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Abstract: In osteoarthritis (OA), bone changes are radiological hallmarks and are considered impor-
tant for disease progression. The C-C chemokine receptor-2 (CCR2) has been shown to play an impor-
tant role in bone physiology. In this study, we investigated whether Ccr2 osteoblast-specific inactiva-
tion at different times during post-traumatic OA (PTOA) progression improves joint structures, bone
parameters, and pain. We used a tamoxifen-inducible Ccr2 inactivation in Collagen1-expressing cells
to obtain osteoblasts lacking Ccr2 (CCR2-Col1aKO). We stimulated PTOA changes in CCR2-Col1aKO
and CCR2+/+ mice using the destabilization of the meniscus model (DMM), inducing recombination
before or after DMM (early- vs. late-inactivation). Joint damage was evaluated at two, four, eight,
and twelve weeks post-DMM using multiple scores: articular-cartilage structure (ACS), Safranin-O,
histomorphometry, osteophyte size/maturity, subchondral bone thickness and synovial hyperplasia.
Spontaneous and evoked pain were assessed for up to 20 weeks. We found that early osteoblast-Ccr2
inactivation delayed articular cartilage damage and matrix degeneration compared to CCR2+/+, as
well as DMM-induced bone thickness. Osteophyte formation and maturation were only minimally
affected. Late Collagenlx-Ccr2 deletion led to less evident improvements. Osteoblast-Ccr2 deletion
also improved static measures of pain, while evoked pain did not change. Our study demonstrates
that Ccr2 expression in osteoblasts contributes to PTOA disease progression and pain by affecting
both cartilage and bone tissues.

Keywords: chemokines; bone; osteoarthritis

1. Introduction

In osteoarthritis (OA), bone changes such as osteophyte formation and subchondral
bone sclerosis are radiological hallmarks and are considered important for disease pro-
gression. Increased expression of chemokines in joint tissues is believed to be linked to
OA progression; in particular, the C-C chemokine receptor-2 (CCR2) and its ligands CCL2
and CCL12 (a.k.a. MCP1 and MCP5, respectively) that are known to be involved in the
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recruitment of immune cells at sites of inflammation [1,2], have been shown to be signif-
icantly increased in both humans with OA and in rodent models of OA and to mediate
OA pain [2-10]. In addition to macrophages, CCR2, CCL2, and CCL12 are expressed
on chondrocytes, osteoblasts, and tendon fibroblasts, where they influence early tissue
degeneration following injury [6]. Thus, the relevance of the CCR2 signaling for potential
OA therapies is not limited to mediating the inflammatory response accompanying disease
progression [4-6] but, differently from other chemokines, is directly linked to cartilage and
bone integrity.

Several studies suggest a critical contribution of the CCR2 axis to both osteoblast
and osteoclast physiology: increased bone mass was measured in the germline Ccr2 null
mice and associated with resistance to bone loss in an osteoporotic challenge, thought
to be secondary to reduced osteoclastogenesis [11], a mechanism which may also lead to
the delayed healing in a fracture model [12]. In contrast, in two well-established murine
rheumatoid arthritis (RA) models, Ccr2 null mice showed enhanced bone erosion and
osteoclast activity leading to more severe disease than wild-type mice, accompanied by
marked infiltration of inflammatory cells [13]. A study on orthodontic tooth movement
showed that Ccr2 null mice, in spite of decreased osteoclast number in the periodontal
tissue, exhibited decreased osteoblast differentiation, as determined by decreased mRNA
expression of Collagen 1 and Osteocalcin [14]. Although the authors suggest that reduced
osteoblast activity may be linked to a decrease in osteoclast stimulatory signals, they
acknowledge the need to address a potential direct role of CCR2 in osteoblasts. Indeed,
Ccr2 expression has been detected in human osteoblasts and their precursors by RT-PCR,
with levels increasing in pathological conditions [15]. Importantly, microarray data have
shown Ccr2 up-regulation in OA bone tissues [16]. In previous mouse studies, using
the destabilization of the medial meniscus (DMM) murine model of post-traumatic OA
(PTOA), we have detected increased protein levels of CCR2 and CCL12 in the periosteum
and in cortical bone osteoblasts and have shown a critical role for CCR2 in bone sclerosis
during injury-induced-OA [6]. In particular, we demonstrated that blockage of the CCR2
signaling during PTOA using a small receptor antagonist (RS504393) had protective effects
on both cartilage- and bone-related OA changes, either when the antagonist was delivered
systemically at early PTOA stages or by intraarticular deposition using microplates for
sustained release [6,9]. Additional DMM studies by our group showed that a tissue-specific
deletion of the Ccr2 gene in aggrecan-expressing cells at the time of injury was beneficial on
articular cartilage structure and pain but was less effective on bone damage, suggesting that
Ccr2 expression in the osteoblast niche might contribute to the OA bone changes induced
by injury.

The purpose of this study is to determine the role of Ccr2 expression in osteoblasts
during PTOA and analyze both its preventive and therapeutic action to the development
of whole joint degeneration and whether Ccr2 expression in the bone niche contributes to
PTOA pain. To achieve this goal, we used an inducible tissue-specific inactivation of Ccr2
in osteoblasts, inducing recombination before DMM (to analyze its preventive action on
disease onset) or after four weeks post-injury (to analyze its action on OA progression),
and followed PTOA changes in cartilage and bone tissues at different stages. This study
is critical to identify PTOA targets for therapeutic intervention for both joint structure
and pain.

2. Materials and Methods
2.1. Materials and Antibodies

Rabbit polyclonal anti-CCR2 was purchased from Novusbio (NBP2-67700; Centennial,
CO, USA; used at 1:100); Goat polyclonal anti-GFP (ab6673; used at 1:100) was purchased
from Abcam (Cambridge, MA, USA). Immunohistochemistry was performed using a
biotinylated secondary antibody (anti-goat, 705-065-147 or anti-rabbit, 711-065-151; Jackson
Immunoresearch, West Grove, PA, USA) and an avidin-biotin complex visualized with
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diaminobenzidine (Vectastain Elite ABC kit, PK6100; DAB substrate, SK-4100; Burlingame,
CA, USA).

2.2. Animals

Animal use protocols followed ARRIVE guidelines and were approved by UNC Ani-
mal Care and Use Committee. Collagen1a1-CreER (Colla1CreER) mice have an osteoblast-
specific enhancer element. Indeed, transgenic mice harboring a 2.3-kb proximal frag-
ment of collal promoter showed high activity of the transgene in bone-forming cells,
osteoblasts, and teeth, very low activity in tendons, and no activity in other tissues [17].
In the CCR2-floxed mice (CCR2™*/fX¢GFP), the exon 3 of the Ccr2 allele is flanked by loxP
sites, followed by an eGFP cassette [18]. All animals were on a C57BL/6 background.

Col1a1-CreER mice were crossed with CCR2™*/f*¢GFP for two generations. The result-
ing CCR2™/fX_¢GFP / Col1a1CreER-positive and CCR2™*/*_eGFP / Col1a1CreER-negative
were used for PTOA experiments. We injected tamoxifen (40pg/g of weight) in CCR2¥/fx-
eGFP/Colla1CreER-positive to induce Cre recombination and obtained a mouse line in
which Ccr2 is ablated in osteoblasts (referred to as CCR2-Col1ax1KO). Recombination was
achieved at two different time points: 2 weeks (wks) before surgery or 4 wks after surgery
(to obtain an early or late Ccr2 ablation, respectively). Animals were euthanized at 2,
4, 8, and 12 wks post-surgery and assessed for PTOA features (for the late Ccr2 abla-
tion, only the 8 and 12 wk time points were assessed). As controls, we used CCR2fx/flx_
eGFP/Colla1ER-negative mice, in which Cre is not expressed (CCR2+/+) (details on geno-
typing in Supplemental Methods in Appendix A).

2.3. Induction of OA

DMM/Sham surgery was induced in the right leg of sixteen-week-old CCR2-Col1a KO
or CCR2+/+ male mice by transecting the menisco-tibial ligament, as previously described [19-21].
The DMM model results in an injury-induced OA more consistent with the human clinical
disorder in that it allows loading during the slow progression of changes in cartilage and
bone. DMM lesions progress in stages from early/mild (4 weeks post-surgery) to moderate
(8 weeks) and then to severe OA (>12 weeks). In the Sham, the ligament is visualized and
left untouched). For all the experiments performed in this study, only male mice housed in
the same room were used as OA severity is markedly higher in males than females after
DMM [22] (more details in Appendix A). For each experimental group, Sham and DMM
were performed by the same surgeon. Mice subjected to DMM/Sham were assessed for
pain behaviors up to 20 wks post-surgery. In a parallel set of experiments, dissected knees
from mice at 2, 4, 8, and 12 wks post-surgery were fixed and prepared for histology.

2.4. Behavioral Studies

PTOA pain in the DMM model was assessed, as we previously reported [10]. Weight-bearing
measures (static spontaneous pain) were obtained by assessing the hindlimb weight distri-
bution with an incapacitance meter, as previously reported [23]. In this test, we measure the
force exerted by each limb on a plate in a five-second time window and express it as a ratio:
Left/un-operated vs. Right/operated. The ratio is recorded as a pain measure. Higher
ratios correlate with increased pain. In addition, the application of von Frey filaments to
the hind paws (plantar surface) was used to determine a mechanosensitivity threshold
(evoked pain), as previously reported [24]. A mouse responding to a filament of less force
(grams) was more sensitive (for more detail, see Appendix A).

2.5. Histopathologic Assessment of Arthritis

Histological preparations were obtained, as we previously reported [10]. Briefly,
mouse knees were fixed (4% PFA), decalcified (Immunocal, StatLab, McKinney, TX, USA),
embedded in paraffin and cut through the entire joint (frontal sections, 6 um). For each
sample, one midcoronal and one posterior sections were stained (hematoxylin and eosin or
safranin O/fast green), and pictures were taken using the Olympus BX51 microscope and a
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DP71 camera. Semiquantitative measures of OA were recorded using the articular cartilage
structure score (ACS, scale 0-12) and the Safranin-O staining score (Saf-O, scale 0-12) [25].
The ACS focuses on articular cartilage structure, scoring specifically the fibrillations and
clefts in the lamina at the surface of the articular cartilage, while Saf-O is used to identify
damage in the extracellular matrix and/or changes in the cell compartment [25] (more
details in Appendix A). Adjacent sections were used for H&E and Saf-O staining, and the
score is reported as the average of the medial compartment of the joint for each sample
(medial tibial plateau and medial femoral condyles).

Histomorphometric analyses using Image] were performed to quantify the articular
cartilage area, the subchondral bone area and the percentage of bone volume/total volume
(BV/TB) in the medial tibia [26] from mice used for semiquantitative assessments [0].
Specifically, for AC quantification, the uncalcified articular cartilage of each slide stained
with H&E from all groups was encircled to measure the area. For bone assessment, Saf-O
slides from all groups were used. Specifically, the subchondral bone area was defined as
the area corresponding to the bone tissue between the calcified cartilage and the trabecular
bone that surrounds the bone marrow regions. For BV/TV measurements, we included
both the subchondral and trabecular bone, excluding the bone marrow regions (BV) and
expressed it as a percentage vs. the total area, including the bone marrow regions (TV).
Sections were examined in a blinded fashion with Image] software (Available online:
http:/ /imagej.nih.gov/ij/ accessed on 14 May 2020) [21]. Data were reported in square
micrometers (sq um) as the average of four sections for each mouse.

2.6. Osteophyte Assessment

Semiquantitative measures of osteophyte formation were obtained, as we previously
reported [10], using the method described by Little et al. [27]. Briefly, osteophyte size
(on a scale of 0-3) was scored by comparison with the thickness of the adjacent articular
cartilage; osteophyte maturity (on a scale of 0-3) is used to define the tissue composition of
the osteophyte, assigning a lower score to a cartilagineous osteophyte and a higher score to
an osteophyte constituted predominantly by bone [27].

As previously reported [10], we quantified the area of cartilaginous tissue (defined
by Saf-O staining) within an osteophyte by performing histomorphometric analyses using
Image] software and following the method of Nagira et al. [26]. Measures were expressed
as the ratio between the percentage of Saf-O Area/percentage of osteophyte. Only the
medial side of the joint was scored as osteophytes in the DMM model are predominantly
localized in this region.

2.7. Immunohistochemistry (IHC) Studies

Sections adjacent to those used for histopathologic assessment were used for IHC
staining for CCR2 and GFP. Vectastain ABC kit (Vector Laboratories, Burlingame, CA, USA)
was used according to the manufacturer’s instructions. Briefly, sections were incubated
in 3% H,O, diluted with 0.01 M PBS for 10 min, blocked for 1 h with appropriate serum
(5%) and incubated in primary antibody (diluted in blocking solution) overnight at room
temperature: for anti-CCR2 at the 1:100 dilution for AC, and 1:50 for bone; for anti-GFP at
1:100 for AC, and 1:200 for bone. Following rinses, sections were incubated in the appropri-
ate biotinylated secondary antibody diluted in a blocking buffer (1:200) for 1 h. Sections
were then incubated in an Avidin-Biotin complex, and the precipitate was visualized with
diaminobenzidine. Time of development changes depending on the tissues analyzed. As
a control, representative sections were incubated without primary antibodies to exclude
no-specific binding (data not shown).

Images were taken with an Olympus BX51 microscope and a DP71 camera.

2.8. Assessment of Synovial Thickness

In order to determine synovial thickness, one H&E-stained section/mouse from the
posterior joint compartment was used for a semiquantitative score defined by Rowe et al.
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(scale of 0-3) [28]. The scale system defines the number of cell layers visualized in the
synovium, with higher grades when multiple layers are present (2-3 layers = score 1;
4-5 layers = score 2; 5 or more layers = score 3). Only the posterior slides were scored to
avoid potential due to the DMM incision. Measures are expressed as an average of the
medial and lateral compartments of the joint.

All parameters were measured by three independent investigators in a blinded manner,
and the results were expressed as an average.

2.9. Statistical Analysis

Statistical analysis was completed using SAS v 9.4 (SAS Institute), and significance
was set at 0.05. The normality of data and homogeneity of variance were determined by
Shapiro-Wilk and Levene’s tests. Most outcomes (ACS, Saf-O score, and all the histomor-
phometric analyses) violated the normality assumption. Therefore, we used non-parametric
Wilcoxon rank sum tests following Benjamini and Hochberg’s adjustment for p-values in
multiple comparisons. Each experimental time point was analyzed separately.

We used Wilcoxon tests to score osteophyte size, osteophyte maturity and synovial thickness.

For behavioral pain measures, to account for longitudinal measures over time, we
used linear mixed-effects models fit with unstructured covariance structure. Fixed-effect
terms comprised group indicators (Sham or DMM for different genotypes, as well as
left and right for von Frey analyses), time points, and how they interact. In Von Frey’s
analyses, the model included a random mouse effect to account for measurements on both
knees (operated and contralateral). Q-Q plot was used to check the model assumption of
normality of residuals. A plot of residuals vs. fitted values was used to check the equal
variance of residuals. A square root transformation was applied to reach normality in all
Von Frey measurements. Missing measurements were still included in the model (‘missing
at random’ paradigm). We used Proc plm to estimate comparisons, specifying differences
between means. GraphPad Prism Software (9.1.0) was used for data plots.

3. Results
3.1. Ccr2 Inactivation in Bone Tissue

We successfully generated inducible CCR2-Col1aKO mice by injecting tamoxifen
in CCR2™/f%_eGFP/Col1aCreER-positive mice, where Cre recombination leads to Gfp
expression. Injected CCR2™/fx_eGFP/ CollaCreER-negative mice were used as controls
(CCR2+/+). Figure 1A shows the presence of GFP protein staining in the bone tissue
of CCR2-Col1aKO two weeks after the first injection, while it was undetectable in the
CCR2+/+. To confirm the CCR2 inactivation, we assessed protein levels of CCR2 in the
bone tissue and, as expected, we found CCR2 staining in the bone of CCR2+/+ mice but
not in CCR2-Col1aKO (Figure 1B). As a control, we evaluated GFP and CCR2 levels in the
cartilage compartment and, as expected, we confirmed the presence of CCR2 staining and
the absence of GFP in both genotyping, confirming Cre specificity in the bone compartment
(Supplemental Figure S1).

3.2. Early Osteoblast-Ccr2 Inactivation Decreases Cartilage Damage Induced by Injury

To determine the contribution of Ccr2 osteoblast expression to PTOA onset, we induced
Cre recombination in CCR2™/fix_¢GFP / Col1 CreERTZ-positive mice before DMM to obtain
CCR2-Col1aKO and followed PTOA damage in cartilage, bone, and synovium at mild (two,
four weeks), moderate (eight weeks), and severe (twelve weeks) stages. For the cartilage
damage, we used both the ACS and Saf-O semiquantitative scores in order to provide
a more comprehensive characterization of the lesions [25]. In Figure 2A,B, the histology
visualizes a complete degeneration of the articular cartilage across all PTOA stages; in
particular, the absence of articular cartilage (AC in Panel B) in CCR2+/+ mice at the most
severe stage (12 weeks), while the CCR2-Col1aKO littermate has a less severe phenotype.
This outcome is translated in the semiquantitative ACS reported in Panel C, where early
Ccr2 inactivation leads to a decreased score compared to the CCR2+/+. Of note, although
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differences were mostly detected at the severe stage, some improvement was also detected
at the very early stages (two weeks post-surgery), while differences were not detected at
the middle stages (four to eight weeks post-surgery) (Table 1).

CCR2 +/+ CCR2-Col1oKO

CCR2 +/+

Figure 1. Protein levels of CCR2 and GFP in the bone tissue of CCR2-Col1aKO and CCR2+/+ mice
following Tamoxifen injection. Paraffin-embedded knee joint sections are immunostained for GFP
(A) and CCR2 (B) two weeks after the first Tam injection. Positive staining is detected as a brown
precipitate (red arrows). GFP staining is visible in CCR2-Col1a¢KO (red arrows highlight a few brown
nuclei) but undetected in CCR2+/+ mice (blue nuclei), indicating recombination. Conversely, CCR2
staining is detected in the bone cells of CCR2+/+ mice, while it is absent in CCR2-Col1aKO. Images in
the rectangles represent a magnification of specific numbered regions in the main picture. Images are
representative of 6 different mice for each of the experimental groups described, ranging between
14 and 18 weeks of age. Scale bars are 100 um.
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Figure 2. Histopathological measures of cartilage damage in DMM mouse knees following early
Ccr2 inactivation. (A) Panel A shows H&E staining of the medial knee compartment of reported
genotypes following DMM at the indicated time points. (B) Panel B shows magnified images corre-
sponding to the squares in panel A (AC, articular cartilage; CC, calcified cartilage; SB, subchondral
bone). The blue arrows indicate regions of lesions in the articular cartilage). (C) Panel C shows the
ACS score (scale 0-12) of knees subjected to DMM at the indicated time points. Reported measures
represent an average of the medial joint compartment (medial tibia and medial femurs), as this is the
most affected area. (D) Panel D shows Safranin-O/Fast green staining of the medial compartment
of mouse knees following DMM at the indicated time points. (E) Panel E shows magnified images
corresponding to the squares in panel D (EM, extracellular matrix; SB, subchondral bone). The blue
arrow indicates bone tissue on the joint surface. (F) Panel F shows the Saf-O score (scale 0-12) of
knees subjected to DMM at the indicated time points. Reported measures represent an average of
the medial joint compartment (medial tibia and medial femurs). (G) Panel G shows measures of
articular cartilage area (sq um) at the indicated time points, quantified by histomorphometric analyses
(medial compartment). Reported images are representative of N = 8 for each time point; scale bars
in the images are set at 100 um. The plots represent the mean + standard deviation. Wilcoxon
rank sum tests were used to calculate p-values at each time point, following adjustment for multiple
comparisons (ns = not significant).
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Table 1. Effect of early Ccr2 inactivation (before DMM) on cartilage damage in mouse CCR2-ColIaKO
and CCR2+/+ knee joints (N = 8).

OA Parameters

Week 2 Week 4

Mean Score Mean Mean Score

Z (p-Value) (Rank Sums) Median (SD) Z (p-Value) (Rank Sums) Median Mean (SD)
s DMM CCR2+/+ 501 001) 12.13 2 2.06 (0.69) 223 003 5.81 425 391 (1.17)
DMM CCR2-AggKO o 488 075  0.81(0.42) - 11.19 575 5.34 (1.38)
. DMM CCR2+/+ 5340002 12.5 3 2.97 (0.51) 0320751 8.06 425 453 (1.27)
Saf-O . . —0. .
DMM CCR2-AggKO 45 125 1.06 (0.55) 8.94 475 4.75 (1.11)
' ' DMM CCR2+/+ 8.38 30,842 (Zfé?g 10.75 29,506 29,551 (7452)
%ﬁ;ﬁfgﬁ;‘; —0.05 (0.96) o 1.84 (0.13)
DMM CCR2-AggKO 8.63 987 s1) 6.25 21,135 21,992 (5516)
OA Parameters Week 8 Week 12
Mean Score . Mean Mean Score .
Z (p-Value) (Rank Sums) Median (SD) Z (p-Value) (Rank Sums) Median Mean (SD)
s DMM CCR2+/+ 9.13 763 7.75(0.97) 12.13 11.5 11.16 (0.77)
Al 0.47 (0.64 3.01 (0.01
DMM CCR2-AggKO 0.64) 7.88 75  7.13(176) (0.01) 488 7.25 6.78 (3.29)
DMM CCR2+/+ 10.94 838  7.97(1.38) 12,5 11.63 1147 (0.65)
Saf-O 2.00 (0.06 3.33 (0.002
DMM CCR2-AggKO (0.06) 6.06 6.63  642(1.62) (0.002) 45 6.13 6.03 (2.18)
_ _ DMM CCR2+/+ 8.38 18,963 (16%}1% 488 7835 8369 (2508)
Cartilage Histo- —0.05 (0.96) ~2.99 (0.01)
morphometry DMM CCR2-AggKO 8.63 18218 15364 1213 20,436 22,937
88 : ’ (9115) g ’ (10,655)

Data presented show the median, mean, and standard deviation (SD) for each group at separate time points
(two, four, eight, and twelve weeks post-surgery). Indicated z- and p-values were determined by Wilcoxon rank
sum tests between DMM CCR2+/+ and DMM CCR2-Col1aKO groups separately at each time point, following
adjustment for multiple comparisons (Benjamini-Hochberg).

Mirroring the ACS score, DMM CCR2-Col1aKO mice showed improvement of the ex-
tracellular matrix both early after surgery and at the severe PTOA stages, while differences
were not detected between compared to DMM CCR2+/+ (Figure 2D,E, Table 1). We can
see that DMM CCR2+/+ mice progressively lose the Saf-O staining (red color in Panels
D,E), which becomes almost undetectable at the most severe stage (12 weeks). As for ACS,
the DMM CCR2-Col1aKO littermates preserve some staining, which is reported as a Saf-O
score in Figure 2F. We also performed AC histomorphometric analysis to quantify the
thinning of the articular cartilage induced by DMM. As shown in Figure 2G and Table 1,
DMM CCR2-Col1aKO mice showed increased AC area compared to DMM CCR2+/+ only
at the severe stages. When sample means were plotted and analyzed within the same
genotypes (Supplemental Figure S2A-C and Supplemental Table S1), it is evident that
Ccr2 osteoblast ablation slows the progression of injury-induced cartilage damage mostly
between eight and twelve weeks for all cartilage parameters analyzed (ACS, Saf-O and
Cartilage Quantification). In contrast, DMM CCR2+/+ mice show an increase in cartilage
damage scores up to 12 weeks post-injury (Supplemental Figure S2A-C and Supplemental
Table S1). No differences were detected in all Sham surgeries at all time points. Therefore,
Shams were not reported.

3.3. Early Osteoblast-Ccr2 Inactivation before Injury Reduces Bone Thickness but Does Not Affect
Osteophyte Formation

We evaluated changes in bone tissues in CCR2-Col1aKO and CCR2+/+ littermates
after early Ccr2 inactivation, such as osteophyte formation, subchondral bone thickness
in the medial tibia, as well as measured the total bone volume comprised between the
calcified cartilage and the growth plate. We rarely observe osteophytes in Shams at all
time points. Therefore, we excluded Shams from the analysis. As shown in Figure 3A,B
and Table 2, early osteoblast-Ccr2 deletion does not affect osteophyte size during OA
progression. Similarly, the osteophyte tissue composition measured as maturity score
(Figure 3C) and osteophyte cartilage quantification (Figure 3D) were unchanged at all time
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points. When evaluating subchondral bone thickness and the percentage of total bone,
we found that Collx-specific Ccr2 ablation led to extensive bone protection, decreasing
both the DMM-induced subchondral thickness (Figure 3E) as well as the percentage of
bone volume vs. total volume (Figure 3F,G). Similarly to cartilage changes, early Ccr2
osteoblast ablation is most effective on late bone changes, where it is more evident that the
damage slows its progression (Supplemental Figure S2A-C and Supplemental Table S1).
No changes in subchondral bone thickness were assessed in all Shams (data not shown).
Therefore, they were not included in the analysis.
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Figure 3. Assessment of DMM-induced bone damage in mouse knee joints of CCR2-Col1a¢KO and
CCR2+/+, following early Ccr2 inactivation. (A) Safranin-O/Fast green staining of osteophytes in the
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medial compartment of CCR2-Col1aKO and CCR2+/+ mouse knees (tibia) at two, four, eight, and
twelve weeks after DMM surgery. (B) Osteophyte size and (C) osteophyte maturity scores (scale
0-3) of CCR2-Col1aKO and CCR2+/+ mouse knees at the time point indicated and described in
panel A. Results are expressed as the average of four quadrants (medial and lateral tibia, medial and
lateral femurs). (D) Percentage of cartilage tissue (sq pm) present in the osteophytes of DMM knees
(only the bigger osteophyte among the four quadrants) by histomorphometric analysis at the time
point indicated. (E) Quantification of the subchondral bone area (sq um) of the medial plateau of
DMM knees by histomorphometric analysis at the time point indicated (visualized in Figure 3F).
(F) Safranin-O/Fast green staining of the medial bone compartment comprised between the AC
and growth plate (defined as Total Volume, blue color) of CCR2-Col1aKO and CCR2+/+ mouse
knees at two, four, eight, and twelve weeks after DMM surgery. The subchondral bone area of each
representative section has been circled. (G) Percentage of bone tissue (Bone Volume, BV) vs. the
Total Volume (TV, defined as in panel F) of DMM knees (medial compartment) by histomorphometric
analysis at the time point indicated (sq pm). All images are representative of N = 8 for each of the
experimental points described; scale bars are 100 pm. The graphs represent the mean + standard
deviation (N = 8); indicated p-values were determined by Wilcoxon rank sum tests at each time point,
following adjustment for multiple comparisons (ns = not significant).

Table 2. Effect of early Ccr2 inactivation (before DMM) on bone damage in mouse CCR2-Col1aKO
and CCR2+/+ knee joints (N = 8).

OA Parameters Week 2 Week 4
Mean Score . Mean Mean Score .
Z (p-Value) (Rank Sums) Median (SD) Z (p-Value) (Rank Sums) Median Mean (SD)
35.72
Osteophyte DMM CCR2+/+ 5.75 344 (13.59) 0037 8 52.98 49.12 (21.50)
Cartilage ~2.26[0.08] 52.34 [0.71]
Quantification DMM CCR2-AggKO 11.25 51.51 (13.70) 9 60.19 53.87 (23.88)
DMM CCR2+/+ 9.38 1 1.00 (0.19) 9.06 0.88 0.94 (0.26)
Osteophyte Size 0.73 (0.61) 0.43 (0.66)
DMM CCR2-AggKO 7.63 1 0.91 (0.33) 7.94 0.88 0.88 (0.38)
Osteophyte DMM CCR2+/+ 9.63 1 1.03 (0.45) 9.31 1 1.06 (0.50)
Moo 0.91 (0.36) 0.65 (0.51)
a y DMM CCR2-AggKO 7.38 0.88 0.81 (0.46) 7.69 0.88 0.84 (0.33)
DMM CCR2+/+ 10.25 85.76 (8340736) 9.5 88.3 88.16 (5.38)
%BV over TV 1.42 (0.21) 805 0.79 (0.43)
DMM CCR2-AggKO 6.75 80.64 ® 61) 7.5 86.74 85.54 (3.81)
DMM CCR2+/+ 8.13 91856 03001 8.25 130217 136746
(21,658) (36,572)
Subchondral Bone 0-0.26 ~0.16 [0.87]
Thicks 0.87 . .
reness DMM CCR2-AggKO (0871 8.88 105,288 (14179 ;176130) 8.75 127,770 (13328'770360)
OA Parameters Week 8 Week 12
Mean Score . Mean Mean Score .
Z (p-Value) (Rank Sums) Median (SD) Z (p-Value) (Rank Sums) Median Mean (SD)
Osteophyte DMM CCR2+/+ 913 04 (‘113:38) 7.63 3213 31.86(1599)
Cartilage 0.47 (0.71) —0.68[0.71]
Quantification DMM CCR2-AggKO 7.88 349 (fg'g;) 9.38 3817 3577 (11.86)
. DMM CCR2+/+ 10.5 1.63 1.69 (0.62) 11.38 1.63 1.78 (0.41)
Osteophyte Size 1.66 (0.20) 2.43 (0.08)
DMM CCR2-AggKO 6.5 1.25 1.22 (0.25) 5.63 1.25 1.22 (0.36)
Osteophyte DMM CCR2+/+ 107 (028) 9.81 13 18308 007 10.69 1.63 1.69 (0.32)
Maturity DMM CCR2-AggKO 7.19 1 1.06 (0.32) 631 1.13 1.28 (0.43)
DMM CCR2+/+ 10.5 92.54 (9422247) 12.38 97.87 97.06 (3.08)
%BV over TV 1.63 (0.20) 3.20 (0.004)
DMM CCR2-AggKO 65 8839 67 463 8499 8481 (5.55)

(5.25)
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Table 2. Cont.

OA Parameters

Week 8 Week 12

Mean Score Mean Mean Score

Z(p-Value)  p o icumeg Median g5 Z (p-Value) (Rank Sums) Median Mean (SD)
DMM CCR2+/+ 7.25 132,176 12368'125 1225 205,757 23%5'691729
Subchondral Bone ~1(0.64) (26,144) 3.10 (0.008) (36,612)
Thickness DMM CCR2-AggKO 9.75 159,877 124085 475 113,190 118,064
88 : ’ (28,876) : ' (19,106)

Data presented show the median, mean and standard deviation (SD) for each group at separate time points
(two, four, eight, and twelve weeks post-surgery). Indicated z- and p-values were determined by Wilcoxon rank
sum tests between DMM CCR2+/+ and DMM CCR2-Col1aKO groups separately at each time point, following
adjustment for multiple comparisons (Benjamini-Hochberg).

3.4. Early Osteoblast-Ccr2 Inactivation Does Not Affect Synovial Hyperplasia Induced by Injury

CCR2 is a chemokine receptor involved in recruiting macrophages to the site of
inflammation [1,2]. Therefore, we analyzed whether genetic ablation of Ccr2 in osteoblast
was affecting the DMM-induced synovial hyperplasia. We did not find any differences
among different genotypes, as shown in Supplemental Figure S3 and Supplemental Table S2.
Synovial thickness is rarely present in Shams. Therefore, Shams were not included.

3.5. Late Osteoblast-Ccr2 Inactivation during OA Progression Decreases Cartilage Damage
Induced by DMM

To determine how osteoblast levels of Ccr2 affect PTOA progression after the ini-
tial onset, we induced Cre recombination in CCR2™/f*-eGFP / Col1aCreER-positive mice
four weeks after DMM surgery and followed joint degeneration in CCR2-Col1aKO and
CCR2+/+ mice at moderate and severe stages (eight to twelve weeks). As shown in
Figure 4A—C and Table 3, late Ccr2 inactivation was able to slow the damage on the sur-
face of the articular cartilage (ACS score) at the severe stage. Similar results were found
on extracellular matrix composition, where late Cre recombination decreased the Saf-O
score (Figure 4D-F) at the 12-week time point. Improvement in AC area quantification
was also detected in the CCR2-Col1a KO compared to CCR2+/+ mice at the severe stage
(Figure 4G and Table 3). Similarly to early recombination, when samples are plotted and
analyzed within each genotype, there is no noticeable progression in the cartilage damage
of CCR2-Col1a KO mice between eight weeks and twelve weeks, while the CCR2+/+ litter-
mates show an increase in the cartilage degeneration. (Supplemental Figure S4A-C and
Supplemental Table S3).

3.6. Late Osteoblast-Ccr2 Inactivation during OA Progression Delays Bone Thickness but Does
Not Affect Osteophyte Formation

We next evaluated the DMM-induced bone changes in CCR2-Col1aKO and CCR2+/+ mice
following late Ccr2 inactivation. As for the early Ccr2 inactivation, late Ccr2 deletion during
OA progression did not affect osteophyte size at any disease stages (Figure 5A,B and
Table 4). In contrast to the early ablation, a difference in osteophyte tissue composition
was detected between different genotypes at the PTOA severe stage (12 weeks), detected
as a lower maturity score in the CCR2-Col1aKO (less bone, Figure 5C) and confirmed by a
higher percentage of cartilage quantification (Figure 5D). As mentioned above, Shams were
excluded from the analysis. Late Ccr2 inactivation decreased the DMM-induced subchon-
dral thickness (Figure 5E, Table 4) and decreased the percentage of Bone Volume (%BV/TV,
Figure 5EG, Table 4) at both middle (eight weeks) and severe (twelve weeks) PTOA stages
although data reached statistical significance only at the most severe time point.; sub-
chondral bone thickness seemed to slow progression in the CCR2-Col1aKO between eight
and twelve weeks, while no changes were evident in the %BV/TV. However, changes
were minimal, and data were not statistically significant (Supplemental Figure S4D,E and
Supplemental Table S3).
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Figure 4. Histopathological measures of cartilage damage in DMM mouse knees following late
Ccr2 inactivation. (A) Panel A shows H&E staining of the medial knee compartment of reported
genotypes following DMM at the indicated time points. (B) Panel B shows magnified images corre-
sponding to the squares in panel A (AC, articular cartilage; CC, calcified cartilage; SB, subchondral
bone). The blue arrows indicate regions of lesions in the articular cartilage). (C) Panel C shows the
ACS score (scale 0-12) of knees subjected to DMM at the indicated time points. Reported measures
represent an average of the medial joint compartments (medial tibia and medial femurs), as this is the
most affected area. (D) Panel D shows Safranin-O/Fast green staining of the medial compartment
of mouse knees following DMM at the indicated time points. (E) Panel E shows magnified images
corresponding to the squares in panel D (EM, extracellular matrix; SB, subchondral bone). (F) Panel F
shows the Saf-O score (scale 0-12) of knees subjected to DMM at the indicated time points. Reported
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measures represent an average of the medial joint compartments (medial tibia and medial femurs).
(G) Panel G shows measures of articular cartilage area (sq um) at the indicated time points, quantified
by histomorphometric analyses (medial compartment)). Reported images are representative of N
= 8 for each time point; scale bars in the images are set at 100 um. The plots represent the mean
=+ standard deviation. Wilcoxon rank sum tests were used to calculate p-values at each time point,
following adjustment for multiple comparisons (ns = not significant).

Table 3. Effect of late Ccr2 inactivation (four weeks post-DMM) on cartilage damage in mouse
CCR2-Col1aKO and CCR2+/+ knee joint (N = 8).

OA Parameters Week 8 Week 12
Mean Score . Mean Mean Score .
Z(p-Value)  p o icumeg Median g Z (p-Value) (Rank Sums) Median Mean (SD)
CCR2+/+ 8.19 5.75 6.56 (2.58) 11.88 9.38 9.66 (1.63)
ACS —0.21[0.83] 2.79 (0.01)
CCR2-AggKO 8.81 6.38 6.47 (1.28) 5.13 5.5 5.53 (2.51)
CCR2+/+ 8.5 75 7.56 (3.32) 10.79 10 9.75 (1.22)
Saf-O 0 [1.00] 2.88[0.01]
CCR2-AggKO 8.5 75 7.44 (0.75) 421 7 6.36 (1.63)
Cartilane ki CCR2+/+ 8.25 21,074 (fgfgg) 7.13 20086 19,973 (3049)
artilage Histo- —0.16 (0.87) ’ —1.11 (0.54)
morphometry 24075
CCR2-AggKO 8.75 26,515 (8:;)90) 9.88 24930 25,629 (7527)

Data presented show median, mean and standard deviation (SD) for each group at separate time points (eight and
twelve weeks post-surgery). Indicated z- and p-values were determined by Wilcoxon rank sum tests between
DMM CCR2+/+ and DMM CCR2-Col1aKO groups separately at each time point, following adjustment for
multiple comparisons (Benjamini-Hochberg).

3.7. Late Osteoblast-Ccr2 Inactivation Does Not Affect Synovial Hyperplasia Induced by Injury

Similar to early osteoblast-Ccr2 inactivation, no changes in synovial hyperplasia score
were detected between CCR2-Col1a¢KO and CCR2+/+ mice at the time points observed
(eight and twelve weeks), as shown in Supplemental Figure S5 and Supplemental Table 54.

3.8. Reduced PTOA Joint Damage following Osteoblast-CCR2 Inactivation Diminishes Pain
Responses at the Severe Stage

In previous studies, we demonstrated that spontaneous pain behavior in mice could
be reduced by early blockage of CCR2 signaling using a chemical receptor antagonist or by
early deletion of the Ccr2 gene in chondrocytes [6,10]. In this study, we analyzed whether
the ablation of the Ccr2 gene in osteoblasts and the consequent decrease in joint damage
mirrored a lower susceptibility to pain compared to mice carrying the intact Ccr2 gene.
Our data demonstrated that ablation of Ccr2 in osteoblasts improved spontaneous pain
compared to CCR2+/+ mice, measured by hindlimb weight distribution.

Early osteoblast-Ccr2 deletion in DMM mice resulted in decreased pain responses
during PTOA progression, compared to DMM-induced CCR2+/+ (Figure 6A, DMM
CCR2+/+ vs. DMM CCR2-Col1aKO, yellow line vs. red line, respectively). Table 5 in-
cludes estimated between-group differences (corresponding 95% Cls) at each time point.
In particular, as OA progressed up to 20 weeks, CCR2-Col1aKO injured mice had values
similar to their Sham CCR2-Col1aKO littermate controls (Figure 6A and Supplemental Table
S5 DMM CCR2-Col1aKO vs. Sham CCR2-Col1aKO, red line vs. purple line, respectively).
In contrast, DMM CCR2+/+ mice progressed vs. higher static pain measures, as compared
to Sham CCR2+/+ mice (Figure 6A and Supplemental Table S5, DMM CCR2+/+ vs. Sham
CCR2+/+, yellow line vs. green line, respectively).

We also evaluated changes in evoked pain caused by DMM using von Frey filaments
Figure 6B, Table 5 and Supplemental Table 56). We found differences in pain values between
the DMM leg vs. the contralateral leg in both genotypes (starting at 12 weeks); however,
when comparing DMM legs between CCR2-Col1aKO and CCR2+/+ mice, no differences
were detected at any time point. No differences were detected among all the Shams of both
genotypes, including operated and contralateral legs (data not shown).
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Figure 5. Assessment of DMM-induced bone damage in mouse knee joints of CCR2-Col1a¢ KO and
CCR2+/+, following late Ccr2 inactivation. (A) Safranin-O/Fast green staining of the osteophytes in
the medial compartment of CCR2-Col1aKO and CCR2+/+ mouse knees (tibia) at eight and twelve
weeks after DMM surgery. (B) Osteophyte size and (C) osteophyte maturity scores (scale 0-3)
of CCR2-Col1aKO and CCR2+/+ mouse knees at the time point indicated and described in panel
A. Results are expressed as the average of four quadrants (medial and lateral tibia, medial and
lateral femurs). (D) Percentage of cartilage tissue (sq um) present in the osteophytes of DMM
knees (the larger osteophyte among the four quadrants) by histomorphometric analysis at the time
point indicated. (E) Quantification of the subchondral bone area (sq um) of the medial plateau of
DMM knees by histomorphometric analysis at the time point indicated (visualized in Figure 5F).
(F) Safranin-O/Fast green staining of the medial bone compartment comprised between the AC and
growth plate (defined as Total Volume) of CCR2-Col1aKO and CCR2+/+ mouse knees at eight and
twelve weeks after DMM surgery. The subchondral bone area of each representative section has been
circled. (G) Percentage of bone tissue (Bone Volume, BV) vs. the Total Volume (TV, defined as in panel
F) of DMM knees (medial compartment) by histomorphometric analysis at the time point indicated
(sq um). All images are representative of N = 8 for each of the experimental points described; scale
bars are 100 pm. The graphs represent the mean =+ standard deviation (N = 8); indicated p-values
were determined by Wilcoxon rank sum tests at each time point, following adjustment for multiple
comparisons (ns = not significant).



Biomolecules 2023, 13, 891 15 of 24

Table 4. Effect of late Ccr2 inactivation (four weeks post-DMM) on bone damage in mouse
CCR2-Col1aKO and CCR2+/+ knee joint (N = 8).

OA Parameters Week 8 Week 12
Mean Score . Mean Mean Score .
Z (p-Value) (Rank Sums) Median (SD) Z (p-Value) (Rank Sums) Median Mean (SD)
CCR2+/+ 9.25 41.93 41.62 488 3198  33.05(6.13)
Osteophyte ’ ' (12.42) —2.99 . ] -
Cartilage 0.58 [0.56] 0 066]
Quantification CCR2-AggKO 7.75 38.43 53% 12.13 4578 4690 (7.85)
CCR2+/+ 7.38 075  0.88(0.57) 8.25 1 1.03 (0.36)
Osteophyte Size —0.91[0.73] —0.16 [0.87]
CCR2-AggKO 9.63 113 1.13(0.33) 8.75 1 1.06 (0.35)
CCR2+/+ 8.38 088  0.94(0.22) 11.44 1.25 1.28 (0.21)
Osteophyte ~0.06 [0.96] 2,55 [0.02]
Maturity CCR2-AggKO 8.63 1 0.94 (0.26) 556 1 0.94 (0.22)
CCR2+/+ 10.63 91.03 ffff; 1125 96.1 9434 (473)
%BV over TV 1.73 [0.08] e 2.26 [0.05]

CCR2-AggKO 6.38 85.61 208) 575 8837 884 (2.96)

CCR2+/+ 10.63 199278 210692 11.25 23,0354 28213

(40,762) (47,127)

S“"“%‘ﬁ‘ﬁ;ifone 1.730.08] T 2.26 [0.05] P

CCR2-AggKO 6.38 168541 o 5.75 161005 e

Data presented show the median, mean, and standard deviation (SD) for each group at separate time points
(eight and twelve weeks post-surgery). Indicated z- and p-values were determined by Wilcoxon rank sum tests
between DMM CCR2+/+ and DMM CCR2-Col1aKO groups separately at each time point, following adjustment
for multiple comparisons (Benjamini-Hochberg).
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Figure 6. Pain behavioral measures in DMM mice following CCR2 inactivation. (A) Panel A
shows static measures of pain assessed by an Incapacitance Meter in DMM and Sham mice in both
genotypes at the time points indicated (N = 8). (B) Panel B shows longitudinal measures of evoked
pain by von Frey analyses in both genotypes, in both the operated (DMM leg) and the Contralateral
limb, at the time points indicated (N = 8). For both graphs, baseline values were obtained before
Ccr2 recombination and prior to surgery. The observed mean scores in each experimental group are
plotted at each time point, with error bars indicating the SEM. p-values for group differences were
calculated by linear mixed effects model (LMM) as described in the Methods (ns = not significant); in
particular, the p-values in both Panel A and B refer to differences between DMM CCR2-Col1aKO vs.
DMM CCR2+/+ mice (yellow line vs. red line); numerical LMM values for differences among other
groups are shown in Table 3 and Supplemental Table S1 (for the Incapacitance Meter’s measures in
Panel A) and Supplemental Table S2 (for the von Frey’s measures in Panel B).
Table 5. Effect of early Ccr2 inactivation (before DMM) on pain assessment in mouse CCR2-Col1aKO
and CCR2+/+ (N = 8).
Pain Incapacitance Meter Von-Frey Filaments
DMM CCR24+/+ DMM CCR24+/+ DMM CCR2+/+ DMM CCR2-Col1KO
Time PO/Stage vs. Vvs. C V?' ] C V?' ]
ontralatera ontralatera
DMM CCR2-Col1KO DMM CCR2-Col1KO CCR2+/+ CCR2-Col1KO
. 0.01 (—0.04, 0.06) —0.33 (—1.03,0.37) 0.04 (—0.56,0.64) 0.23 (—0.45,0.91)
4 wks/mild [p = 0.7480] [p = 0.3613] [p =0.9132] [p = 0.5194]
0.14 (0.03, 0.26) —0.19 (—0.88,0.51) 0.02 (—0.59,0.64) 0.21 (—0.46,0.88)
8 wks/moderate [p = 0.0177] [p = 0.6109] [p = 0.9455] [p = 0.5523]
0.06 (—0.01, 0.14) —0.46 (—0.95,0.03) —0.66 (—1.14, —0.19) 0(—0.45,0.45)
12 wks/severe [p = 0.0974] v = 0.0627] [» = 0.0064] [p = 0.9912]
16 wks/severe 0.15 (0.04, 0.26) —0.02 (—0.4,0.36) —0.44 (—0.86,—0.02) —0.49 (—0.91, —0.07)
[p = 0.0097] [p = 0.9301] [p = 0.0376] [p = 0.0230]
0.16 (0.07, 0.24) —0.16 (—0.54,0.22) —0.29 (—0.65,0.08) 0(—0.33,0.33)
20 wks/severe [p = 0.0006] [p = 0.4156] [p = 0.1245] [p = 0.9872]

Data presented are least-squares mean differences (and corresponding 95% Cis) from two separate linear mixed

effect models. The p-values are also reported in [], with significant values in bold.
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4. Discussion

OA is considered a disease of the whole joint, affecting not only the articular cartilage
but extending to the bone tissue and synovium. Bone damage in PTOA, such as the
thickening of the area below the calcified cartilage (subchondral bone and trabecular
bone) and osteophyte formation, can appear early during disease progression, and such
structural changes can contribute to OA pain and disability [6,9,29,30]. Therefore, in the
effort to find therapeutic intervention to limit OA progression, bone tissue constitutes an
important target.

Human studies correlating Ccr2 and Ccl2 gene variants with osteopenia and osteoporo-
sis risk demonstrated the important role of the CCR2 pathway in the skeletal system [31]. In
accordance, several animal studies in Ccr2 null mice confirmed that lack of Ccr2 associated
with impaired osteoclastogenesis and bone resorption (reviewed by Zhu et al. 2021) [32] and
also suggested a direct role of CCR2 in the osteoblast niche, which could affect osteoblast
differentiation and regulate bone growth in pathological conditions [6,14,15]. However,
the pre-and-post-natal growth plate defects associated with global germline Ccr2 deletion
in the Ccr2 null mice render this model not ideal for studying OA development [10]. In
previous PTOA mice studies, we found increased protein levels of CCR2 in chondrocytes,
osteoblasts, and synovium early after injury and have used a specific CCR2 antagonist
(RS504393) to inhibit the CCR2 signaling in adult mice, contributing to our understanding
of the role of this receptor during DMM-induced OA. We reported a protective action on
cartilage and bone structure by a systemic delivery at the time of the injury for a limited
amount of time (three weeks) [6], as well as by an intraarticular slow release in the injured
knee for ten weeks using a microplate-based drug delivery system [9]. However, this
pharmacological approach does not reveal the contribution of tissue-specific levels of CCR2
to the whole joint pathology. In a recent study, we used an inducible aggrecan-specific
Ccr2KO mouse model to study PTOA in the absence of cartilage levels of Ccr2; using this
model, we validated the PTOA preventive action of CCR2 targeting on cartilage damage
but detected a limited efficacy on bone changes [10], suggesting that levels of Ccr2 in other
cell compartments could directly contribute to PTOA bone changes.

To determine how Ccr2 deletion in the bone compartment could impact the whole joint
pathology, in this study, we induced Ccr2 deletion in osteoblast cells, modulating its ablation
after skeletal maturity, either before injury (early ablation) or during the course of PTOA
(late ablation). It is known that bone-cartilage crosstalk contributes to joint homeostasis.
Therefore, osteoblast levels of Ccr2 could indirectly affect articular cartilage structure; we
found that both early and late Ccr2 ablation affected cartilage degeneration, although
the amelioration was more efficient at the severe OA stage (Figures 2—4; Supplemental
Figure S2A-C). These results differ from previous data obtained with chondrocyte-specific
Ccr2 ablation, where only an early approach was successful in preventing cartilage damage,
with high efficiency on early OA [10], while later intervention resulted in lost efficacy.
If these results are taken together, they suggest that although Ccr2 expression in both
chondrocytes and osteoblasts contributes to cartilage degeneration, the expression in the
two cell compartments might regulate cartilage degeneration at different stages during
disease progression, with the osteoblast niche becoming more critical when the disease
is already established. This could be an indirect consequence of the more severe bone
changes occurring at end-stage OA. Our data on bone damage following osteoblast-Ccr2
inactivation appear to corroborate this hypothesis.

The subchondral bone is the region lying beneath the calcified cartilage, and its
integrity is critical in OA [33]; the subchondral bone is a dynamic structure that not
only provides support for the mechanical forces that insist on the joint structure [34] but
interacts with the articular cartilage to ensure a correct nutrient supply and metabolism [35],
contributing to joint homeostasis [33]. Following DMM, the subchondral bone of the medial
side of the knee becomes denser as a consequence of the injury, with differences more
evident between five and ten weeks post-surgery [36]. We found that the bone thickening
of the medial tibia normally induced by the ligament injury was significantly reduced in
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CCR2-Col1aKO mice when compared to CCR2+/+ littermates. As for cartilage damage,
this improvement was detected only at the most severe stage, either with early or late
Ccr2 inactivation (Figure 3E-G and Figure 5E-G; Supplemental Figures S2D,E and S4D,E).
Because no differences in osteoclast activity were detected between the two genotypes (data
not shown), our data suggest that Ccr2 expression in the osteoblast population is critical to
drive the bone thickness in both the subchondral and trabecular compartments, and such
changes might partially influence the integrity of the cartilage above.

When we compared all the PTOA outcomes between early and late inactivation, we
found no significant differences in phenotypes at both the middle and severe stages (Sup-
plemental Figure S6 and Supplemental Table S7); these results corroborate the hypothesis
that bone expression levels of Ccr2 are more critical on OA progression after the disease is
established and suggest that the cartilage degeneration might be an indirect action of the
bone thickening.

We also analyzed osteophyte formation in the absence of osteoblast-Ccr2. In the
DMM, osteophyte formation begins as a consequence of trauma as early as two weeks
post-DMM [6,36] (Figure 3A). Unexpectedly, osteoblast Ccr2 ablation was not sufficient
to decrease osteophyte formation during DMM-induced OA, although some efficacy was
noticed in their maturation from cartilage to bone (Figure 3C,D and Figure 5C,D). These
results mirror our data obtained previously with chondrocyte-specific Ccr2 inactivation,
suggesting that Ccr2 expression in both the cartilage and bone compartments is not the
main driver of osteophyte formation, although it might contribute to their maturation
from cartilage to bone [10]. Importantly, our previous data with pharmacological CCR2
targeting successfully demonstrated the role of CCR2 activation in the process of osteophyte
formation, suggesting that other target cells might be critical for the process. In this respect,
Fang et al. deeply analyzed early changes in the bone compartment of DMM knees and
reported differences in osteoclast activity, mostly localized at the site of osteophyte forma-
tion, although some change was also seen in the subchondral bone [36]. This suggests that
osteoclast expression levels of Ccr2 might contribute to the process of osteophyte formation
in the DMM knees. We need to acknowledge that our experimental method to analyze bone
damage relies on the sole histological evaluation of tissues, as reported by Nagira et al. [26];
although this method has been specifically validated for the evaluation of bone changes in
OA murine models by comparing it with uCT analyses, more sensitive techniques would
allow a more accurate interpretation of bone parameters, and this constitutes a limitation
of the study. In this respect, further studies on larger animals, coupling more translational
methods for CCR2 targeting with more sensitive experimental techniques (such as uCT
and MRI), will be needed to evaluate the potential application of CCR2 targeting in OA.

We also evaluated whether Ccr2 deletion in osteoblasts affected the synovial hyper-
plasia induced by DMM. As reported for chondrocyte-specific inactivation, no differences
were detected between genotypes with early or late inactivation at any of the PTOA stages
analyzed (Supplemental Figures S2 and S3). Interestingly, previous data with intraarticular
pharmacological CCR2 inactivation demonstrated a decreased synovial thickness following
injury. When taken together, our results suggest that the Ccr2 expression in the osteo-
clast/macrophage niche might play a critical role in PTOA pathogenesis, altering bone
remodeling in some joint compartments and affecting inflammation. Further studies are
needed to understand the role of Ccr2 in other cell populations in the contest of PTOA.

Pain can originate from many joint tissues [37], and it is the main reason for disability
in the OA population [38,39]. Although cartilage degeneration and synovial inflammation
are believed to be linked to OA pain, different studies have reported an important role
for subchondral bone as a source of pain in OA [40,41]. The formation of new bone and
osteophytes is normally accompanied by angiogenesis and consequent innervation and,
therefore, can affect pain perception during OA progression [42]. The important role of
CCR2 in pain has been confirmed by different investigators, including us. We recently
established a link between expression levels of the Ccr2 gene in cartilage with joint tissue
degeneration post-trauma and pain [10]. Interestingly, Ccr2 ablation in osteoblasts led
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to very similar outcomes, with static pain that was ameliorated in CCR2-Col1aKO mice
vs. CCR2+/+ littermates, although the effect was noticeable at later stages compared to
chondrocyte inactivation (16 weeks post-trauma vs. 12 weeks) [10]. This is not surprising,
given the fact that Ccr2 bone levels seem to mediate joint damage at later stages compared
to Ccr2 chondrocyte levels [10]. In contrast to static pain, evoked pain by Von Frey filaments
showed some improvements, but differences among genotypes did not reach statistical
significance at any of the time points analyzed, suggesting that different mechanisms might
regulate evoked vs. spontaneous pain. Our result mirrors a human knee osteoarthritis
study that revealed a different brain activity in evoked pain versus spontaneous pain [43].
A study using Ccr2 null mice reported that CCR2 had a different contribution to chronic
pain vs. acute pain [44]. Other studies have established a correlation between specific
tissue damage with joint pain [45,46]. For example, osteophyte formation seems to be less
critical for pain perception than joint space narrowing, probably because the presence of
osteophytes might have some beneficial effect in stabilizing the joint [46]. Therefore, in
our case, the difference between evoked and spontaneous pain might reflect particular
structural changes in bone or cartilage tissues; however, because bone changes were
indirectly affecting cartilage damage, it was impossible to define the tissue source of
pain. It is important to remark that evoked mechanosensitivity in the absence of OA
degeneration (contralateral legs of both CCR2-Col1aKO and CCR2+/+) showed similar
values along all-time points (Supplemental Table S52), confirming that the ablation of Ccr2
in osteoblasts alone does not translate in changes in mechanosensitivity in the absence of
joint tissue degeneration.

There is no treatment for OA, and the multi-tissue nature of the pathology renders
it more difficult to find a successful target to halt or slow disease progression. CCR2
and its ligand CCL2 are expressed in macrophages, neurons, chondrocytes, osteoblasts
and tendon fibroblasts [6]. Thus, the relevance of the CCLs/CCR2 axis for potential
PTOA therapies is not limited to mediating the inflammatory response accompanying
disease progression [4—6], but differently from other chemokines, is directly linked to
cartilage and bone integrity [2,6,9,10], representing a potential target also for tissue structure
and pain [47]. However, before translating to the clinic, it is critical to understand the
contribution of the CCL2/CCR?2 axis to each tissue affected by OA and how each tissue
contributes to the whole pathogenesis. Our study provides important insights into potential
CCR2-targeted therapies for OA. by defining how Ccr2 levels in the bone compartment
affect the whole joint structure and pain at different disease stages.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biom13060891/s1. Supplemental Figure S1: Protein levels of CCR2
and GFP in the articular cartilage (AC) of CCR2-Col1aKO and CCR2+/+ mice following Tamoxifen
injection; Supplemental Figure S2: PTOA assessment in mouse knee joints of CCR2-Col1a¢KO and
CCR2+/+ within each genotype, following early Ccr2 inactivation; Supplemental Figure S3: Synovial
hyperplasia assessment in mouse knee joints of CCR2-Col1aKO and CCR2+/+, following late Ccr2
inactivation; Supplemental Figure S4. PTOA assessment in mouse knee joints of CCR2-Col1aKO and
CCR2+/+ within each genotype, following late Ccr2 inactivation; Supplemental Figure S5. Synovial
hyperplasia assessment in mouse knee joints of CCR2- Col1aKO and CCR2+/+, following late CCR2
inactivation; Supplemental Figure S6. PTOA assessment in mouse knee joints of CCR2-Col1aKO
comparing early vs. late Ccr2 ablation; Supplemental Table S1. PTOA assessment in mouse knee
joints of CCR2-Col1aKO and CCR2+/+ within each genotype, following early Ccr2 inactivation;
Supplemental Table S2. Effect of early CCR2 inactivation (before DMM) on synovial hyperplasia in
mouse CCR2-Col1aKO and CCR2+/+ knee joints (N = 8); Supplemental Table S3. PTOA assessment
in mouse knee joints of CCR2-Col1aKO and CCR2+/+ within each genotype, following late Ccr2
inactivation; Supplemental Table S4. Effect of late CCR2 inactivation (4 weeks post-DMM) on synovial
hyperplasia in mouse CCR2-Col1aKO and CCR2+/+ knee joint (N = 8); Supplemental Table S5.
LMM results for incapacitance meter scores; Supplemental Table S6. Between-group mean differences
in Von Frey Analyses and 95% Cls; Supplemental Table S7. Comparison between Early vs. Late
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Recombination on PTOA patameters at 8 and 12 weeks post DMM in mouse CCR2-Col1aKO and
CCR2+/+ knee joint (N = 8).
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Appendix A Supplemental Methods

Animal genotyping: genotypes of the mice were confirmed by standard polymerase
chain reaction analysis of ear-notch biopsy tissue. GoTaq green master mix for genotyping
was purchased from Promega (M7123; Madison, WI, USA). Genotyping primers were from
Integrated Technologies (Coralville, IA, USA).

For Ccr2: Common forward 775: 5’ GAC CCC TGA GCC ATC TCT AA 3’; Flox/WT
777: 'CTT CCC CTT GCT CTC ACT CA 3’; KO reverse 544: 5’ AAA AGT CGA CCA TGA
TAT AGA CGT TGT GGC T 3'; Neo reverse 776: 5’ TGG ATG TGG AAT GTG TGC GA 3').

For Collagenl«1: Cre forward: 5 ATC CGA AAA GAA AAC GTT GA3/; Cre reverse:
5'ATC CAG GTT ACG GAT ATA GT3'

Generation of inducible osteoblast-specific Ccr2 knockout mice: we successfully
generated inducible osteoblast-specific Ccr2 knockout mice (CCR2-Col1aKO) using a Cre-Lox
system. Specifically, we crossed CollaCreER mouse (commercially available from The
Jackson Laboratory; Bar Harbor, ME) with homozygous CCR2"*?_enhanced green flu-
orescent protein (CCR2*/f*-¢GFP) mice (gently donated by Dr. M. Pasparakis, Uni-
versity of Cologne, Germany), in which the Cre-mediated recombination deletes Ccr2
exon 3, generating a functional knockout, and activates the expression of eGFP under
the Ccr2 locus(14). The heterozygous CCR2™/*-eGFP/Col1aCreER were crossed back
with homozygous CCR2™*/f%-¢GFP to obtain CCR2™*/f*-eGFP / Col1aCreER-positive as well
as CCR2/f*_¢GFP / Col1aCreER-negative. We induced Cre recombination in CCR2/*/fx_
eGFP/CollaCreER-positive by tamoxifen injection to obtain a mouse line with Ccr2 inactiva-
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tion in osteoblasts (CCR2Col1aKO in the manuscript). Injected CCR2™*/*-eGFP / Col1aCreER-
negative, where the Cre is not expressed, were used as controls (CCR2+/+ in the manuscript).
The temporal and osteoblast-specific control of Ccr2 expression in bone tissues was obtained
using tamoxifen (Sigma T56348; St. Louis, MO, USA; approximately 75 mg/kg, 1 mg/per
day for 5 consecutive days), two weeks before DMM (for the early Ccr2 inactivation group)
or four weeks after DMM (for the late Ccr2 inactivation group).

Induction of Experimental OA: the DMM model results in an injury-induced OA
more consistent with the human clinical disorder in that it allows loading during the
slow progression of changes in cartilage and bone. DMM lesions progress in stages from
early /mild (four weeks post-surgery) to moderate (eight weeks) and then to severe OA
(=12 weeks). As such, the DMM-induced OA model is well suited to studies of the temporal
progression of OA. For all the experiments performed, only male mice housed in the same
room were used in this study. OA severity is markedly higher in males than females
after DMM [22]. In addition, males also have less fluctuation of the sex hormones. For
each experimental group, Sham and DMM were performed by the same surgeon. Mice
were assigned random numbers on the day of genotyping and were allocated to groups
depending on genotype availability and survival. On the day of surgery, a maximum
of ten surgeries/day were performed, and mice of the same litter were equally divided
between Sham and DMM and always allocated to the same experimental group (early
or late inactivation and same time point of Euthanasia), to limit variability. Mice were
assigned a Sham or DMM destination by an investigator different from the surgeon before
the surgery occurred, and the surgeon was only notified after the joint capsule was opened.
For anesthesia, isoflurane (1.5 to 3% by inhalation) was used, and post-operative analgesia
(Buprenex, 0.05-0.1 mg/kg) was administered per UNC IACUC guidelines. Mice were
monitored daily for the first week, then every other day.

Behavioral Pain assessment: hindlimb weight distribution was measured with an
incapacitance meter (IITC Life Science; Woodland Hills, CA, USA) as a pain indicator.
Avoidance of weight bearing is an indication of discomfort as it relates to injury. The weight
distribution between the unoperated and operated hindlimbs was measured as previously
reported (19). Mice were placed in a restrainer with hind paws on two separate platforms.
As the mouse shifts its weight from each platform, the unit records the average weight
in grams per two-second period. This was repeated for 10-12 measurements/session
for 3 sessions/time points. We used a ratio between the two paws (Left/un-operated vs.
Right/operated) as a measure of pain difference. Higher ratios resulting from decreased
weight bearing on the operated knee caused by OA-induced pain, compared to the un-
operated, indicate an increased pain. Evoked pain was assessed by application of von Frey
filaments (weighted forces in grams, Northcoast Medical, Morgan Hill, CA, USA) to the
plantar surface of the hind paw to determine a threshold for mechanosensitivity. A mouse
responding to a filament of less force was more sensitive to the applied force. A modified
50% response method was used. Trials were up-down presentations of filaments until three
of the same measures were recorded in up to ten presentations, three sessions per week per
time point.

Histopathologic assessment of arthritis: Dissected knees were fixed in 4% paraformalde-
hyde overnight at RT. Following removal of fixative and rinsing in PBS, knees were decal-
cified with Immunocal (StatLab, McKinney, TX, USA) for five to seven days, embedded
in paraffin, and frontal sections (6 um) were cut through the entire joint. Sections at
70um intervals were stained with Safranin-O/Fast Green, and images were taken with an
Olympus BX51 microscope and a DP71 camera. For OA grading, we used two different
semiquantitative scoring systems, described by McNulty et al. 2007, the Articular Cartilage
Structure (ACS) score and the Safranin-O staining score (Saf-O). Compared to the OARSI
score system, designed to rapidly identify the site within the joint that contains the most
severe lesions, the combination of ACS and Saf-O scores provides in-depth information
regarding changes within the lesions for both articular cartilage structure and extracellu-
lar matrix integrity. The ACS focuses on AC structure, identifying fibrillations and cleft
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in the structure, while the Saf-O is more tailored at identifying changes within the cell
compartment and/or in the extracellular matrix. For both scoring systems, two adjacent
midcoronal and posterior sections were stained with H & E (for ACS) or Safranin-O, and
lesions were identified within the four compartments (medial and lateral tibial plateau
and femoral condyles); In both ACS and Saf-O scores, lesions are scored on a 0-12 scale as
described by McNulty et al., where zero is defined as normal, reflecting a smooth articular
surface (ACS) or uniform staining throughout the articular cartilage (Saf-O), while 12 re-
flects fibrillation/cleft/loss of cartilage (ACS) or complete loss of staining in both cells and
matrix (Saf-O) involving the full thickness of articular cartilage with an extension higher
than two third of the plateau/condyle [25].
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