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Objective—We previously found in our embryonic studies that proper regulation of the
chemokine CCL12 through its sole receptor CCR?2, is critical for joint and growth plate
development. In the present study, we examined the role of CCR2 in injury-induced-osteoarthritis
(OA).

Method—We used a murine model of injury-induced-OA (destabilization of medial meniscus,
DMM), and systemically blocked CCR2 using a specific antagonist (RS504393) at different times
during disease progression. We examined joint degeneration by assessing cartilage (cartilage loss,
chondrocyte hypertrophy, MMP-13 expression) and bone lesions (bone sclerosis, osteophytes
formation) with or without the CCR2 antagonist. We also performed pain behavioral studies by
assessing the weight distribution between the normal and arthritic hind paws using the IITS
incapacitance meter.

Results—Testing early vs. delayed administration of the CCR2 antagonist demonstrated
differential effects on joint damage. We found that OA changes in articular cartilage and bone
were ameliorated by pharmacological CCR2 blockade, if given early in OA development:
specifically, pharmacological targeting of CCR2 during the first 4 weeks following injury, reduced
OA cartilage and bone damage, with less effectiveness with later treatments. Importantly, our pain-
related behavioral studies showed that blockade of CCR2 signaling during early, 1-4wks post-
surgery or moderate, 4-8wks post-surgery, OA was sufficient to decrease pain measures, with
sustained improvement at later stages, after treatment was stopped.

Conclusions—Our data highlight the potential efficacy of antagonizing CCR2 at early stages to

slow the progression of post-injury OA and, in addition, improve pain symptoms.
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Introduction

Nearly half of subjects sustaining significant damage to ligaments, menisci, or articular
surfaces will develop osteoarthritis (OA)(1, 2). After injury, clinically measurable OA can
require decades to become symptomatic, therefore early diagnosis and intervention is
thought to be crucial to slow or prevent subsequent OA (3).

Mutations in genes that are critical during development are thought to be associated with
adult joint pathologies, including OA(4, 5). We previously reported that the chemokine
CCL12 (a.k.a. monocyte chemoattractant protein-5, MCP-5) through its C-C Chemokine
Receptor-2 (CCR2), regulates joint formation and limb ossification during development (6).
Therefore, the rationale of the present study was to test whether the CCR2 signaling is
dysregulated as consequence of joint injury and contributes to the cartilage and bone damage
seen in post-injury OA.

In addition to CCL12, the C-C chemokine family includes several protein members such as
CCL2, CCL8, CCL7, CCL13 (a.k.a. MCP-1, MCP2, MCP-3, MCP-4), that bind the same
CCR2 receptor(7). CCR2 is expressed in haematopoietic and non-haematopoietic cells,
including chondrocytes and osteoblasts(8, 9). Studies conducted in humans and rodents have
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shown that the CCR2 pathway is functionally implicated in different arthritis models(10-13)
and may mediate OA pain-related behaviors(14-16).

Although features of cartilage destruction can be remarkable, subchondral bone changes,
with increased remodeling and sclerosis, might be the first detectable sign of the OA
process. Articular cartilage and subchondral bone are mechanically and biologically
interdependent, but how these interdependent modifications contribute to the progression of
OA is unknown. Recent studies have suggested an active role for CCR2 in bone remodeling
and homeostasis(17).

These findings strongly suggest a key role for CCR2 signaling in OA, although it is still
unclear whether there is any direct correlation with deterioration of the cartilage and bone
structures. Therefore, we decided to investigate the role of CCR2 signaling in cartilage and
bone degeneration after joint injury by systemically blocking CCR2 at different times during
disease progression in a murine model of injury-induced OA (destabilization of medial
meniscus, DMM), that allows a slow OA progression and is therefore more consistent with
the human clinical disorder. We also established the correlation between OA progression
with longitudinal analyses of pain behaviors.

Rabbit polyclonal anti-CCL2 (orb13563), CCL8 (orb13565), CCL7 (orb13567), CCL13
(orb13285) and CCL12 (orb13284) antibodies were from Biorbyt; rabbit polyclonal anti-
CCR2 was from Novusbio (NB100-701); anti-CollagenX (ab58632), anti-Osteocalcin
(ab10911) and mouse monoclonal anti-MMP-13 (ab3208) antibodies were from Abcam;
The CCR-2 antagonist RS-504393 was from Tocris Bioscience.

Induction of Experimental OA

Methods and results description follows Animal Research Reporting in Vivo Experiments
guidelines. Experiments were approved by the UNC Animal Care and Use Committee.
DMM was induced in twelve-week-old male C57BL/6 mice (Jackson) by transecting the
menisco-tibial ligament, as originally described by Dr. Glasson(18-20). In the sham control,
the ligament is visualized and left untouched. More details are described in the
Supplementary Methods. Mice subjected to DMM/Sham were assessed for pain behaviors
and euthanized 2, 4, 8 and 12 weeks (wks) post-surgery. Dissected knees were fixed, uCT
scanned, then prepared for histology.

RS-504393 treatment

To block the CCR2 signaling we used a potent specific small antagonist molecule,
RS-504393, following doses and route of administration that have been previously reported
by us and previous investigators(6, 21, 22). More details on the experimental conditions are
described in Supplementary Methods. RS-504393 does not display any affinity for CXCR1
or CCR3 receptors and a very low CCR1 binding (700-fold less than CCR2)(23). Therefore
it has been widely used to specific antagonize CCR2-mediated signaling(6, 22, 24-26). Mice

Osteoarthritfs Cartilage. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Longobardi et al.

Page 4

received RS-504393 (4mg/Kg/day, orally) or control vehicle (0.6% DMSO in water [vol./
vol.]), at different time-points post-surgery, and for different periods, depending on the
experimental setting, as shown in Fig. 2B, 5A and 6A (A=10 males treated with RS-504393
or control vehicle for each DMM/Sham surgery and each treatment). To determine whether
RS-504393 treatment affected CCR2 activation in joint tissues, we followed CCR2
downstream signaling, such as Nuclear Factor KB p-65 (NF-KB-p65). We detected high
levels of phosphorylated NF-RB-p65 in articular and calcified cartilage of DMM knees
12wks post-surgery (Supplementary Fig. S1); such levels were reduced in DMM/Sham
knees treated with, after only 4 weeks of RS-504393 treatment.. Protein levels of CCLs did
not seem to change with RS-504393 treatment (data not shown).

Pain behavioral assessment

Weight distribution between the un-operated and operated paws was measured with the 1ITS
incapacitance meter(27) (Life Science). In this system, the weight distribution on the paws
was measured as the force exerted by each limb on a transducer plate on the floor over a
given time. The measurement of weight bearing is static, as involved restraining the animal.
Each test was timed over 10-seconds and repeated for a series of 12 tests. Results for each
time point were expressed as the ratio of weight distribution between each limb (Left/
Normal vs Right/Arthritic). As a result of OA-induced pain, the weight bearing on the
operated knee is decreased compared to the un-operated, resulting in a different ratio
between the two paws.

Micro-computed tomography (p-CT) analysis

Dissected knees were fixed (4% paraformaldehyde) overnight at 4°C. Following a rinse in
PBS, specimens were scanned using uCT (Scanco Medical uCT 40) at UNC Biomedical
Research Imaging Center Small Animal Imaging Facility. Scans were performed in 70%
ethanol at 55kVp, 145 pA, 300 ms integration time, and a 6-um isotropic voxeledge. The
medial tibial plateau was defined as the region of the tibia superior to the growth plate,
posterior to the insertion of the anterior cruciate ligament, and medial to the midline of the
intercondylar notch. Peripheral osteophytes were excluded. We evaluated subchondral bone
sclerosis and remodeling in this region with a direct-model morphometric measure of bone
volume (BV) over Total Volume (TV). BV segmentation was performed based on a
calibration curve derived from manufacturer-supplied phantoms containing known
hydroxyapatite (HA) composition: voxels with a linear attenuation coefficient = 1.76 cm™1
(corresponding to 330 mg HA/cm3) were considered mineralized tissue. A Gaussian
segmentation filter with kernel of 2 and standard deviation of 1.2 voxels was uniformly
applied to the volume of interest.

Histologic assessment of arthritis and osteophyte scoring

Fixed knees were decalcified in 10% (weight/volume) EDTA/PBS for 14 days, embedded in
paraffin, and frontal sections (6um) through the entire joint were cut. Sections at 70um
intervals were subjected to Safranin-O/Fast Green staining and images were taken with an
Olympus BX51 microscope and a DP71 camera. For OA grading, we used the OARSI
histopathology scoring system for OA in mouse(28). Multiple sections (ranging between 8
and 12) from each joint were graded from 0 (normal) to 6 (= 75% cartilage loss) in a blinded
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manner, assessing all quadrants of the joint separately. Results were expressed as the average
of scores in all quadrants in all sections. For osteophyte grading, we used the histological
scoring system described by Little et al, developed to score both osteophyte size (from 1 to
3) and osteophyte maturity (from 1 to 3), with the latter reflecting the osteophyte tissue
composition(29). Details are described in the Supplementary Methods. Because osteophytes
in the DMM are predominately localized on the medial-tibial plateau, only sections from
this region were used for osteophyte grading.

Immunohistochemistry (IHC) and in-situ hybridization (ISH) studies

Statistics

Results

Histological sections adjacent to the ones used for OARSI Scoring, were used for IHC and
ISH studies. For IHC, Vectastain ABC kit (Mector Laboratories) was used according to the
manufacturer’s instructions. ISH was performed as previously described (30). The plasmid
carrying the cDNA insertion for mouse Osteocalcin (Ocn)was provided by G. Karsenty
(Columbia University); the probe for Collagen-X-a-1 was provided by D.G. Mortlock
(Vanderbilt University). Images were taken with an Olympus BX51 microscope and a DP71
camera. Detailed experimental conditions for each antibody/probe are described in
Supplementary Methods.

Data are expressed as mean + SD. Statistical analyses were performed using a two-way
ANOVA followed by Tukey’s post hoc test for multiple comparisons by Prism 6 (Graphpad
Software). Statistical significance was set at p< 0.05.

CCL12 is up-regulated in the articular cartilage of mouse osteoarthritic knees in a murine

model of OA

In light of our previous finding supporting a role for CCR2 signaling in joint development,
we investigated a potential involvement of CCR2 signaling in injury-induced OA, using
DMM as a model. We assessed the protein level of CCLs chemokines in the articular
cartilage of knees following DMM/Sham surgery (Fig. 1A). CCL12 was detectable in
cartilage from DMM knees but not sham controls, and levels increased with OA severity,
from early (4wks post-surgery) to more severe stages (8wks and 12wks). Notably, we found
that mouse CCL2, CCL8, CCL7 and CCL13 were not detected in the articular cartilage up to
8wks post-surgery (Fig. 1B). Interestingly, immunostaining for the CCR2 receptor was
evident in the articular cartilage and calcified cartilage, as well as in hypertrophic
chondrocytes of the growth plate and in the synovium: however, following surgery, CCR2
protein level did not seem to significantly change in such compartments at any OA stage
(Fig 1C, 1D and 1E).

Early systemic blockade of CCR2 during OA development decreases articular cartilage

damage

In order to determine whether CCR2 plays a role in injury-induced OA development, we
used a small CCR2 antagonist, RS-504393, that specifically blocks its binding site to CCLs
ligands (but not the CCR1, CCR3 or any of CXCRs)(23). We treated mice at different time-
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points after DMM surgery (Fig. 2A) and analyzed the effect on early (4wks), moderate
(8wks) and severe (12wks) OA. Blockade of CCR2 during early stages (from 1-to-4wks) led
to decreased protein and mRNA levels of Collagen10 (Fig. 2B and 2C), and decreased
MMP-13 protein levels (Fig. 2B); in addition, we found decreased OA-associated
pathological changes in DMM articular cartilage measured at week-4 by OARSI score as
well as by histomorphometric quantification of articular cartilage (Fig. 2D, 2E and
Supplementary Fig. S2). Dosing the CCR2 antagonist from 4-to-8wks also reduced articular
cartilage loss measured at week-8 (Fig. 2D, 2E and S2). However, when CCR2 antagonist
was delayed until 8wks post-surgery, cartilage damage measured at week-12 was reduced
but was not statistically significant from the untreated DMM joints (Fig. 2D-E and S2).
These data suggest that CCR2 signaling enhances early progression of cartilage damage
during injury-induced OA, with less effect at later time points.

Early systemic blockade of CCR2 prevents bone sclerosis and osteophyte formation in
injury-induced OA

Bone damage may precede cartilage degeneration during injury-induced OA(31-33). We
found that CCL12 is normally present in osteoblasts, periosteum and hypertrophic
chondrocytes; however, as early as two weeks after DMM, higher levels of CCL12 protein
were detected in these tissues, compared to sham (Fig. 3A); such increase in bone tissues
was still present at 4 and 8wks post-surgery, compared to sham controls (Fig. 3B). In
contrast, other’s MCPs ligands showed no significant changes in osteoblasts up to 8wks, but
their protein levels seemed to increase only at the more severe OA stage (12wks post-
surgery, Fig. 3C). Similarly to the articular cartilage, CCR2 protein levels in osteoblasts did
not seem to change with OA progression (Fig 3D) One week post-surgery, hypertrophic
chondrocytes can be detected in the area where an osteophyte is forming based on
CollagenX protein and mRNA expressions, (Fig. 3E). By two weeks, the osteophytes have
begun to mature, as revealed by HCT and osteocalcin expression (Fig. 3F and 3G). We also
noticed increased subchondral bone sclerosis in the central portion of the medial tibia
plateau of DMM knees (UCT, Fig. 3F) compared to sham controls by 2wks post-surgery,
which becomes significant by 4wks (Fig. 4A).

To analyze the role of the CCL12/CCR2 system in bone during OA, we analyzed the DMM-
induced bone-related changes in early (4wks), moderate (8wks) and severe (12wks) OA
following CCR2 blockade by RS-504393 antagonist. Blockade of CCR2 showed a protective
effect on bone-related OA changes when treatment was delivered during early OA stages.
Specifically, CCR2 blockade from 1-to-4wks led to a significant decrease in osteocalcin
protein levels (Fig. 2B) and bone sclerosis (LCT, Fig. 4A). Although osteophytes can be
visible at 2wks (Fig. 3F) and 4wks, differences between DMM and shams at this early stage
did not reach statistical significance to perform osteophyte grading of RS-504393 treated
samples. When evaluated in the setting of moderate OA (8wks), CCR2 antagonist treatment
(4-to-8wks) in DMM knees was able to reduce bone sclerosis (Fig. 4B, 4-C7) and
osteophyte size, although some large osteophytes were still detected in a few samples
(osteophyte size score, Fig. 4D). In contrast, CCR2 blockade at the late time point, with
CCR2 antagonist begun 8wks post-surgery, was ineffective in preventing OA bone sclerosis
(Fig. 4C) or reducing osteophyte size (Fig. 4D) measured at the severe stage (12wks). No
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significant changes in osteophyte tissue composition (maturity score) were detected at either
the moderate (8wks) or severe (12wks) time points, although a trend in reduction of the
maturity score was noticed in RS-treated DMM knees (1-to-4wks and 4-to-8wks post-
surgery, data not shown).

Longer and continuous CCR2 blockade does not prevent cartilage and bone damage in
moderate and severe OA, but decreases pain responses

In order to determine whether an earlier and longer CCR2 inhibition would better protect
joints from cartilage and bone degeneration measured at the moderate and severe stages, we
administered RS-504393 starting one-week post-surgery and continued the treatment until
euthanasia, at 8 or 12wks post-surgery (Fig. 5A). Surprisingly, such prolonged treatment led
to different outcomes compared to short-term treatment, as neither cartilage damage (Fig
5B-5C and Supplementary Fig. S3) nor DMM-induced bone changes measured as bone
sclerosis (Fig. 5D) and osteophyte size (Fig. 5E) were reduced. Similar effects were noticed
when scoring for osteophyte maturity, with no significant differences between treated and
untreated groups (data not shown). These results, obtained at both the moderate (8wks) and
severe (12wks) stages, suggest that longer CCR2 blockade may be ineffective in protecting
from joint degeneration.

Measurements of weight bearing have been used to grade OA pain in arthritis models(27,
34). We measured the shift of weight from the operated knee (right) to the contralateral
(left). Although joint damage was not reduced, prolonged and continuous treatment with the
CCR2 antagonist (Fig. 5A), starting 1wk post-surgery and lasting until moderate (8wks) or
severe (12wks) stages, significantly reduced pain measures (Fig. 6).

Early and transient targeting of CCR2 is sufficient to prevent long term joint damage and
reduce pain responses

The results obtained above suggested that timing of CCR2 inhibition is crucial to prevent, or
slow, the progression of cartilage and bone responses leading to injury-induced OA.
Therefore, we next investigated the potential efficacy of antagonizing CCR2 at early time
points but for short and transient time-frames, and assessed OA at more advanced stages,
after treatment had been stopped (Fig. 7A). Dosing the CCR2 antagonist from 1-to-4wks led
to reduction of injury-induced cartilage damage (Fig. 7B, 7C and Supplementary Fig. S4)
and osteophyte formation (Fig. 7D) measured at the moderate stage (8wks). Similarly,
antagonizing CCR2 either from 1-to-4wks or 4-to-8wks post-surgery and examining the
joint at 12wks, resulted in a reduced cartilage degeneration and osteophyte size score (Fig.
7B, 7C, S4 and 7D). A slight but not statistical significant reduction in osteophyte maturity
was also noticed in both treatments (data not shown). These results suggest that CCR2
signaling enhances early progression of joint damage during OA and transient inhibition of
CCR2 for 3-4 weeks is sufficient to reduce the severity of OA at later time points.

To determine whether pain responses with such transient treatment were improved, we
assessed differences in weight bearing during DMM-induced OA, as described above(27).
As shown in Figure 7E, longitudinal evaluation of pain measures over 12wks post-surgery,
showed that transient CCR2 blockade from 1-to-4wks or 4-to-8wks, significantly decreased
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pain responses, even after treatment was stopped. These results highlight the potential
efficacy of antagonizing CCR2 at early time points to decrease the progression of cartilage
and bone responses that lead to OA and, in addition, improve pain symptoms. We also tested
other behavioral parameters following DMM, such as motor coordination (by accelerated
RotaRod) and measures of locomotor activity (by photobeam breaks in Open Field
locomotor chamber). No differences in motor coordination (RotaRod Performance,
Supplementary Fig. S5) or locomotor activity (Open Field, data not shown) were found in
DMM and sham controls at the time-points evaluated in this study. Therefore these latter
methods may not be adequate to assess the overall mobility of the mouse during DMM-
induced OA, at least until the time points addressed in this study, perhaps due to a
compensation with the forelimbs.

Discussion

After joint injury, clinically measurable OA can require decades to become symptomatic,
therefore early diagnosis and intervention is crucial to slow OA damage before advanced
symptomatic disease occurs(3). Here we show, using a model of injury-induced OA, that
early CCR2 inhibition can significantly reduce OA damage in a time-dependent manner.

We found that the CCR2 ligand CCL12, increases in articular cartilage and bone tissues
during the early phases of OA development, between 2 and 4wks post-surgery. At later
stages, also other CCR2 ligands (CCL2, CCL8, CCL7 and CCL13) are detectable in
articular cartilage. These findings are consistent with human studies that noted increased
human CCL2 and CCR2 in patients with OA(35, 36).

Consistent with studies suggesting a role as a mediator of OA pain (14,15, 36), we were also
able to demonstrate that CCR2 signaling inhibition reduced pain by examining joint loading
as a measure of pain response.

Our data show that early inactivation of CCR2 (from 1-to-4wks) decreased articular cartilage
degradation that was associated with reduced Collagen x and MMP-13 protein levels,
markers of chondrocyte hypertrophy and cartilage degradation, respectively. In addition, the
bone changes associated with OA progression were reduced, including a reduction of OCN
expression, bone sclerosis and osteophyte size. Similar results were obtained when analyzed
in the setting of moderate OA (8wks): blocking CCR2 from 4-to- 8wks post-surgery reduced
cartilage damage; bone sclerosis and osteophyte size were also significantly reduced,
although to a lesser extent, and some large osteophytes were still evident in a few samples,
suggesting a possible temporal-dependency of CCR2 action on bone damage.

In a recent study, using the DMM model, Miller et al. demonstrated up-regulation of CCR2
in the dorsal root ganglia with consequent reduction of pain response in Ccr2-null mice(15).
They also measured OA changes at 8wks post-surgery in the CcrZnull mice and found OA
reduced scores, although not statistically significant from wild-type controls. While at a first
sight this finding may seem to contradict our results, in fact it mirrors our subsequent data
obtained with sustained CCR2 blockade. Unlike results with transient blockade given for 4
weeks, we did not see a significant reduction in cartilage damage, bone sclerosis or
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osteophytes when mice were treated from 1-8wks or 1-12wks post-surgery. Like Miller et al
(16), we did see a reduction in pain response.

One explanation for such a different outcome for short vs long-term inhibition may be found
in the known chemokine cooperativity, which is the ability of distantly related chemokines
to enhance each other’s function(37-41). Recently, Verkar et al. demonstrated that
chemokine cooperativity is not strictly dependent on the receptor of the cooperative
chemokine, but can originate from chemokine heterodimerization or from their binding to
membrane-tethered glycosaminoglycans (GAGs), which establishes a chemokine
concentration gradient(42). In this respect, the CCR2 ligands CCL2, binds to several GAGs
with relatively high affinity(37-41). Chemokine cooperativity would allow other
chemokines to activate their cognate receptors at lower chemokine concentrations; therefore,
longer CCR2 blockage may result in an increased local concentration of CCR2-ligands in
multiple cell compartments that over time may significantly extend the range for leukocyte
recruitment by chemokine cooperativity. Interestingly, studies conducted in models of
inflammatory arthritis using Cer2-null mice showed that CCR2 may instead have a
protective role in the pathogenesis of autoimmune arthritis, where CCR2 absence was
associated with altered bone remodeling by osteoclasts(43, 44). Therefore, an early
increased concentration of inflammatory cells and altered bone remodeling in the global
Ccer2-null mouse, may have masked the protective action on OA.

In contrast with other more severe post-traumatic models, the slow OA cartilage and bone
degeneration induced by DMM can proceed with little to no inflammatory cell infiltration
into the synovium (20, 45). A carefully done time-course study of the DMM model reported
mild but significant synovial hyperplasia around 4wks post-surgery in DMM compared to
sham control knees, although synovial scores were much lower than other more
inflammatory models(46). We did not detect any significant synovial changes or increases in
TRAP positive cells in the joint tissue sections up to 12wks post-surgery (data not
shown).Therefore, the CCR2 contribution to cartilage and bone changes as OA severity
increases might reflect a more complex process in those tissues that is independent of effects
on infiltration of inflammatory cells. Notably, although CCR2 serves as a receptor for
multiple CCLs(7, 47, 48), neither CCR2 receptor nor CCLs, other than CCL12, were
significantly altered in cartilage and bone with DMM until later points (=8wk). Therefore,
we speculate that rising cartilage and bone levels of CCL12 may play a role in mediating the
early DMM-induced OA damage, although we cannot completely exclude that circulating
levels of other CCLs from other tissues (such as the synovium) may also be involved in early
OA damage.

Another explanation for the discrepancy between short-term CCR2 blockade vs global gene
ablation, may be found in CCR2 involvement in growth plate development during
embryogenesis. We previously reported that transient ex-vivo and in-vivo inactivation during
embryonic stages, altered joint formation and ossification of the growth plate(6). Although
pre-natal chemokine redundancy may have balanced the CCR2 deficiency leading to no
apparent macroscopic changes in joint phenotype in the global Ccr2-null mouse, an
alteration in chemokine distribution as well as a possible small change in bone turnover may
render a global Cer2-null mutant less able to be protected from OA damage in adult life. A
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protective role for CCR2 antagonism in OA by /n-vivo pharmacologic inhibition, has been
recently reported in a rat post-traumatic OA model, although the effect was more
pronounced at later stages(24). Such discrepancy in the timing of CCR2 action, may be due
to the more severe rat model, involving the knee anterior cruciate ligament (ACL)
transection and partial meniscectomy(24). Differently from DMM, ACL transection may be
associated with patellar maltracking or dislocation of the patella, with much faster
progression of joint degeneration and additional intra-articular inflammation(49). Therefore,
a sustained myeloid infiltration by macrophages and osteoclasts following severe injury may
play a significant role on CCR-2-mediated bone changes and may reflect different temporal
stages compared to DMM.

The efficacy of early and transient targeting of the CCR2 axis to delay OA progression is
further suggested by our experiments where we windowed CCR2 blockage from 1-to-4wks
or 4-to-8wks post-surgery, and measured joint damage at 12wks. Such selective timing was
sufficient to halt cartilage and bone degeneration measured at the severe stage (12wks), even
though treatment had been stopped. Our finding highlights the potential efficacy of
antagonizing CCR2 soon after trauma and for a relatively short time to possibly prevent, or
slow, OA cartilage and bone responses.

The efficacy of CCR2 inhibition is also supported by data correlating CCR2 targeting to
decrease of pain. In accordance with results obtained in the Ccr2-nulf mouse(15), we found
that CCR2 antagonism significantly decreased pain responses when the inhibitor was
administered continuously from 1-to-8wks and 1-to-12wks post-trauma, although joint
degeneration was not rescued. In their report, Miller et al.(16) correlated CCR2 inactivation
in the sensory neurons of the dorsal root ganglia with decreased pain response in the DMM
model. Therefore, the decreased pain due to CCR2 antagonism could reflect the systemic
action of the CCR2 inhibitor on target cells that do not contribute to joint structure.
However, we demonstrated that transient CCR?2 targeting at both the early (1-to-4wks) and
moderate (4-to-8wks) stages, was sufficient to drastically decrease pain perception measured
at later stages (12wks), after treatment had been stopped for 4/8 weeks, suggesting
amelioration of joint dysfunction.

By addressing the early molecular responses that lead to OA after joint injury, these results
can help in leading to strategies for early treatments to prevent the symptoms and long-term
sequelae of OA.
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8 w after DMM 12 w after DMM

CCR2

Figure 1. Protein levels of CCL12, CCR2 and other CCR2 ligands during DMM-induced OA
Levels of (A) CCL12 and (B) other’s CCR2 ligands (CCL2, CCL8, CCL7, CCL13) were

measured by immunohistochemistry (IHC) in articular cartilage sections obtained from
medial knee joints of mice at the indicated time points after DMM or sham control surgery.
Brown is immunopositive staining. DMM-operated knees at 4, 8 and 12 weeks post-surgery
were immunostained with antibodies to CCR2 and protein levels where visualized in (C)
medial tibial cartilage, (D) chondrocytes of the growth plate and (E) synovium. Images are
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representative of 6 different mice for each of the experimental points described. Scale bars
are 100 pm.
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Figure 2. Blockade of CCR2 on cartilage DMM-
moderate and severe stage

induced damage measured at the early,

(A) Scheme of RS-504393 treatment at different DMM-induced OA stages. (B) Protein
levels of Collagen 10 (Col10), Osteocalcin (OCN) and MMP-13 were measured by IHC in
medial femurs and tibiae obtained from mice 4 weeks after DMM/sham, with or without

treatment with the CCR2 antagonist, RS-5043
representative of 6 different mice for each of t

93, from 1-to-4wks post-surgery. Images are
he experimental points described (C) mRNA

expression of Col10 and OCN was evaluated by in-situ hybridization (ISH) on DMM/sham

knees, with or without RS-504393 treatment f

rom 1-to-4wks post-surgery. Images are
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representative of 6 different mice for each of the experimental points described. (D) OARSI
score was obtained from sections (ranging between 8 and 12 per mouse) from DMM-
operated knees at 4, 8 and 12 weeks after surgery with or without RS-504393 treatment at
the time indicated (/=6 for each of the experimental points described). The graph represents
the mean + standard deviation. Significance was set at P< 0.05. (E) Representative sections
of OARSI score are shown at the indicated time points (A=6 for each of the experimental
points described). Scale bars are 100 um.
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Sham

DMM

Osteocalcin

Figure 3. Protein levels of CCL12, CCR2 and other CCR2 ligands in bone cell compartments
during DMM-induced OA

Protein levels of CCL12 were visualized by IHC in the bone tissues (A) 2 wks after DMM/
sham, as well as (B) 4 and 8 wks post-surgery. Protein levels of (C) CCL2, CCL8, CCL7,
CCL13, as well as (D) CCR2 were visualized in bone tissue by IHC at the indicated time
points. (E) Protein levels and mRNA expression of Col10 were visualized by IHC and ISH,
respectively, in medial femurs obtained from mice 1wk after DMM/sham surgery.
Osteophytes were visualized by (F) 4CT analyses and (G) OCN protein/mRNA levels (IHC
and ISH) in medial femurs and tibiae obtained from mice 2wks after DMM/sham surgery.
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Images are representative of 6 different mice for each of the experimental points described.
Scale bars are 100 pm.
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Figure 4. Effect of blockade of CCR2 on bone after DMM-induced OA measured at the early,
moderate and severe stage

Bone sclerosis induced by DMM (BV/TV) was measured by 4-CT at the medial tibia
plateau (A) 4wks, (B) 8wks and (C) 12wks after DMM/sham, treated with (A=3, for both
Sham and DMM at each of the time points analyzed) and without RS-504393 (A=5, for both
Sham and DMM at each of the time points analyzed) at the times indicated in Fig. 2A (A, 1-
to-4wks, B, 4-to-8wks, C, 8-to-12wks). Representative mid-coronal sections are presented
with a segmentation mask equivalent to that applied during quantitative bone morphometry
analysis. (D) Osteophyte size scoring was measured from sections (4/mouse) obtained from
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the anterior /medial margin of the tibia from DMM-operated knees at 8 weeks (A= 6 for
both untreated Sham and DMM; for RS-504393 treated samples, A= 5 for Sham and A=6
for DMM) and 12 weeks (for untreated samples, A=5 for Sham and A=4 for DMM,; for
RS-504393 treated samples, A= 6 for both Sham and DMM) after surgery, with or without
RS-504393 treatment at the time indicated in Fig. 2A (4-to-8wks or 8-to-12wks). All graphs
represent the mean + standard deviation. Significance was set at P< 0.05.
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Figure 5. Effect of longer and sustained CCR2 blockade on cartilage and bone damage
(A) Scheme of RS-504393 treatment at different DMM-induced OA stages. (B) OARSI

scoring (=6 for each of the experimental points described) with (C) representative sections
at each time point (scale bars 100 pm), (D) bone sclerosis by @~CT (for untreated samples,
N=5 for both Sham and DMM at each of the time points analyzed; for RS-504393 treated
samples, A= 5 for both Sham and DMM at each of the time points analyzed) and (E)
osteophyte size scoring (/=6 for each of the experimental points described) were obtained
from DMM/Sham-operated knees at 8 and 12 weeks after surgery, treated with or without
RS-504393 at the time indicated in scheme A. All graphs represent the mean + standard

deviation. Significance was set at A< 0.05.
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Figure 6. Effect of longer and sustained CCR2 blockade on pain response
Pain measures (=4 for each of the experimental points described) were obtained by

assessing the weight shift from the operated (right) limb to the un-operated (left) limb, in
mice 8 and 12 wks after DMM/sham surgery, with or without RS-504393 treatment at the
time indicated in Fig. 5A (Z-to-8wks or 1-to-12wks) (Incapacitance meter). The graph
represents the mean + standard deviation. Significance was set at A< 0.05.
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Figure 7. Effect of transient and short CCR2 blockade on cartilage and bone damage, as well as

on pain response

(A) Scheme of RS-504393 treatment at different DMM-induced OA stages. (B) OARSI
scoring (=6 for each of the experimental points described) was measured from sections
from DMM/sham knees at 8 and 12 weeks after surgery with or without RS-504393
treatment at the time indicated and (C) representative sections are shown at each time point
(scale bars 100 um). (D) Osteophyte size scoring was measured from sections (4/mouse)
obtained from the anterior/medial margin of the tibia from DMM/sham knees at 8 weeks
(/N=6 for both untreated and RS-504393 treated samples) and 12 weeks after surgery (for
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untreated samples, A=5 for Sham and A=4 for DMM,; for samples RS-504393 treated from
1-4wks, A=5 for Sham and A=6 for DMM; for samples RS-504393 treated from 4—8wks,
N=6 for Sham and A=3 for DMM), with or without RS-504393 treatment at the time
indicated. (E) Longitudinal pain measures were obtained by assessing the weight shift from
the operated (right) limb to the un-operated (left) limb, in mice at 2, 4, 8 and 12wks after
DMM/sham surgery, with or without RS-504393 treatment at the time indicated using the
Incapacitance meter (N=6 for each of the experimental points described). All graphs
represent the mean + standard deviation. Significance was set at A< 0.05.
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