reported in all studies of primary
SS (2).

Extraglandular manifestations are common in pri-
mary SS, of which fatigue is the most common. Again, with
the exception of the TRACTISS trial, fatigue was shown to
be reduced in rituximab-treated patients with primary SS
(2). The effect of rituximab on systemic disease activity, as
reflected in scores on the European League Against Rheu-
matism (EULAR) Sjogren’s Syndrome Disease Activity
Index (ESSDAI) (18) and clinESSDAI (the clinical
ESSDALI without the biologic domain) (19), was assessed
in some studies. Importantly, baseline ESSDAI scores var-
ied greatly between studies. Generally, studies of patients
with rather high baseline ESSDALI scores showed a signifi-
cant reduction of disease activity following rituximab treat-
ment (15,20). Patients in the TRACTISS trial had low
baseline ESSDALI scores, which may explain why there was
no significant effect reported for the ESSDAI score. Not-
withstanding comparable baseline scores (3,15,20), the
TEARS trial also did not demonstrate an effect on the
ESSDALI score. The lack of an effect on the ESSDAI score
in the TEARS trial might possibly be explained by relatively
low involvement of domains that showed the largest reduc-
tions in the other studies (articular, glandular, constitu-
tional, hematologic, and biologic domains) (15,20,21).
Furthermore, the ESSDAI score was assessed retrospec-
tively in the TEARS trial. It is possible that different patient
characteristics may account for the observed apparent dif-
ferences in study outcomes based upon the ESSDALI score.
In addition to being effective in the treatment of systemic
disease activity in primary SS, rituximab has been shown to
be an effective treatment for MALT lymphomas in primary
SS (22).

Lack of consistency between studies
in the efficacy of rituximab

Variations in the efficacy of rituximab in the treat-
ment of primary SS can result from differences in patient
populations in the various studies and the outcome param-
eters applied, as well as from heterogeneity of primary SS.
For example, a major difference between the TRACTISS
trial (4) with its negative results and other trials (2) with



1348

positive results is the inclusion of a more heterogeneous
cohort of patients with primary SS in the TRACTISS trial,
which resulted in fewer selected patients with primary SS.
In the TEARS trial (3), the other large placebo-controlled
trial that also had a broader range of patients, efficacy of
rituximab was shown after application of a composite out-
come parameter (5).

An important inclusion criterion is the use of back-
ground immunosuppressive therapy and other comedica-
tion. In the TEARS and TRACTISS trials, patients were
allowed to continue their use of corticosteroids, hydroxy-
chloroquine, nonsteroidal antiinflammatory drugs, pilo-
carpine, and antidepressants, all drugs that can affect
treatment outcome. Furthermore, the minimal residual
unstimulated whole saliva flow of the included patients was
simply defined as greater than zero, which does not guaran-
tee that the salivary glands have some remaining function.
It is also unknown how many of the subjects in the
TRACTISS trial (4) had a positive salivary gland biopsy
result. Thus, it is not clear what subcategories of patients
with primary SS were included in the various studies (7).
The evidence that there are both responders and non-
responders in terms of ESSDAI score change strongly
supports the notion that there is heterogeneity between
patients with primary SS included in the various trials,
some of whom do and some of whom do not respond to
treatment (6). Thus, yet unspecified patient characteristics
may influence treatment response. The current applied
classification criteria are too broad to select targeted
patients with primary SS for trials (7). In an exciting new
development, Lendrem et al (8) identified 4 distinct pri-
mary SS clinical phenotypes. These phenotypes were
defined on the basis of hierarchical cluster analysis of
patient-reported pain, fatigue, dryness, anxiety, and depres-
sion. Importantly, these 4 phenotypes exhibited marked dif-
ferences in a variety of biologic parameters. Patients within
these clusters may respond differently to rituximab treat-
ment, in terms of both subjective and objective parameters.

The discrepancy between studies may also be related
to the variety of outcome measures. The TEARS and
TRACTISS trials have used changes in visual analog scale
(VAS) scores as primary outcome measures of subjective
symptoms. Although targeting subjective symptoms is
important to improve quality of life, these VAS scores may
not be sensitive to change. The response goals were set quite
high (=30 mm change in 2 of 4 VAS scores in the TEARS
trial, 30% change of either oral dryness or fatigue VAS
score in the TRACTISS trial). Such a response goal is prob-
ably too high, as a decrease of at least 15% in the EULAR
Sjogren’s Syndrome Patient Reported Index (ESSPRI)
score (23) has been reported as a minimal clinically impor-
tant improvement in primary SS (21). Interestingly, Cornec
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et al (5) proposed a new data-driven composite outcome
measure that combines objective manifestations and subjec-
tive symptoms. Applying this outcome measure showed that
rituximab had a beneficial effect in the TEARS trial. An
effort by the EULAR Sjogren’s Task Force to formulate a
new response index is currently underway.

How to design, and select patients for, rituximab trials

As we have noted earlier (7), the 2016 American
College of Rheumatology/EULAR classification criteria
for primary SS (24) do not guarantee that the proper
patients with primary SS are selected for studies. These cri-
teria need refinement. Therefore, when designing a trial to
show efficacy of rituximab or other biologic agents, the first
step should be to define what specific baseline characteris-
tics a subject with primary SS should have in order to be
included in a particular trial. The information from the
studies performed with rituximab or other biologic agents
could be used to identify the subpopulation of patients with
primary SS who will likely respond to a particular biologic
agent. There is also a difficulty in applying strict inclusion
criteria. when recruiting eligible patients for trials. For
example, Oni et al (25) showed that when applying specific
outcome measures, such as an ESSPRI score of =5 and an
ESSDALI score of =5, with requirements for unstimulated
whole saliva flow greater than zero and anti-Ro positivity,
the pool of eligible participants will be greatly reduced.
However, if the inclusion criteria are too general, the result
will be a failing trial unless the biologic agent tested has
such a general beneficial action that it is effective in most
subcategories of patients with primary SS.

Another critical step in trial design is to identify cen-
ters that have the tools to properly select patients with pri-
mary SS who have the required specific characteristics;
these centers must also have the experience to apply the out-
come parameters reliably. For many outcome parameters,
specifically trained pathologists (experienced in performing
targeted histologic evaluation), ophthalmologists (trained in
scoring ocular staining), oral and maxillofacial surgeons/
specialists in oral medicine (experienced in assessing salivary
gland function and obtaining the required type of salivary
gland biopsy specimen), and rheumatologists (experienced
in scoring the ESSDAI) are needed. It is recommended
that these expert centers perform trials that are able to
include reasonable numbers of SS patients. Finally, particu-
larly in multicenter trials, the inherent interindividual varia-
tions in applying inclusion criteria and assessment tools
cannot be overcome by training and calibration if only a few
subjects are included.

Based on the results of the TRACTISS trial, one
might be reluctant to use rituximab to treat patients with
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primary SS. However, some studies show that rituximab
has a beneficial effect in a subgroup of patients, i.e., non-
responders to rituximab treatment can be characterized,
and rituximab has objective biologic effects (6). In other
words, rituximab is not the wrong drug in primary SS, but
it has to be applied in a particular subgroup of patients
with the disease. The same will probably hold true for
other biologic agents that are tested in primary SS. The
better we can identify the specific characteristics of a
patient with primary SS, the better we can prescribe a par-
ticular targeted biologic agent. Precision medicine is about
to become a reality in primary SS!
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Extracellular Vesicles in Joint Inflammation

Andrew D. Foers,! Lesley Cheng,2 Andrew F. Hill,? Ian P. Wicks,' and Ken C. Pang3

Introduction

The pathologic mechanisms underlying the devel-
opment and maintenance of rheumatoid arthritis (RA) are
incompletely understood but broadly involve persistent
joint inflammation that can lead to irreversible joint dam-
age. In recent years, extracellular vesicles (EVs) have
attracted increasing attention for potential roles in inflam-
mation, including in inflammatory arthritis (1).

EVs are released from cells and are found in all
types of bodily fluids. They are typically classified as
exosomes, microvesicles, or apoptotic bodies, according to
the mode of biogenesis (Figure 1). Exosomes and
microvesicles are continually released from cells, whereas
apoptotic bodies are released only when cells undergo apo-
ptosis. The majority of research investigating EVs has
been on exosomes and microvesicles, and these will be the
focus of this review. EV nomenclature tends to be inconsis-
tent within the literature, since it is technically difficult to
isolate specific classes of EVs, leading to methodologic var-
iability and a lack of consensus on not only optimal isola-
tion techniques, but also what types of EVs are enriched
(2). To ensure consistency within this review, we have
therefore reviewed the isolation techniques within each
study and adopted a consistent nomenclature. If a
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technique does not convincingly enrich for a particular
class of EV, the general term EV is used.

EVs contain a heterogeneous collection of pro-
teins, RNAs and lipids, which reflect the state of the partic-
ular cells from which EVs are derived. Interactions
between EVs and other cells can occur in several ways
(Figure 2), enabling the molecular cargo of an EV to exert
functional effects on recipient cells. It is clear that EVs can
deliver molecules that drive disease. For example, EVs
have been implicated in neurodegenerative disease
through traffic of infectious, prion-like proteins (for
review, see ref. 3), and in cancer through the transfer of
oncoproteins to promote metastasis (4). EVs can also
functionally impact recipient cells though the transfer of
RNAs, such as microRNAs (miRNAs), which can influ-
ence the expression of target genes, including those
involved in inflammatory processes (5,6).

In the context of inflammation, EVs have been
shown to exert both pro- and antiinflammatory effects. For
example, exosomes from heat-stressed hepatocytes
potently stimulate tumor necrosis factor (TNF) expression
in recipient macrophages via exosome-associated Hsp70
(7). Similarly, EVs from neuronal stem/precursor cells
exposed to Thl cytokines can activate STAT-1 signaling
via the delivery of EV-bound interferon-y (IFNvy) to its
cognate receptor on recipient cells (8). Moreover,
exosomes purified from human amniotic fluid or malig-
nant ascites fluid can promote STAT-3 and NF-«B signal-
ing in recipient monocytes, through activation of the Toll-
like receptors (TLRs) TLR-2 and TLR-4, leading to the
release of cytokines such as TNF, interleukin-18 (IL-18),
and IL-6 (9). Similarly, exosomes derived from tumor cells
contain specific miRNAs that act as agonists for endo-
somal TLRs in recipient immune cells (10). In contrast,
some EVs have antiinflammatory effects. Suppressor of
cytokine signaling (SOCS) family proteins are key
suppressors of inflammation through inhibition of JAK/
STAT signaling (11). Exosomes and microvesicles isolated
from alveolar macrophages contain SOCS-1 and SOCS-3,
respectively, both of which can attenuate STAT signaling
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Figure 1. Biogenesis of exosomes and microvesicles. Invagination of the late endosome forms intraluminal vesicles ranging from 30 to 150 nm. Fusion
of the late endosome (also known as a multivesicular body) with the plasma membrane releases the vesicles into the extracellular milieu, and the
vesicles are then termed “exosomes.” Microvesicles are formed by outward protrusion of the plasma membrane and are typically larger than exosomes
at 100-1,000 nm. (Note that some groups use the term “microparticle” synonymously with “microvesicle,” whereas others use “microparticle” as a
general term that encompasses exosomes, microvesicles, and nonvesicular particulate of a similar size and/or density. To avoid confusion, we have
used the term “microvesicle.”) Both exosomes and microvesicles contain a range of molecules from the cell of origin, including proteins and RNAs.

(12). EVs derived from malignant ascites fluid can pro-
mote CD25 and FoxP3 expression in recipient T cells,
leading to the expansion of immunosuppressive, regulatory
cells that release inhibitory cytokines and increase resis-
tance to apoptosis (13).

Separate from biologic effects, EVs are also prov-
ing to be an important source of novel biomarkers, since
the molecular cargo of EVs provides information about
the cell of origin. Released EVs can be isolated from read-
ily accessible fluids such as blood and urine. Together,
these properties make EVs well suited as sources of bio-
markers, as elegantly demonstrated by the finding of cancer-
specific messenger RNA in serum microvesicles isolated
from patients with glioblastoma (14). More recently, serum
exosomes containing glypican 1 were found to distinguish
between patients with pancreatic cancer, those with
benign pancreatic disease, and healthy controls with abso-
lute sensitivity and specificity. Interestingly, the presence
of glypican 1 in circulating exosomes preceded the

appearance of lesions detectable by magnetic resonance
imaging in a mouse model of pancreatic cancer,
prompting hope that exosomal glypican 1 might form the
basis for an early diagnostic test (15). Indeed, there is now
optimism regarding the use of exosomes for “liquid biopsies”
in the oncology field, and the first exosome-based diagnostic
test was recently brought to market. Exosomal biomarkers
may also be useful outside of oncology. Cheng et al (16)
recently showed that serum EV miRNAs distinguished
patients with Alzheimer’s disease from healthy controls, with
high sensitivity and specificity. Moreover, this miRNA signa-
ture also showed promise in identifying apparently healthy
subjects who developed Alzheimer’s disease at a later
stage.

Therapeutically, exosomes are being investigated
for drug delivery, taking advantage of a natural role in
transporting biologic cargo between cells within the body.
For example, small interfering RNA (siRNA)-based ther-
apies have undergone clinical trials for a broad range of
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Figure 2. Mechanisms of extracellular vesicle (EV) interaction with recipient cells. EVs can interact with recipient cells in a number of ways. a, EV
membrane proteins (including tumor necrosis factor) are capable of stimulating recipient cells via cognate receptors on the surface of target cells. b, Direct
fusion of an EV membrane and the plasma membrane of a recipient cell results in the release of EV cargo into the cytosol. ¢, i, Endocytosis of EVs can lead
to fusion of the endosomal and EV membranes to release EV contents into the cytosol. ii, Alternatively, the membrane of an endocytosed EV can degrade
upon endosomal acidification, resulting in the release of EV cargo that can interact with endosomal receptors such as Toll-like receptors 7 and 8.

human diseases, but delivery has proven challenging for a
variety of reasons, including extracellular RNases that rap-
idly degrade RNA and difficulty with specific targeting to
the desired tissue or cell type. In this regard, EVs not only
offer protection from RNases via a lipid membrane, but
can also be modified to express surface proteins that allow
targeting. As an example, exosomes have been loaded with
siRNAs against 3-site amyloid precursor protein—cleaving
enzyme (BACE-1), a therapeutic target in Alzheimer’s dis-
ease, and then successfully targeted to neurons after being
engineered to express the neuron-specific peptide RVG.
Intravenous injection of these exosomes into mice success-
fully knocked down BACE-1 expression within the brain
(17). Similarly, another group used EVs displaying a

peptide sequence that acts as an epidermal growth factor
receptor (EGFR) ligand to specifically target EGFR-
expressing breast cancer cells, with inhibition of tumor
development in mice via delivery of a synthetic small RNA
cargo (18).

Finally, it is worth noting that the ability of EVs to
deliver a defined molecular cargo to specific sites is analo-
gous to liposome-based pharmaceuticals. Liposomes are
small vesicles generated from synthetic lipid formulations.
Liposomes can be engineered to express specific surface
molecules for cellular targeting and to carry defined cargo
(19). Currently, there are a number of therapies available
that make use of liposomal delivery methods (20). For
example, Doxil uses a liposomal delivery system to improve



EXTRACELLULAR VESICLES IN JOINT INFLAMMATION

the targeting of doxorubicin to tumor cells, and has been
approved by the Food and Drug Administration for the
treatment of Kaposi’s sarcoma, ovarian cancer, metastatic
breast cancer, and multiple myeloma (21). Clinical trials
involving liposomes or EVs are in progress (19,22).

Origin and abundance of EVs in arthritis

Synovial fluid contains EVs that originate from a
variety of local and infiltrating cells within the synovial joint.
In one study, platelet-derived EVs were identified as the
most abundant type of EVs in synovial fluid from RA and
other inflammatory arthritides, and were shown to be
scarce in synovial fluid obtained from patients with nonin-
flammatory osteoarthritis (OA) (23). However, Berckmans
et al (24) reported that the most abundant microvesicles
in both RA and non-RA synovial fluid were derived
from granulocytes and monocytes, with platelet-derived
microvesicles only detectable at low levels. Consistent with
this, Headland et al (25) found high levels of neutrophil-
derived EVs in RA synovial fluid (25). Meanwhile, another
group observed that the majority of EVs in RA synovial
fluid were derived from B and T cells, and noted that the
levels of EVs derived from T cells in RA synovial fluid were
elevated when compared with OA and strongly correlated
with levels of rheumatoid factor (26). Conflicting reports
such as these could be due to methodologic factors, includ-
ing variations in collection, isolation, and analysis of EVs
(Table 1). For example, Boilard and colleagues (23) dem-
onstrated that platelet-derived EVs are more readily
detected through the presence of CD41, as opposed to
CDe61, which was used by Berckmans et al (24), and this
might explain their lower estimates. Moreover, methods
to avoid platelet activation and aggregation were not
uniformly employed across all of these studies. Such
inconsistencies highlight the importance of detailed method
reporting in studies involving EVs, as well as the inherent
limitations that result from an absence of standardized
isolation and analysis techniques (27,28).

In terms of abundance, there have been suggestions
that RA promotes an increase in EV numbers within the
synovial fluid. For example, increased EV concentrations
have been observed in synovial fluid from individuals with
RA compared to those with psoriatic arthritis (PsA), but
not OA (26,29). In this situation, EV abundance in syno-
vial fluid appears to be a function of cellular activation
state rather than cell number as indicated by poor correla-
tions between the numbers of EVs and cell counts (26).
Treatment of fibroblast-like synoviocytes (FLS) derived
from an RA joint with TNF resulted in large increases in
exosome production, whereas FLS derived from an OA
joint exhibited minimal release in response to TNF (30).
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Similarly, normal human FLS have been observed to
increase EV production in response to IL-13 stimulation

(31).

Whether circulating EVs found within the systemic
circulation change in RA is unclear. For instance, one
study found that plasma from RA patients contained
increased numbers of EVs as well as higher proportions of
platelet-derived EVs when compared to healthy controls
(32), but another group failed to detect any differences
(33). Interestingly, disease-modifying antirheumatic drug
(DMARD) treatment has been shown to affect circulating
microvesicles (34). Specifically, a decrease in the propor-
tion of plasma microvesicles of platelet, monocyte, B cell,
T cell, and endothelial origin in RA patients was observed
following 4 weeks of treatment with methotrexate, sulfasal-
azine, and prednisone, and similar changes were also
observed in urine. Consistent with this, the authors
reported a significant correlation between disease activity
and the proportion of plasma and urine microvesicles of
platelet, monocyte, B cell, T cell, and endothelial cell ori-
gin. Interestingly, the overall numbers of circulating EVs
did not change during DMARD therapy in this study (34).
However, others have reported that the number of
microvesicles was not significantly different after 8 weeks
of treatment with methotrexate, sulfasalazine, and prednis-
olone, despite a reduction in disease activity (35), and
plasma platelet-derived EV numbers were not significantly
altered in patients who had undergone treatment with
immunosuppressive or biologic drugs compared to
untreated patients (32).

EVs as drivers of joint inflammation and destruction

In RA, FLS play key roles in promoting tissue
inflammation and damage. Exosomes derived from RA
FLS may augment these effector functions, including mul-
tiple effects on activated CD4+ T cells, such as reducing
activation-induced cell death, promoting the release of
IFNy and IL-2 from these cells, increasing the activity of
NF-«B and Akt, and inhibiting caspase 3 and caspase 8
cleavage. These effects were reversed by TNF inhibition
(30). EVs isolated from RA FLS have also been associated
with degradation of bone and cartilage through direct
metalloproteinase activity (36) but also by autocrine induc-
tion of matrix metalloproteinase 1 (MMP-1) release from
FLS (30). Consistent with this, another group observed
that TNF stimulation of RA FLS increased secretion of
exosomal miR-221-3p, which negatively regulates bone
formation (37), while EVs from normal human FLS stimu-
lated with IL-18 promoted release of glycosaminoglycans
from cartilage (31). Finally, exosomes derived from RA
(but not OA) FLS contained a membrane-bound form of
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TNF that can activate NF-«B pathway signaling in recipi-
ent FLS in an autocrine, TNF-dependent manner (30).

As well as acting as a source of EVs, RA FLS can
be targets for EVs derived from other cells. For example,
upon treatment with EVs from activated T cells and mono-
cytes, RA FLS display increased release of not only MMPs,
but also cytokines and chemokines, such as IL-6, IL-§,
monocyte chemotactic protein 1 (MCP-1), and MCP-2.
Interestingly, similar results were observed when OA FLS
and nondiseased FLS were stimulated, suggesting that FLS
are inherently equipped to respond to proinflammatory sig-
nals from EVs (38). Another group found that exposure of
FLS to EVs isolated from RA synovial fluid results in
increased transcription of chemokine CXCL1, CXCL2,
CXCL3, CXCLS, and CXCLS6 genes (39). Consistent with
this finding, supernatant from FLS treated with EVs caused
chemokine-induced migration of human microvascular
endothelial cells and angiogenesis in vivo (39).

Although somewhat controversial, as noted above,
platelet-derived EVs have been observed in the synovial
fluid of inflamed joints and thus may contribute to the
development of RA. Evidence for this was provided by
Boilard et al (23), who found that platelet-derived EVs
from RA synovial fluid caused activation of FLS via the
IL-1 receptor and subsequent release of IL-6 and IL-8.
Both IL-1a and IL-18 were associated with RA synovial
fluid platelet-derived EVs, but IL-1a was more abundant
and was found on the surface of platelet-derived EVs.
Importantly, blocking both IL-1« and IL-183 was required
to prevent FLS activation. Interestingly, that study also
identified the collagen receptor glycoprotein VI as an
important mediator in the genesis of platelet-derived EVs
and—in a finding that might be exploited for therapeutic
purposes—showed that loss of glycoprotein VI signifi-
cantly reduced arthritic symptoms in the K/BxN serum
transfer mouse model of RA (23).

More recently, using the K/BxN serum transfer
model, Duchez et al (40) reported that intravenously
injected platelet-derived EVs are preferentially taken up by
activated joint neutrophils and that this internalization is
dependent on both platelet-type 12-L.O (an enzyme required
for metabolizing arachidonic acid) and secretory phospholi-
pase A, IIA (sPLA,-IIA; an enzyme involved in releasing
lysophospholipids and fatty acids from EV phospholipids)
(40). Notably, mouse recipients of K/BxN serum developed
more pronounced joint inflammation when both 12-LO and
sPLA,-ITA were present, providing further support for a
pathogenic role of platelet-derived EVs in arthritis.

EVs may be functionally important, even if the cell
of origin is unclear. For example, RA synovial fluid EVs
have elevated levels of RANK and RANKL, which can
drive osteoclast activity and bone destruction (26).

FOERS ET AL

Microvesicles from the plasma of RA patients with high
disease activity induced the release of proinflammatory IL-
1, TNF, and IL-17 from autologous peripheral blood
mononuclear cells (34). Microvesicles from RA plasma
also contained elevated levels of C1q, suggesting that circu-
lating microvesicles in RA propagate inflammation
through transport of complement components (35).

Immune complexes play an important pathogenic
role in RA. EVs can form macromolecular structures in
association with immune complexes, and such complexes
may contribute to joint inflammation. Cloutier et al (29)
identified EV—immune complex aggregates in RA synovial
fluid using high-resolution flow cytometry and transmission
electron microscopy, which revealed, in addition to the
standard population of microvesicles ~100-300 nm in
diameter, larger structures of ~700-3,000 nm in diameter
that consisted of both microvesicles and immune com-
plexes (29). This was in contrast to synovial fluid from
patients with PsA, which contained a single distinct popula-
tion of 100-300-nm microvesicles. The majority of immune
complexes in RA synovial fluid were associated with
microvesicles (including platelet-derived microvesicles),
and contained citrullinated autoantigens, such as vimentin
and fibrinogen. Platelet-derived microvesicles containing
citrullinated proteins bound IgG from RA synovial fluid,
but not IgG from PsA synovial fluid, to form microvesicle—
immune complex structures in vitro, suggesting that anti—
citrullinated protein antibodies in RA synovial fluid facili-
tate the formation of microvesicle immune complexes (29).
Upon incubation with microvesicle immune complexes iso-
lated from RA synovial fluid, human neutrophils released
proinflammatory leukotrienes more robustly than when
they were incubated with microvesicles alone (29).
Whether synovial fluid exosomes are also able to form
complexes with immune complexes remains unknown, but
the observation that synovial fluid exosomes also contain
citrullinated peptides suggests this possibility (41).

Drawing together the above findings, we propose a
model, shown in Figure 3, wherein immune cells infiltrate
the RA joint and, in conjunction with resident synoviocytes
such as FLS, release large numbers of EVs into the synovial
tissue and surrounding synovial fluid. Subsequently, synovial
fluid EVs might trigger synoviocytes to release proinflamma-
tory cytokines and chemokines that promote cell prolifera-
tion and survival as well as angiogenesis, leading to further
immune cell infiltration. In this way, a positive feedback loop
mediated by EVs might sustain joint inflammation.

Protective roles of EVs during joint inflammation

Although much work indicates that EVs have a pro-
inflammatory role in RA, there is also growing evidence
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Figure 3. Potential roles of extracellular vesicles (EVs) in joint inflammation. Resident synoviocytes and infiltrating immune cells release EVs
into synovial fluid and synovial tissue. Synovial EVs contain molecules capable of driving inflammation and joint destruction. Furthermore, anti—
citrullinated peptide antibodies recognize EV-associated citrullinated peptides to form potent proinflammatory complexes. A positive feedback
loop is proposed, whereby EVs derived from synoviocytes and various infiltrating leukocytes trigger proinflammatory responses in resident
synoviocytes, including fibroblast-like synoviocytes, leading to synovial hypertrophy, angiogenesis, and further immune cell infiltration. Con-
versely, some EVs may regulate joint inflammation. For example, neutrophil-derived EVs can migrate into cartilage and stimulate protective
effects in recipient chondrocytes, including transcription of genes involved in cartilage repair.

that EVs protect joints. For example, Martinez-Lorenzo
et al (42) found that the depletion of EVs abrogated the
ability of synovial fluid to induce cell death in immortalized
T cells, suggesting that EVs might play a role in limiting T
cell-driven inflammation. These investigators observed that
synovial fluid from RA patients contains relatively few
exosomes compared to synovial fluid from patients with
traumatic arthritis and that RA synovial fluid displays a
correspondingly reduced ability to initiate apoptosis in
synovial T cells (42).

Meanwhile, Headland et al (25) described a role of
neutrophil-derived EVs in mitigating cartilage damage.
They showed that neutrophil-derived EVs contain the
antiinflammatory protein annexin Al and are present in

high abundance in RA synovial fluid. Neutrophils derived
from healthy blood were stimulated with TNF, and EVs
similar to those found in RA synovial fluid were generated.
These EVs were able to act upon chondrocytes to limit IL-
1B-mediated repression of cartilage matrix proteins,
increase transcription of transforming growth factor (1
(which stimulates extracellular matrix accumulation),
inhibit release of IL-8 and prostaglandin E, (PGE,) (which
are involved in cartilage degradation), and limit chondro-
cyte apoptosis. Blocking the annexin Al receptor, FPR2/
ALX, abrogated these protective effects, providing further
support for the importance of EV-bound annexin Al.
Interestingly, using rat cartilage explants, the authors
showed that neutrophil-derived EVs migrated into
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cartilage, and that this migration was more pronounced
when cartilage was prestimulated with IL-18, whereas
monocyte-derived EVs did not migrate into cartilage. Fur-
thermore, in mouse models of RA, intraarticular injections
of EVs from TNF-stimulated neutrophils abrogated loss of
sulfated glycosaminoglycans from cartilage, while mice
deficient in TMEMI16F (a protein involved in EV forma-
tion) had greater loss of sulfated glycosaminoglycans (25).

Taken together, these findings support a model
wherein inflammation within cartilage might facilitate infil-
tration of neutrophil-derived EVs, which could interact with
recipient chondrocytes and protect against further cartilage
degradation in RA (Figure 3). Such a model obviously runs
counter to a large body of evidence indicating that neutro-
phils act to promote inflammation and joint damage, but is
consistent with recent work indicating an important role of
neutrophils in resolving inflammation (43).

EVs may also help to protect joints in conditions
other than RA. In one recent study, neutrophil-derived
EVs hastened the resolution of gout (44). Specifically,
Cumpelik and colleagues (44) observed that in a
monosodium urate monohydrate (MSU)-induced murine
model of gout, an increase in IL-1p was closely followed
by an increase in neutrophil-derived EVs. It has previously
been shown that MSU-induced IL-18 production via the
inflammasome is regulated by complement C5a (45), and
Cumpelik et al interestingly discovered that neutrophil-
derived EVs from human gout exudates suppressed com-
plement C5a-mediated inflammasome activation in recipi-
ent macrophages (44). This suggests a negative feedback
model wherein neutrophil-derived EVs help to limit the
extent of joint inflammation. Along similar lines, EVs
derived from mature osteoclasts have been found to inhibit
osteoclast differentiation in 1,25-dihydroxyvitamin Ds—
stimulated bone marrow cultures (46). In this case, inhibi-
tion was paradoxically dependent on the presence of
EV-associated RANK, which may competitively bind
RANKL and thereby prevent RANK/RANKL interac-
tions in precursor cells to attenuate osteoclast differentia-
tion (46). Finally, EVs may also help to promote joint
repair, since intraarticular injection of exosomes from mes-
enchymal stem cells, which have important roles in tissue
repair (47,48) and are normally found within the synovium
(49,50), was demonstrated to promote cartilage repair in a
rat model of osteochondral damage (51).

Finally, EVs might also facilitate the beneficial
effects of some arthritis therapies. In one study of immor-
talized synovial cells, treatment with methotrexate and sul-
fasalazine induced changes in the protein content of
released exosomes (52). Interestingly, many of the altered
exosomal proteins had immunosuppressive functions,
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raising the possibility that treatment-induced EVs might
augment the response to certain DMARD:s.

EVs as biomarkers in arthritis

As noted earlier, EVs are proving of interest as
novel biomarkers in a variety of diseases. One study in RA
identified dysregulated long noncoding RNAs, HOTAIR
and LUST, in circulating exosomes obtained from the
serum of patients with established RA, compared to
healthy donors (53). Other circulating biomarker studies
in RA have focused on miRNAs, but these all assessed
total serum or plasma RNA, without enriching for EVs.
Given that the majority of circulating miRNAs in plasma
and serum are associated with EVs and methods used to
isolate circulating miRNAs also enrich for EV miRNAs
(54.55), these studies only provide indirect information on
EV miRNA content. Several circulating miRNAs appear
to be promising biomarkers in RA. For example, one study
identified 3 miRNAs—miR-24, miR-30a-5p, and miR-
125a-5p—that in combination were able to differentiate
patients with RA from healthy controls and patients with
systemic lupus erythematosus or OA. Furthermore, miR-
24 levels were found to correlate with the Disease Activity
Score in 28 joints (56), C-reactive protein, visual analog
pain scales, and erythrocyte sedimentation rate (57).

Other studies have shown that circulating miRNAs
might help to predict the response to biologic agents. For
example, levels of miR-23-3p and miR-223-3p in serum
were good indicators of response to anti-TNF/DMARD
combination therapy (58), while high pretreatment serum
levels of miR-125b were associated with a good clinical
response to rituximab (59). Inclusion of an EV purification
step in such miRNA biomarker studies might enrich for
disease-specific miRNAs and improve the signal-to-noise
ratio by eliminating more abundant circulating RNAs
(e.g., ribosomal RNA) (55).

Apart from RNA, other components of EVs, such
as protein, lipids, and metabolites, might also prove to be
useful biomarkers in RA, but minimal research has been
conducted to date in this area.

Therapeutic use of EVs in inflammatory joint disease

Engineering of EVs for treatment of inflammatory
joint disease is currently being explored using several dif-
ferent approaches in preclinical animal models (Figure 4).
In the collagen-induced arthritis (CIA) mouse model,
intravenous injection of exosomes from bone marrow—
derived dendritic cells (BMDCs), either transduced to
express a viral-encoded homolog of IL-10, or treated with
recombinant murine IL-10, dramatically repressed the
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onset of arthritis (60). Moreover, these exosomes were
also able to reduce the severity of established CIA. Inter-
estingly, these effects were not observed with injection of
IL-10, suggesting that the role of IL-10 might not be as a
direct ligand in vivo, but rather to promote the production
of antiinflammatory exosomes (60). Similar results in CIA
have been observed using a single systemic injection of
EVs generated from BMDCs genetically engineered to
express Fas ligand, IL-4, the immunosuppressing enzyme
indoleamine 2,3-dioxygenase, or its inducer, CTLA-4
immunoglobulin (61).

Loading of EVs with other antiinflammatory mole-
cules may hold promise for the treatment of joint inflam-
mation. For example, recent work suggests that EVs
containing SOCS proteins may regulate proinflammatory
STAT signaling, which is increased in RA. Exposing alveo-
lar macrophages to IL-10 or PGE, rapidly increased
SOCS-1 and SOCS-3 secretion in exosomes and

microvesicles, respectively. By treating alveolar epithelial
cells with SOCS-containing EVs, STAT signaling was suc-
cessfully suppressed (12). In this way, SOCS-loaded EVs
generated from autologous cells could represent a novel
therapeutic strategy for reducing joint inflammation. Finally,
as mechanisms for selectively loading RNAs into EVs are
being discovered (62), the possibility of loading EVs with
therapeutic siRNAs might also become an option in arthritis.

As noted above, the ability of EVs to deliver a defined
molecular cargo is being exploited in liposome-based thera-
peutics. In one study, liposomes were loaded with a
membrane-bound form of APO2L/TRAIL and then injected
into the knee in a rabbit model of RA (63). This greatly
reduced joint inflammation, with decreased inflammatory
infiltrate, vascularity, and exudate. Another group engineered
liposomes to contain not only methotrexate but also surface-
bound folate (64). The latter modification targeted the
liposomes to activated macrophages, and CIA was much less
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pronounced following intraperitoneal injection of these
liposomes compared with injection of methotrexate alone.

Conclusions

Research interest in EVs has increased dramati-
cally in recent years. Although much work has occurred
in the fields of cancer biology and oncology, efforts to
improve our understanding of EVs in RA are gaining
momentum. High sensitivity ‘omics’ approaches to
detect changes in protein, RNA, lipid, and metabolite
profiles of EVs may facilitate diagnosis and selection of
therapies. Modulating EV biogenesis or uptake might
also hold promise for treating RA. Potential molecular
targets include 12-LO and sPLA,-IIA, or glycoprotein
VI to block uptake or biogenesis, respectively. An alter-
native strategy might be to prevent the formation of
autoantibodies with EV-associated citrullinated peptides
in order to reduce EV-immune complex formation.
Finally, and excitingly, EVs may provide a new way to
deliver and better target therapeutic agents in RA.
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Luiz Felipe Ambra,' Laura de Girolamo,? Brian Mosier,” and Andreas H. Gomoll*

Introduction

Articular cartilage has limited intrinsic repair capa-
bilities, and cartilage defects can progress to osteoarthritis
(OA) over time (1,2). Although several other factors are
involved in the development of OA, this review will focus
on cartilage defects (2). Even knee joints with asymptom-
atic cartilage defects have shown twice the rate of further
cartilage loss compared with intact knees, and worsening
was demonstrated in 81% of chondral defects over only 2
years (1). Young patients with cartilage defects are fre-
quently as symptomatic as older patients presenting with
established OA (3). OA is a common cause of knee pain
and disability (4), with almost half the population becom-
ing symptomatic within their lifetimes (5), and the rates of
arthritis-related joint replacement surgery continue to
steadily increase. OA presents a major economic burden,
being among the leading causes of disability in developed
countries (6). The risk of disability attributable to knee OA
is as great as that due to cardiovascular disease (7). It
causes considerable pain, functional limitation, deteriora-
tion of health-related quality of life, and in some cases,
symptoms of depression (8). For those who fail to respond
to conservative treatment, there are several options for
biologic repair and reconstruction that may ideally treat
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definitively or at least “bridge” the patient until he or she
reaches an age that is more appropriate for arthroplasty.

While overall the outcomes of primary joint
replacement are among the best of any orthopedic proce-
dure, both satisfaction with the procedure and implant sur-
vival are significantly lower in younger patients (9). One
study in patients younger than age 40 years showed good
and excellent Knee Society knee function scores in only
50% of patients and a failure rate of 12.5% at 8 years (10).
Subsequent revision surgery is technically more challeng-
ing and less successful than a primary procedure, with a
patient satisfaction rate as low as 59% (11) and 5-year sur-
vival in younger patients as low as 82% (12). Last, revision
surgery is extremely costly, with average charges of $73,000
(13). It therefore appears worthwhile to invest in proce-
dures, such as cartilage repair, with the potential for reduc-
ing disability and delaying arthroplasty as long as possible,
especially in young patients.

Current recommendations for cartilage repair
include treatment of symptomatic defects in patients up to
age 55 years (14). Moreover, the development of concomi-
tant surgical procedures, such as meniscus transplantation,
to address articular comorbidities that previously were
considered contraindications for cartilage repair have fur-
ther expanded the indications (15). While providing relief
for many patients who otherwise would have no treatment,
cartilage repair and biologic reconstruction continue
to evolve, overcoming the limitations of current technol-
ogy. The major challenges concern the restoration of a
biomechanically and biochemically competent extracellu-
lar matrix and intimate integration of the newly synthe-
sized matrix with the resident surrounding tissue. This
explains the special interest in biologic augmentation, such
as the use of growth factors, platelet concentrates, and
stem cells (for review, see ref. 16). The potential of these
biologic products is based on their antiinflammatory,
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immunomodulatory, and paracrine properties, with the
goal of enhanced regenerative potential.

Here, we provide a review of the current state of
cartilage repair, focusing mainly on current clinically
established techniques, as well as briefly discussing emerg-
ing technologies for the treatment of cartilage defects in
the most commonly treated joint, the knee.

Indications for cartilage repair

Cartilage repair is indicated to treat symptoms of
pain and functional limitation during activities of daily liv-
ing. Before surgical intervention is considered, attempts at
first-line conservative management should have failed.
Exceptions to this rule can be considered in younger
patients with large cartilage defects that are likely to prog-
ress. In these cases, earlier and more aggressive interven-
tions are justified based on the premise that conservative
management is unlikely to provide symptomatic relief pos-
sibly for decades prior to reaching an age appropriate for
treatment with arthroplasty, which is a likely outcome for
many patients with OA.

Articular comorbidities

Cartilage defects are commonly associated with,
and frequently the result of, malalignment, ligamentous
instability, and meniscal deficiency. Therefore, any evalua-
tion performed prior to cartilage repair must include an
assessment of any comorbidities that have the potential to
negatively impact treatment outcomes. Lower-extremity
malalignment is a major contributing factor to compart-
ment overload (17), and uncorrected malalignment can
lead to failure of cartilage restoration and more rapid pro-
gression of OA (18). Thus, malalignment is a contraindica-
tion for tibiofemoral and patellofemoral cartilage repair
surgery (19), unless the malalignment is corrected in a
staged or concurrent manner to prevent overload on the
repaired tissue. The meniscus is critical for load distribu-
tion in the knee. Subtotal and total meniscectomy directly
lead to increased contact pressure, resulting in the acceler-
ated development of OA, with an increase in relative risk
of >20 times that for normal controls (20). Meniscus
transplantation can be considered in patients who are
meniscus deficient, who are candidates for cartilage repair
within the same compartment (19).

Surgical interventions for cartilage repair

There are several techniques used to repair full-
thickness cartilage defects, each of which has specific
indications and results. Table 1 summarizes the main
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clinical studies regarding surgical procedures for focal car-
tilage lesion that are available.

Marrow stimulation techniques (MSTSs)/micro-
fracture. Marrow stimulation is the most common
arthroscopic procedure aimed at the treatment of smaller
cartilage defects. It involves mechanical perforation of the
subchondral plate through drilling or use of an arthro-
scopic awl, allowing bone marrow elements and blood to
collect in the defect. The resultant clot slowly matures over
time to form a fibrocartilaginous repair tissue (21,22).

Although up to 80% of patients experience initial
improvement in symptoms (23), these improvements tend
to deteriorate over time, especially after treatment of
defects that are larger or located in the patellofemoral joint
(24). A systematic review of level I and II studies (25)
showed that independent of patient characteristics, deteri-
oration of clinical improvement is to be expected after
5 years. Several studies have delineated patient- and
defect-specific factors to define the optimal indications for
microfracture: defect size of <4 cm?” (24,26,27), patients
younger than age 40 years (23,24), defect location on the
femoral condyle (24), body mass index of <30 kg/m?, and
symptom duration of <12 months (26). Serious complica-
tions after microfracture are rare but include arthrofibrosis
and persistent pain in up to 16% of patients (28) and
formation of intralesional osteophytes in 30-50% of
defects (26).

Next-generation marrow stimulation techniques.
A potential limitation of microfracture is that the mechani-
cally weak marrow clot is dislodged from the defect and
lost into the joint. Therefore, several procedures have
been developed that aim to stabilize the marrow clot by
adding mechanically more durable scaffolds to the defect.

Autologous matrix-induced chondrogenesis adds a
bilayer porcine type I/III collagen membrane to a defect
treated with marrow stimulation techniques (29). Autolo-
gous matrix-induced chondrogenesis provides significant
functional improvement without deterioration of results
up to 5 years after surgery (30). Moreover, magnetic reso-
nance imaging (MRI) revealed moderate-to-complete fill-
ing of all chondral defects (30). The use of this scaffold in
combination with platelet-rich plasma (PRP) has been
shown in some studies to enhance chondrogenesis and the
formation of hyaline-like tissue to fill the defect (31).

Investigators in the field of tissue engineering have
explored the use of advanced scaffolds that incorporate
specific cell sources and/or bioactive molecules to aid in tis-
sue maturation (32). The BST-CarGel (Smith & Nephew)
procedure uses a gel matrix composed of chitosan and
autologous blood that is implanted into a defect treated by
marrow stimulation techniques. The matrix has been
shown to enhance early healing processes such as cell
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Table 1.  Clinical studies of cartilage repair techniques*
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No. of patients

Cartilage in study group/no.
Author, year Type of repair of patients in Follow-up, Defect size,
(ref.) study LE technique control group yearsT mean cm? Results
Shive et al, RCT II  BST-CarGel 34/26 5 2.24 Sustained and significantly superior
2015 (34) vs. MFX repair tissue quantity and quality
with BST-CarGel; no clinical
differences
Gobbi et al, Case series IV BMAC associated 25 3.4 8.3 Significant improvement in all clinical
2014 (37) with type I/I11 scores; complete filling of the
collagen matrix defect in 80% of patients
Saris et al, RCT II  MACI vs. MFX 72/72 2 4.8 Significantly better clinical outcome
2014 (74) with MACI
Basad et al, RCT II  MACI vs. MFX 40/20 2 4-10 Significantly better outcome with
2010 (41) MACI
Van Assche et al, RCT II  ACI vs. MFX 33/34 2 2.4 No significant differences between
2009 (75) groups
Cole et al, 2011 RCT II  CAIS vs. MFX 20/9 2 3.11 Significantly higher incidence of
(43) intralesional osteophyte formation
with MFX; no clinical difference
between groups
Bentley et al, RCT I OAT vs. ACI 42/58 2 42 Significantly better functional out-
2012 (76) come and graft survival with ACI
Ulstein et al, RCT II MFXvs. OAT 11/14 9.8 2.8 No significant clinical differences
2014 (77)
Levy et al, Case series IV OCA 122 135 8.1 Improvement of pain and function;
2013 (78) 85% survival at 10 years
*LE =1level of evidence; RCT =randomized controlled trial; MFX = microfracture; BMAC =bone marrow aspirate concentrate;

MACI = matrix-induced autologous chondrocyte implantation; ACI = autologous chondrocyte implantation; CAIS = cartilage autograft implanta-
tion system procedure; OAT = osteochondral autologous transplantation; OCA = osteochondral allograft.
T Values in the studies by Ulstein et al (77) and Levy et al (78) are the median; values in the other studies are the mean.

recruitment, vascularization of the repair tissue, and sub-
chondral bone remodeling (33). A study comparing BST-
CarGel with isolated microfracture demonstrated superi-
ority of the former technique by MRI and histologic evalu-
ation; however, there were no statistically significant
clinical differences after 5 years of follow-up (34).

Another recently developed technique is Bio-
Cartilage (Arthrex), a modified microfracture technique
that uses micronized allogenic cartilage in combination
with PRP to create a biochemically active scaffold popu-
lated by mesenchymal stem cells (MSCs) from the micro-
fractured bed (35). Despite several investigators having

Table 2.  Controlled trial on the use of PRP in cartilage repair procedures*
Total no. of
Patient patients (no. in
Author, Type of age, Type  Follow-up, study group/no.
year (ref.) study LE years of PRP  months Defect Treatment in control group Results
Lee et al, Randomized I 40-50 Leukocyte Upto24 Cartilage defects 1 PRP injection in 49 (24/25) Significantly better
2013 (80) prospective of the femoral association with clinical results in
comparative condyle up to microfracture the study group than
4 cm? in the control group
at 24 months
after surgery
Manunta et al, Randomized I 30-55 Leukocyte Upto24 Outerbridge grade 3 PRP injections in 20 (10/10) Faster functional
2013 (79) prospective II and IIT cartilage association with recovery
comparative defects of the microfracture and resolution of

femoral condyle

pain in PRP-treated
patients; better IKDC
score although not
statistically significant

* PRP = platelet-rich plasma; LE = level of evidence; IKDC = International Knee Documentation Committee.
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Figure 1. Injection of the chondrocyte suspension in the autologous
chondrocyte implantation procedure. The defect has been debrided
and covered with a collagen membrane.

suggested a valid and additive effect of PRP for cartilage
repair in association with chondral matrix or osteochondral
scaffolds (31,36), only few randomized clinical trials have
been completed (Table 2).

Bone marrow aspirate concentrate (BMAC). An
alternative to traditional microfracture is the use of
BMAC obtained from either the iliac crest or the knee
itself. Similar to the autologous matrix-induced chondro-
genesis technique, a collagen membrane scaffold is secured
over the defect, but the marrow cells are brought into the
defect with the BMAC clot, not only obviating the need to
injure the subchondral plate, but also allowing substantially
higher numbers of MSCs into the defect compared with
the number allowed using the microfracture technique.
Medium-term results in small series have demonstrated
durable clinical and imaging improvement (37).

AMBRA ET AL

Cell-based techniques

Autologous chondrocyte implantation (ACI).
ACI is a cell-based approach in which a cartilage biopsy
specimen is harvested from a lesser-weight-bearing region
of the joint during an initial arthroscopic procedure. Chon-
drocytes are isolated from the biopsy sample, and the cul-
ture is expanded. The cells are either reimplanted directly
after a 4-week culture process or cryogenically preserved
and stored for up to 5 years. The technique as originally
described was performed using a periostal flap to cover the
defect; currently, however, a collagen membrane is used.
The chondrocyte suspension is injected into the created
space (Figure 1). ACI has demonstrated improvement in
pain and functional outcomes in up to 80% of patients at
10-20 years (14,38). A systematic review showed that
patients with specific factors, such as a defect size of
>4 cm?, higher activity level, and age >30 years, seem to
benefit more from ACI (39). In another systematic review,
Harris et al (40) observed that in patients with a defect size
of >4 cm?, ACI resulted in better outcomes compared with
other cartilage repair procedures. The inherent limitations of
ACI, however, include the need for 2 procedures and a com-
paratively long recovery time of 6-12 months. Overall, ACI
is mainly reserved for the treatment of large chondral lesions
(>4 cm?) and patients who have high activity demands (i.e.,
those who regularly engage in athletic activities).

Matrix-induced autologous chondrocyte implanta-
tion (MACI). MACI (Vericel) is a third-generation ACI
technique whereby the chondrocytes are also first grown in
2-dimensional culture but then are seeded onto a collagen
scaffold prior to shipping by the supplier. Implantation can
be performed through an open incision or arthroscopically.
Although MACI is not yet approved in the US, it has been
used in Europe since 1999, demonstrating short-term and

Figure 2. A, Particulated allograft cartilage pieces. B, Final aspect of the fibrin glue/cartilage construct in a patellar defect.
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Figure 3. A, Osteochondral plug harvested from a donor hemicondyle. B, Plug seated in the lateral femoral condyle.

medium-term outcomes equal to those associated with the
standard ACI technique with which it shares the same
indications.

Use of the MACI technique for full-thickness carti-
lage lesions of the knee has consistently demonstrated
good results at short-term follow-up (2). MACI has also
shown superior clinical outcomes compared with micro-
fracture at 2-year and 3-year follow-up (4,25). Medium-
term outcomes have also been promising, with 98% of
patients reporting satisfactory pain relief and 86% report-
ing improvement in activities of daily living (41).

Particulated cartilage procedures. Particulated
autograft and allograft (DeNovo NT Natural Tissue Graft;
Zimmer) procedures involve implantation of particulated
articular cartilage from either autograft or juvenile allograft
cartilage, respectively. For the autograft procedure, cartilage
is arthroscopically harvested from a lesser-weight-bearing
region of the joint. This cartilage is mechanically minced and
then reimplanted into the defect with fibrin glue. Preclinical
studies have shown formation of hyaline-like repair tissue
(42), and a clinical study has demonstrated favorable out-
comes (43).

Particulated juvenile allograft cartilage consists of
articular cartilage obtained from juvenile donors that has
been cut into ~1-mm cubes (Figure 2A). It is secured in the
debrided defect with fibrin glue (Figure 2B). Case series of
patients treated with particulated juvenile allograft cartilage
demonstrated results comparable with those for other carti-
lage repair procedures at short-term follow-up (44).

Osteochondral techniques

Osteochondral procedures differ from the above-
described techniques by their bilayer nature, consisting of

both cartilage and subchondral bone. They are primarily
indicated for the treatment of defects associated with
abnormalities of the subchondral bone, such as cysts and
extensive edema.

Osteochondral autograft transfer (OAT). OAT
is a technique in which osteochondral cylinders are
harvested from lesser-weight-bearing areas of the knee
and transferred to correct chondral, as well as osteochon-
dral, defects, mostly in the same knee but also in other
joints such as the elbow, ankle, and foot. The advantages
of this technique include the transfer of autologous mature
hyaline cartilage with maintenance of its histologic archi-
tecture, single-stage application, and relatively low cost.
Chondral defects (<2-3 cm?) of the femoral condyles are
most amenable to OAT. The treatment of larger lesions is
limited by donor-site morbidity. Harvesting too many plugs
results in the creation of defects elsewhere in the knee,
which, when greater than a certain size, can become symp-
tomatic on their own. The OAT technique is usually per-
formed arthroscopically or through a mini open incision.
The lesion is sized, and a cylindrical recipient site is created
that is 10-15 mm in depth. Next, a donor plug of corre-
sponding diameter is obtained and implanted into the
recipient site via a press—fit technique. The application of
OAT for small lesions has shown good-to-excellent results
in >80% of patients and complete graft integration in
75% of cases, with 60% graft survival beyond 9-year fol-
low-up (45).

Osteochondral allograft (OCA) transplanta-
tion. OCA transplantation is an extension of the OAT
technique but harvests grafts from donated knee joints
rather than using the patient’s own tissue, thus eliminating
donor-site morbidity. Currently, grafts are harvested with-
in 48 hours of asystole and usually involve donors age
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<40 years who have passed a very detailed screening pro-
cess. The viability of chondrocytes within the graft remains
at acceptable levels for ~28 days (46). The use of OCA
transplantation has steadily increased, and it is used not
only for the treatment of primary defects but also to sal-
vage failed cartilage restoration procedures and posttrau-
matic deformities. In general, OCA transplantation is used
to treat larger primary defects (>4 cm?), especially osteo-
chondral defects associated with subchondral edema or a
damaged subchondral plate. Focal defects from osteo-
chondritis dissecans or avascular necrosis as well as larger
posttraumatic defects, such as tibial plateau fractures, are
amenable to OCA transplantation.

Typically, OCAs are placed via a mini arthrotomy,
and a reamer is used to create a recipient slot of ~6-8 mm
in depth. Next, the osteochondral plug is prepared and
inserted via the same method as that used for the OAT
technique (Figure 3). The success of OCA transplantation
is highly dependent on incorporation of the bony portion
of the graft. The chondral portion of the graft remains
isolated from the host immune system due to the dense
extracellular matrix; however, the bony portion remains
susceptible to immune reactions, with antibody-negative
patients having a better outcome compared with antibody-
positive patients. Therefore, the use of “shell grafts” with a
composite thickness of only 6-8 mm is favored, minimizing
the immunogenic bony component. OCA transplantation
has demonstrated good-to-excellent results at long-term
follow-up. Studies have shown graft survival rates of 91%
at 5 years, 76% at 15 years, and 66% at 20 years (47,48).

Cell-free implants

The use of 3-dimensional artificial scaffolds for
guided growth of regenerative tissue is an emerging treat-
ment strategy in cartilage repair, stimulated by increased
cost-consciousness of health care systems worldwide that
are no longer able to afford the high cost of cell-cultured
products or even allograft tissue. These constructs are multi-
layered to promote the formation of a regenerative tissue
structure that more closely matches the native organization
of the osteochondral unit. Two examples of these scaffolds
include Agili-C (CartiHeal) and MaioRegen (Finceramica),
neither of which is currently available in the US.

Agili-C is a bilayered plug made from coral. The
cartilage portion is composed of aragonite and hyaluronic
acid (HA) to allow for immigration of chondrocytes from
the surrounding cartilage, as well as differentiation of
MSCs from the subchondral bone into chondrocytes. The
bony portion is composed of an aragonite crystalline struc-
ture to allow for invasion of native osteoblasts.

AMBRA ET AL

MaioRegen is a tri-layered collagen and hydroxy-
apatite scaffold consisting of a cartilaginous layer, interme-
diate layer, and mineralized layer with varying compositions
of collagen and hydroxyapatite to recreate the structure of
the entire osteochondral unit (49). The largest clinical series
evaluating this technique demonstrated statistically signifi-
cant improvement in clinical scores at 2 years and 5 years,
with 78% of patients showing complete fill of the defect by
MRI, which was maintained at 5 years (50).

Emerging technologies for biologic augmentation
procedures for cartilage repair

The cartilage repair techniques discussed above are
limited to filling a focal chondral or osteochondral defect
and do not otherwise influence the biologic environment
of the joint. It is becoming increasingly apparent that joint
homeostasis plays an important role in the success of carti-
lage repair. Therefore, biologic augmentation of the joint
environment is increasingly being explored, both as a con-
current procedure in cartilage repair and as a stand-alone
treatment option.

Growth factors. Growth factors play a major role
in the regulation of cell interactions and cell behavior,
including that of chondrocytes. Among them, insulin-like
growth factor 1 (IGF-1), fibroblast growth factor 2 (FGF-
2), FGF-18, and transforming growth factor g1 (TGFpB1)
are the most influential for articular cartilage. They can be
regulated genetically or epigenetically, cross-talk with a
variety of signaling pathways, and regulate multiple cata-
bolic and anabolic processes in cartilage tissue. Several in
vitro and preclinical studies have demonstrated the ability
of growth factors to provide symptom relief and enhance
the quality of tissue fill when used in combination with
cartilage regeneration (51). Their effects depend on many
variables, including dose, formulation, delivery mode, treat-
ment protocol, intraarticular environment, and integration
(52). However, despite the vast knowledge about the effects
of growth factors demonstrated in in vitro and preclinical
models, there are very few completed human clinical trials.
In particular, the only clinical trials available focus on the
injection of recombinant growth factors in patients with
knee OA. Although definitive conclusions cannot be drawn
yet, limited results demonstrate the potential of this ap-
proach in slowing degenerative processes.

Platelet concentrates. Although the use of re-
combinant growth factors requires specific regulatory
approval, autologous growth factors obtained after minimal
manipulation do not. For this reason, blood derivatives are
considered safe, easy, cost-effective, and minimally invasive
agents to exploit the effectiveness of bioactive molecules
to improve the joint environment and possibly facilitate
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cartilage healing. Among blood derivatives, PRP is the
most studied. PRP contains multiple growth factors, includ-
ing platelet-derived growth factor, TGFB, FGF, IGF-1,
connective tissue growth factor, epidermal growth factor,
and hepatocyte growth factor (53,54), as well as various
microRNAs involved in mesenchymal tissue regeneration
and differentiation of MSCs into chondrocytes (55). In
vitro and preclinical study findings have demonstrated that
PRP exerts different actions on cartilage: a chemotactic
effect on MSCs and human subchondral progenitor cells
together with stimulation of proliferation, antiinflamma-
tory action, and potential antiapoptotic effects (56). These
properties are desirable in a degenerative joint environ-
ment, especially the antiinflammatory effects, whereby
decreasing inflammation in the synovial tissue leads to a
reduction in matrix metalloproteinases, which have a detri-
mental effect on cartilage matrix (53).

MSCs. MSCs can differentiate into chondrocyte-
like cells when appropriately stimulated. Moreover, MSCs
possess trophic, immunomodulatory, and antiinflamma-
tory properties exhibited through direct cell-cell interac-
tion or secretion of bioactive molecules (57). Therefore,
through either direct involvement in the repair process or
their function as growth factor “drug stores,” MSCs may
enhance cartilage repair and regeneration. Numerous
recent in vitro and preclinical studies have demonstrated
the feasibility and efficacy of MSCs for the treatment of
cartilage disease (58). Due to the versatility of MSCs, their
potential can be exploited in different ways, such as direct
surgical repair, augmentation of other cartilage repair pro-
cedures, or an injection-only approach. In recent years, the
number of clinical studies concerning the use of MSCs
for the treatment of cartilage repair has dramatically in-
creased, although only very few randomized clinical trials
are currently available (Table 3). The abundant literature
regarding MSCs can be classified according to several
parameters, including the source of MSCs (bone marrow
versus adipose tissue), their origin with respect to the
recipient patient (autologous versus allogenic), the pro-
curement procedure (expanded versus concentrated cells),
and the manner of administration (surgical implantation
versus injection).

Source. MSCs derived from bone marrow
(BMSCs) are the most frequently investigated and still
represent the de facto standard. Recently, the use of sub-
cutaneous adipose tissue has been explored, and this tissue
is increasingly being used as a source of MSCs due to
its ready availability, simplicity, and minimally invasive
method of harvesting. Moreover, it has been demonstrated
that the frequency as well as the immunomodulatory
capacity of adipose tissue—derived stem cells (ASCs) is
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higher than that of BMSCs (59), and that their properties
are less likely to be affected by patient age (60).

However, thus far no significant differences have
been observed using these 2 types of MSCs regarding
clinical outcomes of cartilage defect treatment. Both
expanded BMSCs (61,62) and ASCs (63) have been used
for cartilage repair, mainly in association with different
scaffolds. Most of these studies showed clinical improve-
ment and a complete defect fill with a follow-up period
ranging from 1 year to 5 years (61) and good integration
with the surrounding healthy cartilage (62). From a his-
tologic perspective, some studies showed the presence of
hyaline-like tissue (63,64), fibrocartilage (61), or a mix-
ture of both (65). A cohort study comparing the efficacy
of ACI with the use of expanded BMSCs showed that
BMSCs were as effective as chondrocytes at 2 year
follow-up (64). However, particularly for ASCs, conclu-
sive clinical results have yet to be published.

Administration. The benefit of a focal cartilage
defect is that it is contained within healthy cartilage, and
the surgical delivery of MSCs or other biologic agents can
be more effective than nondirected use within the whole
joint through injection for the treatment of early OA. In
patients with early OA, MSCs are injected intraarticularly,
with the aim of delaying or obviating progression toward
worsening joint degeneration. Given the inflammatory fea-
tures of OA, the trophic, immunomodulatory and antiin-
flammatory effects of MSCs may prove particularly
beneficial (63).

Use of expanded or concentrated MSCs. From
the biologic point of view, the main difference between the
use of expanded MSCs or progenitor cell concentrates is
the homogeneity of the cell population. When using a
homogeneous expanded MSC population, the technique is
more reproducible, because it allows calculation of the pre-
cise number of cells used for each treatment, facilitating
conclusions regarding correlations between clinical out-
comes and the number of cells used. However, treatment
with expanded cells is a necessarily more expensive 2-step
procedure and is considered an advanced-therapy medici-
nal product that is subject to more rigorous regulatory
requirements prior to clinical use. Therefore, progenitor
cell concentrates, from either BMAC or adipose tissue
(stromal vascular fraction or micro-fragmented adipose tis-
sue), seem to be a valid alternative, because they combine
the potential of MSCs with the advantages of a 1-step pro-
cedure. Conversely, these concentrates contain a lower
number of MSCs in comparison with an expanded cell sus-
pension and cannot be considered a homogeneous product
(58), but rather a bone marrow or adipose tissue niche
composed of different cell types (66).
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Treatment with allogenic or autologous cells. An
emerging technique in biologics is the introduction of allo-
genic cells for the treatment of cartilage disease. Although it
is well known that MSCs are nonimmunogenic due to their
low expression of antigen-presenting molecules (67), and
despite the number of preclinical studies demonstrating the
feasibility and safety of their use in the treatment of cartilage
injuries (68), few clinical studies have explored the applica-
tion of allogenic MSCs for cartilage repair. Improvements
in clinical scores, with satisfactory cartilage repair confirmed
by MRI and arthroscopy, have been reported (69,70). Due
to the increased interest in this approach, several trials are
ongoing, including phase I/II clinical trials in the US and
The Netherlands, investigating umbilical cord blood MSCs
and allogenic BMSCs in combination with autologous chon-
drocytes together with their pericellular matrix (chondrons),
respectively. Cartistem injection (Medipost), an emerging
technique currently undergoing a Food and Drug Adminis-
tration phase I/II trial, utilizes culture-expanded allogenic
umbilical cord blood MSCs that are surgically implanted
with an HA scaffold into a microfractured defect (52).

In a separate study, Saw and colleagues investi-
gated the use of peripheral blood MSCs injected postoper-
atively after arthroscopic drilling (71). The injections of
autologous stem cells mixed with HA were performed at
weekly intervals for 4 weeks, starting on postoperative day
7. In a subsequent randomized controlled trial by the same
group of investigators evaluating article cartilage regenera-
tion, postoperative injections of autologous peripheral
blood MSCs in combination with HA resulted in improve-
ment of the quality of articular cartilage repair compared
with the same treatment without peripheral MSCs, as
demonstrated by histologic and MRI evaluation (72).

Failure

The goal of cartilage repair surgery is functional
(and secondarily, also structural) improvement of the joint.
Recurrence of clinical symptoms and inability to recover
function are the main manifestations of clinical failure,
usually associated with graft failure. Three main mecha-
nisms of failure have been identified: mechanical/trau-
matic, biologic, and progression of disease. Mechanical
failure is characterized by delamination, in which an ini-
tially well-formed graft becomes detached from the sub-
chondral bone. Biologic failure is related to tissue
formation and integration with the adjacent cartilage and
subchondral bone. Progression of disease beyond the
borders of the original defect can be focal or diffuse, the
latter of which is characterized by progression toward OA.
These mechanisms generally apply to all repair techniques.
However, each procedure has specific intrinsic healing
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characteristics, and the exact mechanism of failure may
vary depending on the technique used. A more in-depth
discussion of failure mechanisms is outside the scope of
this article, but treatment failure has been the topic of a
recent detailed review (73).

Conclusions

The field of cartilage repair and regeneration
remains a vibrant and rapidly evolving part of orthopedic
surgery. Current techniques are successful in 70-85% of
patients presenting with cartilage defects in the knee. The
ultimate goal of avoiding knee replacement surgery
remains elusive at this time, although studies have demon-
strated success in delaying the need for arthroplasty.
Clearly, there is a need for further improvements in effi-
cacy, associated morbidity, and cost. Biologic augmenta-
tion of current techniques by use of bone marrow, stem
cells, and growth factors is currently being investigated in
preclinical and early clinical studies, as is the use of injec-
tion therapy for established OA.
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Objective. Treat-to-target (TTT) is an accepted par-
adigm for the management of rheumatoid arthritis (RA),
but some evidence suggests poor adherence. The purpose of
this study was to test the effects of a group-based multisite
improvement learning collaborative on adherence to TTT.

Methods. We conducted a cluster-randomized
quality-improvement trial with waitlist control across 11
rheumatology sites in the US. The intervention entailed a
9-month group-based learning collaborative that incorpo-
rated rapid-cycle improvement methods. A composite TTT
implementation score was calculated as the percentage of
4 required items documented in the visit notes for each
patient at 2 time points, as evaluated by trained staff. The
mean change in the implementation score for TTT across
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all patients for the intervention sites was compared with
that for the control sites after accounting for intracluster
correlation using linear mixed models.

Results. Five sites with a total of 23 participating
rheumatology providers were randomized to intervention
and 6 sites with 23 participating rheumatology providers
were randomized to the waitlist control. The intervention
included 320 patients, and the control included 321
patients. At baseline, the mean TTT implementation score
was 11% in both arms; after the 9-month intervention, the
mean TTT implementation score was 57% in the interven-
tion group and 25% in the control group (change in score
of 46% for intervention and 14% for control; P = 0.004).
We did not observe excessive use of resources or excessive
occurrence of adverse events in the intervention arm.

Conclusion. A learning collaborative resulted in
substantial improvements in adherence to TTT for the
management of RA. This study supports the use of an edu-
cational collaborative to improve quality.

Randomized controlled clinical trials have consis-
tently demonstrated that a strategy of treating to target
(TTT) results in better outcomes compared with usual care
in rheumatoid arthritis (RA). Specifically, this strategy is
implemented by using disease activity measures at every
visit and escalating therapy in eligible patients with disease
activity above the target level (1-8). This strategy is similar
to those recommended for diabetes mellitus and hyperten-
sion: setting a target for treatment, measuring progress
toward achieving the target regularly, altering treatments
until reaching the target, and maintaining the target. The
TTT strategy for RA is based on a number of principles
and recommendations articulated by an international
working group and embraced by a US-based professional
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society (9-11). These include identification of a disease
activity target, recording of a disease activity score using a
validated measure, and when appropriate, documentation
of shared decision-making and reasons why TTT was not
implemented.

Several lines of evidence suggest that TTT is not
practiced consistently across rheumatology settings. The
Consortium of Rheumatology Researchers of North
America (CORRONA), the largest US-based RA registry,
examined the management of patients at high risk of poor
outcomes (i.e., with moderate disease activity and a poor
prognosis or with high disease activity) (12,13). Despite
having active disease, only one-third to one-half of patients,
depending on their level of disease activity, received treat-
ment changes over the subsequent 6-12 months. A large
Australian cross-sectional study identified various reasons
rheumatologists do not adjust RA treatments at visits
where patients were found to have moderate or high levels
of disease activity, such as irreversible joint damage and
patient preferences (14).

Most attempts to align physician behavior with
recommended management in chronic illnesses have
demonstrated marginal benefits (15). While many stud-
ies have evaluated educational interventions for provid-
ers, methods are generally weak, and studies rarely
report on adherence to guideline-based treatment (16).
However, there is some limited evidence that quality
collaboratives produce improvement (17). These col-
laboratives often include setting out principles that char-
acterize best practices, forming teams that include
health care providers and staff, rapid-cycle testing of
changes in care that align with the agreed upon princi-
ples, frequent measurement of key indicators for care
improvement, and collaboration across practice sites to
share best practices (18). This process has been tested
in many clinical settings and is often conducted as part
of a group-based multisite educational collaborative,
often described as a learning collaborative (19). Despite
prior success with the care of diabetes mellitus (20),
HIV (21), and childhood asthma (22), learning col-
laboratives have not been widely pursued in subspecialty
medical care. We designed a learning collaborative for
the purpose of improving care in patients with RA.

Since implementing TTT broadly requires health
care delivery redesign across practices with different
workflows and team members, we pursued a trial of a learn-
ing collaborative across 11 practices, the Treat-to-Target in
RA: Collaboration to Improve Adoption and Adherence
(TRACTION) trial. The goal of the TRACTION trial was
to test the effectiveness of a learning collaborative for
improving implementation of TTT principles in RA.

PATIENTS AND METHODS

Trial design. We conducted a cluster-randomized
waitlist-controlled clinical trial to test the effects of the learning
collaborative for TTT between January 2014 and October 2015.
(The waitlist control sites received the intervention subsequent to
October 2015.) We made contact with over 70 sites by e-mail and
then interviewed 25 sites by telephone. Eleven US rheumatology
practice sites were recruited to participate (see Appendix A); 9
were affiliated with academic medical centers, and 5 participated
in rheumatology fellowship training programs. The 11 sites were
diverse in geography, patient populations, and organization (for
further site details, see Supplementary Table 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40111/abstract). None was actively engaged
in TTT at baseline according to a baseline interview of the team
leaders by the Principal Investigator (DHS), who asked about the
4 aspects of the outcome measure (see below).

Sites were randomized to active intervention or waitlist
control. Four sites described using disease activity measures at
baseline, and these were evenly distributed across arms through
stratified randomization, which was achieved through a random-
number generator provided by the study statistician (BL). Ran-
domization occurred at the site level since the intervention tar-
geted practice sites, not patients or individual providers. Sites and
providers were not blinded with regard to their treatment
assignment.

Research activities were approved by the Institutional
Review Board of Partners Healthcare.

Patient sample. All study sites were given the same
instructions for selecting patients. A sample of at least 40 patients
with RA was provided by each site, representing patients from
providers who attended at least 1 learning session and contrib-
uted to the monthly medical record review. A minimum of 5
patients per provider was required. Visits had to have occurred
within the baseline and follow-up periods described below. The
medical records of these patients were included in the final
review by study staff, not local site personnel. Baseline visits were
defined as the first visit during the 4-month period prior to the
start of the intervention: September 1, 2014 to December 31,
2014. The follow-up visits were defined as the first visit during the
last 4 months of the study period: September 1, 2015 to Decem-
ber 31, 2015.

Intervention. The intervention consisted of a learning
collaborative, which we have described elsewhere (23). Briefly,
the learning collaborative involved the faculty developing a set of
principles and associated concepts that describe the goals for
implementing TTT principles, referred to herein as just TTT (see
Supplementary Figure 1, available at http://onlinelibrary.wiley.
com/doi/10.1002/art.40111/abstract). The concepts were used by
the study sites to guide rapid-cycle tests of change. The principles
and concepts were taught in the first learning session, which was
conducted as a face-to-face 1-day meeting. The first learning ses-
sion also aimed to facilitate team building by sites and cross-site
collaborative relationships, and 8 subsequent monthly learning
sessions were conducted via webinar. Each learning session
included sites sharing a set of agreed upon metrics collected
through a local medical record review. As well, a learning collabo-
rative faculty member presented a question-and-answer session
regarding the principles and concepts of TTT. More details of the
learning sessions are provided in Supplementary Table 2 (available
at http://onlinelibrary.wiley.com/doi/10.1002/art.40111/abstract).
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We asked all team members from each site to attend all
learning sessions, but this was not always possible. All learning
sessions were recorded and made available on a web-based col-
laborative tool. The tool was developed using commercially avail-
able software (SharePoint by Microsoft) that helped manage
contents being shared across teams (i.e., key resources, rapid-
cycle tests of change), displayed monthly improvement metrics,
and provided a discussion board with conversation “threads.”

We reviewed the medical records (including visit notes,
laboratory and radiology orders, and medication lists) of RA
patients seen at the rheumatology practices involved in the learn-
ing collaborative from each site.

Outcome assessments. The primary trial outcome was
the change in the composite TTT implementation score. The
score included 4 items directly stemming from the principles and
concepts of TTT: 1) specifying a disease activity target; 2) record-
ing RA disease activity using 1 of 4 recommended measures (e.g.,
the Disease Activity Score in 28 joints, Simplified Disease Activity
Index, Clinical Disease Activity Index [CDAI], or Routine Assess-
ment of Patient Index Data 3 [RAPID3]), with results described
numerically or by category (i.e., remission, low, moderate, or
high) (24); 3) documenting shared decision-making when a deci-
sion was made (i.e., change in target or change in treatment); and
4) basing treatment decisions on the target and disease activity
measure or describing reasons why TTT was not adhered to. Each
item was recorded as absent or present based on a medical record
review by trained study staff (interrater reliability k = 94% [95%
confidence interval (95% CI) 90-99], and intrarater reliability
K =98% [95% CI 95-99]). We calculated the TTT implementa-
tion score for each patient as a percentage of TTT items noted in
the visit notes at the baseline and follow-up visits.

Secondary outcomes were as follows: 1) percentage of
patients with any positive change in implementation score
between baseline and follow-up, and 2) proportion of patients
with full implementation of all TTT items at follow-up. We
assessed resource use by examining all visits for RA by patients in
the sample over the 9-month study period. We examined the RA
treatments used, the monitoring laboratory tests performed (ie.,
complete blood cell count, liver function tests, or serum creati-
nine level), the levels of acute-phase reactants measured (i.e.,
erythrocyte sedimentation rate or C-reactive protein), and the
diagnostic imaging performed (i.e., dual x-ray absorptiometry,
plain radiographs, computed tomography scans, or magnetic res-
onance imaging). We also examined all visits during the study
period for possible medication-related adverse events, such as
rashes, oral ulcers, alopecia, infections requiring antibiotics, liver
toxicity as manifested by abnormal findings on liver function tests
and/or liver imaging studies, cytopenias as manifested by com-
plete blood cell counts below the lower limits of normal, renal
insufficiency as defined by a 50% decrease in creatinine clear-
ance, cancer, gastrointestinal symptoms (e.g., nausea, vomiting,
diarrhea, unexplained weight loss/gain, abdominal pain, or dys-
pepsia), and other miscellaneous side effects.

Post hoc secondary outcomes included the percentage of
visits at which there was a change in disease-modifying antirheu-
matic drug and the percentage of patients in the different disease
activity categories at follow-up.

Statistical power considerations. This trial was
powered based on the primary outcome: the estimated difference
in change in the TTT implementation score between the inter-
vention sites and the control sites. Several assumptions

SOLOMON ET AL

underpinned our sample size calculations. First, we assumed that
the control group would have no or only a small change (5%) in
the TTT implementation score during the 9-month period com-
pared with a change in the intervention group of ~20%. These
assumptions were based on the improvement level observed in a
similar trial using a learning collaborative (25). Second, we knew
that the average number of providers at each of the 11 practice
sites would be 4 and that there would be moderate intracluster
correlation among patients within a given provider and site; we
assumed an intracluster correlation of ~0.2 based on previous
work (26). Finally, the statistically significant alpha level was set
at a 2-sided P value of 0.05. Based on these assumptions, we esti-
mated that to ensure 80% power, the required number of
patients per provider would be 5.

Statistical analysis. We hypothesized that adherence
to the TTT would improve to a greater extent in patients seen at
rheumatology sites randomized to the learning collaborative
intervention as compared with control patients seen at the waitlist
sites. Thus, the primary analysis compared the mean change in
the TTT implementation score over 9 months across patients in
the intervention sites as compared with the mean change for the
patients in the control sites after accounting for intrasite and
intraprovider correlation using linear mixed models (27). Any
patient covariates that were imbalanced at the baseline visit were
considered for the model, including age, sex, baseline disease
activity, baseline RA drugs, and disease duration. For the second-
ary binary outcomes (e.g., improvement versus no improvement

Table 1. Baseline characteristics of the patients included in the
TRACTION trial*

Control Intervention
(n=1321) (n=320)

Age, mean * SD years 59.7+14.3 60.2*+275
BMI, mean + SD kg/m* 301+75 204+175
Female 250 (77.9) 253 (79.1)
RA duration, years

=2 22 (16.1) 50 (25.6)

2-5 39 (28.5) 49 (25.1)

6-10 30 (21.9) 47 (24.1)

>10 46 (33.6) 49 (25.1)
Serologic status

Positive 193 (76.3) 216 (81.5)

Negative 60 (23.7) 49 (18.5)
Use of DMARDs

Synthetic 248 (77.3) 259 (80.9)

Biologic 131 (40.8) 148 (46.3)
Comorbidity index, mean = SD 1.33£0.6 1.28 0.5
Joint erosion

Yes 109 (53.4) 142 (59.7)

No 95 (46.6) 96 (40.3)
Total medications

0 0 (0) 1(0.3)

1-5 42 (13.1) 53 (16.6)

6-10 104 (32.4) 117 (36.6)

10+ 175 (54.5) 149 (46.6)

* Except where indicated otherwise, values are the number (%).
Data were missing for the following variables (similar distribution
across treatment arms): age (n = 64), body mass index (BMI;
n = 52), rheumatoid arthritis (RA) duration (n = 309), serologic sta-
tus (n=123), and joint erosions (n=199). TRACTION = Treat-to-
Target in RA: Collaboration to Improve Adoption and Adherence;
DMARD:s = disease-modifying antirheumatic drugs.
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Table 2. Implementation of treat-to-target and components at patient visits in the TRACTION trial*
Control Intervention
(n=321) (n = 320) P for
difference
Baseline Follow-up Change Baseline Follow-up Change in change
Primary outcome
Implementation score 11.0 24.7 13.7 11.1 57.1 46.0 0.004
Visits with components present
Treatment target 0 12.5 12.5 0.6 45.6 45.0 0.065
Disease activity measure 30.2 52.3 22.1 20.0 89.1 69.1 0.002
Shared decision-makingf 24.5 43.0 18.5 513 85.9 34.6 <0.001
Treatment decisionz: 0 8.4 8.4 0.6 27.8 27.2 0.064

* Values are the percentage. P values were calculated using linear mixed models for the primary outcome and generalized
linear mixed models for binary outcomes for the components; both sets of models accounted for clustering within sites and
within providers (28). TRACTION = Treat-to-Target in RA: Collaboration to Improve Adoption and Adherence.

T The shared decision-making criteria did not apply to all visits when no decisions were being made about changing targets
or changing treatments. The number of visits when shared decision-making applied was 102 baseline visits and 100 follow-
up visits for the control group and 115 baseline visits and 184 follow-up visits for the intervention group.

1 Treatment decision based on target and disease activity measure.

and complete implementation versus incomplete implementa-
tion), we used generalized linear mixed models for binary out-
comes that accounted for clustering within sites and within
providers (28). Analysis of adverse events and resource utilization
was performed using Poisson regressions for resource use and
adverse events as the outcome variables. Similar to the primary
analyses, we adjusted for intrasite and intraprovider correlations.

RESULTS

Study population. The Consolidated Standards
of Reporting Trials (CONSORT) diagram in Supplemen-
tary Figure 2 (available at http:/onlinelibrary.wiley.com/
doi/10.1002/art.40111/abstract) shows that 1 site dropped
out after randomization but before any activities began,
leaving a total of 11 participating sites. The characteristics
of the 641 patients with RA included in the trial are shown
in Table 1. They represent a typical RA population, with a
mean age of 60 years, 78% female, and 79% with at least 1
positive serologic test for RA. Patient characteristics were
well-balanced across treatment arms. The structure, staff,
and insurance mix were diverse and also well-balanced (see
Supplementary Table 1, available at http://onlinelibrary.
wiley.com/doi/10.1002/art.40111/abstract).

Trial outcomes. At baseline, the mean TTT
implementation score was 11% in both arms. After the 9-
month intervention, the TTT implementation score was
57% in the intervention arm and 25% in the control arm.
The mean change was 46% in the intervention arm and
14% in control (P for difference in change = 0.004 from a
linear mixed model) (Table 2). Each component of the
TTT implementation score improved in the intervention
arm, but not all improved to the same extent (Table 2).
The proportion of participants for whom the presence of a
treatment target was documented went from 0.6% at

baseline to 45.6% at follow-up in the intervention arm.
Recording of the disease activity increased from 20.0% to
89.1%; all sites used the CDAI or RAPID3 instrument.
Shared decision-making started out at 51.3% in the inter-
vention group and increased to 85.9%. While there was
some improvement noted over time in the waitlist control
arm, the improvement in implementation of each compo-
nent of the TTT was not as large as it was in the interven-
tion arm.
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Figure 1. Percentage of visits at baseline and follow-up that were in
full adherence to the treat-to-target (TTT) protocol, the secondary
outcome of the Treat-to-Target in RA: Collaboration to Improve
Adoption and Adherence (TRACTION) trial.
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Table 3. Resource use and adverse events during the TRACTION
trial®

No. of tests or adverse events
(mean no. per patient)

Control Intervention
group group
(n=321) (n=320)
Monitoring laboratory 2,614 (8.14) 2,591 (8.10)
testst
C-reactive protein or 788 (2.45) 607 (1.90)
erythrocyte sedimentation
rate
Plain radiography of the 308 (0.96) 247 (0.77)
musculoskeletal system
Computed tomography of 6 (0.019) 12 (0.038)
the musculoskeletal system
Magnetic resonance imaging 14 (0.044) 16 (0.050)
of the musculoskeletal system
Rheumatology visits 922 (2.87) 753 (2.35)
Adverse eventsi 138 (0.43) 83 (0.26)

* P values were calculated using Poisson regression for the count
data after accounting for clustering within sites and within providers
(28). None of the P values were significant. TRACTION = Treat-to-
Target in RA: Collaboration to Improve Adoption and Adherence.

+ Consisted of a complete blood cell count and/or a basic metabolic
panel and/or liver function tests.

f Adverse events in the intervention group and the control group
included infections (n = 14 and n = 34, respectively), cutaneous reactions
(n=13 and n = 21, respectively), liver test abnormalities (n =9 and n =
10, respectively), renal test abnormalities (n=1 in the intervention
group), gastrointestinal symptoms (n = 22 and n = 28, respectively), and
other miscellaneous (n = 24 and n = 45, respectively).

Secondary outcomes differed across treatment
arms. A positive change (of any magnitude) in the TTT
adherence score was noted in 83.8% of patients in the
intervention arm sites (268 of 320) and 36.8% in the con-
trol arm sites (118 of 321) (P =0.0001). A similar trend
was observed when visits were analyzed for having all com-
ponents of TTT present versus fewer than all components
(Figure 1). At baseline, almost no patient visits in either
arm were adherent to all components of the TTT. At
follow-up, the percentage of visits adherent to all 4 compo-
nents was 25.9% in the intervention arm and 5.6% in the
control arm (P = 0.045).

The number of orders for drug-monitoring labora-
tory tests was similar across the control (8.14 tests per
patient) and intervention (8.10 tests per patient) arms
(P =0.67) (Table 3). Radiology orders were also very simi-
lar between the control (0.96 per patient) and intervention
(0.77 per patient) arms (P = 0.96). Patients in the interven-
tion arm were noted to have fewer adverse events (0.26
per patient) than those in the control arm (0.43 per
patient) (P = 0.043) (Table 3).

We abstracted information on disease activity mea-
sures at follow-up visits from medical records when
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available and found that a numerically greater percentage
of patients in the intervention arm were in remission:
40.5% in the intervention arm versus 26.1% in the control
arm (P =0.07). However, since the control arm was not
instructed on disease activity measurement, this was mea-
sured in only 69 patients in the control arm but 284
patients in the intervention arm.

DISCUSSION

Treatment for RA does not always follow the rec-
ommended TTT approach. The TRACTION trial focused
on improving implementation of TTT principles for RA
using a learning collaborative approach to adopting new
strategies and improving workflow. While TTT is a proven
strategy in the care of RA, many areas of health care
require a similar team approach for effective care. In this
study, we found large benefits, despite using a relatively
low-intensity approach to the learning collaborative, with
only 1 face-to-face meeting.

The success of the TRACTION trial has potential
implications beyond the care of RA. Effective manage-
ment of diabetes mellitus and hypertension also requires a
similar treatment approach: setting a treatment target (i.e.,
hemoglobin A;. or blood pressure), with patient involve-
ment, regular measurement of progress toward the target,
and modification of treatments until the target is reached
and maintained. While our learning collaborative focused
on RA, it seems clear that the principles and concepts
underlying this approach could be transferred to other
chronic diseases. In fact, our model is consistent with the
goals and strategy of the Million Hearts campaign to
reduce cardiovascular disease burden across the US by tar-
geting 5 areas of goal-based therapy (29). The program we
used for this learning collaborative included only 1 face-to-
face meeting but still produced excellent results. Further
evaluation of learning collaboratives of different intensities
will improve our understanding of how to best fit these
improvement programs into the lives of busy health care
workers.

While the TRACTION learning collaborative
improved the use of TTT for RA, implementation
remained far lower than desired, and several previous
studies suggest potential reasons. A survey of Australian
rheumatologists found that they preferred not to adjust
medications for symptoms when they were perceived to be
associated with irreversible joint damage (14). Some might
argue that this is a defensible position that could avoid
overtreatment. They also cited patient preferences as justi-
fication for not adjusting treatments. It may be the case
that more engagement of patients regarding the choosing
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of targets and identifying the best treatments would affect
patient preferences.

The TRACTION trial was a pragmatic cluster-
randomized controlled trial, with a waitlist for the control
arm. This design is often used in quality improvement, and
it has associated strengths and limitations. While the trial
was appropriately powered, it included only 11 rheumatol-
ogy practice sites in the US. The sites were geographically
diverse and represented different types of practices (aca-
demic and non-academic); however, the ability of the
TRACTION learning collaborative to produce similar
changes in other settings requires further testing. The
majority of TRACTION sites were affiliated with an aca-
demic medical center, and the results may not be general-
izable across all types of practices. In addition, the
intervention required ~20 hours per provider over 9
months, which may limit its generalizability.

The primary outcome of the TRACTION trial was
a process measure and does not reflect clinical outcomes.
The process measure appears to be valid, however, as at
least 7 prior trials have demonstrated improved outcomes
in RA using a TTT approach (30). We appreciate that the
outcome measure for implementation of TTT was devel-
oped for this trial since no valid measures for TTT have
been published. However, the 4 items were based on the
original TTT recommendations to ensure face validity.
The developer of the TTT recommendations (JSS) agreed
that the 4 aspects of TTT that we were able to measure
from chart review were essential to assuring content valid-
ity (i.e., the extent that a measure represents the full range
of the construct). The measure had good reliability, as indi-
cated by the interrater and intrarater kappa values
(k>0.9), but it is a clear limitation that the primary out-
come of the trial was not based on a previously validated
measure. Disease activity was measured at baseline in only
a minority of patients, which limits our understanding of
whether implementation of TTT significantly improved
disease activity over the course of the trial.

The TRACTION trial staff reviewed medical
records to avoid the potential bias of self-assessment. How-
ever, the staff was not blinded with regard to the assign-
ment of sites to the intervention or control arms. The high
intrarater and interrater reliability values suggest that the
outcomes measure, which was assessed at 2 visits, was
highly reproducible. A final limitation is that adverse
events were collected from chart review and thus could
have been biased if providers in different treatment arms
differentially reported adverse events. Since providers
were not aware of our hypotheses regarding adverse
events, this seems unlikely.

In summary, we found significant improvements in
adherence to TTT principles in rheumatology practices

participating in a learning collaborative. Future work
will include dissemination activities with professional
organizations to make this opportunity more widely avail-
able for other interested rheumatology practice sites. Simi-
lar efforts with learning collaboratives for RA are ongoing
(31), and our results support considering this approach for
other chronic diseases that benefit from TTT strategies.
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Anti—Carbamylated Protein Antibodies in Rheumatoid Arthritis Patients Are
Reactive With Specific Epitopes of the Human Fibrinogen -Chain

Jonathan D. Jones,1 B. JoNell Hamilton,> and William F. C. Rigby'

Objective. Anti-carbamylated protein (anti-CarP)
antibodies are associated with the risk and severity of
rheumatoid arthritis (RA) and are primarily directed
against fibrinogen. The lack of understanding of anti-
CarP antibody reactivity has limited analysis of the
immunopathogenic associations in RA. To address this
shortcoming, we mapped anti-CarP antibody epitope reac-
tivity in RA patient sera.

Methods. Immunoblotting identified a patient
serum sample with specific reactivity to the carbamylated
human fibrinogen B-chain. Liquid chromatography mass
spectrometry (LC-MS) identified sites of homocitrullines
(carbamylated lysines) present in the human fibrinogen
B-chain. The reactivity of an anti-CarP antibody—positive
cohort to specific peptides containing carbamylated
lysines was determined by enzyme-linked immunosorbent
assay, through direct binding (n = 63 sera) and by compe-
tition assays (n = 40 sera).

Results. Serum with specific reactivity to carba-
mylated, but not citrullinated, fibrinogen f-chain was
identified in a specimen obtained from an RA patient. LC-
MS identified carbamylation of 9 of 34 lysines in the
human fibrinogen -chain. Mapping of immunoreactivity
to tryptic peptide fragments demonstrated several candi-
date carbamylated epitopes that were confirmed by compe-
tition experiments. Peptides containing a homocitrulline
at position 83 appeared to be an immunodominant epitope
in some RA patient sera, with additional reactivity to
peptides containing homocitrullines at positions 52, 264,
351,367, and 374.
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Conclusion. Anti-CarP antibodies appear to pref-
erentially target specific regions of the human fibrinogen
B-chain that contain homocitrullines. Interestingly,
humoral immunoreactivity appears to be relatively
restricted in some patients, which may enable detection of
specific relationships with disease phenotype.

The breaking of tolerance to citrullinated proteins,
represented by the emergence of anti—citrullinated protein
antibodies (ACPAs), is strongly associated with the risk of
rheumatoid arthritis (RA). ACPAs can be present for
many years before the onset of clinical disease (1). Curi-
ously, ACPAs appear to be specifically directed against
many different citrullinated proteins (fibrinogen, vimentin,
a-enolase, filaggrin, and histone) as well as being poly-
reactive through citrulline binding (2,3). Thus, ACPAs
serve as a marker of disease risk, although no specific reac-
tivity is associated with the onset of joint inflammation
(2,4). With the onset of clinical disease, ACPA production
can be demonstrated in the joint, with evidence of synovial
affinity maturation (3,5). Clinically, the presence of ACPAs
predicts a greater likelihood of erosive and extraarticular
disease (6).

In this context, homocitrullination of lysines (also
referred to as carbamylation), a posttranslational modifica-
tion similar to citrullination, has additionally been shown
to be a target of autoantibodies (anti—carbamylated protein
[anti-CarP] antibodies) in RA (7,8). This modification is
similar to citrullination, with the same ureido functional
group added to the primary amine group of lysine rather
than arginine. In contrast to the enzymatic catalysis of argi-
nine to citrulline mediated by peptidylarginine deiminase
(PAD), the chemical carbamylation of lysine to homocit-
rulline occurs spontaneously through a reaction with cya-
nate that is enhanced through cyanate production
mediated by myeloperoxidase (9). Both PADI4 and myelo-
peroxidase reside in the azurophilic granules of neutro-
phils. Thus, both modifications are likely to occur in
concert at sites of inflammation.
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Anti-CarP antibodies were discovered using an
enzyme-linked immunosorbent assay (ELISA) with
immobilized carbamylated fetal calf serum (FCS) in
ACPA-positive and ACPA-negative RA sera (7). Similar
to ACPAs, anti-CarP antibodies were shown to precede
the onset of synovitis as well as predict radiographic pro-
gression (7,10). In contrast to ACPAs, anti-CarP antibodies
appear to be primarily directed against carbamylated
human fibrinogen (11).

The notion that an autoantibody against a single
posttranslationally modified protein (fibrinogen) is associ-
ated with disease risk and progression would potentially
give anti-CarP antibodies an advantage as a biomarker
relative to the polyreactivity seen with ACPAs. However,
advancement in the understanding of anti-CarP antibodies
has been limited by the lack of understanding of their
cross-reactivity with ACPAs. Given the similarity of the
posttranslational modification, with the ureido functional
group added to the primary amine group of a basic (lysine
versus arginine) amino acid, it would not be surprising to
observe that anti-CarP antibodies and ACPAs cross-react
(12). Nevertheless, adsorption and competition studies
have suggested the presence of antibodies that appear to
be specific for each posttranslational modification (13).

These issues impact the ability to fully assess the
role of anti-CarP antibodies in RA pathogenesis or as a bio-
marker of disease severity. Are the anti-CarP antibodies
that appear in a preclinical setting a subset of cross-reactive
ACPAs? Similarly, is the association of anti-CarP anti-
bodies with radiographic disease enhanced or diminished
by the presence of cross-reactive ACPAs? Do specific anti-
CarP antibodies change with disease activity, in contrast to
ACPAs? Moreover, is the apparent restriction of anti-CarP
antibodies to carbamylated fibrinogen inherent or a func-
tion of an assay biased toward examining fibrinogen? Each
of these issues would be best addressed by understanding
the specificity and selectivity of anti-CarP antibodies. In
this report, we present data that lays the foundation for
addressing these questions by demonstrating that anti-
CarP antibodies include highly specific antibodies directed
against a homocitrullinated peptide in the fibrinogen B-
chain. Surprisingly, in some patients, this peptide appears
to constitute an immunodominant epitope.

PATIENTS AND METHODS

Patient samples. Approval to collect patient samples
and clinical data was obtained from the Dartmouth College Com-
mittee for the Protection of Human Subjects. Serum samples
(n = 63) were obtained from patients seen at the Rheumatology
Clinic of the Dartmouth-Hitchcock Medical Center who were
classified as having RA seropositive for rheumatoid factor (RF)
and/or ACPAs (with the exception of 2 seronegative RA patients
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who were strongly positive for anti-CarP antibodies). Serum sam-
ples were stored at —80°C as part of the Dartmouth Rheumatic
Disease Biorepository. Samples that had high anti-CarP antibody
reactivity were chosen, along with several others having a range
of low anti-CarP antibody reactivity to no anti-CarP antibody
reactivity.

Reagents, antibodies, and peptides. Fibrinogen
(=98% purity) isolated from human plasma was obtained from
Hyphen-BioMed (catalog no. PP001B). Citrullinated human
fibrinogen was purchased from Cayman Chemical. Fibrinogen or
FCS was carbamylated by treating with 1A/ KCN (Sigma) at 37°C
for 12 hours followed by extensive dialysis, as previously described
(14). Rabbit anti—carbamyl-lysine (anti-CBL) polyclonal antibody
was purchased from Cell Biolabs. Horseradish peroxidase (HRP)—
conjugated goat anti-human fibrinogen was purchased from Novus
Biologicals (catalog no. NB600-927). Human fibrinogen B-chain
peptides (GenBank accession no. P02675) with specified lysine or
homocitrulline were synthesized (LifeTein) as either cyclized
(using a cysteine-cysteine disulfide bond) or linear (see Table 1).

Fibrinogen analysis. The -chain of carbamylated fibrino-
gen was resolved by sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE), and the band was cut out. In-gel tryptic
digestion was performed, and analysis by liquid chromatography
mass spectrometry (LC-MS) performed at the Yale Mass Spectrom-
etry (MS) and Proteomics Resource of the W. M. Keck Foundation
Biotechnology Resource Laboratory revealed 9 homocitrullines
among 34 lysines. Subsequently, tryptic digestion was performed,
and the peptides were purified by reverse-phase high-performance
liquid chromatography (HPLC). Fractions were tested for reactivity
by ELISA, using index patient serum. The identity of the peptides in
fractions with reactivity were determined by MS/MS.

Anti-CarP antibodies and peptide ELISA. An anti-CarP
antibody ELISA was performed as previously described (14).
The antigen of interest (carbamylated FCS, noncarbamylated
FCS, or peptide [10 wg/ml]) was incubated overnight at 4°C in
flat-bottomed 96-well microplates (R&D Systems) and then
washed and blocked using 1% bovine serum albumin. Serum
specimens (1:100 dilution) were incubated for 2 hours at room
temperature and washed, followed by incubation with HRP-
conjugated goat anti-human IgG (Bio-Rad). Following washing,
tetramethylbenzidine substrate (R&D Systems) was added, and
absorbance was measured with a BioTek spectrophotometer
using wavelengths of 450-570 nm. Values obtained from
noncarbamylated FCS were subtracted from carbamylated FCS
values to yield the final antibody concentration. The positive
cutoff was defined as 2 SD above the mean for 65 healthy controls.

In competition experiments, the peptide was pre-
incubated with diluted serum at room temperature for 1 hour
prior to addition to the wells. Initially, peptides were also added
to noncarbamylated FCS, but because no change in background
signal was observed, subsequent experiments used only
noncarbamylated FCS without peptides as background. Maximal
inhibition of reactivity occurred at peptide concentrations of 20
pg/ml; therefore, to ensure saturating conditions, a concentration
of 50 png/ml was used.

Immunoblots. Carbamylated fibrinogen, citrullinated
fibrinogen, and native fibrinogen were loaded (1 ug) onto 12%
SDS-PAGE gels, resolved by electrophoresis, and then were
transferred to nitrocellulose and blocked overnight in 3% BSA in
Tris buffered saline-Tween 20. The blots were incubated with
CBL (1:1,000), HRP-conjugated goat anti-human fibrinogen (1
pg/ml), or patient sera at specified dilutions for 2 hours, washed,
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Table 1. Human fibrinogen B-chain peptides used in the capture and competition ELISAs*

Peptidet Form Sequencei:
Fib 77-87 Cyclized CKAAATQKKVERCARRR
Bovine T-TVG——————
Fib 77-87 A83 Cyclized CKAAATQKKVERCARRR
Bovine T-TVG——————
Fib 43-56 A52 Linear Biotin-ARGHRPLDKKREEA
Bovine ——---- Y——-K---
Fib 76-90 A83 Linear Biotin-AKAAATQKKVERKAP
Bovine -T-TVG——————- P-
Fib 248-270 A264 Linear Biotin-GGETSEMYLIQPDSSVKPYRVYC
Bovine ——-——-——————————
Fib 343-358 A351 Linear Biotin-EMEDWKGDKVKAHYGG
Bovine ———----——- T-———-
Fib 363-377 A367, 374 Linear Biotin-NEANKYQISVNKYRG
Bovine -------L--S—-K-

* Variation in the bovine fibrinogen (Fib) sequence is shown. ELISAs = enzyme-linked immunosorbent assays.
+ Homocitrullinated lysine is indicated by A in the peptide name and by boldface K in the amino acid sequence.
1 Dashes in the bovine sequences represent conserved amino acids. Amino acids found in fibrinogen are

underlined.

incubated with HRP-conjugated goat anti-human IgG secondary
antibody (1:6,000), and then treated with SuperSignal West Pico
Chemiluminescent Substrate (Thermo Fisher). Fluorescence was
captured using an Alpha Innotech Multilmage III cabinet.

RESULTS

Anti-CarP antibodies specific for carbamylated
fibrinogen. We identified a unique patient with refractory
and erosive RA who had been persistently ACPA and RF
negative yet exhibited strong anti-CarP antibody reactivity.
We hypothesized that serum from this patient could be used
to map epitopes of carbamylated fibrinogen without con-
cern for ACPA cross-reactivity. Immunoblotting was per-
formed against native, citrullinated, and carbamylated
human fibrinogen, using this serum (Figure 1A). Human
fibrinogen is a hexameric protein made up of 2 copies of the
a-chain, B-chain, and +y-chain. Using antisera (anti-CBL)
specific for homocitrullines, we demonstrated reactivity in
the a-chain, B-chain, and -y-chain in carbamylated fibrino-
gen but not in native or citrullinated fibrinogen. Blotting
with this serum exhibited specificity for carbamylated but not
citrullinated or native fibrinogen B-chain (minor staining
seen below the B-chain was likely a splice variant) (15).

We blotted carbamylated fibrinogen or native fibrin-
ogen with 11 additional anti-CarP antibody—positive RA
patient sera to evaluate the commonality of B-chain specific-
ity. Five sera did not have reactivity by immunoblotting (data
not shown). The remaining 6 sera had reactivity to carbamy-
lated but not native fibrinogen (see Supplementary Figure 1,
available on the Arthritis & Rheumatology web site at http:/
onlinelibrary.wiley.com/doi/10.1002/art.40098/abstract). Most

of these patients had specific reactivity with the B-chain
(patients 2, 12, 13, 14, and 15), while serum from 1 patient
(patient 3) exhibited preferential binding of the a-chain.
Mapping homocitrullines and anti-CarP anti-
body reactivity in the human fibrinogen B-chain. The
carbamylation sites in the fibrinogen B-chain were ana-
lyzed. Carbamylated human fibrinogen was resolved by
SDS-PAGE, and the band corresponding to the fibrinogen
B-chain was cut out, subjected to in-gel tryptic digestion,
and analyzed by LC-MS. Of 34 lysines, 9 (52, 83, 160, 163,
264, 351, 353, 367, and 374) (26.5%) were identified as
homocitrullines (see Supplementary Figure 2, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40098/abstract). Following tryp-
tic digestion, peptides of the fibrinogen B-chain were puri-
fied by reverse-phase HPLC and analyzed by ELISA for
reactivity, using serum from the index patient. One fraction
had reactivity 24 times that of other reactive fractions and
contained a single peptide (A7;sAATQKKg,) with a single
carbamylated lysine at position 83 (designated A83).
Frequency of anti-CarP antibody reactivity with
fibrinogen 77-87 A83. Cyclized peptides corresponding
to amino acids 77-87 with or without homocitrulline at posi-
tion 83 (Table 1) were analyzed by ELISA. RA patient sera
(n = 63) were analyzed for specific reactivity to the carbamy-
lated peptide (values obtained for peptide 77-87 were sub-
tracted from values obtained for peptide 77-87 A83) in
relation to anti-CarP antibody reactivity (Figures 1B and C).
We identified a value of >0 (a positive cutoff was not deter-
mined) in 22 patients (35%). Interestingly, although reactiv-
ity with this peptide did not correlate with anti-CarP
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Figure 1. Reactivity of patient sera to fibrinogen (fib). A, Carbamylated (carbam.) fibrinogen, citrullinated (cit.) fibrinogen, and native fibrinogen
(1 pg/lane) were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and immunoblotting was performed. Anti—carbamyl-lysine
(anti-CBL) antibody detected carbamylated a-, 8-, and +y-chains of fibrinogen, while serum from the index patient, at 2 dilutions, identified specific
reactivity to the B-chain of carbamylated, but not citrullinated or native, fibrinogen. B, Sera from patients with rheumatoid arthritis (n = 63) were
tested for reactivity to a specific fibrinogen B-chain peptide (peptide 77-87), with or without homocitrullinated lysine 83, by enzyme-linked immuno-
sorbent assay (ELISA). Specific anti-carbamylated protein antibody (ACarPA) reactivity (with reactivity to native fetal calf serum [FCS] values sub-
tracted) in relation to reactivity to fibrinogen 77-87 A83 (with reactivity to noncarbamylated peptide subtracted) is shown. C, Using the same data as
that described in B, 6 outliers were removed in order to better see the distribution in patients with lower fibrinogen 77-87 A83 reactivity. D, The abil-
ity of the indicated peptides (at saturating concentrations of 50 ug/ml) to compete for binding with anti-CarP antibody—FCS was analyzed by ELISA,
using patient sera (n = 40) with the best anti-CarP reactivity. Horizontal lines show the median.

antibody-FCS (reactivity to carbamylated FCS) (R = 0.12)
(Figures 1B and C), some patient sera had much stronger
peptide reactivity than that seen with anti-CarP antibody—
FCS. The bovine and human fibrinogen B-chains share
identity in 7 of 11 amino acids in this region (bovine,
TATVGQKKVER [GenBank accession no. P02676];
human, KAAATQKKVER [GenBank accession no.
P02675]), including the site of homocitrullination in the C-
terminal half of this peptide, suggesting that the N-terminal
amino acids are necessary for optimal antibody reactivity
with this site in some patients.

Competition ELISA of peptides derived from the
human fibrinogen B-chain. We studied the ability of car-
bamylated fibrinogen B-chain peptides to compete with
binding to carbamylated FCS. We synthesized linear
peptides with homocitrullines corresponding to sites con-
served between human and bovine fibrinogen B-chain
(Table 1). The ability of linear and cyclized peptides (at sat-
urating concentrations of 50 pg/ml) to compete for binding

to anti-CarP antibody—FCS was analyzed using patient sera
(n = 40) with the highest anti-CarP antibody-FCS reactivity
(Figure 1D). Little or no inhibition of anti-CarP antibody—
FCS binding was seen in the absence of homocitrulline with
peptide 77-87. Peptides corresponding to 76-90 A83 and
363-377 A367, 374 were superior at competing for binding
to anti-CarP antibody—-FCS. The 76-90 A83 or cyclized 77—
87 A83 peptide mediated >30% inhibition in 26 (65%) of
40 sera tested. In this regard, the linear 76-90 A83 peptide
was superior to the cyclized 76-87 AS83 peptide for
inhibiting anti-CarP antibody—FCS reactivity in this cohort
(Figure 1D). These data potentially indicate the importance
of additional C-terminal amino acids (amino acids 88-90)
in anti-CarP antibody-FCS reactivity. In 12 sera (30%),
none of the peptides mediated >30% inhibition.

Several patterns of peptide competition were
observed. Some sera had competition with all carbamylated
peptides (Figure 2A, patient 3), suggesting reactivity against
homocitrullines independent of context. One serum
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Figure 2. Competition analysis of anti-CarP antibody reactivity using human fibrinogen B-chain peptides. A, Five select patient sera with high
reactivity were analyzed, and the percent competition with the indicated peptides was determined. Patient 1 represents the index patient
described in Figure 1A. B, Competition analysis using peptides 76-90 A83, 363-377 A367, 374 or the combination in 10 patients with reactivity
to both peptides. Each peptide concentration was 50 ug/ml (previous studies indicated that this concentration was maximally inhibitory) and was
incubated for 1 hour with sera prior to adding to the ELISA. See Figure 1 for definitions.

specimen exhibited striking specificity with near-complete
inhibition of all anti-CarP antibody reactivity with the
cyclized 77-87 A83 peptide (Figure 2A, patient 2), but not
with linear peptide 76-90 A83. There was little or no inhibi-
tion with the cyclized 77-87 peptide lacking homocitrulline.
Along with other patient sera (patients 1, 4, and 5), either
the cyclized 77-87 A83 peptide or the linear peptide 76-90
A83 peptide inhibited >50% of anti-CarP antibody-FCS
reactivity.

These results suggest that in some patients, the car-
bamylated lysine at position 83 on the fibrinogen B-chain
in this specific context represents a dominant epitope. This
specificity was narrowed to amino acids 82-87 (QKKVER)
given the poor conservation at the N-terminus in the
bovine fibrinogen B-chain peptide. We also observed that
the 363-377 A367, 374 peptide also provided significant
competition. Inhibition by the 76-90 A83 peptide strongly
correlated with that seen with 363-377 A367, 374
(R=0.59, P =0.0001) (see Supplementary Figure 3, avail-
able on the Arthritis & Rheumatology web site at http:/
onlinelibrary.wiley.com/doi/10.1002/art.40098/abstract).

We then evaluated competition of these 2 peptides,
singly or in combination, to determine whether these rep-
resent unique or cross-reactive epitopes (Figure 2B).

Despite the use of saturating levels of peptides, some
patient sera were inhibited in an additive manner (patients
1,3, 5, and 10), suggesting reactivity with distinct epitopes.

DISCUSSION

In the current study, we present data showing that
specific peptides in the fibrinogen (-chain are a common
target of anti-CarP antibodies. Using serum from an RA
patient with anti-CarP antibodies specific to the B-chain of
fibrinogen (Figure 1A), we identified strong reactivity to a
homocitrulline at position 83. However, this was not the
dominant reactive site in all RA patients, because we
observed that only 35% of the RA patient sera had some
level of reactivity to this peptide (Figures 1B and C).
Therefore, we identified other peptides corresponding
to carbamylated sites to which the index patient serum
was reactive and evaluated their ability to compete with
anti-CarP antibody-FCS (Figure 1D). Most sera with
anti-CarP antibodies displayed reactivity to specific pep-
tide sequences, e.g., they were not polyreactive with
homocitrullines. This was also shown by immunoblotting
(Figure 1A and Supplementary Figure 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.


http://onlinelibrary.wiley.com/doi/10.1002/art.40098/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40098/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40098/abstract
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wiley.com/doi/10.1002/art.40098/abstract), which addition-
ally demonstrated predominant specificity for the fibrin-
ogen B-chain in an additional 5 of 11 sera. Next,
homocitrulline at position 83 of fibrinogen B-chain
appeared to be a dominant epitope in several RA
patients, most notably patients 1, 2, and 4 (Figure 2A).
Finally, carbamylated lysines at positions 367 and 374
appeared to represent another dominant epitope, but
only in patients whose serum also showed reactivity to
the carbamylated lysine at position 83.

These observations prompt comment on anti-CarP
antibody specificity. First, although some anti-CarP anti-
bodies exhibit homocitrulline polyreactivity, most react with
this posttranslational modification in the specific peptides
found in the fibrinogen B-chain. Peptide competition studies
demonstrated that 65% of all sera reactive with anti-CarP
antibody—FCS could be competed with at least 1 of 5
homocitrulline-containing peptides (Figures 1D and Figure
2). The degree of competition between peptides was variable,
but in some patients this repertoire was remarkably specific
and restricted to 1 or 2 epitopes. While an analysis of all possi-
ble carbamylated peptides in both linear and cyclized forms
was not performed, the conclusions reached about fibrinogen
B-chain specificity remain. It is possible that the remaining
35% of sera react with other homocitrullines found on the a-
chain or vy-chain of fibrinogen, but this has not been tested.
Importantly, although these results suggest some degree of
specificity, they do not directly address the issue of poly-
reactivity of individual anti-CarP antibodies, which would be
more fully answered through the use of single anti-CarP
monoclonal antibodies obtained from patients. Furthermore,
our studies evaluated only IgG reactivity; studies of IgM or
IgA antibodies may provide different perspectives.

Competition studies using intact fibrinogen have
indicated that some, but not all, anti-CarP antibodies and
ACPAs cross-react (13). This notion of specific anti-CarP
antibodies is consistent with their presence in ACPA-
negative patients (9) as well as a lack of cross-reactivity, as
shown by immunoblotting (Figure 1A). This study builds
on these findings by demonstrating restriction of anti-CarP
antibody reactivity to specific peptides in the human fibrin-
ogen PB-chain, thereby suggesting that some patients have
antibodies specific for certain homocitrullinated peptides.
Thus, we can now begin to ask questions about the specific-
ity of the anti-CarP antibody response and its relationship
to disease phenotype and outcome.
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Antibodies to Cyclic Citrullinated Peptides in Patients
With Juvenile Idiopathic Arthritis and Patients With
Rheumatoid Arthritis

Shared Expression of the Inherently Autoreactive 9G4 Idiotype

Hannah Peckham,' Geraldine Cambridge,2 Lauren Bourke,' Debajit Sen,! Anna Radziszewska,'

Maria Leandro,? and Yiannis Ioannou

Objective. Antibodies to cyclic citrullinated peptides
(anti-CCP) in rheumatoid arthritis (RA) can express the
inherently autoreactive gene Vy4-34, detected using the rat
monoclonal antibody 9G4. Patients with the polyarticular
subtype of juvenile idiopathic arthritis (JIA) share some
but not all of the features of adult patients with RA. This
study was undertaken to compare serologic findings for
rheumatoid factor (RF), anti-CCP, and 9G4-expressing
anti-CCP in a large JIA cohort with a cohort of adult RA
patients.

Methods. Serum from 88 patients with polyarticu-
lar JIA, 29 patients with enthesitis-related arthritis, 38
patients with extended oligoarthritis, 31 adolescent con-
trols, 35 patients with RA, and 30 adult controls were
tested for RF, for IgG, IgA, and IgM anti-CCP, and for
9G4-expressing anti-CCP by enzyme-linked immunosor-
bent assay. Total serum 9G4-positive IgM was also
measured.

Results. Of 65 patients with RF-negative polyartic-
ular JIA, 4 (6.2%) were IgG anti-CCP positive. Sera from
20 of 23 patients with RF-positive polyarticular JIA
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(87.0%), 24 of 35 patients with RA (68.6%), and 1 patient
with extended oligoarthritis contained IgG anti-CCP. IgA
and IgM anti-CCP levels were lower in the adolescent
group (P <0.01). Levels of 9G4-expressing anti-CCP were
higher in patients with RF-positive polyarticular JIA than
in those with RF-negative polyarticular JIA (P <0.0001).
Median levels of 9G4-expressing anti-CCP in patients
with RF-positive polyarticular JIA and those with RA did
not differ. Expression of 9G4 on serum total IgM was
greater in patients with RF-positive polyarticular JIA than
other adolescent groups (P<0.01), but similar to adult
RF-positive RA.

Conclusion. In healthy individuals, 9G4-positive B
cells comprise 5-10% of the peripheral blood pool but
serum immunoglobulins utilizing Vy4-34 are dispropor-
tionately low. The idiotope recognized by 9G4 was detected
on anti-CCP antibodies in >80% of patients with RF-
positive polyarticular JIA. Vy4-34 usage by anti-CCP in
both JIA and RA patients suggest elicitation of these auto-
antibodies through shared pathogenic B cell selection
processes.

Juvenile idiopathic arthritis (JIA), as defined by the
updated International League of Associations for Rheu-
matology (ILAR) classification criteria (1), is an umbrella
term encompassing different subtypes of arthritis with
onset in those age <16 years. Rheumatoid factor (RF)-
positive polyarticular JIA is one of the more severe sub-
types of JIA. It is associated with older onset (being more
frequently seen in adolescents) and more disability com-
pared to other subtypes, and more frequently progresses
into adulthood, requiring continuing treatment (2). Clini-
cally, of all of the subtypes of JIA, RF-positive polyarticular
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JIA most closely resembles that of adult-onset rheumatoid
arthritis (RA). However, there are subtle differences in the
clinical pattern of disease in addition to the difference in
the age at onset. Young people with RF-positive polyartic-
ular JIA tend to have more frequent involvement of the
temporomandibular joints and ankles. This is captured by
the Juvenile Arthritis Disease Activity Score (3) but
excluded from the Disease Activity Score in 28 joints (4),
which is used in routine practice in patients with RA (5).
Hence, it is uncertain to what extent RF-positive polyartic-
ular JIA represents early-onset RA, or whether it repre-
sents a type of inflammatory arthritis of childhood onset
that has pathogenic pathways that are distinct from those
of adult-onset RA.

The consensus now is that RF-positive polyarticular
JIA is associated with a high frequency of IgG class anti-
bodies to citrullinated proteins, as measured in the clinic
using commercial cyclic citrullinated peptides (CCPs) as
the substrate. The frequency of anti-CCP positivity in RF-
positive polyarticular JIA has been shown to be comparable
to that seen in adult seropositive RA (6-11). However,
most of those studies were of relatively small numbers of
patients, most did not include separate diagnostic cohorts
within the global categorization of “JIA,” and very few
compared their findings with those in local adult cohorts of
RA. Importantly, previous studies have not investigated
upstream pathways of autoantibody production in order to
better understand the pathogenesis of RF-positive poly-
articular JIA and to what extent this overlaps with RA. One
method to investigate this research question is to define the
genes that encode for anti-CCP antibody expression and
determine whether they are shared by RF-positive poly-
articular JIA and seropositive RA.

Although the variable regions of the heavy chain of
immunoglobulins are encoded by a total of 123 heavy-chain
variable region (Ig V) genes, with nearly half expressed as
Vy segments, there is a degree of skewing toward the usage
of certain Vi genes in autoimmunity and B cell malig-
nancy. The use of particular genes encoding Ig Vg has
been associated with the development of autoantibodies
(12,13), with those encoded by V3434 being the prototype
in autoimmune diseases (14,15). Immunoglobulins derived
from this gene, even in a germline configuration, are inher-
ently autoreactive and can recognize a number of self
antigens in the absence of antigen-driven selection. The rat
monoclonal antibody 9G4 binds a unique conformational
epitope confined largely within framework region 1 of the
Vy region of immunoglobulins derived from the V4-34
gene. The availability of the 9G4 reagent thus allows the
tracking of an autoimmune subset of B cells utilizing V44—
34 in the B cell receptor and the identification of soluble
antibodies derived from this Ig Vi gene.

PECKHAM ET AL

Vy4-34—derived 9G4-positive B cells are present
across all ethnic groups, comprising up to 10% of periph-
eral blood B cells. Their phenotype is consistent with being
predominantly within naive B cell populations
(IeD+CD27-). In contrast, except for transient increases
in the context of infection (especially with Epstein-Barr
virus, cytomegalovirus, and pneumococcus), serum levels
of predominantly IgM class Vy4-34-derived immuno-
globulins are disproportionately low in normal individuals.
The 9G4-positive B cells are also not commonly seen
within germinal centers, but are capable of some degree of
class-switch recombination since small amounts of 9G4
IgG can be detected in serum (16,17).

In autoimmunity, however, Vy4-34-derived se-
quences are overrepresented in autoantibodies. Vy4-34
usage is, for example, obligatory for most cold agglutinins
(18), utilized by some IgG anti—double-stranded DNA anti-
bodies in serum, and also found deposited in renal biopsy
specimens from patients with systemic lupus erythematosus
(SLE) (19) and used by antimyeloperoxidase antibodies in
systemic vasculitis (20). More recently, we have described
9G4-positive autoantibodies specific for CCP in patients
with early RA (<6 weeks of joint symptoms) and those with
established RA (21). Investigating the isotype distribution
and presence of the 9G4 idiotope on anti-CCP antibodies in
RF-positive polyarticular JIA and comparing this to a local
seropositive adult RA population may therefore further our
understanding of potential common pathways for autoreac-
tive B cell selection in RF-positive polyarticular JIA.

PATIENTS AND METHODS

Patients. Table 1 shows the demographic and clinical
characteristics of adolescent and adult patients, all of whom were
seen at University College London Hospital. A total of 88 patients
with polyarticular JIA, 29 patients with enthesitis-related arthritis
(ERA), 38 patients with extended oligoarticular JIA, 31 age- and
sex-matched healthy individuals (median age 21 years [range 13—
23 years]), 35 sex-matched adult patients with RA, and 30 healthy
adult controls (74% female; median age 38 years [range 24-72
years|) were included. None of the patients had received rituximab

Table 1. Demographic and clinical characteristics of the patients*

Polyarticular Extended
JIA ERA  oligoarthritis RA
(n=188) (n=29) (n=138) (n=35)
Age, median 17 17 18 56
(range) years (13-23) (14-27) (15-29) (36-80)
Sex, % female 80.1 31.0 55.7 77.1
Disease duration, 7.9 4.5 134 13.2
median (0.3-22.5) (1.3-20.9) (1.9-27.5) (1.1-52.8)

(range) years

* JIA = juvenile idiopathic arthritis; ERA = enthesitis-related arthritis;
RA = rheumatoid arthritis.
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at any time before sampling. In the juvenile cohorts, approximately
two-thirds of the patients with polyarticular JIA (53 of 88) and
those with extended oligoarticular JIA (22 of 38) were receiving
methotrexate (MTX), with equal proportions in each group (36%)
receiving biologic therapies (tumor necrosis factor [TNF] inhibi-
tion). Two-thirds of the patients with ERA (19 of 29) were receiv-
ing MTX, 6 were receiving additional or alternative disease-
modifying antirheumatic drugs (DMARD:s) (sulfasalazine [SSZ]
or hydroxychloroquine [HCQ]), and 17% (n =5) were receiving
biologic agents. These were mainly TNF inhibitors, with 1 patient
receiving abatacept and 2 patients receiving tocilizumab. Of 35
adult RA patients, 2 were not receiving treatment, 33 were receiv-
ing DMARD:s, usually MTX (n = 18), SSZ (n=8), and HCQ
(n=7), 13 were receiving biologic agents (all anti-TNF), and 9
were receiving oral prednisolone (all <20 mg/day).

Sera were obtained from collections within The Centre for
Rheumatology, and the Arthritis Research UK Centre for Adoles-
cent Rheumatology, University College London and selected on
the basis that they fulfilled the ILAR classification criteria for JIA
(1) or the American College of Rheumatology and European
League Against Rheumatism (EULAR) classification criteria for
RA (22). All subjects donated blood after informed consent, and
the study was approved by the local ethics committee (REC 11/LO/
0330 [adolescent cohorts] and REC 08/H0714/18 [adult cohorts]).

Measurement of anti-CCP antibodies. Anti-CCP
antibodies in patient and control sera diluted 1:200 were mea-
sured using a commercial 96-well enzyme-linked immunosorbent
assay (ELISA), using plates precoated with second-generation
citrullinated peptides (CCP2) (FCCP600; Axis-Shield Diagnos-
tics). IgG anti-CCP were measured according to kit protocol with
a cutoff for positivity of 5 units/ml.

Horseradish peroxidase (HRP)—conjugated sheep anti-
human IgA or IgM (The Binding Site) was used to detect anti-
CCP antibodies of the given isotype using the same ELISA plates
as for IgG anti-CCP.

Levels of IgA anti-CCP antibodies were calculated with
reference to an in-house standard (representing 100 arbitrary
units [AU]) included on each ELISA test plate as well as negative
controls. Results were expressed as a proportion of the positive
control following subtraction of background binding of HRP con-
jugate and normalization between different ELISA plates. IgA
anti-CCP are rarely observed in healthy control sera (21) and cut-
off was therefore based on calculations using the mean + 3SD of
binding by 60 sera from healthy controls across all age groups
(giving a value of 11 AU/ml) (21). In contrast, IgM class anti-
bodies to CCP are commonly observed in sera from healthy adult
controls, and since we had no reference for a cutoff level to cover
both adolescent and adult IgM anti-CCP levels in samples, results
are expressed as optical density (OD) (X1,000) given by serum
samples following subtraction of background binding of conju-
gate alone to CCP-coated wells.

Determination of IgM-RF status. For JIA patients,
IgM-RF status was obtained from historical clinical data from
standard laboratory tests (RA particle agglutination assay). An
in-house protocol was used to determine RF status in healthy
adult and adolescent controls using affinity-purified rabbit IgG
(Sigma-Aldrich) as the substrate. Briefly, binding of sera (diluted
1:200) to affinity-purified rabbit IgG—coated wells and to
uncoated wells was measured using goat anti-human IgM-HRP
conjugate (The Binding Site). After subtracting background bind-
ing (to uncoated wells), arbitrary units of binding were calculated
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by reference to a standard curve constructed from a commercial
source (Cambridge Life Sciences) with values of >23 AU/ml con-
sidered positive.

Detection of 9G4 expression on anti-CCP and on
serum total IgM. For detection of 9G4 expression on anti-
bodies to CCP, sera (diluted 1:50 in RD6Q diluent; R&D Sys-
tems) were added to antigen-coated wells of ELISA plates.
Following incubation, the 9G4 reagent (IGM Bioscience) was
added at a concentration of 2 pg/ml to one side of the plate, and
the duplicate serum-incubated wells received diluent buffer con-
taining equivalent affinity-purified normal rat IgGl (Sigma-
Aldrich) instead of 9G4. An affinity-purified HRP-conjugated
goat anti-rat IgG reagent (Amersham) was used to detect 9G4
recognition of CCP2-binding antibodies. Results were calculated
and presented as OD X 100 at 450 nm following the subtraction
of any background binding in wells in the absence of the 9G4
reagent. To assess 9G4 binding to total serum IgM, sera diluted
1:250 were added to each side of ELISA plates that were either
left uncoated or coated with 2 ug/ml murine Fab, anti-human
IgM (eBioscience). Following blocking with 1% bovine serum
albumin, the rat 9G4 reagent was added at 2 ug/ml. Subse-
quently, goat anti-rat HRP conjugate (Abcam) was used for
detection, and tetramethylbenzidine was used for development.
Background binding to the uncoated side of the plates was sub-
tracted, and results were expressed as the OD at 450 nm.

Statistical analysis. GraphPad Prism was used for all
statistical analyses. Nonparametric statistics for populations not
following a normal distribution (Mann-Whitney U test) were
used to compare groups. For determination of relationships
between variables, linear regression (Pearson’s correlation) was
used. P values less than 0.01 were considered significant.

RESULTS

Elevated levels of IgG anti-CCP in patients with
RF-positive polyarticular JIA and patients with RF-positive
RA. Table 2 summarizes the RF status and frequency of
class-switched anti-CCP antibodies in the adult RA, JIA,
extended oligoarthritis, and ERA patient groups. In the
adult RA patients, 20 of 26 RF-positive serum samples
(77%) also contained IgG anti-CCP. Of 88 patients diag-
nosed as having polyarticular JIA, 65 were RF negative.

Table 2.  Autoantibody profiles of the patient groups*

RF IgG anti-CCP IgA anti-CCP

positive positive positive
RF-positive polyarticular 23 (100.00) 20 (86.96) 7 (30.43)
JIA (n=23)
RF-negative polyarticular 0 (0.00) 4 (6.15) 0 (0.00)
JIA (n=65)
ERA (n=29) 0 (0.00) 0 (0.00) 1 (3.45)
Extended oligoarthritis 2 (5.26) 1 (2.63) 2 (5.26)
(n=138)
RF-positive RA (n=26) 26 (100.00) 20 (76.92) 17 (65.37)
RF-negative RA (n=09) 0 (0.00) 4 (44.44) 2(22.22)

* Values are the number (%) of patients. RF = rheumatoid factor;
anti-CCP = anti—cyclic citrullinated peptide; JIA = juvenile idiopathic
arthritis; ERA = enthesitis-related arthritis; RA = rheumatoid arthritis.
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Figure 1. Levels of IgM anti—cyclic citrullinated peptide (anti-CCP)
(A), IgG anti-CCP (B), and IgA anti-CCP (C) in healthy controls
(HC) age <23 years (n=31), patients with enthesitis-related arthri-
tis (ERA; n=29), patients with extended oligoarthritis (EOA;
n = 38), patients with rheumatoid factor (RF)-negative polyarticular
juvenile idiopathic arthritis (pJIA; n = 65), patients with RF-positive
polyarticular JIA (n=23), healthy adult controls (n = 26), patients
with RF-negative rheumatoid arthritis (RA; n=9), and patients with
RF-positive RA (n=26). Symbols represent individual patients;
shaded areas show the 25th to 75th percentiles. Broken lines in B
and C indicate the wupper limit of normal. *=P<0.01;
wx =P <0.001; =xx=P<0.0001, by Mann-Whitney U test. Only
selected comparisons are shown to preserve clarity. NS =not
significant.
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Only 4 (6%) of these patients had levels of IgG anti-CCP
above the cutoff for a positive result (>5 units/ml). In the
RF-positive polyarticular JIA group, 20 of 23 samples
(87%) contained IgG anti-CCP. These findings validate
the suggestion that IgG anti-CCPs are frequently seen in
the RF-positive polyarticular subset of JIA, with a specific-
ity of 96.9% (95% confidence interval 92.99-99.00%).
Only 1 patient in the other adolescent patient groups (in
the extended oligoarthritis cohort) had a positive result for
IgG anti-CCP.
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Figure 2. Binding of the rat monoclonal antibody 9G4 to anti-CCP anti-
bodies (A) and to serum total IgM (B) in healthy controls age <23 years
(n = 31), patients with ERA (n = 38), patients with extended oligoarthritis
(n = 38), patients with RF-negative polyarticular JIA (n = 65), patients
with RF-positive polyarticular JIA (n=23), healthy adult controls
(n = 26), patients with RF-negative RA (n=9), and patients with RF-
positive RA (n = 26). Symbols represent individual patients. In A, the
shaded area indicates the mean + SD in healthy adolescent control
samples. In B, the shaded area indicates the minimum and maximum
OD of results of binding in healthy adolescent controls. * =P <0.01;
wx = P <(.001; ##* = P <0.0001, by Mann-Whitney U test. Only selected
comparisons are shown to preserve clarity. See Figure 1 for definitions.
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Figure 3. Lack of correlation between 9G4-expressing anti—cyclic citrullinated peptide (9G4-CCP) and 9G4 on serum total IgM in patients with
polyarticular juvenile idiopathic arthritis (pJIA) (A) and adult patients with rheumatoid arthritis (RA) (B). Symbols represent individual patients.
Linear regression results (Pearson’s correlation coefficient) and significance at 5% are indicated. NS = not significant.

Figure 1B shows the comparative levels of IgG
anti-CCP antibodies across all disease and control groups
and illustrates that patients with RF-positive polyarticular
JIA had significantly higher levels of IgG anti-CCP anti-
bodies than patients with RF-negative polyarticular JIA
(P<0.0001), patients with extended oligoarthritis
(P <0.0001), patients with ERA (P < 0.0001), and healthy
adolescent controls (P < 0.0001). No significant difference
in IgG anti-CCP antibody levels was seen between the ado-
lescent RF-positive polyarticular JIA and adult RF-positive
RA patient cohorts (median 44.1 units/ml [interquartile
range (IQR) 15.4-87.3] versus median 58.3 units/ml [IQR
15.4-113.7]; P = 0.21). Adult patients with RF-positive RA
had significantly higher levels of IgG anti-CCP than
patients with RF-negative RA and age- and sex-matched
controls (both P < 0.0001).

Presence of IgM and IgA anti-CCP antibodies
in patients with RF-positive polyarticular JIA. Figures
1A and C show the comparative levels of IgM and IgA anti-
CCP, respectively, across all patient and control groups.
Although levels of IgG anti-CCP were similar between ado-
lescent patients with RF-positive polyarticular JIA and
adult patients with RF-positive RA, both IgM and IgA
anti-CCP levels were significantly lower in the adolescent
group.

The differences in IgA anti-CCP levels were mir-
rored when sera from healthy adolescents (median 3.4 AU/
ml [IOR 3.6-3.9]) and sera from adults (median 6.3 AU/ml
[IQR 5.2-7.7]) were compared (P < 0.0001), but the levels
in most samples from adolescents were well below the cut-
off for positivity. Healthy adults also had significantly

higher median levels of IgM anti-CCP (59.0 [IQR 38.5-
73.6]) than healthy controls who were age <23 years (42.4
[IQOR 28.4-52.7) (P = 0.001).

Although healthy adult controls and patients with
RA were not matched for age, there was no correlation
between levels of any isotype of anti-CCP with disease
duration or age within either the juvenile or adult cohorts
(data not shown).

Anti-CCP antibodies in RF-positive polyarticu-
lar JIA and RF-positive RA share an inherently auto-
reactive germline gene as detected by 9G4 binding.
Usage of the Vy4-34 immunoglobulin gene by auto-
antibodies recognizing CCP was tracked using binding of
the antiidiotope rat monoclonal antibody 9G4 (Figure
2A). The expression of 9G4 on anti-CCP antibodies was
significantly higher in patients with RF-positive RA than
in patients with RF-negative RA (median 25.7 [IOR 6.0
105.0] versus 5.2 [IQR 5.0-8.0]) (P <0.0001). Similarly,
binding of 9G4 antibodies to anti-CCP was significantly
higher in the patients with RF-positive polyarticular JIA
than in those with RF-negative polyarticular JIA (median
9.8 [IQR 3.3-41.8]) versus 1.2 [IQR 0.7-2.0]) (P < 0.0001),
and those with extended oligoarthritis (P < 0.01) and ERA
(P<0.0001). Similar median levels of 9G4-expressing
anti-CCP were present in patients with RF-positive polyar-
ticular JIA and RF-positive adult RA (P = 0.13).

One explanation for the detection of 9G4 expres-
sion on antibodies to CCP in patients with RF-positive
polyarticular JIA is that there is a general expansion of
usage of this Vi gene in adolescents. Since serum IgM
contains virtually all 9G4-expressing immunoglobulin
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Figure 4. A-C, Relationships between levels of 9G4-expressing anti—cyclic citrullinated peptide (9G4-CCP) and IgM anti-CCP (A), IgG anti-
CCP (B), and IgA anti-CCP (C) in patients with rheumatoid factor—positive polyarticular juvenile idiopathic arthritis (pJIA). D-F, Relationships
between levels of 9G4-expressing anti-CCP and IgM anti-CCP (D), IgG anti-CCP (E), and IgA anti-CCP (F) in adult patients with rheumatoid
arthritis (RA). All patients included were seropositive for IgG anti-CCP antibodies. Linear regression results (Pearson’s correlation coefficient)

and significance at 5% are indicated. NS = not significant.

species, we compared levels of 9G4 IgM between
patients with RF-positive polyarticular JIA and other
adolescent cohorts (Figure 2B). Expression of 9G4 on
serum total IgM was significantly higher in patients with
RF-positive polyarticular JIA than in healthy adolescent
controls (P <0.001), but similar to that found in RF-
positive adult RA (Figure 2B). However, only 5 of 19
samples exceeded the upper limit of the range in sera
from healthy controls age <23 years (Figure 2B), and
there was no correlation between 9G4-expressing anti-
CCP and 9G4 on serum total IgM as determined by cap-
ture ELISA (Figure 3A) (Pearson’s correlation coeffi-
cient r*=0.11; P=0.15), suggesting that despite a
possible increase in 9G4 IgM, 9G4-positive B cells com-
mitted to anti-CCP antibody production may have
undergone differentiation by a different pathway of acti-
vation. There was no correlation between 9G4-
expressing anti-CCP and 9G4 binding to serum total
IgM in adult RA patients (Figure 3B).

With respect to the Ig class distribution of 9G4-
expressing anti-CCP antibodies in adult RA patients, the
results of our previous experiments suggested that 9G4
expression was associated with IgM anti-CCP but that a
small proportion may also be of IgG class (21). We have
yet to undertake similar experiments using adolescent
patient samples, but analyzed possible correlations
between the levels of the different classes of anti-CCP in
adult RA and RF-positive polyarticular JIA and 9G4-
expressing anti-CCP, using linear regression analysis (Fig-
ure 4). Interestingly, differences were found between
patients with polyarticular JIA and adult RA patients.
Binding of 9G4 to anti-CCP antibodies was strongly corre-
lated with levels of IgM anti-CCP in adolescent but not
adult patients (Figures 4A and D). IgG anti-CCP antibody
levels, however, were similarly correlated, albeit weakly,
with 9G4-expressing anti-CCP in both diseases (Figures
4B and E). The strongest correlation was between IgA
anti-CCP and 9G4-expressing anti-CCP in polyarticular
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JIA (Figure 4C). A much weaker correlation between IgA
anti-CCP and 9G4-expressing anti-CCP was observed in
adult RA patients (Figure 4F). However, IgA anti-CCP
levels were only positive in 5 (25%) of 20 samples from
patients with JIA compared with 20 samples from adult
RA patients.

DISCUSSION

Class-switched (IgG) anti-CCP antibodies, while
rare in JIA patients overall, were found to occur predomi-
nantly in the subset of patients with polyarticular JIA who
also tested positive for RF, supporting previous findings in
smaller cohorts (6-11). We also confirmed that the IgG
anti-CCP antibody profile of patients with RF-positive
polyarticular JIA was significantly distinct from both age-
and sex-matched healthy controls and patients with other
subtypes of JIA. Only 3.1% (5 of 163) of all disease con-
trols or age- and sex-matched healthy controls tested posi-
tive for IgG anti-CCP antibodies. IgG anti-CCP isotype
serology in serum samples from RF-positive adolescent
patients with polyarticular JIA was compared directly with
that in serum samples from RF-positive adults with RA.
Although the prevalence of anti-CCP antibodies in RA
has been widely studied, for the purposes of this investiga-
tion we included a random sample of our own adult
cohort, to eliminate discrepancies in methodology or
cutoffs for positivity. No significant difference was found
between the levels of IgG anti-CCP antibodies in RF-
positive polyarticular JIA and RF-positive RA. This sug-
gests that the IgG anti-CCP antibody phenotypes of the
two diseases are similar, consistent with the parallels seen
in other diagnostic criteria between these two conditions.

IgG anti-CCP antibodies are routinely tested upon
clinician’s request, but are not included in the current diag-
nostic criteria for RF-positive polyarticular JIA (1). The
confirmation of the specificity of IgG anti-CCP antibodies
for RF-positive polyarticular JIA, in contrast to both
healthy controls and JIA disease controls, suggests that [gG
anti-CCP levels could also prove a worthwhile formal addi-
tion to existing criteria for RF-positive polyarticular JIA.

Levels of IgA anti-CCP antibodies were signifi-
cantly higher in patients with RF-positive polyarticular JIA
than in all control groups, but values were very low, with
the median and the value for most samples (14 of 19
[74%]) within the normal range in our assay. Adult RA
patients also had significantly higher levels of IgM anti-
CCP compared with the adolescent patients with RF-
positive polyarticular JIA, despite their comparable I1gG
anti-CCP levels. Most patients in all of the disease groups
were receiving DMARDs, and many were also receiving
biologic agents, so it was difficult to attribute any significant
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effects of treatment on differences in autoantibody isotype
between patient groups. This presents the interesting ques-
tion as to whether anti-CCP antibodies follow the same
pathway of class-switching that is seen in adult RA patients.
The lower IgA anti-CCP antibody levels in JIA may also
indicate that the class switch to IgG anti-CCP precedes the
possible accumulation of switched B cells of IgA isotype in
juvenile versus adult patients. As we and others have
shown, IgM autoantibodies can persist at high levels along-
side class-switched species and therefore do not follow the
patterns that would be expected in a normal humoral
response to immunization or some infectious insults (23).

In RA, it is well established that the presence of
anti-CCP antibodies can predate clinical symptoms by up
to 10 years (24-26). If the case is put forward that RF-
positive polyarticular JIA does represent very early onset
RA, following up patients with RF-positive polyarticular
JIA into adulthood should show that they develop the
same profile as patients with RF-positive RA. Although it
would be very difficult to ascertain whether anti-CCP posi-
tivity antedates symptoms in children with RF-positive
polyarticular JIA, the question arises as to why these
patients develop symptoms at a much younger age, while
adult RA patients may be anti-CCP positive for many years
before the onset of disease. The time at which treatment
with biologic agents is initiated can influence the duration
and severity of symptoms, as well as a patient’s chances of
remission (27). Both the Trial of Early Aggressive Therapy
(TREAT) (28) and the Aggressive Combination Drug
Therapy in Very Early Polyarticular Juvenile Idiopathic
Arthritis (ACUTE-JIA) study (29) demonstrated that in
polyarticular JIA, early and aggressive treatment induced
significantly higher clinical remission rates and significantly
reduced joint erosion and narrowing (30,31). Early detec-
tion of autoimmunity may therefore aid in exploiting such
a window of opportunity in patients with polyarticular JIA.

It has been postulated that what begins as an
abnormal immune response, with anti-CCP positivity,
requires a “second event” in order to convert this response
into active disease (32). Indeed, the number of citrul-
linated epitopes recognized by patient antibodies was
shown to increase over time, and anti-CCP levels to mark-
edly increase 2—4 years prior to an RA diagnosis, but then
to plateau after onset, suggestive of a second stage in dis-
ease development (26). We also found that few new epi-
tope specificities arose after B cell depletion with
rituximab in adult RA patients (33). In future studies, it
could prove interesting to explore whether this process is
accelerated in RF-positive polyarticular JIA, and if so,
what drives this occurrence.

In addition to defining antibodies by the antigens
that they detect, immunoglobulins may also be distinguished
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by hypervariable region structures known as idiotypes.
The idiotope recognized by the 9G4 rat monoclonal
antibody forms a hydrophobic patch that binds to N-
acetyllactosamine residues that are present on a num-
ber of self and microbial glycoproteins and glycolipids
(34,35). The ability to recognize N-acetyllactosamine is
potentially advantageous in assisting the clearance of
damaged, apoptotic, or neoplastic cells but may also
risk autoimmunity if excessive mutation in the antigen-
combining site, located predominantly within the
complementarity-determining regions, confers addi-
tional binding to a self-specificity.

If a particular idiotype is found in different patients,
but on a particular group of antibodies (e.g., anti-CCP),
this is a strong indication that the unrelated individuals
share usage of the same immunoglobulin-encoding gene
(19). The Vy4-34 gene, which is strongly associated with
autoimmunity (12), has been demonstrated to be utilized
by anti-CCP antibodies in patients with (adult-onset) RA
(21). This was seen both in patients with early RA and in
those with established RA, but not in those with early poly-
arthritis not evolving into RA. It also suggests a notable
restriction in Vi gene usage that biases the development
of their immunoglobulin repertoire, which may be instru-
mental in the production of autoantibodies to citrullinated
proteins (12). In this study we have confirmed that this
inherently autoreactive idiotope is also found on anti-CCP
antibodies in patients with RF-positive polyarticular JIA.

In conclusion, this study has demonstrated the
novel finding that adolescent patients with RF-positive
polyarticular JIA have an anti-CCP antibody phenotype
that is distinct from that of patients with other clinical sub-
types of JIA and age- and sex-matched healthy controls.
Patients with RF-positive polyarticular JIA have levels of
IgG anti-CCP comparable to those in RF-positive adult
patients, and both express the same inherently autoreac-
tive 9G4 idiotype. However, it was found that the adult
group had significantly higher levels of IgA and IgM anti-
CCPs than the adolescent group, suggesting that further
investigation is needed to fully elucidate the extent to
which these two conditions may be seen as one.
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Regional Differences Between Perisynovial and Infrapatellar
Adipose Tissue Depots and Their Response to Class II and
Class IIT Obesity in Patients With Osteoarthritis

Natalia S. Harasymowicz, Nick D. Clement, Asim Azfer, Richard Burnett, Donald M. Salter,
and A. Hamish W. R. Simpson

Objective. Obesity is associated with an increased
risk of developing osteoarthritis (OA), which is postulated
to be secondary to adipose tissue—dependent inflamma-
tion. Periarticular adipose tissue depots are present in
synovial joints, but the association of this tissue with OA
has not been extensively explored. The aim of this study
was to investigate differences in local adipose tissue
depots in knees with OA and characterize the changes
related to class II and class III obesity in patients with
end-stage knee OA.

Methods. Synovium and the infrapatellar fat pad
(IPFP) were collected during total knee replacement from
69 patients with end-stage OA. Histologic changes,
changes in gene and protein expression of adiponectin,
peroxisome proliferator-activated receptor y (PPARYy),
and Toll-like receptor 4 (TLR-4), and immune cell infiltra-
tion into the adipose tissue were investigated.

Results. TPFP and synovium adipose tissue depots
differed significantly and were influenced by the patient’s
body mass index. Compared to adipocytes from the IPFP
and synovium of lean patients, adipocytes from the IPFP of
obese patients were significantly larger and the synovium of
obese patients displayed marked fibrosis, increased macro-
phage infiltration, and higher levels of TLR4 gene expres-
sion. The adipose-related markers PPARYy in the IPFP and
adiponectin and PPARY in the synovium were expressed at
lower levels in obese patients compared to lean patients.
Furthermore, there were increased numbers of CD45+
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hematopoietic cells, CD45+CD14+ total macrophages,
and CD14+CD206+ M2-type macrophages in both the
IPFP and synovial tissue of obese patients.

Conclusion. These differences suggest that IPFP
and synovium may contain 2 different white adipose tissue
depots and support the theory of inflammation-induced
OA in patients with class II or III obesity. These findings
warrant further investigation as a potentially reversible, or
at least suppressible, cause of OA in obese patients.

The prevalence of obesity (defined as a body mass
index [BMI] of =30 kg/mZ) has significantly increased
within developed societies over the last decade. It has been
estimated that more than 50% of adults in the US will be
obese by 2030 (1). Obesity, characterized by an excess of
white adipose tissue due to an imbalance between calories
consumed and calories expended, is associated with an
increased risk of a number of diseases, including type 2
diabetes mellitus (DM), atherosclerosis (2), and some
types of cancer (3). There is also a recognized association
between obesity and osteoarthritis (OA) (4), with obese
individuals having a higher risk of developing OA in both
the weight-bearing and non-weight-bearing joints.

Several mechanisms by which obesity may initiate or
accelerate the progression of OA have been postulated. Bio-
mechanical factors are likely to be important, since the
weight-bearing joints are overloaded. However, the
increased incidence of OA in non-weight-bearing joints
indicates that other factors are also involved. It has been
postulated that venous outlet obstruction in the subchondral
bone might impair nutrient supply, making articular carti-
lage more susceptible to damage (5). It is now becoming
clear, however, that adipose tissue may create a systemic
inflammatory milieu via the release of various cytokines and
adipokines, which have the potential to damage articular
cartilage directly (6). Furthermore, increasing BMI is
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correlated with a higher content of free glycosaminoglycans
in synovial fluid (7), and both hypercholesterolemia and
hypertriglyceridemia have been hypothesized to interfere
with cartilage metabolism (8).

White adipose tissue depots are predominantly
present in subcutaneous sites (as subcutaneous adipose tis-
sue [SAT]) or within the abdomen (as omental/visceral adi-
pose tissue [VAT]). In a healthy subject of normal weight,
the majority of adipose tissue (up to 80%) is represented by
SAT, and only 10-20% is represented by VAT. These
depots differ in a number of features, such as adipocyte
size, blood vessel density, and immune cell content (9,10).
Adiponectin and peroxisome proliferator—activated recep-
tor y (PPARY) are 2 important adipose tissue—related pro-
teins. Adiponectin is a secretory protein that is postulated
to have antiatherogenic and antiinflammatory properties
(11). PPARYy is a nuclear receptor crucial for the differenti-
ation of mesenchymal stem cells into mature adipocytes
and is important in fatty acids and glucose metabolism.

Adipose tissue in healthy adults is dynamic, and its
size and function may change depending on the level of
incoming energy. Extracellular matrix (ECM) remodeling
is essential to allow rapid adipose tissue responses to a
nutrient deficiency or surplus. As such, there is constant
matrix remodeling, with a balance between ECM produc-
tion and ECM degradation. In obese individuals, hypertro-
phic adipocytes, which are unable to store additional
triglycerides, start a process of lipolysis with associated tis-
sue fibrosis (12). These events lead to enhanced free fatty
acid release. These free fatty acids may accumulate in other
tissues, such as the liver, skeletal muscle, or joints, with con-
sequent organ lipotoxicity (13,14).

Impaired adipocyte function in fat depots, in turn,
leads to adipocyte necrosis, which triggers an influx of proin-
flammatory cells, including hematopoietic cells such as
macrophages, mast cells, and subtypes of T cells (15). Signifi-
cantly, up to 30% of up-regulated genes in adipose tissue in
obese individuals are related to macrophage function (16).
Increased levels of circulating saturated fatty acids, which are
potent agonists of Toll-like receptors (TLRs) including TLR-
2 and TLR-4, may also contribute to the production of a range
of proinflammatory and profibrotic mediators recognized as
being potential targets in the pathogenesis of OA (17).

In synovial joints, adipose tissue is present in the
subsynoviocyte intimal layer and in periarticular depots
such as the infrapatellar fat pad (IPFP) of the knee joint.
The physiologic role of these fat deposits and their origin
are not well described. It has been suggested that fat
deposits in the IPFP are similar in type to those in the
SAT (18) due to the fibrous tissue surrounding adipocytes,
whereas others support the notion that fat deposits in the
IPFP are similar to those in the VAT (19).

The aim of this study was to ascertain whether there
are differences in the adipose tissue depots in the knee
joints between obese and nonobese patients with end-stage
knee OA. Additionally, we analyzed differences in the
characteristics of the SAT and VAT and their potential to
act as sites of local proinflammatory mediator production,
a process that might contribute to the progression of OA.

PATIENTS AND METHODS

Sample collection. Ethics approval for the study was
granted by the Lothian Research Ethics Committee and UK
National Health Service Lothian Research and Development
Management, which provided consent for the use of surgical dis-
card tissue for this study. The tissue was obtained from patients
(n = 69) during primary total knee replacement surgery for knee
OA. Patients were divided into a lean group (with a BMI of
<25 kg/m?) and an obese group (patients with class II or class
III obesity, with a BMI of =35 kg/m?). The analyzed samples
were isolated by the same surgeon (RB) with the same inci-
sion technique of harvesting synovial punch biopsy specimens
from the suprapatellar synovial region and from the IPFP in
the infrapatellar region. The synovial membrane was not
separated from the adipose tissue.

Hematoxylin and eosin (H&E)-stained sections of knee
joint tissue from each patient were analyzed; samples with increased
synovial membrane inflammation were not analyzed in this study.
In general, samples from OA patients had no more than 10-15% of
total synovial membrane per whole-tissue biopsy sample. Represen-
tative results of histologic assessments are presented in Supplemen-
tary Figure 1, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40102/abstract.

Reagents. All reagents were obtained from Sigma-
Aldrich unless otherwise stated. Antibodies for immunohisto-
chemical analyses were obtained from Dako or as otherwise stated.
Antibodies for flow cytometry were obtained from ImmunoTool.
Cell culture reagents were from Life Technologies. The primary
and secondary antibodies used in these analyses, as well as the neg-
ative controls, are summarized in Supplementary Tables 1 and 2
(available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40102/abstract).

Histologic assessment, measurement of adipocyte
area, and tissue staining with picrosirius red S. Tissue sam-
ples were fixed in 4% paraformaldehyde, embedded in paraffin,
and cut into 4-pum sections. The sections were deparaffinized,
rehydrated, and stained with H&E or picrosirius red S. Images of
10 different regions (representing 50-150 adipocytes) in each sam-
ple (n = 12 samples per group) were obtained at 20 X magnifica-
tion (for adipocyte size measurement) and 60 X magnification (for
picrosirius red S staining) on a Nikon Eclipse E800 microscope.
Adipocyte size was then assessed by measuring the longest diame-
ter (designated a) and the shortest diameter (designated b) for the
area of an ellipse to calculate the area of the cell (designated A),
using the following mathematical formula:

a b
= Z X —
A 7T(2 2>

For quantification of fibrosis, images of picrosirius red S—
stained sections were converted into an 8-bit image with the
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exclusion of the background, and the percentage area of fibrosis
was calculated. For measurements of the adipocyte size and area
of fibrosis, ImageJ software was used.

Immunohistochemical analyses. Immunohistochemi-
cal analyses were performed by incubating the tissue sections
(n=10 samples per group) with the primary antibody (anti-
human CD45 and anti-human CD206 antibodies [R&D Sys-
tems], and anti-human TLR4 antibodies [Bioss]) followed by a
secondary antibody conjugated with horseradish peroxidase. The
chromogenic substrate 3,3’-diaminobenzidine was used to
develop the color. Counterstaining was performed with Harris’
hematoxylin.

Tissue explant cultures and enzyme-linked immuno-
sorbent assays (ELISAs). Tissue sections (n =5 samples per
group) were cut into 1-3-mm° fragments, weighed, and cultured
for 24 hours in Iscove’s modified Dulbecco’s medium (IMDM)
supplemented with 10% fetal bovine serum and penicillin/
streptomycin. Explants were then cultivated (in duplicate) for 3
days in serum-free IMDM with penicillin/streptomycin. Thereaf-
ter, supernatants were collected and total adiponectin levels in
the medium were assessed using an Adiponectin/Arcp30
Quantikine ELISA kit (R&D Systems). This kit allowed analysis
of total adiponectin. The concentration of the protein produced
was adjusted for the weight (in mg) of the wet tissue explant.

Western blotting. Tissue samples (n= 7 samples per
group) were snap-frozen in liquid nitrogen and homogenized.
Protein concentrations were measured using a Bradford assay
(Bio-Rad). In total, 25 pg of protein from each sample was sub-
jected to 12% sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis and transferred to a PVDF membrane (Immobilon-FL)
using a Bio-Rad Wet Transfer system. Blots were blocked by
Odyssey Blocking buffer (1:1 with phosphate buffered saline
[PBS]) and incubated with the appropriate antibody cocktail
(mouse anti-human adiponectin antibodies [1:500; PeproTech]
and rabbit anti-human GAPDH antibodies [1:10,000; Sigma-
Aldrich], or rabbit anti-human PPARy antibodies [1:1,000; Santa
Cruz Biotechnology] and mouse anti-human B-actin antibodies
[1:10,000; Bioss]) diluted in Odyssey Blocking buffer (1:1 with
PBS-Tween) overnight at 4°C. Immunoblots were visualized by
incubation with a cocktail of fluorescent dye—conjugated second-
ary antibodies (anti-rabbit IRDYE 800CW and anti-mouse
IRDYE 680RD, both 1:10,000; Li-Cor) and scanned under an
infrared Odyssey FC Imaging System for detection by Western
blotting. For semiquantitative analysis of protein expression, den-
sitometric analyses of the bands on Western blots were per-
formed using Image Studio Lite 3.1 software. Denaturing
conditions allowed the analysis of total adiponectin in the investi-
gated blots.

RNA isolation, complementary DNA (cDNA) synthe-
sis, and real-time quantitative polymerase chain reaction
(qPCR) analysis. RNA from IPFP and synovium samples
(n=7 samples per group) was obtained using a combined
QIAzol and Qiagen Mini RNA isolation kit technique. Stability
of the RNA was established by gel electrophoresis, and 2 bands
(28S RNA and 18S RNA) were detected. RNA purity was
assessed by NanoDrop absorbance measurement with 260 nm/
280 nm and 260 nm/230 nm absorbance ratios of >1.9. One
microgram of RNA was treated with DNAse I (Invitrogen) and
reverse transcribed using iSCRIPT (Bio-Rad) in accordance with
the instructions of the suppliers. Real-time PCR was conducted
on a LightCycler 96 (Roche). Ten nanograms of cDNA was ana-
lyzed. The primer concentration was 10 pM.
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The reactions were performed in triplicate for each ana-
lyzed gene. Reactions using SYBR Green chemistry were also
subjected to melting curve analysis. The amplification curves and
efficiency of amplification of each gene were validated, and the
efficiency values ranged from 95% to 105%. Values for target
gene expression were normalized to those of the B,-microglobulin
(B2M) reference gene. Relative messenger RNA (mRNA)
expression was assessed using the 272 method, with the lowest
C, value serving as a calibrator (according to the method
described by Schmittgen and Livak [20]). In order to analyze the
fold change in mRNA levels, values in the samples from lean
patients were used as the reference level, being set at 1.0. The
primer sequences used for assessment of gene expression were as
follows: for ADIPOQ, forward GCA-TTC-AGT-GTG-GGA-
TTG-GA and reverse TAA-AGC-GAA-TGG-GCA-TGT-TG
(product size 80 kb); for PPARG, forward GCT-GTG-CAG-
GAG-ATC-ACA-GA and reverse GGG-CTC-CAT-AAA-GTC-
ACC-AA (product size 225 kb); for TLR4, forward AGC-TGT-
ACC-GCC-TTC-TCA-GC and reverse CCT-GCC-AAT-TGC-
ATC-CTG-TA (product size 152 kb); and for B2M, forward
TGT-GCT-CGC-GCT-ACT-CTC-TC and reverse CCA-TTC-
TCT-GCT-GGA-TGA-CG (product size 90 kb).

Flow cytometry. The stromovascular fraction from
each tissue explant was obtained as follows. First, 1-3 gm of tissue
was intensively washed with sterile PBS and minced into 1-2-
mm?® pieces, and then incubated for 1.5 hours at 37°C in 2 mg/ml
of type I and type II collagenases in 0.5% bovine serum albumin
in Hanks’ balanced salt solution with Ca®* and Mg**. The cell
fraction was filtered and lysed using Red Cell Lysis buffer (Mil-
lipore). Cells were then incubated in the dark for 30 minutes at
4°C with anti-human CD45, anti-human CD14, and anti-human
CD206 antibodies or isotype control antibodies (each at 1:100
dilution; ImmunoTool) and TLR4 antibodies (1:100 dilution;
BioLegend) and analyzed by flow cytometry (Beckman Coulter
XL). Details regarding the gating strategy are shown in Supple-
mentary Figures 2-6, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40102/
abstract.

Statistical analysis. All statistical analyses were per-
formed using GraphPad Prism software (version 6.0). The Mann-
Whitney U test and Wilcoxon’s matched pairs test were used to
compare linear variables between groups, and Spearman’s rho
correlation was used to assess the association between nonpara-
metric linear variables. A Mann-Whitney U test was performed
for comparison of linear variables between groups (lean versus
obese), and a Wilcoxon’s matched pairs analysis was used to
assess differences in linear variables between anatomic sites in
the same group (IPFP versus synovium from the same donor). P
values less than 0.05 were considered significant.

RESULTS

Association of obesity with changes in adipocyte size
and fibrosis in knee joint fat depots. Histomorphometric
analyses of the knee joint tissue demonstrated differences
in adipocyte size and in the extent of fibrosis in knee joint
fat depots between lean patients and obese patients (Fig-
ures 1A-D). In lean patients, the size of adipocytes in the
synovial adipose tissue was greater than that in the IPFP
(median 5.52 pm?, interquartile range [IQR] 3.41-8.21
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Figure 1. A and B, Representative hematoxylin and eosin staining (A) and picrosirius red S staining (B) of adipose tissue depots in the infrapa-
tellar fat pad (IPFP) and synovium from lean and obese patients with end-stage knee osteoarthritis (OA) (n = 10 samples per group). C, Differ-
ences in median adipocyte cell size between lean and obese OA patients and between anatomic locations. D, Percentage area of fibrosis,
normalized to median adipocyte size, in the IPFP and synovium of lean and obese OA patients. Results are the mean = SD. * =P <(.05;

w0k = P<(.001. NS = not significant.

versus median 4.89 um?, IQR 3.00-7.87; P = 0.003). This
difference was reversed in obese patients, whose synovial
adipose tissue contained smaller adipocytes than those in
the IPFP (median 5.75 pm?, IQR 3.29-9.03 versus median
6.54 um? IQR 3.82-9.90; P<0.0001) (Figures 1A-C).
Furthermore, in the synovium, there was no significant dif-
ference between lean and obese patients in the median
size of adipocytes (P = 0.17), whereas in the IPFP, the
median adipocyte size was significantly higher in obese
patients compared to lean patients (P < 0.0001).

Analysis of pericellular fibrosis showed that the per-
centage area of fibrosis in the synovial tissue did not differ
from that in the IPFP in knee joint samples from lean indi-
viduals (Figure 1D). Similarly, there was no difference in
pericellular fibrosis seen between the IPFP and synovium
of obese individuals. However, there was a significantly
greater area of matrix deposition in the synovial adipose tis-
sue of obese individuals (mean * SD 24.66 + 5.62%) com-
pared to that of lean individuals (14.44 +521%)

(P < 0.005), whereas there was no significant difference in
the area of matrix deposition in the IPFP (20.91 = 8.1% in
obese patients versus 16.89 = 3.35% in lean patients). The
mean area of adipocyte fibrosis was normalized to the
median adipocyte size in each patient, to adjust for differ-
ences in adipocyte size.

Association of obesity with changes in adipose
tissue-related gene and protein expression in knee
joint fat depots. Real-time qPCR and Western blot analy-
ses showed differential expression of adipose tissue-related
genes and proteins in the synovium and IPFP of lean and
obese individuals (Table 1 and Figures 2A-D).

The expression levels of the ADIPOQ gene and
adiponectin protein were not different in paired synovium
and IPFP samples from lean patients, whereas in obese
patients, their levels were significantly lower in the syno-
vium compared to the IPFP (P=0.02 in qRT-PCR,
P =0.04in ELISA, and P = 0.03 in Western blotting). Fur-
thermore, synovium from lean patients expressed
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Table 1. Quantitative polymerase chain reaction analysis of
ADIPOQ, PPARG, and TLR4 gene expression in the IPFP and
synovium obtained from lean and obese patients with osteoarthritis®

ADIPOQ PPARG TLR4
IPFP
Lean 1+0.75 1+043 1+0.13
Obese 0.74 = 0.56F 0.35*+0.91% 1.01 £0.12
Synovium
Lean 0.41+0.51 0.25 +0.537 1.85+0.13
Obese 0.09 * 0.04+% 0.06 = 0.627"% 3.65*0.14%

* Expression value of each gene. The adiponectin (ADIPOQ), per-
oxisome proliferator—activated receptor y (PPARG), and Toll-like
receptor 4 (TLR4) genes were normalized to the values for the B,-
microglobulin gene. The 2% method was used to investigate
the fold change in gene expression. The control values (from the
infrapatellar fat pad [IPFP] of lean patients) were expressed as 1 to
indicate a precise fold change value for each gene of interest. Values
are the mean * SEM fold change (n = 7 samples per group).

+ P<0.05 in IPFP/synovium paired-sample analysis (tissue samples
from the same donor).

1 P<0.05 in unpaired analysis (obese patients versus lean patients).

significantly higher levels of the ADIPOQ gene and adipo-
nectin protein compared to synovium from obese subjects
(P=0.04 in qRT-PCR, P = 0.03 in ELISA, and P = 0.004
in Western blotting), but there was no such difference
between lean and obese patients in the IPFP (Table 1 and
Figures 2A and C).
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Analysis of the expression of the PPARG gene and
PPARY protein showed significantly lower expression lev-
els in the synovium than in the IPFP in lean patients
(P=10.02 in gqRT-PCR and P = 0.01 in Western blotting),
but this difference between the synovium and the IPFP
was not seen in obese patients. PPARy was also expressed
at a significantly lower level in obese patients as compared
to lean patients, both in the IPFP (P = 0.02 in qRT-PCR
and P=0.03 in Western blotting) and in the synovium
(P=0.04 in qRT-PCR and P = 0.03 in Western blotting)
(Table 1 and Figures 2B and D).

Increased numbers of CD45+ hematopoietic cells
and macrophage content in the knee joint synovium and
IPFP with obesity. Immunohistochemical and flow cyto-
metric analyses of samples from lean individuals showed
that the number of CD45+ hematopoietic cells was signifi-
cantly greater in the synovial adipose tissue than in the
IPFP (mean*SD 18.7*6.9% versus 15.02*6.7%;
P =0.03) (Figures 3A and B). In obese patients, the num-
ber of CD45+ hematopoietic cells was elevated, as com-
pared to that in lean patients, in both the IPFP
(19.4 = 3.4%) and the synovium (26.6 =8.7%) (P = 0.04
for the IPFP, P 0.004 for the synovium). However, there
was no difference in the number of CD45+ hematopoietic
cells between the IPFP and synovium of obese patients.
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Figure 2. A and B, Representative Western blots of adiponectin protein expression (A) and peroxisome proliferator—activated receptor y (PPARYy)
protein expression (B) in the IPFP and synovium of lean and obese patients with end-stage knee OA. C and D, Semiquantitative Western blot analy-
ses of total adiponectin expression and ex vivo adiponectin release (C) and PPARYy expression (D) in the IPFP and synovium of lean and obese OA
patients. Densitometry data are presented as the mean = SD adiponectin-to-GAPDH expression ratio and PPARvy-to—B-actin expression ratio in 7
samples per group. a =P < (.05 for paired analyses; b =P < 0.05 for obese patients versus lean patients. See Figure 1 for other definitions.
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Figure 3. Expression of CD45+ hematopoietic cells in the IPFP
and synovium of patients with end-stage OA, as assessed by flow
cytometry (A) and immunohistochemical analysis (B). A, Stromo-
vascular fractions from the IPFP and synovium of lean and obese
OA patients were analyzed for CD45+ cell expression; isotype con-
trols were analyzed at the same time. Results are the mean = SD
percentage of CD45+ hematopoietic cells in 7 samples per group.
* =P <(.05; #++=P<0.001. B, Representative images of immuno-
histochemical staining for the CD45 marker in the IPFP and syno-
vium of lean and obese OA patients. Insets, Higher-magnification
views. Bars in main images = 250 wm; bars in boxed areas = 50 um.
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.40102/abstract.
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Cell profiling by flow cytometry showed that the fre-
quency of CD45+CD14+ total macrophages (mean = SD
8.2 £ 3.5% in the IPFP, 8.84 = 2.15% in the synovium) and
the frequency of CD14+CD206+ M2-type macrophages
(6.8 =2.2% in the IPFP, 5.7 = 1.6% in the synovium) was
not different between the synovium and IPFP of lean individ-
uals (Figures 4A—C). However, in obese individuals, the per-
centage of CD45+CD14+ total macrophages (10.6 + 4.1%
in the IPFP, 12.5 = 2.8% in the synovium) and percentage of
CD14+CD206+ M2-type macrophages (8.9 == 3.2% in the
IPFP, 9.5 = 2.6% in the synovium) were higher than that in
lean individuals, both in the IPFP (P = 0.02) and in the syno-
vium (P=0.0001). The percentages of CD45+
CD14+ total macrophages and CD14+CD206+ M2-type
macrophages correlated significantly with the BMI score, as
summarized in Figures 4A and B.

Increased TLR4 expression in the synovium of
obese patients, and correlation with BMI. Real-time
PCR analysis showed that TLR4 gene expression was not
different between the synovium and IPFP of lean individu-
als (Table 1). There was a significantly higher expression
of TLR4 in the synovium of obese patients compared to
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Figure 4. A and B, Percentages of CD45+CD14+ cells (A) and CD14+CD206+ cells (B) were determined in the stromovascular fraction of
paired synovium and IPFP samples from lean and obese OA patients. Results are the mean = SD of 10 samples from lean patients and 14 sam-
ples from obese patients (top). Percentages of CD45+CD14+ cells and CD14+CD206+ cells were assessed for correlation with the body mass
index (BMI) score in the IPFP (n=26) (middle) and synovium (n=33) (bottom). * =P <0.05; ##* P<0.001. C, Representative results of
immunohistochemical staining for CD206 are shown in the IPFP and synovium of lean and obese OA patients. See Figure 1 for other defini-
tions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40102/abstract.
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Figure 5. A, The percentage of cells positive for TLR4 gene expression were determined in the stromovascular fraction (SVF) of paired syno-
vium and IPFP samples from lean and obese OA patients. Results are the mean = SD of 5 samples per group. * =P <0.05. B and C, The per-
centage of TLR4+ cells was assessed for correlation with the body mass index (BMI) score in the IPFP (n = 15) (B) and synovium (n = 15) (C)
of lean and obese OA patients. D, Representative results of immunohistochemical staining are shown for TLR4 gene expression in IPFP and
synovium from lean and obese OA patients. 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.40102/abstract.

the synovium of lean patients (P = 0.03). However, no dif-
ference in TLR4 expression was seen in the IPFP between
lean and obese patients or between the IPFP and syno-
vium of obese patients.

Flow cytometric analysis showed that the percent-
age of TLR4+ cells did not differ between the synovium
and the IPFP of lean patients (mean + SD 4.7 = 2.3% and
5.5+ 4.7%, respectively), but was significantly higher in
the synovium of obese patients (9.6 = 3.7%) compared to
the synovium of lean patients (P = 0.009) (Figures SA and
D). The percentage of TLR4+ cells in the synovium corre-
lated with the BMI score (Figure 5C). There was no signif-
icant difference in the percentage of TLR4+ cells in the
IPFP between lean patients and obese patients (mean *
SD 5.54 = 4.73% versus 9.0 = 3.81%), and there was no
correlation of the percentage of TLR4+ cells in the IPFP
with BMI (Figures 5B and D).

DISCUSSION

Obesity is a strong risk factor for the development
of OA. The association of OA with obesity in both the load-
bearing and non-load-bearing joints suggests that excessive
or abnormal loading of the joints does not explain this rela-
tionship entirely. As such, an hypothesis suggesting that
systemic/metabolic factors may play a role supports the
notion that metabolic factors related to obesity act directly
or indirectly on chondrocytes, leading to the increased risk
of developing OA (21). In the current study, we assessed
whether there were any differences in the intraarticular fat
deposits within the knee joint (namely, the synovium and
the IPFP) of lean and obese individuals undergoing arthro-
plasty, which may indicate a local, in addition to a systemic,
contribution to the development and progression of OA.
We found that in lean individuals, the adipocytes were
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larger in the synovial adipose tissue than in the IPFP. Fur-
thermore, there was no difference in the extent of pericellu-
lar fibrosis or in the levels of adiponectin, but expression of
PPARY was significantly lower in the synovium compared
to the IPFP of these patients.

A significantly higher content of CD45+ hematopoi-
etic cells was identified in the synovium compared to the
IPFP, but no differences in macrophage numbers (charac-
terized by the expression of CD45+CD14+ and
CD14+CD206+ cells) and no differences in the expression
of TLR4+ cells were seen in the fat deposits in lean individu-
als. In comparison, in obese patients, the size of adipocytes
was larger in the IPFP than in the synovium, and pericellular
fibrosis was greater in the synovial fat. In the synovium com-
pared to the IPFP of obese patients with end-stage knee
OA, the expression levels of adiponectin and PPARy were
lower, whereas the expression of TLR4 was higher. In both
the IPFP and synovium of obese patients, there was a signifi-
cantly higher content of CD45+ hematopoietic cells,
CD45+CD14+ total macrophages, and CD14+CD206+
M2-type macrophages, as compared to the IPFP and syno-
vium of lean subjects.

In a previous study, immunohistochemical and flow
cytometric analyses identified the presence of CD86 (M1-
type marker) and CD206 (M2-type marker) in the IPFP,
but did not find an influence of BMI on the numbers of
these cells (22). A recent study also demonstrated no dif-
ferences in immune cell populations between paired IPFP
and synovium samples; however, those authors investi-
gated individuals with a mean BMI of 28.9 kg/m* (BMI
range no more than 32 kg/m?), and this may explain the
contrasting results in comparison to those of the current
study (23).

Studies of fat deposits in obesity indicate that, with
weight gain, adipocytes in the SAT increase in size signifi-
cantly more than those in the VAT (9). Results of the cur-
rent study demonstrated that in obese patients, the size of
adipocytes in the IPFP was significantly increased, whereas
there was no change in the size of adipocytes in the
synovium.

Fibrosis, a hallmark of metabolically dysfunctional
white adipose tissue with resident adipocytes being sur-
rounded by a network of ECM, is a typical feature of the
visceral fat in obese patients (24). Results of the current
study, which demonstrated an increase in adipocyte size in
the IPFP and augmented pericellular fibrosis in the syno-
vial fat, support the theory that synovial and IPFP adipose
tissue depots may each represent a different subtype of
white adipose tissue. The synovial adipose tissue demon-
strated characteristics akin to those of the VAT, whereas
the characteristics of the IPFP were more in keeping with
those of the SAT. Conversely, findings reported by other

investigators have suggested a profibrotic role of the IPFP,
which is independent of the BMI of the patient (25). The
extent of fibrosis and the deposition of collagen could have
been quantified further in this study with the use of
picrosirius red staining accompanied by polarized light to
evaluate birefringence.

Adiponectin has been postulated to be both pro-
catabolic (26,27) and proanabolic (28) in OA. As such the
influence of adiponectin on the OA pathogenetic pathway
is not clear. The adiponectin concentration has been
reported to be elevated in the serum of OA patients com-
pared to healthy individuals (29); however, the levels of
adiponectin in the synovial fluid are significantly lower
than those in the peripheral blood of OA patients (30).
However, adiponectin levels in synovial fluid have been
shown to correlate with proteoglycan catabolism (31). The
IPFP has been shown to produce more adiponectin than
that produced by subcutaneous depot fat from the same
donor (6,32), consistent with the observation of differential
expression and production of adiponectin by the IPFP and
the synovium in the current study. However, a negative
correlation between adiponectin expression by the IPFP
and the BMI of OA patients was not observed in the cur-
rent study, as has been suggested by other authors (33).

Differential expression of adiponectin has also
been reported in various kinds of adipose tissue depots.
SAT produces more adiponectin than VAT (34,35), and
during weight gain, a significant down-regulation of adipo-
nectin production in VAT, but not in SAT, has been
reported (31). We observed a decrease in adiponectin
gene expression and protein production ex vivo by the
synovium, but not the IPFP, of obese individuals.
Although, in the present study, synovial membrane was
not dissected from the adjacent adipose tissue, we hypoth-
esize that the results obtained may indicate a difference in
the origin of the 2 fatty tissue depots analyzed.

PPARY is a ligand-activated transcription factor
that plays a key role in lipid homeostasis. Our data indicate
that PPARy expression was significantly lower in both the
IPFP and synovium of obese patients. Such changes are
likely to have a proinflammatory/procatabolic effect in the
joint, as PPAR'y activation in adipose tissue is associated
with beneficial effects on the expression and secretion of a
range of factors, including adiponectin by adipocytes and
suppression of production of inflammatory mediators such
as resistin, interleukin-6, and tumor necrosis factor by
macrophages (36). Notably, mice with cartilage-specific
knockout of PPARy spontaneously develop OA (37), indi-
cating a role for this transcription factor in the regulation
of chondrocyte function, including inhibition of pro-
catabolic pathways through support of autophagy (38).
PPARYy agonists have potent antiinflammatory and
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anticatabolic activity when applied to articular chondro-
cytes and synovial fibroblasts (39), and have been shown to
have some degree of efficacy in instability-induced OA
models in guinea pigs and dogs (40,41). Although the
effects of these agents have not yet been shown in human
studies, the lower expression of PPARY in tissue samples
from the knee joints of obese patients indicates that tar-
geted therapy for this subgroup of OA patients might be
beneficial.

Leukocyte numbers increase with obesity, both in
the circulation and in local adipose tissue depots, and are
correlated with such proinflammatory diseases as type 2
DM (42) and liver steatosis (43). Our flow cytometry and
immunohistochemistry data indicate that the frequency of
hematopoietic cells was significantly higher in the syno-
vium than in the IPFP from lean patients with OA, with a
further increase in the number of CD45+ cells being seen
in those with obesity, suggesting a more proinflammatory
profile of both tissues. The main hematopoietic cells pres-
ent in adipose tissue are macrophages, which are postu-
lated to play an important role in obesity-related
exacerbation of inflammation and organ fibrosis (44). In
the current study, we observed, for the first time, an
increased frequency of CD14+CD206+ M2-type macro-
phages in both knee joint synovial deposits and IPFP
deposits from obese patients with OA, which correlated
significantly with the patients’ BMI. CD206 is considered
to be an antiinflammatory macrophage marker. However,
M2-type macrophages also play a role in profibrotic pro-
cesses during wound healing and are an important source
of the profibrotic factor transforming growth factor 8
(TGFEB) (45). This is a limitation of the current study and
could be a very interesting future goal for further investiga-
tion, to determine the expression of TGFg in fatty tissue
deposits in obesity-driven OA.

The expression levels of TLR4 and the number of
TLR4+ cells were significantly increased in the knee joint
synovium from obese patients compared to lean patients
in the current study. In keeping with this, the findings from
our immunohistochemical analyses of TLR4 gene expres-
sion indicated that TLR4 was expressed at a significantly
higher level in the synovial adipose tissue of obese patients
compared to lean patients. In humans, expression of
TLR4 is up-regulated in the VAT, but not in the SAT,
from obese patients (46), consistent with our premise that
synovial fat deposits in the knee have characteristics of
VAT. TLR-4 plays a crucial role the accumulation of
macrophages in adipose tissue of obese patients (47).
TLR-4 ligands activate fibroblasts and promote their dif-
ferentiation into collagen-producing cells (48). Moreover,
in adipose tissue, it is proposed that interactions between
adipocytes and macrophages through TLR-4/myeloid
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differentiation protein 2 will aggravate adipose tissue
inflammation (49), and therefore possibly by such mecha-
nisms, the progression of OA could be potentiated.

Our analysis of end-stage knee OA, the exclusion
of patients with a BMI of between 30 and 35 kg/m?, and no
separation of synovial membrane from adipose tissue are
potential limitations of this study. However, recent studies
and observations suggest that BMI is not a perfect index.
People classified as obese with a BMI of 30 kg/m* have
been shown to have the same health profile, or even a bet-
ter health profile, than that of individuals of normal weight
(50). A further limitation was the effect of comorbidities,
such as type 2 DM, which, given the number of patients
and subgroups, was not possible to evaluate fully in the
current study.

Thus, the findings of this study show that there are
significant differences between synovial and IPFP adipose
tissue in patients undergoing joint arthroplasty for knee
OA, which supports the theory that synovial fat has char-
acteristics of VAT, while the IPFP is more akin to SAT.
Obesity is associated with changes in these fat depots, with
synovial fat, in particular, showing changes typical of
VAT, which is likely to be associated with a proinflamma-
tory and catabolic phenotype. Nevertheless, there is an
increased number of CD45+ hematopoietic cells and
CD45+CD14+ and CD14+CD206+ macrophages in
both adipose tissue depots in obese patients, which
supports the idea that, in addition to biomechanical
factors, local inflammation-produced mediators probably
contribute to the development of OA in obese individuals.
Targeting of this adipose tissue—dependent inflammation
by novel therapies, such as PPARYy agonists, may have a
benefit and delay the progression of OA in obese patients.
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Objective. Exercise is commonly recommended for
patients with osteoarthritis (OA) pain. However, whether
exercise is beneficial in ameliorating ongoing pain that is
persistent, resistant to nonsteroidal antiinflammatory drugs
(NSAIDs), and associated with advanced OA is unknown.

Methods. Rats treated with intraarticular (IA)
monosodium iodoacetate (MIA) or saline underwent tread-
mill exercise or remained sedentary starting 10 days postin-
jection. Tactile sensory thresholds and weight bearing were
assessed, followed by radiography at weekly intervals. After
4 weeks of exercise, ongoing pain was assessed using condi-
tioned place preference (CPP) to IA or rostral ventromedial
medulla (RVM)-administered lidocaine. The possible role
of endogenous opioids in exercise-induced pain relief was
examined by systemic administration of naloxone. Knee
joints were collected for micro—computed tomography
(micro-CT) analysis to examine pathologic changes to sub-
chondral bone and metaphysis of the tibia.

Results. Treadmill exercise for 4 weeks reversed
MIA-induced tactile hypersensitivity and weight asym-
metry. Both IA and RVM lidocaine D35, administered
post-MIA, induced CPP in sedentary but not exercised
MIA-treated rats, indicating that exercise blocks MIA-
induced ongoing pain. Naloxone reestablished weight
asymmetry in MIA-treated rats undergoing exercise
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and induced conditioned place aversion, indicating that
exercise-induced pain relief is dependent on endogenous
opioids. Exercise did not alter radiographic evidence of OA.
However, micro-CT analysis indicated that exercise did not
block lateral subchondral bone loss or trabecular bone loss
in the metaphysis, but did block MIA-induced medial bone
loss.

Conclusion. These findings support the conclusion
that exercise induces pain relief in advanced, NSAID-
resistant OA, likely through increased endogenous opioid
signaling. In addition, treadmill exercise blocked MIA-
induced bone loss in this model, indicating a potential
bone-stabilizing effect of exercise on the OA joint.

Osteoarthritis (OA) is the most prevalent chronic
joint disease worldwide, with incidence predicted to rise
due to the aging population and the impact of obesity
(1-5). OA is characterized by cartilage degradation and
bone remodeling, observable on radiographs as diminished
joint space and bony growths within the joint (6). Micro—
computed tomography (micro-CT) analysis of OA joints
indicates development of subchondral bone remodeling
that corresponds to cartilage loss (7). Notably, the degree
of joint pain does not correlate with radiographic evidence
of pathology, although other imaging modalities such as
magnetic resonance imaging (MRI) demonstrate that
development of synovitis correlates with the presence of
knee pain even in the absence of radiographic signs of OA
(3,8,9).

OA can be a debilitating condition, with pain being
the most common OA symptom for which patients present
to primary care practitioners (10). OA pain is typically
characterized by predictable sharp pain that is associated
with movement or use of the joint (10). Some patients
develop advanced OA, which is characterized by nonste-
roidal antiinflammatory drug (NSAID)-resistant, con-
stant, dull, and aching pain, interspersed with short
unpredictable episodes of intense pain (10,11).
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Current treatments focus on alleviating pain and consists primarily of joint replacement options that are suc-
stiffness (12). Oral NSAIDs or duloxetine are the most cessful for most patients (15). However, the prevalence of
common pharmacologic treatments (13,14). Surgery OA is increasing in younger populations for whom total
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Figure 1. Alleviation of monosodium iodoacetate (MIA)-induced weight asymmetry and tactile hypersensitivity following treadmill exercise. A, Experi-
mental procedure used to examine the effects of treadmill exercise on MIA-induced tactile hypersensitivity and weight asymmetry. B, Selective reversal of
tactile hypersensitivity in exercised rats. Treadmill exercise starting 10 days post-MIA injection selectively reversed tactile hypersensitivity in exercised rats
by day 35 after MIA treatment, corresponding to 4 weeks of exercise. * = P < 0.05; #* = P <0.01; ##* = P <0.001 versus baseline (BL); ## = P <0.01
versus week 1. C, Reversal of weight asymmetry in exercised rats. Treadmill exercise starting 10 days post-MIA injection into the knee joint reversed weight
asymmetry in exercised but not sedentary rats, with improvement observed by day 21 after treatment, corresponding to 2 weeks of exercise, and continued
improvement between days 35 and 49 after treatment. * =P <0.05; ** =P <0.01; **x = P<0.001 versus BL; # =P <0.05; ## =P <0.01;
### = P <0.001 versus week 1. D, Average number of shocks per weekly treadmill session in MIA-treated rats. During the first week of treadmill exercise,
the average number of shocks per weekly session demonstrates quick adaptation to running on the treadmill. ==+ = P < (.05 versus days 11, 12, and 13. E,
Average number of shocks per daily treadmill session in MIA-treated rats. Across the 4-week treatment period, the average number of shocks per daily ses-
sion demonstrates elevation only during the first day of the first week of treadmill training. Values are the mean = SEM.



EXERCISE REVERSES OSTEOARTHRITIS PAIN AND BONE REMODELING 1409

knee replacement may not be optimal, as this procedure
was originally designed for patients age >70 years old (15).

Exercise is the most commonly recommended
method of nonpharmacologic intervention (14). Clinical
studies have demonstrated that aerobic and strengthening
exercises improve joint function and pain in patients with
OA (16). Preclinical studies have demonstrated that exer-
cise across a period of weeks alleviated hypersensitivity in
a variety of rodent models of chronic pain (17-24). Block-
ade of opioid signaling has been shown to reverse exercise-
induced pain relief in models of nerve injury (17). The
present study examined the hypothesis that treadmill exer-
cise blocks weight asymmetry and ongoing pain through
enhanced opioidergic signaling in a rat model of advanced
knee OA pain, previously shown to produce persistent
NSAID-resistant ongoing pain (25).

MATERIALS AND METHODS

Animals. Male Sprague-Dawley rats (Harlan) weighing
175200 gm were housed with a 12-hour light/dark cycle, with
food and water available ad libitum. Rats were group housed,
except those that had undergone cannulation surgery of the ros-
tral ventromedial medulla (RVM), which were individually
housed starting immediately postsurgery. All experiments were
performed in accordance with policies and recommendations of
the International Association for the Study of Pain and the
National Institutes of Health guidelines for the handling and use
of laboratory animals. All experimental protocols received
approval from the Institutional Animal Care and Use Committee
of the University of New England.

Study design. Tactile hypersensitivity and weight asym-
metry. Figure 1A demonstrates the protocol used to determine
the impact of exercise on MIA-induced tactile hypersensitivity and
weight asymmetry. Pre-MIA treatment (baseline) assessment of
tactile sensory thresholds was performed, followed by assessment
of hind limb weight bearing. MIA (4.8 mg/60 wl) was injected intra-
articularly (IA) through the infrapatellar ligament of the left knee
under isoflurane (2% in O,), as previously described (25-27). Tac-
tile sensory thresholds and, subsequently, weight asymmetry were
assessed 7 days postinjection to verify initiation of MIA-induced
tactile hypersensitivity and weight asymmetry.

Starting 10 days after IA injection of MIA or saline, rats
were randomly assigned to the exercise or sedentary treatment
groups. Treadmill sessions were performed using a 3-lane tread-
mill (Columbus Instruments) for 30 minutes daily over a sequen-
tial 4-day period, as previously described (17). For exercise rats,
treadmill speed was 12 meters/minute during the first week of
exercise (postinjection days 10-13), increased to 16 meters/
minute starting the second week (postinjection days 17-20), and
continued at this rate through the remainder of the study. Seden-
tary control rats were placed on the treadmill at the stationary
setting for 30 minutes. The treadmill was cleaned with 70% etha-
nol between groups of rats. Weight bearing and then tactile sen-
sory thresholds were determined the fifth day of each week, 20—
24 hours after the last treadmill session. No exercise or behavioral
testing occurred during days 6 or 7 of each week.

The experiments included 6 exercise and 6 sedentary rats
treated with MIA for tactile sensory testing, and 11 exercise and
10 sedentary rats treated with MIA for analysis of weight bearing
(33 rats total). Three of 36 rats were removed as they failed to
show MIA-induced weight asymmetry (defined as weight distri-
bution [left/right X 100] of 85% or higher) and tactile hypersensi-
tivity (defined as failure to respond at cutoff von Frey filament of
15 gm). The experimenters (JA and IA) were aware of the treat-
ment condition of each rat during behavioral testing.

Conditioned place preference (CPP) measure of ongo-
ing pain. Figure 2A shows the protocol used to determine the
impact of exercise on MIA-induced ongoing pain. Rats received
IA injections of MIA (4.8 mg/60 ul) or an equal volume of saline,
followed by verification of development of weight asymmetry 7
days later. Rats that failed to show weight asymmetry were
removed from the study (7 of 75 rats that had received IA lido-
caine; 0 of 65 rats that had received RVM lidocaine). Saline- and
MIA-treated rats were randomly divided into the treadmill exer-
cise or sedentary treatment groups, resulting in a 2 X 2 experi-
mental design ([saline, MIA] X [exercise, sedentary]). CPP in
response to pain relief, induced by IA or RVM administration of
lidocaine, was assessed using a single-trial conditioning protocol
on days 34-36 after IA injection, which corresponded to week 4
of treadmill exercise.

On day 34 (during the preconditioning period), rats were
placed into the CPP apparatus with access to all 3 chambers, and
baseline time spent in each chamber was measured for 15
minutes using webcams and video analysis (performed with the
computer program Any-maze [Stoelting]). Rats spending <180
or >720 seconds in a pairing chamber during baseline testing
were removed from the study (1 of 55 rats in the IA lidocaine
experiment and 9 of 65 rats in the intra-RVM lidocaine experi-
ment). Drug-chamber pairings were counterbalanced across sub-
jects. On day 35, single-trial conditioning was performed for
either the IA lidocaine or the RVM lidocaine experiment.

IA lidocaine. While under isoflurane anesthesia, rats
received IA saline (200 pl) injected into the ipsilateral knee joint
and were immediately confined to the pre-assigned pairing cham-
ber for 30 minutes (within 2 minutes of injection). They were
then returned to their home cages. Four hours later, rats received
IA lidocaine (200 pl 4% [weight/volume]) while under isoflurane
anesthesia, and were immediately confined to the opposite pair-
ing chamber for 30 minutes. All rats awoke prior to placement
into the pairing chambers. Of the saline-treated rats, a total of 10
sedentary and 9 exercise rats were tested and of the MIA-treated
rats, a total of 18 sedentary and 18 exercise rats were tested.

RVM lidocaine. Rats received RVM microinjection of
sterile saline (0.5 pl/minute), with the injector remaining in place
for 1 minute postinjection to prevent backflow. Rats were imme-
diately confined to the pre-assigned pairing chamber for 30
minutes (within 2 minutes of injection) and then returned to their
home cages. Four hours later, rats received a microinjection of
RVM lidocaine (4% [w/v], 0.5 pl/minute) and were immediately
confined to the opposite pairing chamber for 30 minutes. Follow-
ing verification of cannula placement, a total of 9 saline-treated
sedentary, 10 saline-treated exercise, 11 MIA-treated sedentary,
and 9 MIA-treated exercise rats were included in the data analy-
sis. Seventeen of 56 rats were eliminated from the data analysis
due to missed cannula placement. On day 36, rats were placed in
the 3-chamber apparatus with access to all chambers for 15
minutes and time in each chamber was recorded.
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=P <(0.05.

Effects of systemic administration of naloxone on place
preference and weight bearing. Following preinjection assess-
ment of weight bearing, rats were injected intraarticularly with
MIA and were tested for weight asymmetry weekly throughout
the treadmill exercise, as described above. On day 35, rats
underwent pre-naloxone testing followed by injection of naloxone
(3 mg/kg, intraperitoneally [IP]). Weight-bearing measurements
were then repeated 30 minutes after naloxone treatment. A total
of 6 MIA-treated sedentary and 6 MIA-treated exercise rats were
tested. The experimenter was blinded with regard to the treat-
ment condition during behavioral testing.

A single-trial conditioning protocol was performed 34-36
days post-IA injection, with baseline (day 34) and test (day 36)
procedures performed as described above. On day 35 (condition-
ing day), rats underwent systemic administration of saline (IP)
and were immediately confined to the pre-assigned pairing cham-
ber for 30 minutes. They were returned to their home cages and
underwent systemic administration of naloxone (3 mg/kg, IP) 4
hours later, followed immediately by confinement to the opposite
pairing chamber for 30 minutes. A total of 12 saline-treated sed-
entary, 16 saline-treated exercise, 20 MIA-treated sedentary, and
15 MIA-treated exercise rats were tested.

Experimental procedures. Tuctile hypersensitivity. Tactile
sensory thresholds were assessed using calibrated von Frey
filaments (ranging from 0.41 to 15 gm) and the up-down
method, analyzed by Dixon nonparametric test, and expressed
as the mean withdrawal threshold on the ipsilateral hind paw,
as previously described (28,29).

Weight asymmetry. Baseline testing was performed
prior to IA MIA injections and at weekly intervals through 49
days postinjection. Changes in hind paw weight distribution
between the left (MIA) and right (contralateral) limbs were
measured using an incapacitance tester (Stoelting) and were used
as an index of joint discomfort in the MIA-treated knee (26).
Rats were placed in an angled plexiglass chamber, and positioned
so that each hind paw rested on a separate force plate. The force
exerted by each hind limb was determined over a 5-second
period. Each data point is the mean of 3 readings. As previously
described (26), data were normalized as the percent injured/
uninjured weight bearing, with equal weight distribution
indicated by 100% and sensitivity on the injured side indicated by
values of <100%.

Rostral ventromedial medulla cannula surgery. Rats
underwent RVM cannula surgery under anesthesia (100 mg/kg
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ketamine and 10 mg/kg xylazine, administered IP) 28 days post-
injection using stereotaxic techniques as previously described
(26). Bilateral 26-gauge guide cannulas, separated by 1.2 mm,
were directed toward the lateral portions of the RVM (antero-
posterior, 11.0 mm from the bregma; lateral = 0.6 mm; dorsoven-
tral 8.5 mm from the skull), according to Paxinos and Watson
(30). Guide cannulas were secured to the skull by small stainless
steel machine screws and cemented in place. Animals were
allowed to recover 3 days postsurgery before returning to the
treadmill for the fourth week of exercise, days 31-33 postinjec-
tion. RVM microinjections (0.5 ul) were administered over a
period of 1 minute through a 33-gauge injector that protruded
1 mm beyond the end of the guide cannula and into fresh tissue
to prevent backflow. Cannula placement was verified at the end
of the study by microinjection (0.5 ul/1 minute) of Evans blue dye
(50 mg/ml; Sigma Aldrich).

Radiographic imaging. Through day 28 post-IA injec-
tion, radiographic images were obtained on a weekly basis follow-
ing behavioral testing. Radiography was not performed during
CPP in order to avoid disruption of the learning process. To limit
movement during the imaging, rats were lightly anesthetized with
a 2% isoflurane/O, mixture, and radiographic images of the knee
joint were captured using a digital x-ray system (Fujifilm Medical
Systems).

Micro-computed tomography (micro-CT). Following
behavioral analyses for the naloxone-induced weight asymmetry
experiment (day 42 post-MIA injection), rats were euthanized
and knee joints dissected and fixed in 10% neutral buffered for-
malin for 3 days. The joints were then transferred to 70% ethanol.
To characterize exercise-induced changes in joint micro-
architecture, the proximal tibias were analyzed with a Scanco
VivaCT-40 scanner. Joints were loaded into 12.3 mm-diameter
scanning tubes. Scans were integrated into 3-dimensional voxel
images (2,048 X 2,048-pixel matrices for trabecular and 1,024 X
1,024—pixel matrices for all other individual planar stacks). Rat tib-
ias were scanned at low resolution, at an energy level of 55 kVp
and intensity of 145 pA.

Trabecular bone volume fraction and microarchitecture
of the proximal metaphyseal region were evaluated below the
growth plate. Approximately 375 consecutive slices were made at
10.5-pm intervals at the distal end of the growth plate, extending
in a proximal direction, and 250 contiguous slices were selected
for analysis. Subchondral trabecular bones were scanned at low
resolution, at an energy level of 55kVp and intensity of 145 pA at
10.5 pm.

Subchondral trabecular bone in the medial and lateral
tibial plateau was analyzed over 50 cross-sections. The volume of
interest included the subchondral trabecular bone starting below
the subchondral plate, extending distally toward the growth plate.
The images were segmented using a threshold of 260. The 3-
dimensional morphometric parameters were calculated for the
medial, lateral, and total subchondral trabecular bone. A total of
6 joints per group (6 MIA-treated sedentary rats, 5 saline-treated
sedentary rats, 6 MIA-treated sedentary rats, and 4 MIA-treated
exercise rats) were analyzed for the subchondral bones. For the
metaphysis, some samples were not analyzed due to an insuffi-
cient area of analysis.

Statistical analysis. All statistical analyses were per-
formed using GraphPad Prism. Sample sizes for all experiments
were based on those typically reported in the literature. MIA-
induced changes in weight bearing and tactile hypersensitivity

were examined using two-way repeated measures analysis of vari-
ance (ANOVA) (exercise treatment X time), followed by analysis
of exercise effects at each time point compared to day 7 (pre-
exercise) using Bonferroni’s post hoc test. Shock data were ana-
lyzed by using two-way repeated-measures ANOVA, followed by
post hoc analysis using Tukey’s multiple comparison test.

For the CPP and CPA experiments, the effects of exercise
and conditioning chamber were analyzed using the Holm-Sidak
test (at an alpha level of 5%). Computations were made under the
assumption that all rows were samples from populations with the
same scatter (standard deviation). Differences between groups
were assessed using difference scores that were calculated as post-
conditioning (test) or pre-conditioning (baseline) time spent in
the treatment-paired chamber. Statistical analyses for group com-
parisons were performed by one-way ANOVA, followed by analy-
sis using the Holm-Sidak post hoc test. Micro-CT data were
analyzed by two-way ANOVA, followed by post hoc analysis using
Fisher’s least significant difference test.

RESULTS

Tactile hypersensitivity and weight asymmetry.
In sedentary rats, MIA-induced tactile hypersensitivity and
weight asymmetry were present 7 days post—-MIA treatment,
and persisted for 7 weeks (Figures 1B and C, respectively).
Exercise reversed the MIA-induced tactile hypersensitivity,
with withdrawal thresholds returning to pre-MIA treatment
values 35 days postinjection, corresponding to 4 weeks of
exercise (Figure 1B). Exercise also reversed MIA-induced
weight asymmetry, with significant improvement observed
by day 21 post—-MIA injection, and continued improvement
seen between days 35 and 49. MIA-treated rats showed
greatly diminished exposure to the shock pad after the first
day on the treadmill (Figure 1D). Analysis of shocks per
weekday across 4 weeks showed an elevated number on the
first day of week 1, but only in exercised rats (Figure 1E).

Exercise blocks MIA-induced ongoing pain. IA
lidocaine produced CPP selectively in the sedentary MIA-
treated rats, but not in exercised MIA-treated rats (Figure
2B). IA lidocaine did not alter time spent in the lidocaine
paired chamber in sedentary rats or in exercised rats that
had been administered IA saline. RVM lidocaine also pro-
duced CPP in the sedentary MIA-treated rats but not in
exercised MIA-treated rats (Figure 2C). RVM lidocaine
failed to alter the amount of time spent in the lidocaine
paired chambers in the IA saline—treated rats. Any rats
with missed injections, defined by ink marks outside of the
RVM (Figure 2C), were excluded from data analysis.

Naloxone induces CPA and unmasks weight
asymmetry. In sedentary rats, MIA-induced weight asym-
metry was present 35 days post-MIA treatment. MIA-
treated rats that had undergone exercise for 4 weeks dem-
onstrated normal weight bearing, with weight-bearing
ratios equivalent to pre-MIA baseline values (P> 0.05).
Treatment with systemic naloxone (3 mg/kg, administered
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Figure 3. Increased opioid tone following treadmill exercise for 4
weeks starting 10 days after injection. A, Analysis of difference scores
shows that exercised rats had equivalent decreases in time spent in the
naloxone paired chamber (* = P < 0.05 versus sedentary rats),
whereas sedentary rats failed to show significant conditioned place
aversion (CPA), irrespective of whether they received intraarticular
saline or monosodium iodoacetate (MIA). B, MIA-induced weight
asymmetry (ipsilateral [ipsi]/contralateral [contra]) persisted for 35
days in sedentary rats. Exercise starting 10 days post-MIA injection
blocked MIA-induced weight asymmetry. In exercised rats, treatment
with naloxone (3 mg/kg intraperitoneally) reestablished the weight
asymmetry at 30 minutes post-injection (** =P < 0.01 versus baseline;
n =06 MIA-treated sedentary rats and 5 MIA-treated exercised rats).
Values are the mean = SEM.

IP) revealed weight asymmetry in MIA-treated exercised
rats, with values returning to those observed in sedentary
control rats (Figure 3A). To examine whether blocking of
endogenous opioid signaling also unmasked ongoing pain,
we investigated whether exercised rats that had received
IA-MIA injections showed CPA to a chamber paired with
naloxone (3 mg/kg, IP). Naloxone produced CPA in rats
that had undergone 4 weeks of exercise, but not in

ALLEN ET AL

sedentary rats (Figure 3B). Of interest, the naloxone-
induced CPA was observed in exercised rats irrespective of
whether they had received IA saline or MIA (Figure 3A).

Effects of exercise on MIA-induced joint patho-
logy. Weekly radiography of the femorotibial (knee) joint
demonstrated a time-dependent progression of MIA-
induced joint pathology in both the sedentary and exercise
treatment groups (Figure 4). There were no apparent dif-
ferences between exercised and sedentary rats.

Exercise-induced blockade of MIA-induced joint
pathology demonstrated by micro-CT analysis. Three-
dimensional images from micro-CT scans revealed exten-
sive bone remodeling within the femorotibial joint, with
clear development of osteophytes as well as apparent pit-
ting and lesions of the cortical bone (Figure 5A).
Reconstructed images showing trabecular bone within the
subchondral bone and metaphysis revealed diminished tra-
becular bone, particularly in the metaphysis of sedentary
MIA-treated rats (Figure SA). Exercise appeared to ame-
liorate the MIA-induced trabecular bone loss within the
metaphysis (Figure 5A).

MIA Sedentary
BL (untreated) D14 D21 D28

Rat 11

Rat12

MIA Exercised
BL (untreated) D14 D21 D28

Rat 2

Rat 3

Figure 4. Representative radiographic images obtained at baseline
(BL) and on days 14, 21, 28 in sedentary or exercised monosodium
iodoacetate (MIA)-treated rats. Pathologic changes in the joint were
evident within 14 days post—-MIA injection in both treatment groups.
Radiographs indicate equivalent levels of MIA-induced joint pathol-
ogy, irrespective of whether the rats remained sedentary or underwent
exercise.
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Figure 5. Blocking of monosodium iodoacetate (MIA)-induced pathologic changes in the subchondral bone and metaphysis by 4 weeks of

treadmill exercise. A, Representative micro—computed tomography images
development of osteophytes and bone deformities. Trabecular bone loss wit
bone volume (bone volume [BV]/trabecular volume [TV]) in the medial

demonstrating MIA-induced remodeling of the exterior bone, with
hin the subchondral bone and metaphysis. B, Significant reduction in
subchondral bone of MIA-treated sedentary, but not MIA-treated

exercised, rats. C, Significant reduction in bone volume in the lateral subchondral bone of MIA-treated sedentary and exercised rats. D, Dimin-
ished bone volume in the trabecular region of the metaphysis in MIA-treated sedentary rats, which is attenuated in MIA-treated rats that

underwent treadmill exercise. E, Significant reduction of trabecular bone thi

ckness in the metaphysis of MIA-treated rats. F, Increased trabecular

thickness in the lateral subchondral bone of MIA-treated rats. G, Increased trabecular thickness within the medial subchondral bone in MIA-
treated rats that underwent exercise. * = P <0.05; #* = P <(.01; ##* =P <0.001 for the indicated comparisons or versus saline-treated seden-

tary rats.

Quantitative analysis of bone volume demonstrated
that MIA-induced pathologic changes in sedentary rats
occurred both in the metaphysis just below the epiphyseal
plate and in both the lateral and medial subchondral bones
(Figures 5B-D). Within the metaphysis, MIA treatment
diminished total trabecular bone volume in sedentary rats,
but this was attenuated in exercised MIA-treated rats (Fig-
ure 5B). MIA-treated rats demonstrated a significant
decrease in bone volume of the lateral subchondral bone
(measured 35 days post-MIA treatment) that was not
altered by exercise (Figure 5C). Sedentary MIA-treated
rats also had decreased trabecular bone volume in the

medial subchondral bone (Figure 5D). This MIA-induced
bone loss was blocked by exercise (Figure 5D). MIA treat-
ment diminished trabecular thickness within the metaphy-
sis of sedentary and exercised rats (Figure SE). In the
medial subchondral bone, MIA induced increased trabec-
ular thickness in exercised rats compared to saline-treated
rats (Figure 5F). Similarly, a significant increase in trabec-
ular thickness was observed in the lateral subchondral
bone of exercised MIA-treated rats compared to sedentary
saline-treated control rats (Figure 5G).

Within the metaphysis, MIA treatment reduced the
number of trabecular bone and increased trabecular spacing
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Figure 6. Micro—computed tomography (micro-CT) confirmation of the blocking of monosodium iodoacetate (MIA)-induced pathologic
changes in the subchondral bone and metaphysis by treadmill exercise. A, Analysis of the number of trabeculae within the metaphysis demon-
strated decreased trabeculae in MIA-treated sedentary rats. Exercise blocked the MIA-induced decrease in trabecular number, but the number
was still significantly lower compared to saline-treated sedentary control rats. B, Analysis of trabecular spacing demonstrated increased space
between trabecular bone within the metaphysis in sedentary MIA-treated rats. Exercise blocked the MIA-induced increase in trabecular spacing,
with trabecular spacing similar to that in saline-treated sedentary control rats. C, MIA treatment reduced the connection density of trabecular
bone within the metaphysis. Exercise attenuated the MIA-induced reduction in connection density of trabecular bone. D-F, Neither MIA treat-
ment nor exercise altered the number (D), spacing (E), or connection density (F) of the trabecular bone within the lateral subchondral bone. G-
I, Neither MIA treatment nor exercise altered the number (G), spacing (H), or connection density (I) of the trabecular bone within the medial

subchondral bone. Values are the mean = SEM. * =P <(.05;
treated sedentary rats.

in sedentary rats that was blocked by 4 weeks of exercise
(Figures 6A and B). MIA treatment reduced connectivity
density of trabecular bone in sedentary rats, but this was
also blocked by 4 weeks of exercise (Figure 6C). Within the
lateral and medial subchondral bone, no changes in trabecu-
lar number (Figures 6D and G), trabecular spacing (Figures
6E and H), or connectivity density (Figures 6F and I) were
observed in sedentary or exercised MIA-treated rats.

DISCUSSION

In our study we demonstrated that 4 weeks of tread-
mill exercise alleviates ongoing pain, restores weight bearing
on the osteoarthritic knee, and alleviates hind paw tactile
hypersensitivity in a rat model of advanced OA pain. The
exercise-induced pain relief was dependent on endogenous
opioids, illustrated by the ability of systemic administration

#x = P<(.01; #++ = P<0.001 for the indicated comparisons or versus saline-

of the opioid receptor antagonist naloxone to unmask
weight asymmetry and produce CPA in exercised rats that
had OA. Naloxone also produced CPA in control rats that
had received IA saline, indicating that exercise increases
endogenous opioid signaling in the absence of joint pathol-
ogy and that blocking this signal is aversive.

Exercise also attenuated MIA-induced bone
remodeling within the subchondral bone and metaphy-
sis, indicating a potentially stabilizing effect of exercise.
Notably, our observations that naloxone unmasked pain
behaviors in the exercised rats indicates that these pro-
tective effects of exercise on the bone were likely inde-
pendent of the pain-alleviating effects of exercise.

Our observation that 4 weeks of treadmill exercise
reversed OA-induced tactile hypersensitivity and weight
asymmetry is consistent with clinical studies demonstrating
that exercise can improve joint function and diminish pain in
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patients with OA (16). The reversal of weight asymmetry
indicates an increased willingness of MIA-treated rats that
had undergone exercise to load the joint, potentially
reflecting improved use and function. Analysis of joint use
and weight bearing while running warrants further study.

We further demonstrated that exercise reversed
MIA-induced ongoing pain. IA lidocaine produced CPP
in sedentary MIA-treated rats, consistent with previous
observations that this concentration of MIA produces
ongoing pain that is dependent on peripheral input from
the joint (25). In contrast, lidocaine treatment failed to
induce CPP in exercised rats, indicating that the exercise
blocked ongoing pain following MIA pain. This conclu-
sion is further supported by the observation that RVM
lidocaine produced CPP in sedentary but not exercised
MIA-treated rats. RVM lidocaine-induced CPP in seden-
tary rats is consistent with our previous observations that
blockade of descending (presumably facilitatory) output
from the RVM induces CPP and supports the conclusion
that advanced OA pain is dependent on descending pain-
facilitatory pathways (9,26).

Together, the data from previous observations and
the present study indicate that MIA-induced knee joint pain
is reversed by 4 weeks of treadmill exercise. An important
aspect of these observations is that administration of lido-
caine to the knee joint or RVM failed to alter the time spent
in the lidocaine-paired chamber in control rats irrespective
of treatment group. This suggests that lidocaine-induced
CPP is specific to relief of OA-induced ongoing pain.

The findings in this model of OA suggest that
exercise-induced pain relief may be observed in patients
who develop persistent, NSAID-resistant joint pain. It has
been suggested that development of moderate-to-severe
pain in advanced OA is due to central sensitization and to
neuropathic pain likely arising from damage to nerves
(9,31-33). Several studies have demonstrated signs of cen-
tral sensitization in preclinical studies of MIA-induced
joint pain (9,26,34-36). Electrophysiologic studies have
demonstrated enhanced evoked responses of dorsal horn
neurons in response to pinch and noxious mechanical stim-
uli within the spinal cord (34). Other studies demonstrate
that rats with MIA-induced knee joint OA show glial acti-
vation in the spinal cord (35), a marker of spinal sensitiza-
tion associated with release of proinflammatory cytokines
and brain-derived neurotrophic factor (BDNF) (37).

Whether exercise-induced pain relief may be due
in part to suppression of proinflammatory factors released
by spinal glia remains to be determined. In support of this
possibility, several studies have demonstrated that exercise
reduced proinflammatory factors including BDNF, glial
activation, macrophage infiltration, and proinflammatory
cytokines within the spinal cord in rat models of

neuropathic pain (38-40). Furthermore, exercise might be
beneficial in that it diminishes proinflammatory cytokines
within the dorsal root ganglion and the brain (39). Further
studies are needed to determine whether exercise
decreases central microglial activation and associated pro-
inflammatory factors that promote chronic pain.

Clinical observations indicate elevated levels of the
endogenous opioid B-endorphin while running (41). Ani-
mal studies have shown elevated levels of endogenous opi-
oids in the serum (42) and brain regions (43) of rats,
including elevated p-endorphin and met-enkephalin
within the RVM and proliferation-associated gene protein
(17), key components of the descending pain modulatory
pathways (44). Endogenous opioids may block pain
through multiple mechanisms including actions on -
opioid receptors in the cortex as well as in subcortical
regions, the spinal cord, and the periphery (44). Moreover,
spinal naloxone was demonstrated to block analgesia in
Navl.7 mutant mice, suggesting that tonic opioid signaling
can maintain analgesia at the level of the spinal cord (45).
The release of endogenous opioids in the anterior cingu-
late cortex has been suggested as a general mechanism of
pain relief (46), consistent with the present observations.

Endogenous opioids may also improve both pain
and bone remodeling through indirect actions by blocking
proinflammatory responses by glia or peripheral immune
cells (39,47). Our observations that naloxone blocked the
exercise-induced weight asymmetry is consistent with other
studies demonstrating that naloxone blocked exercise-
induced reversal of thermal and tactile hypersensitivity in
models of nerve injury and muscle pain (17,20). Previous
studies have indicated that this is likely through descending
pain-inhibitory pathways from the RVM, as administration
of a peripherally restricted antagonist failed to block the
exercise-induced blockade of evoked hypersensitivity, and
RVM-administered naloxone reestablished the nerve-injury
induced thermal and tactile hypersensitivity (17). These
observations suggest that exercise normalizes the balance of
descending pain modulation, overcoming OA-induced net
descending pain-facilitatory drive. RVM lidocaine in the
MIA-treated exercised rats failed to induce CPA, likely
because lidocaine inactivates both descending pain-inhibi-
tory and pain-facilitatory pathways within the RVM (44).

In addition to reestablishing weight asymmetry, nal-
oxone produced CPA in MIA-treated exercised rats. This
is consistent with the hypothesis that blockade of the opioid
signaling unmasks ongoing pain, thereby creating an aver-
sion to the naloxone paired chamber. However, naloxone
also produced CPA in the exercised control rats that did
not have knee OA. These observations indicate that tread-
mill exercise produces a tonic endogenous opioid signaling
that, when blocked, creates a contrasting aversive state.
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This is consistent with observations that exercise stimulates
the release of endogenous opioid peptides and increases
nociceptive thresholds in human and animal studies (48).
In addition, chronic long-term exercise has been demon-
strated to decrease sensitivity to morphine and other u-
opioid receptor agonists, suggesting that exercise may lead
to cross-tolerance to exogenously administered opioid
agonists and dependence (48). Supporting this idea, nalox-
one has been reported to precipitate a mild withdrawal syn-
drome in exercised, but not sedentary, rats (48). The CPA
observed in MIA-treated rats may result from unmasking
knee joint pain, a conclusion supported by the observation
that naloxone also produces weight asymmetry. However,
we acknowledge that other, non—pain-associated factors
may contribute to naloxone-induced CPA.

Preclinical studies have demonstrated that MIA
causes time- and concentration-dependent cartilage loss
(25,49) and progressive changes to subchondral bone in a
time-dependent manner (50-52). Micro-CT analysis of tib-
ias indicates that treadmill exercise blocked MIA-induced
trabecular bone loss. Thus, exercise has protective effects
on trabecular bone degradation in this model of advanced
OA pain. Our data are consistent with reports that interval
training on a treadmill prevents MIA-induced decreased
bone mineral density in the proximal tibia (52). Moreover,
these data are consistent with other observations that light-
to-moderate, but not intense, exercise has a protective
effect on joint pathology in a surgical model of OA (53).
The potential protective effects of exercise on bone remod-
eling and joint pathology support the conclusion of a recent
meta-analysis indicating that running has protective effects
against knee joint surgery in OA (54).

Our data demonstrate that naloxone reestablished
pain behaviors characteristic of OA pain, indicating that the
protective effects of exercise on bone remodeling within the
tibia are likely to be independent of the pain-alleviating
effects of exercise. The mechanism by which exercise
ameliorates degeneration of trabecular bone deserves fur-
ther study. Potential contributing factors may include the
antiinflammatory effects of endogenous opioids, as indi-
cated by the antiinflammatory effects of met-enkephalin
demonstrated in a model of inflammation-associated arthri-
tis (47). With regard to exercise, both clinical and preclinical
studies have demonstrated that regular exercise diminishes
proinflammatory markers in peripheral tissue (39).

Whether endogenous opioids mediate potential
exercise-associated antiinflammatory effects that diminish
advanced OA-induced bone remodeling and joint pain
deserves further exploration. It should be noted that other
factors, such as potential increased weight bearing on the
joint during exercise, may also contribute to the protective
effects observed in the exercised rats. Additionally, future

ALLEN ET AL

studies examining other aspects of joint function and use,
such as joint stiffness and range of motion, are warranted
to further explore potential protective effects of exercise
on the joint.

In conclusion, our studies indicate that exercise
may improve pain in patients with advanced OA, resulting
in an overall improvement in the quality of life of these
patients. In addition, the protective effects of exercise on
OA-associated bone remodeling may be able to prevent or
delay joint replacement therapy in patients with OA.
Taken together, these studies indicate potential protective
effects of exercise in advanced OA joint pathology.
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Regulated in Development and DNA Damage Response 1
Deficiency Impairs Autophagy and Mitochondrial Biogenesis in
Articular Cartilage and Increases the Severity of
Experimental Osteoarthritis

Oscar Alvarez-Garcia, Tokio Matsuzaki, Merissa Olmer, Lars Plate,
Jeffery W. Kelly, and Martin K. Lotz

Objective. Regulated in development and DNA dam-
age response 1 (REDD1) is an endogenous inhibitor of mech-
anistic target of rapamycin (mTOR) that regulates cellular
stress responses. REDD1 expression is decreased in aged and
osteoarthritic (OA) cartilage, and it regulates mTOR signal-
ing and autophagy in articular chondrocytes in vitro. This
study was undertaken to investigate the effects of REDD1
deletion in vivo using a mouse model of experimental OA.

Methods. OA severity was histologically assessed in
4-month-old wild-type and REDD1 ™/~ mice subjected to
surgical destabilization of the medial meniscus (DMM).
Chondrocyte autophagy, apoptosis, mitochondrial content,
and expression of mitochondrial biogenesis markers were
determined in cartilage and cultured chondrocytes from
wild-type and REDD1 ™/~ mice.

Results. REDDI1 deficiency increased the severity of
changes in cartilage, menisci, subchondral bone, and syno-
vium in the DMM model of OA. Chondrocyte death was
increased in the cartilage of REDD1~'~ mice and in cul-
tured REDD1 '~ mouse chondrocytes under oxidative
stress conditions. Expression of key autophagy markers
(microtubule-associated protein 1A/1B light chain 3 and
autophagy protein 5) was markedly reduced in cartilage
from REDD1~/~ mice and in cultured human and mouse
chondrocytes with REDD1 depletion. Mitochondrial con-
tent, ATP levels, and expression of the mitochondrial

Supported by the NIH (US Department of Health and Human
Services grant AG-007996 and grant AG-049617).

Oscar Alvarez-Garcia, PhD, Tokio Matsuzaki, MD, PhD,
Merissa Olmer, MA, Lars Plate, PhD, Jeffery W. Kelly, PhD, Martin
K. Lotz, MD: The Scripps Research Institute, La Jolla, California.

Address correspondence to Martin K. Lotz, MD, Department
of Molecular and Experimental Medicine, MEM-161, The Scripps
Research Institute, 10550 North Torrey Pines Road, La Jolla, CA
92037. E-mail: mlotz@scripps.edu.

Submitted for publication September 27, 2016; accepted in
revised form March 16, 2017.

1418

biogenesis markers peroxisome proliferator-activated recep-
tor y coactivator la (PGC-1a) and transcription factor A,
mitochondrial (TFAM) were also decreased in REDDI-
deficient chondrocytes. REDD1 was required for AMP-
activated protein kinase-induced PGC-1« in chondrocytes.
Conclusion. Our findings suggest that REDDL1 is a
key mediator of cartilage homeostasis through regulation of
autophagy and mitochondrial biogenesis and that REDD1
deficiency exacerbates the severity of injury-induced OA.

Osteoarthritis (OA) is the most prevalent joint dis-
ease and causes pain and disability (1). Although OA is con-
sidered a disease of the whole synovial joint, degradation of
articular cartilage is a critical event in disease initiation and
progression. Cartilage damage is a result of an imbalance
between anabolic and catabolic processes that compromise
the function of articular chondrocytes, the cells that maintain
tissue homeostasis (2). OA is a multifactorial disease, and
aging is its main risk factor (2). Despite the fact that not all
persons develop OA with age, there are significant age-
related changes in articular cartilage that may serve as a basis
for OA development (3). These changes include reduced
thickness and cell density, abnormal secretory activity, cell
senescence, and defective cellular defense mechanisms (3).
Understanding the molecular mechanisms that drive carti-
lage aging has become a main focus of OA research.

Macroautophagy (hereinafter referred to as auto-
phagy) is a conserved process that recycles defective cellu-
lar organelles and macromolecules and is activated during
hypoxic and energy stress to provide energy for the cell (4).
Our group has shown that autophagy is constitutively
active in articular chondrocytes and that there is a reduc-
tion in the expression of key autophagy markers during
aging and OA (5). A major regulator of autophagy is the
serine/threonine kinase mechanistic target of rapamycin
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(mTOR) (6). Under nutrient-replete conditions, mTOR
suppresses autophagy through phosphorylation of Unc-51-
like kinase 1 and autophagy protein 13 (ATG-13) (6). As
part of the normal cellular response to stress, endogenous
regulators such as FOXO, AMP-activated protein kinase
(AMPK), or regulated in development and DNA damage
response 1 (REDD1) inhibit mTOR to arrest cell growth
and proliferation while enhancing stress resistance and cell
survival (6). However, these regulatory mechanisms seem to
be defective in articular cartilage during aging and OA. We
and others have reported a reduction in FOXO, AMPK,
and REDDI1 expression and activity in cartilage during
aging and OA (7-10), and there is evidence of increased
mTOR expression in OA cartilage (11). Moreover, genetic
or pharmacologic inhibition of mTOR signaling results in
autophagy activation and protection against experimental
OA in mice (11,12). These findings suggest that increased
mTOR signaling may compromise autophagy in chondro-
cytes and contribute to the development of OA.

REDDI1 (encoded by DDIT4) is an evolutionarily
conserved protein that is ubiquitously expressed in adult tis-
sue and regulates cellular stress responses. REDD1 expres-
sion is induced by hypoxia and other stresses (13,14) and acts
primarily as a canonical mTOR inhibitor (15-17). Interest-
ingly, REDD1 regulates autophagy through an mTOR-
independent mechanism that involves a direct interaction
with thioredoxin-interacting protein to induce reactive oxygen
species (ROS) production and activation of ATG-4B, a key
component of the autophagic machinery (18). We have previ-
ously reported that REDDI1 is abundantly expressed in
human and mouse knee articular cartilage and that its expres-
sion is reduced during aging and OA (10). Moreover,
REDDI1 positively regulates autophagy in human and mouse
articular chondrocytes, also in an mTOR-independent man-
ner (10), suggesting that reduced REDD1 expression in carti-
lage may contribute to the increased mTOR activity and
autophagy deficiency that are characteristic of OA
pathophysiology.

The present study was designed to evaluate the role
of REDD1 in OA development in vivo using a mouse
model of experimental OA. Our results show that genetic
disruption of REDD1 impairs autophagy in cartilage and
exacerbates the severity of experimental OA. Furthermore,
we identified a novel function of REDD1 as a regulator of
mitochondrial biogenesis in articular chondrocytes.

MATERIALS AND METHODS

Mice. All animal experiments were performed in com-
pliance with protocols approved by the Institutional Animal Care
and Use Committee at The Scripps Research Institute. Global
REDDI-knockout mice (REDDI1 /") on a C57BL/6J back-
ground (19) are the property of Quark Pharmaceuticals, were
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provided by the company, and were generated specifically for
Quark by Lexicon Genetics. For examination of joint and skeletal
development and of growth and maturation, mice were eutha-
nized after 7 days (on postnatal day 7), or at 1, 2, or 6 months of
age. For aging studies, wild-type mice were euthanized at 6 or 27
months of age. For the surgical OA model, 4-month-old male
mice (n = 12 per genotype) were anesthetized, and transection of
the medial meniscotibial ligament (destabilization of the medial
meniscus [DMM]) and the medial collateral ligament was per-
formed in the right knee as previously described (12,20). For a
control, sham surgery was performed on the left knee and con-
sisted of a small incision in the medial side, opening of the joint
capsule, and closing with surgical suture. Animals were eutha-
nized 10 weeks after surgery, and knee joints were embedded in a
standardized fixed angle of the femur relative to the tibia so that
the sections that were scored represented the center of the
weight-bearing areas of the tibial plateau and femoral condyle (9).

Five-micrometer—thick sagittal sections of the medial com-
partment of the knee were stained with Safranin O—fast green (9),
and OA-related changes were scored in one section per animal as
previously described for articular cartilage (summed Osteoarthritis
Research Society International [OARSI] score for femur and tibia)
(21), synovium (22), anterior and posterior meniscal horns (23),
and subchondral bone (24). Samples were graded by 2 individuals
who were blinded with regard to mouse genotype.

Mouse cell culture. Immature mouse articular chon-
drocytes were isolated from the knees and hips of 6-day-old wild-
type and REDD1~/~ mice (19) following the protocol described
by Gosset et al (25). Synovial membranes were obtained from the
knee joints of 4-month-old REDD1"* and REDD1 /" mice
(n =4 per genotype), and synoviocytes were isolated after a 4-
hour digestion with collagenase (2 mg/ml; Sigma) at 37°C. Cells
were maintained in medium containing 10% calf serum, and
second-passage cells were plated at a density of 10° cells/ml, incu-
bated overnight, and treated for 24 hours with fert-butyl-hydroper-
oxide (tBHP; Sigma), 1 nM interleukin-13 (IL-1B; PeproTech),
chloroquine (25 uM; Sigma), or 1 mM 5-aminoimidazole-4-
carboxamide ribonucleotide (AICAR; Sigma) as indicated.

Human chondrocyte culture. Human primary chon-
drocytes were isolated as previously described (8) and maintained
in Dulbecco’s modified Eagle’s medium containing 10% calf
serum at 37°C in 5% CO,. First-passage chondrocytes were used
in all experiments. For REDD1 knockdown, chondrocytes were
grown to confluence and transfected with small interfering RNA
(siRNA) for DDIT4/REDD1 (Life Technologies) using Lipofect-
amine RNAIMAX (Life Technologies) in media containing 1%
calf serum for 48 hours.

Immunohistochemistry. Paraffin-embedded knees from
REDDI1"* mice were processed as previously described (9), and
sections were incubated overnight with antibodies against REDD1
(1:100; Proteintech), microtubule-associated protein 1A/1B light
chain 3 (LC3) (1:50; MBL), or ATG-5 (1:100, Abcam). After wash-
ing with phosphate buffered saline (PBS), sections were incubated
for 30 minutes with InmPRESS-AP anti-rabbit IgG polymer detec-
tion reagent (Vector), dehydrated, and mounted. Positive cells
were quantified in the articular cartilage and both meniscal horns of
the proximal tibial plateau in 2 different pictures per section taken
at 20X magnification. Results are reported as the percentage of
immunopositive cells.

TUNEL staining. Five-micrometer—thick sections were
digested with pepsin (Dako) for 8 minutes at 37°C, and endoge-
nous peroxidase was blocked using Vector’s Bloxall solution at
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room temperature for 10 minutes. TUNEL staining was com-
pleted using an in situ detection kit with fluorescein (Roche).
Cartilage cellularity and TUNEL-positive cells were measured in
2 different fields per section, and results are expressed as cells per
mm? and percentage of fluorescent cells, respectively.

Cell viability. Articular chondrocytes from REDD1™/*
and REDD1~/~ mice were cultured in 96-well plates and treated
with the oxidant tBHP at 0, 50, 100, or 250 M for 24 hours. Cell via-
bility was assessed using a RealTime-Glo MT Cell Viability Assay
(Promega). Four independent experiments were performed in tripli-
cate. Results are expressed as relative cell viability with respect to
untreated chondrocytes from REDD1*/* mice

Intracellular ATP measurement. Mouse articular
chondrocytes were cultured in 96-well plates in media containing
25 mM glucose or galactose for 24 hours, and intracellular ATP
levels were measured using a CellTiter-Glo assay (Promega).

DNA isolation and mitochondrial DNA (mtDNA)
quantification. Knee cartilage, spleen, and brain were collected
from 6-month-old mice, flash-frozen in liquid nitrogen, and DNA

REDD1**

REDD1--
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was isolated using a Blood and Tissue DNA isolation kit
(Qiagen). To quantify mtDNA content, quantitative polymerase
chain reaction (qQPCR) was performed for mtDNA-encoded cyto-
chrome c oxidase subunit 2 (MT-CO2) and nucleus-encoded 18S
ribosomal DNA as previously described (26). The MT-CO2:18S
ratio represents the relative mtDNA copy number (26).

RNA isolation and gene expression analysis. Mouse
and human cartilage were homogenized in QIAzol Lysis Reagent
(Qiagen), and RNA was isolated using an RNeasy Mini kit
(Qiagen). In cultured cells, RNA was collected using a Direct-zol
RNA Miniprep kit (Zymo Research).

Gene expression was measured by qPCR using pre-
designed TagMan gene expression assays for MAP1LC3, ATGS,
PPARGCI1A, and TFAM. GAPDH was measured as a reference
gene.

Protein isolation and Western blotting. Cultured cells
were washed twice in PBS and lysed in ice-cold radioimmunopre-
cipitation assay buffer (Pierce) supplemented with protease and
phosphatase inhibitor cocktail (Thermo Scientific). Twenty
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Figure 1. Increased severity of experimental osteoarthritis (OA) in REDD1 ™/~ mice. Left, Representative images showing histologic changes in
the medial articular cartilage, synovium, meniscus, and subchondral bone of the knees of 6.5-month-old REDD1"" and REDD1 /™ mice sub-
jected to destabilization of the medial meniscus (DMM) or sham procedure. Bars = 100 wm. Right, Quantification of the histologic scores for
each mouse joint tissue. Symbols represent individual mice (n=12 per group); horizontal lines and error bars show the mean * SD.

OARSI = Osteoarthritis Research Society International.
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Figure 2. Reduced expression of regulated in development and DNA damage response 1 (REDDI1) in the joint tissue of aging wild-type
mice. A, Left, Representative histologic images of the medial articular cartilage and meniscus of the knees of 6-month-old and 27-month-old mice. Bar = 100
wm. Right, Quantification of histologic scores for the mouse cartilage and meniscus. Values are the mean = SD (n = 5 mice per group). OARSI = Osteoarthritis
Research Society International. B, Left, Representative images of immunohistochemical staining for REDDI in knee joint tissue from 6-month-old and 27-
month-old mice. Bar = 100 wm. Right, Quantification of REDD1-positive cells in the mouse cartilage and meniscus. Values are the mean = SD (n = 5 mice per
group). Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40104/abstract.

micrograms of protein was resolved in 4-12% acrylamide gels,
transferred to nitrocellulose membranes, and blotted overnight
with antibodies against REDD1 (1:500; Proteintech), cleaved
caspase 3 (1:500; Cell Signaling Technology), LC3 (1:1,000; Cell
Signaling Technology), p62 (1:1,000; Cell Signaling Technology),
oxidative phosphorylation cocktail (1:1,000; Abcam), peroxi-
some proliferator—activated receptor vy coactivator la (PGC-1a)
(1:1,000; BioVision), transcription factor A, mitochondrial
(TFAM) (1:500; Cell Signaling Technology), and GAPDH
(1:5,000; Abcam). After incubating with secondary antibodies for
1 hour at room temperature, blots were visualized using a Li-Cor
Odpyssey infrared imaging system. Intensity values were analyzed
using ImageStudioLite software and normalized to those of
GAPDH.

Statistical analysis. Data are shown as the mean = SD.
Differences between groups were assessed by one-way analysis of
variance followed by a post hoc Tukey test. Comparisons between 2
groups were assessed by an unpaired, 2-tailed #-test after testing for

equal variance using an F test. All statistical analyses were per-
formed using Prism 6 software (GraphPad). P values less than 0.05
were considered significant.

RESULTS

Normal embryonic skeletal development and
postnatal growth and maturation in REDDI1-deficient
mice. Mice with global deletion of REDD1 developed nor-
mally and had similar weight and length as their wild-type
littermates (see Supplementary Figure 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40104/abstract). Histologic analysis of
the knees showed no differences in articular cartilage mor-
phology between REDD1"* and REDD1 /" mice up to 6
months of age.
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Figure 3. Increased chondrocyte death in REDD1 ™/~ mice with experimental osteoarthritis (OA). A, Left, Representative images showing chondrocyte apopto-
sis in knee articular cartilage from 6.5-month-old REDD1""* and REDD1 '~ mice subjected to destabilization of the medial meniscus (DMM) or sham proce-
dure and assessed by TUNEL staining. Bar = 100 pwm. Right, Quantification of TUNEL-positive cells. Values are the mean * SD (n = 6 mice per group). B,
Quantification of articular cartilage cellularity in knees from 6.5-month-old REDD1*/* and REDD1 ™/~ mice subjected to DMM or sham procedure. Values are
the mean = SD (n = 6 mice per group). C, Cell viability in cultured mouse articular chondrocytes treated with 0, 50, 100, or 250 uM fert-butyl-hydroperoxide
(tBHP) for 24 hours. Data are expressed as relative cell viability with respect to untreated chondrocytes from REDDI1 """ mice. Values are the mean = SD from 4
independent experiments performed in triplicate. D, Left, Western blot analysis of cleaved caspase 3 in cultured chondrocytes isolated from REDD1/* and
REDD1 ™/~ mice treated with different doses of tBHP to induce oxidative stress. Right, Quantification of cleaved caspase 3. Values are the mean + SD from 3 dif-
ferent experiments. E, Quantitative polymerase chain reaction analysis of FoxO3, HmoxI, and Sesn2 expression in cultured chondrocytes isolated from
REDD1 """ and REDD1 ™/~ mice treated with the indicated doses of tBHP. Values are the mean *+ SD from 3 different experiments performed in duplicate.
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40104/abstract.

Increased OA severity in mice deficient in REDDI.
To evaluate the role of REDDI1 in cartilage homeostasis
during OA pathogenesis, we induced OA in REDD1 '~
and wild-type mice by DMM. REDD1~/~ mice showed
increased articular cartilage degradation and had significantly
higher histopathologic scores than wild-type mice 10 weeks
after DMM surgery (P<0.001) (Figure 1). In addition,
REDDI1 /" mice had significantly higher synovitis scores
(P < 0.001) with increased synovial hyperplasia and abundant
cell infiltration, increased meniscus degeneration (P = 0.006)
with loss of meniscus cells and Safranin O staining and partial
erosion of tissue, and more severe bone pathology (P < 0.001)

with thickening of subchondral bone, reduction of medullary
cavities, and increased osteophyte formation (Figure 1).
Red