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CCR7 depletion alleviates bony
growth imbalance following
physeal injury in mice
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Growth plates are the frequent sites of skeletal injury in children, leading to skeletal growth
imbalances. Chemokines, including the receptor CCR7, play a crucial role in stem cell recruitment and
cartilage homeostasis, with previous studies linking CCR7 to osteoarthritis progression. However, its
role in growth plate cartilage remains unclear. We analyzed the role of CCR7 in the physeal cartilage
repair process in mice model. Physeal injury was created in the proximal tibia in 3-week-old C57BL/6
mice (WT) and CCR7-knockout mice (CCR7—/—). Tibial length was measured macroscopically and
sections of the physeal injury were analyzed histologically and immunohistochemically. Height and
bone volume of the tibial growth plate and bone mineral density (BMD) of the subchondral area were
measured by micro-CT. Mesenchymal stem cells (MSCs) were harvested and gene expression after
osteogenic differentiation was analyzed using qRT-PCR. At 1, 3 and 5 weeks postoperatively, injured
tibiae of CCR7—/— mice were less shortened than those of WT mice. Bone volume of the physeal bridge
was significantly lower in CCR7—/— mice than in WT mice. In contrast, BMD of the subchondral area
was comparable between CCR—/— and WT mice, and between sham and operated tibiae. In osteogenic
differentiation, CCR7—/— mice showed significantly lowered expression of osteogenic markers such as
Osterix, Runx2 and Type X collagen. We demonstrated CCR7 depletion in mice inhibited physeal bridge
formation and ameliorated growth imbalances after physeal injury.

Physeal injury constitutes 30% of pediatric bone fractures and 10% of such injuries cause shortening or
deformation of the limbs, resulting in severe social and economic problems'2. Bony growth along the longitudinal
axis is usually controlled by vascular invasion following hypertrophy of chondrocytes in the growth plates of the
long bones’. Physeal injury causes partial ossification of chondrocytes in the injured plate, burdening the young
individual with disturbance of bone growth. However, the precise mechanisms involved remain unclear.

Current therapeutic techniques to address physeal arrest involve bony bar resection and interpositional
materials such as fat or silicone rubber to prevent reformation of bony tissue and allow the intact physeal
cartilage to restore normal growth. However, clinical success rates following resection range from 18-35%*. In
addition, fat grafts do not integrate into host tissue but instead break down over time, leading to physeal closure
or bony bar recurrence. Silicone rubber does not incorporate within host tissues and may migrate from the
surgical site, causing subsequent problems. The capricious nature of invasive surgery with the interposition of
imperfect graft materials therefore results in high rates of bar reformation, speaking to the critical need for novel,
regenerative treatment methods®

Chemokines are low molecular weight proteins of 8-10 kDa and are known to play a crucial role in recruiting
stem cells or precursor cells. Previous reports demonstrated, through comprehensive chemokine screening, that
the chemokine receptor CCR7 is most important for maintaining articular cartilage homeostasis®. Additionally,
CCR?7 has been observed in knee osteoarthritis and is associated with the severity of symptoms. Furthermore,
CCR?7-deficient mice showed delayed development of joint damage and functional deficits in a murine model of
osteoarthritis®. However, the roles of CCR7 in growth plate cartilage remain unclear.

Based on previous studies, we hypothesized that CCR7 play a critical role in bony growth during physeal
injury and the repair process. To this end, we employed CCR7-knockout mice to analyze the role of CCR7 in the
process of growth plate cartilage repair.
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Results

CCR7 is expressed at the injury site immediately after physeal injury

We first analyzed CCR7 expression 1 day after physeal injury created in the proximal tibia in mice model. CCR7
accumulated predominantly at the injury site and was barely expressed in the remaining physeal chondrocytes
(Fig. 1). In addition, VEGE as a marker of osteoprogenitor cells, was also expressed in the same areas where
CCR?7 was found to be expressed. Further expression analysis revealed the presence of CD44, Type I, and Type
X collagen-positive cells at the injury site (Supplemental Fig. 1). These results suggest that osteoprogenitor
cells are recruited by CCR7 and express VEGE. Accordingly, CCR7—/— mice were employed in the following
experiments.

CCR7 deficiency suppresses shortening of bony length after physeal injury

No significant difference in uninjured tibial length and was observed between 3-week-old WT mice and
CCR7—/— mice (Supplemental Fig. 2A). At 1, 3, and 5 weeks postoperatively, both injured and intact tibiae from
the same mouse were harvested and subjected to analysis. Macroscopic findings showed that the injured tibia
was shortened in WT mice, whereas in CCR7—/— mice, the length of the injured tibia was comparable to that
on the control side (Fig. 2A). Tibial length in WT mice was significantly shorter compared to the sham-operated
tibia following growth plate injury (mean=standard deviation: 13.24+0.25 mm in the operated tibia vs.
13.58 +0.25 mm in the sham group at 1 week, p <0.01; 15.13 +0.25 mm in the operated tibia vs. 15.56 +0.29 mm
in the sham group at 3 weeks, p<0.01; 15.65+0.35 mm in the operated tibia vs. 16.05+0.31 mm in the sham
group at 5 weeks, p=0.02; Fig. 2B). In contrast, no significant differences in tibial length were observed between
the operated and sham-operated tibiae following growth plate injury in CCR7—/— mice (13.39+0.32 mm in
the operated tibia vs. 13.44+0.31 mm in the sham group at 1 week, p=0.72; 15.29 +0.37 mm in the operated
tibia vs. 15.42+0.32 mm in the sham group at 3 weeks, p=0.43; 15.76+0.65 mm in the operated tibia vs.
15.93 +0.59 mm in the sham group at 5 weeks, p=0.57; Fig. 2B). These results suggested that depletion of CCR7
inhibited the shortening of longitudinal bone growth after physeal injury.

Micro-CT evaluation and histology: CCR7 deficiency shows hindered formation of the

physeal bridge

Next, we examined whether CCR7 deficiency influenced physeal bridge formation using micro-CT. Bone
volume of the physeal bridge was significantly lower in CCR7—/— mice than in WT mice at 1, 3 and 5 weeks
(143.00 % 3.09 Hounsfield units (HU) in WT vs. 138.95+1.58 HU in CCR7—/— at 1 week, p <0.05; 143.16 +9.21
HUin WT vs. 130.37 +7.62 HU in CCR7—/— at 3 weeks, p <0.01; 150.29 +4.59 HU in WT vs. 142.84 + 5.07 HU
in CCR7—/— at 5 weeks, p <0.01; Fig. 3A and B). Although no difference in growth plate height and morphology

Fig. 1. Histological analysis at 1 day postoperatively. A HE staining. B DAPI staining. C CCR7. D VEGE. Scale
bar: 0.2 mm.
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Fig. 2. Macroscopic observations of tibiae after physeal injury (n=10/group). A Real image of wild-type (WT)
and CCR7—/— mice. B Comparison of tibial length after physeal injury. Cont: control; Oper: operated; WT:

wild-type; CCR7—/—: CCR7 knockout. Values represent mean + standard deviation. ***Significance at the level
of P<0.05 and P<0.01, respectively. n.s: no significance.

were observed between 3-week-old WT and CCR7—/— mice (Supplemental Fig. 2B-D), in WT mice, a significant
change in growth plate height was observed at 3 and 5 weeks postoperatively (0.21+0.019 mm in the operated
tibia vs. 0.22+0.015 mm in the sham group at 1 week, p=0.53; 0.16+0.019 mm in the operated tibia vs.
0.19+0.030 mm in the sham group at 3 weeks, p <0.01; 0.12 +0.13 mm in the operated tibia vs. 0.15+0.022 mm
in the sham group at 5 weeks, p <0.01, Fig. 3C). In contrast, no significant changes were observed after growth
plate injury in CCR—/— mice (0.20 +0.023 mm in the operated tibia vs. 0.19+0.021 mm in the sham group at 1
week, p=0.34; 0.14 +0.020 mm in the operated tibia vs. 0.14 +0.019 mm in the sham group at 3 weeks, p=0.84;
0.14+0.020 mm in the operated tibia vs. 0.14+0.019 mm in the sham group at 5 weeks, p=0.44, Fig. 3C). In
contrast, BMD of the subchondral area was comparable between WT and CCR—/— mice, and between sham
and operated tibia at all time points (0.412+0.09% in control WT mice vs. 0.442 +0.12% in operated WT mice
at 1 week, p=0.42; 0.433+0.08% in control CCR—/— mice vs. 0.422+0.15% in operated CCR—/— mice at 1
week, p=0.58; 0.468 +0.05% in control WT mice vs. 0.426 +0.06% in operated WT mice at 3 weeks, p=0.68;
0.467 +0.04% in control CCR—/— mice vs. 0.411+0.09% in operated CCR—/— mice at 3 weeks, p=0.12;
0.441 +0.07% in control WT mice vs. 0.396 +0.06% in operated WT mice at 5 weeks, p=10.49; 0.466 +0.05% in
control CCR—/— mice vs. 0.424 +0.07% in operated CCR—/— mice at 5 weeks, p=0.72; Fig. 3D).

HE staining showed differences in physeal bridge formation at the injury site. WT mice showed a denser, more
continuous bony bar with less infiltration of bone marrow, cavities or disconnection starting to form at 1 week
(Fig. 4A-C), while the physeal bridge in the CCR7—/— mice showed a rather sparse, unstable and discontinuous
shape, partly empty, especially at 5 weeks (Fig. 4D-F). Moreover, in WT mice, VEGF-expressing cells were
observed up to 1 week postoperatively (Fig. 4G-I). In contrast, in CCR7-deficient mice, VEGF-expressing cells
were hardly detected at 1 week postoperatively (Fig. 4J-L). Combined with the results from micro-CT analysis,
these results suggested that CCR7 deficiency suppressed the induction of ossification at the site of physeal injury.

Depletion of chemokine CCR7 suppresses osteogenic differentiation

To further assess the effects of CCR7 deficiency on osteogenicity, we performed osteogenic differentiation. After
14 days of cultivation in differentiation medium, MSCs of CCR7—/— showed significantly lowered expressions
of ossification markers such as Osterix, Runt-related Transcription Factor 2 (Runx2) and Type X collagen (Col
X) (OPN: 1.00+0.16 in WT vs. 0.88+0.14 in CCR—/—, p=0.28; Osterix: 1.02+0.22 in WT vs. 0.78 +0.05 in
CCR—/—, p=0.03; Runx2: 1.01 +0.16 in WT vs. 0.63+0.12 in CCR—/—, p=0.01; BMP-2:1.01 +0.17 in WT vs.
0.91+0.11 in CCR—/—, p=0.39; Col X : 1.05+0.16 in WT vs. 0.7 +0.04 in CCR—/—, p=0.02; VEGF: 1.01 +0.19
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Fig. 3. Micro-CT analysis (n=10/group). A Micro-CT images showing bony bar formation within the
physeal injury site. B Bone volume of the bony bar. C Comparison of growth plate height between WT and
CCR7—/—. D Subchondral bone mineral density. Scale bar: 1 mm. Cont: control; Oper: operated; WT: wild-
type; CCR7—/—: CCR7-knockout. Values represent mean =+ standard deviation. ***Significance at the level of
P<0.05 and P<0.01, respectively. n.s: no significance.

in WT vs. 1.04+0.27 in CCR—/—, p=0.92; Fig. 5). Alizarin red staining showed that the staining intensity in
CCR7—/— mice was reduced compared to WT mice (Fig. 5G and H). These results indicate that CCR7 not only
facilitates the recruitment of osteoprogenitor cells to the injury site after growth plate injury but also plays a
promotive role in osteogenesis.

Discussion
Using comprehensive screening techniques, including differences in tibia length, micro-CT analysis, histology
and immunohistochemistry, as well as osteogenic differentiation from MSCs, we identified chemokine receptor
CCR?7 as a candidate therapeutic target involved in the repair process after physeal injury. CCR?7 is involved
in multiple pathophysiological processes, including inflammation and tumorigenesis”®. However, the roles of
CCR?7 in musculoskeletal diseases have rarely been addressed>®. The present study demonstrated that CCR7
knockout in mice inhibited physeal bridge formation and ameliorated growth imbalances after physeal injury
with sparse and discontinuous bony bar on histology, and decreased bone volume on micro-CT. Based on the
current results, CCR7 appears to play crucial roles in bony physeal bridge formation. However, the molecular
mechanisms involved are still unclear.

In our analysis, VEGF-expressing osteoprogenitor cells co-expressed CCR7 immediately after physeal injury.
In addition, MSCs during osteogenesis in CCR7—/— mice showed reduced gene expressions of osteogenic
markers in qRT-PCR, implying that close relations exist among CCR7 and osteogenesis. As aforementioned,
the chemokine receptor CCR7 has been mainly studied in the field of immunology and oncology due to its
role in the migration of inflammatory cells and the metastasis of cancer cells®"!?. Of note, some of those studies
addressed the relationship between CCR?7 activation and VEGF expression. More precisely, they showed that
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1 week

Fig. 4. Histology of physeal bridge formation at different time points after injury. Hematoxylin and eosin
staining (A-F) and VEGF (G-L). Histology shows differences in bony proportion of the physeal bridge in the
presence (A-C and G-I) or absence (D-F and J-L) of CCR7. Scale bar =0.2 mm. WT: wild-type; CCR7—/—:
CCR7 knockout.

CCR?7 activation induced VEGF expression via MAPK or NF-kB pathways!*-1°. Interestingly, those reports also
support the molecular pattern identified during physeal injury and repair in our study.

Hypoplasia of the bony bar at physeal injury in CCR7—/— mice may primarily result from suppression of
osteogenic differentiation. Because a high VEGF level during late-stage chondrogenesis is known to promote
endochondral ossification to convert hypertrophic cartilage into bone!’, the suppression of angiogenesis
by lower expression of VEGF could suppress the conversion of cartilage into bone at the site of growth plate
injury. Similarly, Chung et al. reported that systemic anti-VEGF treatment inhibited physeal bridge formation,
causing short stature in a rat model of physeal injury'®. Meanwhile, Erickson et al. reported the local anti-
VEGF treatment inhibited physeal bridge formation, with no effect on limb lengthening!®. However, our study
model using systemic CCR7—/— in mice did not result in growth impairment or differences in the BMD at the
subchondral area. Our previous study also showed no growth difference between WT and CCR7—/— mice”.

Scientific Reports |

(2024) 14:24891 | https://doi.org/10.1038/s41598-024-75877-1 natureportfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

>

Relative mRNA expression
OPN/GADPH

o =

wn [ wn

O

1.5

Relative mRNA expression
BMP-2/GADPH

n.s
s & 15 * 5 1.5 .

A A
T + A
s 1 sg 1

@ 2 g

E%O.S 550.5

20 S

© ©

¢ O ¢ O

WT CCR7-/- WT CCR7-/- WT CCR7-/-

m
-

n.s

— s 15 . § 15, _ns
(7] (7]
(7] (7]

l ST 1 SE I
o
5o 1 52 1
> w
EX0.5 EG0.5
20 2>
© ©
¢ O ¢ O

WT CCR7-/- WT CCR7-/- WT CCR7-/-

Fig. 5. Gene expression of MSCs during osteogenic differentiation as analyzed by quantitative real-time
polymerase chain reaction (A-F) and alizarin red staining (G WT, H CCR7—/—). WT: wild-type; CCR7—/—:
CCR7-knockout. Values represent mean + standard deviation (n=6). *Significance at the level of P<0.05. n.s:
no significance.

Putting these results together, the present study suggests that CCR7 induced VEGF expression at the injury site
in a limited manner, exerting little influence on growth in the normal state. Systemic therapy via CCR7 may thus
be non-invasive and represents an avenue for future investigations of therapy after physeal injury.

Some limitations should be considered when interpreting our results. First, in this study, the viability of
remnant physeal cartilage after physeal injury was unclear. Expression of CCR?7 is more concentrated in injured
than in non-injured areas, and the role of CCR?7 after physeal injury presumably mainly involves bone bridge
formation in the injured area, but the exact roles in non-injured areas need to be clarified in future studies.
Second, although we demonstrated that depletion of CCR7 suppressed osteogenesis, the mechanisms by which
CCR?7 regulates osteogenic gene expression at the injury site remain unclear. Finally, since this study used a
mouse model, human samples need to be analyzed in the future. Nonetheless, this represents the first study to
investigate the relationship between CCR7 and repair of physeal injury and will provide a foundation for future
treatment strategies to inhibit physeal bridge formation after physeal injury.

In summary, we demonstrated depletion of CCR7 ameliorated growth imbalances after physeal injury in a
mouse model, suggesting the possibility of suppressing expression of ossification markers. Strategies to inhibit
physeal bridge formation by manipulating CCR7 may be a future direction for treating physeal injury.
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Methods

Experimental animals

All experiments were performed according to a protocol approved by the Institutional Animal Care and Use
Committee of the Hokkaido University Graduate School of Medicine. CCR7-knockout mice (CCR7—/—) were
obtained from The Jackson Laboratory (strain B6, 129P2(C)-Ccr7tm1Rfor/], stock number 006621). C57BL/6
mice were purchased from Japan SLC, Inc. and used as wild-type (WT) mice. Mice were housed in a temperature-
and humidity-controlled environment under 12-h light/12-h dark conditions and fed a standard rodent diet in
accordance with our institutional guidelines for the care and use of laboratory animals. Scorings were performed
independently by two blinded observers.

Operative procedure for physeal cartilage injury in mice

Full-thickness physeal injuries were generated in 3-week-old female WT and CCR7—/— mice for consistency
with a previous study®® (n=10/group). The injury group comprised physeal injuries created in the left knee,
while the control group comprised sham operation in the right knee of the same mice. Under general anesthesia,
hind limbs were disinfected. A medial parapatellar incision slightly less than 0.5 cm in length was then made
using a microsurgical scalpel, rendering the tibiae visible. The proximal tibial growth plate was entirely pierced
in a lateral-medial direction using a 25-G needle®’. These microsurgical procedures were performed under a
surgical microscope (SZX16; Olympus, Tokyo, Japan). After irrigation with normal saline to remove debris,
the skin was sutured in separate layers. Postoperatively, mice were warmed until recovery from anesthesia was
confirmed. Tibiae were harvested and analyzed at 1 day, or 1, 3 or 5 weeks postoperatively.

Macroscopic evaluation

Both tibiae of each mouse were harvested at 1, 3 or 5 weeks postoperatively (n=10 each). The entire tibia was
carefully detached then collected and photographed with a millimeter-scale marker before fixation in formalin
for histological analysis. The length of the tibia from the inferior articular surface to the tibial plateau was
measured macroscopically using Image J software (version 1.53¢; National Institutes of Health).

Micro-computed tomography (micro-CT) analysis

Micro-CT was used to quantify bony bar formation within the injured physis, bone mineral density (BMD)
of the subchondral area and growth plate height. Tibiae underwent micro-CT (70 kVp; 200 pA; integration
time, 300 ms) for a 15.6-um isotropic voxel size (VivaCT80; Scanco). A volume of interest (VOI) was drawn
by manually outlining a standardized 2.5 mm wide X 160 slice (~2.5 mm) deep area within the physis in the
sagittal plane, capturing the entire bony bar that formed within the injured physis. These image stacks were
thresholded globally and bony bar formation within the injury was measured and reported as bone volume/total
volume (BV/TV). BMD of the subchondral area 40 slices below the growth plate was measured. The regions
of interest were manually set at the cylindrical defect area (5.0 mm in diameter). The threshold levels of gray
values (covered less than 50% of total sectioned area) were set uniformly for all samples. Both parameters were
calculated using the Bone] plugin with Image] software (version 1.53¢; National Institutes of Health).

Histological processing

At each time point, tibiae were disarticulated and fixed in 10% formalin (Wako, Tokyo, Japan), then decalcified
with ethylenediaminetetraacetic acid (EDTA). When sections were embedded in paraffin, the tibial axis was
carefully adjusted to be upright against the surface embedding, and midsagittal sections were then created at
5-mm intervals and stained with hematoxylin and eosin (HE). In addition, for tibiae at 1 day postoperatively,
sections were incubated with primary antibodies for CCR7 (Abcam), vascular endothelial growth factor (VEGF)
(R&D), CD44 (BD bioscience), Type I collagen (XX) and Type X collagen (XX). Staining was visualized with
Alexa Fluor plus 594 (A32740; Invitrogen) for CCR7, FITC Conjugated AffiniPure (Jackson ImmunoResearch)
for VEGF and DAB (diaminobenzidine) for CD44, Type I collagen (Sigma-Aldrich) and Type X collagen (LSL).
Nuclei were stained using DAPI (Invitrogen).

Mesenchymal stem cell (MSC) culture and osteogenic differentiation

MSCs were harvested and cultured as previously reported?!"?2. Briefly, the humerus, femur and tibia of a 2- to
3-week-old mouse were harvested, with epiphyses removed. Bone cavity was washed three times by flushing
with a-MEM medium (Wako) with a 25-G syringe. Bones were minced into chips and digested in 3 ml of
a-MEM containing 10% (vol/vol) fetal bovine serum (FBS) in the presence of 1 mg/ml (wt/vol) of collagenase
IT (Gibco) for 1 h in a shaking incubator at 37 °C with a shaking speed of 200 rpm. After digestion, chips were
washed again and incubated at 37 °C in a 5% CO, incubator and cultured for 3 days. On the third day of culture,
the medium was changed to remove non-adherent cells and tissue debris and replaced with 6 ml of a-MEM
containing 10% (vol/vol) FBS. After 5 days in culture, adherent cells were harvested with trypsin/0.02% (wt/vol)
EDTA and passaged at a split ratio of 1:3. For osteogenic differentiation of MSCs, passage 4 cells were seeded at
a density of 1 X 10* cells per well in a 24-well plate with a-MEM supplemented with 10% (vol/vol) FBS, 107 M
dexamethasone, 10 mM B-glycerol phosphate and 50 ml ascorbate-2-phosphate in a total volume of 500 ml for
14 days. Alizarin red staining was performed using Calcified nodule Staining kit (Cell Biolabs, Inc).

Quantitative real-time reverse transcriptase polymerase chain reaction (QRT-PCR)

Total RNA was extracted using the RNeasy Mini kit (Qiagen). For complementary DNA synthesis, 0.5 ug
RNA was reverse transcribed using random hexamer primers (Promega) and ImPromlI reverse transcriptase
(Promega). RT-PCR was performed using a Thermal Cycler Dice Real Time System II (Takara). Signals were
detected using SYBR Premix Ex TaqlI (Takara) with gene-specific primers (Supplementary Table S1). Relative
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mRNA expressions of each targeted gene were expressed as the Ct value of each gene normalized to the Ct value
of GAPDH using the AACt method.

Statistics

All statistical analyses of data were performed using JMP Pro 16.0 statistical software (SAS Institute Inc.,
Cary, NC, USA). All data are presented as means + standard deviation. Significant differences between groups
compared using unpaired ¢-tests. Significance was accepted at the level of p < 0.05.

Data availability

Data is provided within the manuscript or supplementary information files.
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