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Abstract

Heterotopic ossification (HO) is a debilitating condition that results from traumatic injuries or genetic diseases, for which the
underlying mechanisms remain unclear. Recently, we have demonstrated the expression of neurotrophin-3 (NT-3) and its
role in promoting HO formation via mediating endothelial-mesenchymal transition (EndMT) of vascular endothelial cells.
The current study investigated the role of NT-3 on the surrounding mesenchymal cells and its potential origin throughout
HO formation at injured Achilles tendons in rats. We used an Achilles tenotomy to induce HO formation in vivo and
cultured primary tendon-derived stem cells (TDSCs) to investigate the underlying mechanisms mediating the osteogenesis
in vitro. Furthermore, RAW264.7 cells were employed to identify the origin of NT-3. The mRNA levels of NGF, BDNF,
NT-3, and NT-4 and their tyrosine protein kinase (Trk) receptors as well as p75 receptor were elevated at injury sites. NT-3
and TrkC showed the highest induction. Neutralization of the NT-3-induced effects by the pan-Trk inhibitor GNF5837
reduced the expression of bone/cartilage-related genes while injection of NT-3 promoted HO formation with elevated
mRNA of bone/cartilage-related markers at injured sites. In vitro, NT-3 accelerated osteogenic differentiation and
mineralization of TDSCs through activation of the ERK1/2 and PI3K/Akt signaling pathways. Moreover, the colocalization
of NT-3 and macrophages, including M1 and M2 macrophages, was observed in injured sites throughout HO formation, and
in vitro studies demonstrated that activated macrophages mediated the secretion of NT-3. In addition, an increasing
concentration of serum or supernatant NT-3 was observed both in vivo and in vitro. Depletion of macrophages with
clodronate-loaded liposomes reduced HO formation as well as secretion and mRNA expression of NT-3. Our study suggests
that macrophage-derived NT-3 may promote HO formation and osteogenesis of TDSCs via the ERK1/2 and PI3K/Akt
signaling pathways, which may provide new insights for the therapeutic directions of HO in the future.

Introduction

Heterotopic ossification (HO) is characterized as the
These authors contributed equally: Jie Zhang, Liang Wang abnormal formation of ectopic bone in extraskeletal soft
- - i i . tissues [1]. HO is primarily acquired as a complication of
Supplementary information The online version of this article (https:// . . . s .
doi.or/10.1038/541374-019-0367-x) contains supplementary major connective tissue injuries, traumatic central nervous
material, which is available to authorized users. system injuries, and surgical interventions. In rare instances,
a particularly devastating form called fibrodysplasia ossifi-
cans progressiva is observed [2, 3]. HO can cause sig-
nificant pain and gradual reduction in the range of motion of
affected limbs, finally leading to disability. Despite the high
reoccurrence rate, the only effective therapy for HO is
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China nerves [4]. Therefore, a better understanding of the patho-
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Progression of HO may be correlated with inappropriate
differentiation of potential osteoprogenitor stem cells into
osteoblasts under the influence of various cytokines [5]. In
addition to transforming growth factor-beta superfamily
members, including bone morphogenetic proteins (BMPs)
and other inflammatory factors [6], a unique family of
polypeptide growth factors called neurotrophins (NTSs)
participates in the regulation of proliferation, survival,
migration, and differentiation of cells in the nervous system
[7]. To date, four NTs have been identified and isolated:
nerve growth factor (NGF), brain-derived neurotrophic
factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4
(NT-4), along with their receptors, including the high-
affinity tropomyosin-related kinase (Trk) receptor tyrosine
kinases (with NGF binding to TrkA; BDNF and NT-4
binding to TrkB; and NT-3 binding to TrkC) and the low
affinity p75 neurotrophin receptor (p75, which can bind to
all NTs) [8]. Currently, in addition to its effects in the
nervous system, NT-3 has been shown to play a role in the
skeletal system [9]. NT-3 was observed in the injured tibial
growth plate and bone and promoted osteogenesis, vascu-
larization and bony repair at the injured site [10, 11].
Similarly, in rat models of femoral distraction or rib fracture
healing, NT-3 localization was observed in chondrocytes
and osteoblasts during the endochondral ossification pro-
cess [12, 13]. In addition, NT-3 was shown to improve
fracture healing in rats by regulating the tibia BMD, bio-
mechanical indexes, and bone formation [14]. Moreover, in
a recent study, NT-3 was observed to be notably induced at
the injured Achilles tendons and found to promote ectopic
bone formation [15]. Despite these studies, it remains lar-
gely unclear on the origin of injury site-derived NT-3 and
how NT-3 is involved in regulating the pathogenesis of HO
formation.

HO is believed to develop through a process of endo-
chondral ossification in four stages: inflammation, chon-
drogenesis, osteogenesis, and maturation [16]. In the
inflammation stage of HO, immune cells such as mono-
cytes and macrophages infiltrate the injured sites, causing
the recruitment of progenitor cells and the secretion of
cytokines. As a regulator of the inflammatory response,
macrophages, which can control inflammation, have a role
in ectopic bone formation [17]. A recent study described
the triggering effect of macrophage-mediated inflamma-
tion in a spinal cord injury (SCI)-induced neurogenic HO
mouse model [18]. In addition, a previous study reported
that activated macrophages contributed to neurogenic HO
formation by secreting oncostatin M to muscle cells within
an inflammatory environment [19]. Interestingly, accord-
ing to another SCI rat study, NT-3 was demonstrated to
have a neuroprotective effect and activate macrophages in
an inflammatory context [20]. Furthermore, a previous
study suggested that macrophages could constitutively

express NGF and BDNF in human studies and animal
models [21]. However, the potential relationship between
NT-3 and macrophages in the inflammatory environment
of HO remains unclear. Therefore, in our current study, the
surgically injured Achilles tendons of rats was employed
to explore the underlying the mechanisms of NT-3 in HO
formation, as well as the origin of injury site-derived NT-3
in the inflammatory situation.

Materials and methods
Rat Achilles tenotomy model and treatment

All animal procedures were approved by the Ethical Com-
mittee for Animal Research of Southern Medical Uni-
versity. All experiments were performed on 6-week-old
Sprague Dawley (SD) rats (regardless of gender) obtained
from the Laboratory Animal Center of Southern Medical
University. One hundred and eight rats were anesthetized
with a mixture of ketamine (90 mg/kg, i.p.) and xylazine
(10 mg/kg, i.p.). Then, 90 rats underwent a bilateral mid-
point Achilles tenotomy through a posterior approach under
aseptic conditions [16]. The incision was routinely closed
with an interrupted 4-0 silk suture. Normal control rats
(n = 6) were anaesthetized and underwent sham operations.
All rats were left to recover on a heat pad at 37 °C until they
were awake and returned to their cages.

For gene expression studies and histological analyses,
24 rats were euthanized at 4, 8, and 12 weeks post operation
(n =6/time point); the normal control group was also
euthanized (n =6). The Achilles tendons of the left limb
acquired from all groups were collected and stored at
—80 °C for relative gene expression analyses. For histolo-
gical studies, all right limb specimens were fixed in 4%
paraformaldehyde for 24 h, decalcified in 14% EDTA
(pH 7.2-7.4), and processed for paraffin embedding to
collect 4-um-thick sections.

A challenge in studying the NT-3-related pathway is the
lack of receptor-specific inhibitors as molecular reagents, here
we employed the small pan-Trk inhibitor molecule GNF5837
to study the function of NT-3-TrkC signaling in vivo and
in vitro [22]. For the functional study, 72 injured rats were
randomly divided into four groups: the HO group, the rhNT-3
group, the pan-Trk inhibitor (GNF5837) group, and the saline
group (n = 18/group). Rats from the thNT-3 group received a
weekly injection of thNT-3 (1.2 mg/ml, 12 mg injection per
week) surrounding the injured Achilles tendons. In the
GNF5837 group, rats received an injection of the pan-Trk
inhibitor GNF5837 (1 mg/kg) (Tocris Bioscience, Bristol,
UK) once a week at the injured Achilles tendons. Rats in the
saline group were administered a saline vehicle weekly, and
rats in the HO group were used as a positive control. At 4, 8,
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Table 1 Correspondence

sequences for qRT-PCR Gene Forward primer (5'-3") Reverse primer (5'-3")

analysis. GAPDH GGCATTGCTCTCAATGACAA TGTGAGGGAGATGCTCAGTC
NT-3 TAAAGAAGCCAGGCCAGTCA AGTCAGTGCTCGGACGTAGG
NGF GACTCCAAGCACTGGAACTC CACGCAGGCTGTATCTATCC
BDNF GCAGGGGCATAGACAAAAGG TGAACCGCCAGCCAATTCTC
NT-4 CACTGGCTCTCAGAATGCAA CAAGCGGTGTCGATCCGAAT
TrkA CTGGTACCAGCTCTCCAACACT CGCATGATGGCGTAGACATCAG
TrkB GATCAAGACTCTGTGAACCTCA TTGTAGAACCACTGAAGTGCTG
TrkC GGTTCCAGCTCTCTAACACA CAGCACCCCAGCATGACATC
p75 TGGGCCTTGTGGCCTATATTGC ATGCCACTGTCGCTGTGCAGTT
Collagen II CTCATCCAGGGCTCCAATGAT TCTGTGATCGGTACTCGATGA
Collagen X GGCAGCAGCACTATGACCCAA ACAGGCCTACCCAAACGTGAGTCC
Sox9 AGTACCCGCATCTGCACAAC ACTTGTAATCGGGGTGGTCT
OCN CGCGTAAACGCCCTTTTGAT AGTCTTGCAGCACCCGTAAA
Runx2 GTCGTCAGACCGAGAAGTGG TCAAGTTCGAGGAAGCCGTG
0SX GCTTTTCTGTGGCAAGAGGTTC CTGATGTTTGCTCAAGTGGTCG
iNOS CCTGGTACGGGCATTGCT GCTCATGCGGCCTCCTT
CD206 AACACGGCAGTGGCTTTAAC GAGGAGAAGGCGTTTGCTTA

and 12 weeks post operation, all rats were euthanized, and
their limbs were collected as mentioned above for histological
analyses, relative gene expression studies and micro-CT
scanning (n = 6/group/time point).

For macrophage depletion study, another 12 injured rats
were injected intravenously with liposomes containing
clodronate (5ul/g) [18]. The injection was performed
immediately after Achilles tenotomy and every 3 days for
12 weeks after surgery. Control group was injected with an
equivalent volume of PBS-loaded liposomes under the same
condition.

gRT-PCR gene expression analyses

Total RNA was extracted with TRIzol reagent (Life Tech-
nologies, Grand Island, NY, USA) from Achilles tendon
specimens, TDSCs or RAW264.7 macrophages at the
indicated time points according to the manufacturer’s
instructions. cDNA was synthesized with the TaKaRa Pri-
meScript RT Reagent Kit (TaKaRa Biotechnology Co., Ltd,
Shija, Japan). A TaKaRa SYBR Premix Ex Taqll kit was
used for qRT-PCR. The experiment was performed in tri-
plicate, and the 2 AACT method was used to analyze the
relative gene expression levels. The corresponding primer
sequences of the reference genes and the target genes are
listed in Table 1.

Serum NT-3 level evaluation
Blood samples from experimental rats were collected and
centrifuged at 2000 rpm for 10 min at 4 °C. Plasma fractions

were collected and stored at —80 °C. The concentration of
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NT-3 in the serum was determined using the ELISA Kit for
NT-3 (Rat: Cloud-Clone Corp. SEA106Ra) following the
manufacturer’s instructions.

Immunohistochemistry (IHC) of NT-3 and TrkC

The time-course expression and localization of NT-3 and
TrkC was assessed by IHC in paraffin sections using pri-
mary antibodies against NT-3 (1: 100, Abcam, ab65804)
and TrkC (1:100, CST, 3376S). After incubation at 4 °C
overnight, a species-matched HRP-labeled secondary anti-
body was used (1:500) at 37 °C for 1h. For IHC, DAB
(ZSGB-Bio, Beijing, China) was used as the chromogen,
and hematoxylin was used for counterstaining.

Micro-CT analyses

Achilles tendons with calcaneus and lower tibias from rats
in the experimental and control groups were fixed overnight
in 4% paraformaldehyde and analyzed by micro-CT (uCT
80, Scanco Medical, Bruttisellen, Zurich, Switzerland). The
scanner was set at a voltage of 60kV at 150pA and a
resolution of 20 um per pixel. Images were reconstructed for
HO ectopic bone volume analyses.

Hematoxylin-eosin (H&E) and SOFG staining and
image analyses

For visualization of ectopic bone and cartilage tissues
within the injured Achilles tendon, hematoxylin-eosin
(H&E) (Sigma—Aldrich, St. Louis, MI, USA) was per-
formed. For histological analyses of HO, proportions of
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bone and bone marrow, as percentage of the total injury site
areas, were quantified in the HO site of each slide on three
contiguous sections from each rat of each group by Imagel
software.

IHC and immunofluorescence of macrophages

The time-course expression and localization of macrophages,
as well as the coexpression of macrophages and NT-3, was
assessed by IHC and immunofluorescence in paraffin sections
using primary antibodies against CD68 (1:100, Abcam,
ab31630), inducible nitric oxide synthase (iNOS) (1:100,
Abcam, ab15323) and CD206 (1:500, Abcam, ab64693) for
IHC; and NT-3 (1: 100, Abcam, ab65804), Stage-Specific
Embryonic Antigen-4 (SSEA-4) (1:100, Abcam, ab16287),
collagen I (1:100, Abcam, ab90395), CD68 (1:100, Abcam,
ab955), iNOS (1:100, Abcam, ab15323) and CD206 (1:500,
Abcam, ab64693) for immunofluorescence (IF). After incu-
bation at 4 °C overnight, a species-matched Alexa Fluor 488-,
Alexa Fluor 594- or HRP-labeled secondary antibody was
used (1:500) at 37 °C for 1 hour. For IHC, DAB was used as
mentioned above. For IF, sections were mounted with DAPI
(Roche Applied Science, Indianapolis, IN, USA). For mac-
rophages quantification, we counted the numbers of positively
stained cells in five random visual fields in three sequential
sections per rat in each group using ImagePro 4.5 software.

TDSC isolation, identification, and osteogenic
differentiation

TDSCs were isolated from SD rats as described previously
[23, 24]. Intact Achilles tendons without peritendinous tis-
sues were obtained. Mid-substance tissues were minced and
digested with collagenase I (Sigma—Aldrich) for 3h at
37°C. For suspended single-cell samples, the digested
sample was passed through a 70 um cell strainer (Becton
Dickinson, Franklin Lakes, NJ). The released TDSCs were
resuspended in growth medium containing Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco, Life Technol-
ogies, CA, USA), 100 mg/ml streptomycin, 100 U/ml
penicillin, and 10% fetal bovine serum (Gibco, Grand
Island, NY). The isolated TDSCs were incubated at 37 °C
with 5% CO, maintained to enable colony formation. Five
days after initial plating, TDSCs were washed twice with
DMEM to remove nonadherent cells. The medium was
replaced every 3 days. Cells were then removed from the
dish with 0.02% EDTA and 0.05% trypsin for passage.
Third passage cells were used for further experiments. The
adherent cells were identified as TDSCs by IF staining with
SSEA-4 and collagen I (Supplementary Fig. B).

For osteogenic differentiation, TDSCs were seeded into
six-well plates at a density of 1 x 10 cells/well in duplicate
and cultured at 37 °C with 5% CO,. Twenty-four hours after

seeding, the medium was removed and replaced with
osteogenic medium (DMEM supplemented with 50 umol/l
ascorbic acid, 0.1 yumol/l dexamethasone, and 10 mmol/l
p-glycerol phosphate) (Sigma—Aldrich). Cells were then
incubated continuously in osteogenic medium for 21 days.
For analysis of the osteogenic effects of NT-3, TDSCs were
cultured in osteogenic medium with rhNT-3 (100 ng/ml) or
the pan-Trk inhibitor GNF5837 (100 ng/ml) until the end
day 21 with medium refreshed every 2-3 days, using nor-
mal osteogenic differentiation induction as a control.

To investigate the direct action of NT-3 on the activation
of TrkC downstream kinases in TDSCs osteogenesis,
TDSCs were seeded into six-well plates at a density of 1 x
10% cells/well in duplicate and cultured at 37 °C with 5%
CO, for 24 h. After that, TDSCs were serum-starved for 6 h
and then cultured in osteogenic medium with rhNT-3
(100ng/ml), PD98059 (10uM) or LY294002(10 uM) for
2 days, using normal osteogenic differentiation induction as
a control.

RAW264.7 macrophage culture and treatment

RAW264.7 macrophages (ATCC, MD, USA) were cultured
in high-glucose DMEM with 10% fetal calf serum (Gibco,
Life Technologies, CA, USA) in a 5% CO, incubator at
37 °C. Every 48 h, the cells were subcultured by scraping.
Cells were plated in six-well plates at a density of 1x
10° cells/well and incubated under the same conditions
overnight. Then, the cells were treated with either LPS
(100 ng/ml), IL-6 (1 pg/ml), or IL-13 (1 pg/ml) for O, 3, 6,
12, and 24 h. Total RNA and cell lysates were collected for
gPCR and western blot analyses, cultured supernate was
collected for ELISA assay.

Cell viability assay

TDSCs were cultured in 96-well plates at a density of 1 x
10* cells/well with various concentrations of thNT-3 (1, 10,
or 100 ng/ml) for 48 h. Cell viability was quantified using a
Cell Counting Kit-8 (CCK-8, Dojindo, Japan) assay
according to the manufacturer's instructions. The number of
viable cells in each well was measured at an absorbance
wavelength of 450 nm. (Supplementary Fig. C)

Alizarin Red staining

TDSCs were grown in six-well plates at a density of 1 x 10
cells/well with either rhNT-3, anti-NT-3, or normal control
in osteogenic differentiation medium for 21 days. Alizarin
Red staining (Sigma—Aldrich) was performed to determine
the mineralization of TDSCs. Cells were washed with PBS,
fixed with paraformaldehyde for 30 min, incubated with 1%
Alizarin Red for 30 min, and washed with PBS to remove
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excess dye. After imaging, cells were solubilized with 1:1
acetic acid:methanol for 30 min, and the extracted stain was
measured by spectrophotometry at 490 nm.

Western blot analysis

Cells lysates were collected and prepared for western
blotting. We incubated primary antibodies against TrkC
(1:1000 CST, 3376S), Runx2 (1:1000 CST, 12556%5),
OSX (1:1000 Abcam, ab22552), OCN (1:1000 Abcam,
ab13420), ERK1/2 (1:1000 Abcam, ab17942), P-ERK1/2
(1:1000 CST, 9101S), PI3K (1:1000, Abcam ab151549),
P-PI3K (1:1000, Abcam ab182651), Akt (1:1000, Abcam
ab64148), P-Akt (1:1000, Abcam ab8933), P-signal
transduction and activator of transcription 1 (P-STAT1)
(1:1000 Abcam, ab30645), P-STAT3 (1:1000 Abcam,
ab76315), P-STAT6 (1:1000 Abcam, ab28829), iNOS
(1:1000 Abcam, ab15323), CD206 (1:1000, Abcam,
ab64693) and GAPDH (ZSGB-Bio, China) overnight at
4 °C, followed by incubation with an anti-IgG horseradish
peroxidase-conjugated secondary antibody (1:4000) for
1 h. Chemiluminescence was detected using an enhanced
chemiluminescence system. GAPDH served as a loading
control.

Statistical analysis

Statistical analysis was performed using SPSS 20.0 (IBM,
New York, NY, USA). All in vitro data are representative of
three independent experiments, and each experiment was
performed in triplicate. In vivo data represent n =6 rats/
group. Data are presented as the mean + SD. The results
were compared with one-way ANOVA for time-course
studies without intervention treatments or two-way
ANOVA for studies with different time points and inter-
vention treatment groups, followed by the least significant
difference post hoc test and Student’s ¢ test. P <0.05 was
considered statistically significant.

Results

Expression of NTs and their receptors during HO
formation at injured Achilles tendons

With regard to the NTs contributing to the formation of HO,
there is still controversy. As the first step of this study, we
investigated the mRNA levels of four NTs (NGF, BDNF,
NT-3, and NT-4) and their receptors (TrkA, TrkB, TrkC as
well as p75 receptor) at the rat Achilles tendons injured sites
during HO formation, with the sham operation groups as
normal controls. In comparison with normal controls, all
NTs mRNA expression was increased from 4 weeks
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throughout 12 weeks post operation (p <0.005-0.001).
Among four NTs, when compared with normal controls,
NT-3 expressed the highest induction (nearly 100-fold)
while other NTs showed a modest induction (no more than
40-fold for BDNF and NT-4, and less than 20-fold for
NGF) at the injured sites during HO formation (Fig. la—d).
The mRNA expression of NT-3 and NT-4 was significantly
elevated at 4 weeks then decreased from 8 weeks to
12 weeks. For NGF, mRNA levels were upregulated and
maintained from 4 weeks to 8 weeks before a notably
decrease at 12 weeks. For BDNF, there was a gradually
rising in mRNA levels from 4 weeks to 12 weeks.

Similarly, in comparison with the controls, the expres-
sion of TrkC (nearly 80-fold, p <0.001) showed a greater
increase while TrkA (less than 15-fold, p <0.001) and TrkB
(less than 20-fold, p <0.001) exhibited a little rising at the
injured Achilles tendons during pathological process of HO
(Fig. le, f, g). The mRNA expression trend of TrkB was
consistent with BDNF, and TrkC was similar to NT-4. For
TrkA, mRNA expression upregulated from 4 weeks to
8 weeks, following a droping at 12 weeks. Moreover, p75
receptor (less than threefold, p <0.005) was obviously
lower than that of high-affinity NTs receptors (Fig. 1h).
These results suggest that NTs and the high-affinity Trk
receptors were significantly induced during HO formation at
injured site, particularly NT-3 and TrkC showing the
highest expression. Based on these results, we believed that
NT-3 might play a role in HO pathological process of
injured Achilles tendons.

As a step to investigate mechanisms how NT-3 participates
in HO formation, immunohistochemistry was conducted for
visualization of NT-3 and TrkC during HO formation.
According to our recent study [15], NT-3 and TrkC staining
were mainly localized in infiltrating mesenchymal cells,
osteoblasts, chondrocytes, vascular endothelial cells, and
marrow cells from 4 weeks to 12 weeks during ectopic bone
formation. Conversely, in the normal control groups, NT-3
and TrkC showed a low abundance in some mesenchymal
cells. (Supplementary Fig. 1). These findings demonstrate that
NT-3 and TrkC are significantly expressed during the HO
formation phase at the injured Achilles tendon.

Effects of NT-3 on HO formation and expression of
bone/cartilage-related genes at injured Achilles
tendons

Previously, we have demonstrated the osteogenic effects
of NT-3 on HO formation at injured Achilles tendons, and
inhibition NT-3 suppressed HO formation [15]. Compared
with other groups, rhNT-3 treatment showed a strong effect
on HO formation, and histological staining showed sig-
nificant increases in the cancellous bone and bone marrow-
like tissues. Following the treatment of the pan-Trk
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inhibitor GNF5837, less ectopic bone was formed and
histological analyses also showed fewer amounts of can-
cellous bone and bone marrow-like tissues compared with
those in either the rthNT-3 group or the HO control and
saline groups. (Supplementary Fig. 2). Moreover, no sig-
nificant difference was observed between the HO control
and saline treatment either in micro-CT scanning or in
histological staining, indicating that the administration of
saline around the injured sites may not stimulate HO.
Therefore, these data suggested that rhNT-3 treatment

Weeks Post-operation

Weeks Post-Operation

significantly alter the
Achilles tendons.

To further determine functions of thNT-3 at the injured
Achilles tendons, effects on the expression of bone/carti-
lage-related genes including collagen II, collagen X, Sox9,
OCN, Runx2, and OSX were compared among different
time points of different treatment groups. The HO group
and saline treatment were used as controls. According to the
data, there was an active endochondral ossification process
at the injured sites. Similar trends were observed for the

ectopic bone volume in injured
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Fig. 2 Effects of NT-3
expression of bone/cartilage-
related genes at injured
Achilles tendons. Effects of
treatments with the pan-Trk
inhibitor GNF5837 or thNT-3
on mRNA expression of
osteogenesis or chondrogenesis-
related genes at injured Achilles
tendons. Time-course qPCR
analyses for the chondrogenesis-
related genes collagen II (a),
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expression of bone and cartilage-related genes in the saline
treatment and the HO groups: the mRNA levels increased
since 4 weeks post injury, and peaked at 8 weeks, following
a gradually decline until 12 weeks (Fig. 2). In addition, no
significant difference was observed between the saline
treatment and the HO groups (P> 0.05), implying that the
weekly injection of saline did not affect the gene expression
in osteogenesis and chondrogenesis.

For chondrogenesis, thNT-3 treatment elevated the levels
of collagen II (p <0.001, each time point versus controls),
collagen X (p <0.001, each time point versus controls) and
Sox9 (p <0.001, each time point versus controls), particu-
larly at 8 weeks post operation. Conversely, the pan-Trk
inhibitor GNF5837 treatment attenuated the increase in
these chondrogenic markers (p <0.001, each time point of
each gene versus controls) at the injured Achilles tendons
(Fig. 2a, b, c¢). For osteogenesis, in comparison with the
controls, thNT-3 treatment enhanced the levels of OCN
since 8 weeks (p < 0.001) until 12 weeks (p < 0.001) but had
no effects on expression at 4 weeks (p=0.071) post
operation. In addition, rhNT-3 elevated the mRNA levels of
Runx2 and OSX from 4 weeks (p <0.001) through 8 weeks
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(p <0.001) post operation, and the expression returned to a
lower level at 12 weeks (p <0.001) (Fig. 2d, e, f). In con-
trast, the pan-Trk inhibitor GNF5837 treatment significantly
alleviated the increase in these bone formation-related
genes, including OCN (p <0.001 for 8 and 12 weeks; p =
0.057), Runx2 (p <0.001 for all time points) and OSX (p <
0.001 for all time points), compared with thNT-3 treatment.
However, no significant reduction was observed in the
levels of OSX in the pan-Trk inhibitor GNF5837 treatment
compared with the controls. These data suggested that
recombinant NT-3 treatment may markedly stimulating the
expression of both bone and -cartilage-related genes
throughout the formation of HO at the injured Achilles
tendons.

Expression of macrophages throughout HO
formation at injured Achilles tendons

To assess the phenotype and distribution of macrophages at
injured Achilles tendons throughout the process of ectopic
bone formation, we conducted IHC using a CD68 antibody
for the macrophage lineage, iNOS for M1 macrophages,
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Fig. 3 Expression of macrophages throughout HO formation in
injured Achilles tendons. a Immunohistochemistry staining of mac-
rophage lineage, M1 and M2 macrophages (brown) at injured Achilles
tendons throughout the formation of HO. Scale bar, 100 yum; b Time-
course histological analyses of the numbers of positively stained cells
at injured Achilles tendons. ¢ Immunofluorescence double-labeling
analyses showed the coexpression of NT-3 and macrophages,
including M1 and M2 macrophages, at injured Achilles tendons at

and CD206 for M2 macrophages. The data revealed that
CD68" macrophages were mainly present around the bone
marrow-like tissues and persisted through the ossification
process (Fig. 3a, a—c). Despite the lack of newly formed
cancellous bone and bone marrow-like tissues, cells that
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12 weeks. Scale bar, 20 um. B indicates bone, BM indicates bone
marrow, C indicates cartilage, black arrows point to vessel endothelial
cells, red triangles point to infiltrating mesenchymal cells, black tri-
angles point to chondrocytes, blank triangles points to osteoblasts, and
red arrows point to newly formed bone marrow cells. Representative
images from one of three experiments are shown (n = 6/group). All
data represent the mean = SD. "P <0.05, “P <0.005, and *"P < 0.001
versus the normal control.

stained highly positive for CD68 were more predominant at
4 weeks after operation than at other time points (Fig. 3b),
implying that the recruitment of inflammatory macrophages
occurred at the early stage of HO formation. However,
iNOS™ macrophages were found to a much lesser extent at
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the injured Achilles tendons compared with CD68" and
CD206" macrophages (Fig. 3a, d-f). Specifically, the
number of M1 macrophages increased at 4 weeks, peaked at
8 weeks, and decreased until 12 weeks (Fig. 3b). In contrast,
CD206-positive M2 macrophages were observed in the
blood vessels, chondrocytes, osteoblasts lining in the bone
marrow-like tissues, and even adipocytes at injured Achilles
tendons (Fig. 3a, g—i). Compared with that of CD68"
macrophages, the number of CD206" macrophages was
maintained at a relatively lower level at the early stage of
HO and then markedly increased throughout HO formation
(Fig. 3b), indicating that M2 macrophages predominated at
the late stage of heterotopic bone formation.

To further illustrate the potential relationship between
NT-3 and macrophages in the progression of HO formation
at injured Achilles tendons, we performed double-labeling
IF staining on paraffin sections collected from rats at
12 weeks postoperatively. The data showed the colocali-
zation of NT-3 with the macrophage markers CD68, iNOS,
and CD206 around the injured Achilles tendons (Fig. 3c),
implying that NT-3 may be derived from macrophages.
Thus, these data suggested that macrophages participated in

Fig. 4 RAW264.7 A

LPS

HO formation and may mediate the secretion of NT-3 at the
injured Achilles tendons.

RAW264.7 macrophages mediate the secretion of
NT-3 in inflammatory conditions

To elucidate the potential source of NT-3 in HO formation
in injured Achilles tendons, we simulated the inflammatory
environment in vitro using various inflammatory factors and
detected the activation of RAW264.7 macrophages and the
expression of NT-3. The data showed that LPS, IL-6, or
IL-13 induced the phosphorylation of STAT1, STAT3, and
STAT6 in a time-dependent manner in RAW264.7 macro-
phages. The protein expression of P-STAT6 in the LPS
group increased after 3 h of treatment; however, P-STAT6
was strongly detected after 6 h of treatment in both the IL-6
and IL-13 groups (Fig. 4a), indicating that LPS had a
substantial effect on the induction of RAW264.7 macro-
phages. In addition, the protein and mRNA levels of iNOS
and CD206, which represent M1 and M2 macrophage
markers, respectively, were also upregulated in a time-
dependent manner when stimulated by LPS, IL-6, and IL-13
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(Fig. 4b, c), indicating that either M1 or M2 macrophages
were activated in inflammatory conditions. Furthermore, we
detected the relatively strong expression of NT-3 in 24 h
LPS-treated RAW264.7 macrophages (Fig. 4d) when
compared with IL-6- and IL-13-treated cells for 24 h, sug-
gesting that NT-3 may be secreted by macrophages in the
inflammatory environment. Therefore, these data suggested
that activated macrophages could mediate the secretion of
NT-3 in the inflammatory environment in vitro.

Effects of NT-3 on osteogenic differentiation of
TDSCs in vitro

To explore the potential effects of NT-3 on osteogenesis
in vitro, we isolated TDSCs from Achilles tendons and
identified them by IF staining with antibodies against
SSEA-4 and collagen I (Supplementary Fig. 3B). Before
induction of osteogenic differentiation, the cell toxicity of
rhNT-3 on proliferation on TDSCs was examined by CCK-
8 assays. TDSCs were cultured in the presence of different
concentrations of thNT-3 (1, 10, 100 ng/ml) for 48 h. There
was no significant change in cell viability, indicating that
the dosage of thNT-3 (up to 100 ng/ml) had no toxicity on
the proliferation of TDSCs (Supplementary Fig. 3C).
Consistent with its positive role in osteogenesis in vivo,
rhNT-3 accelerated the mineralization of TDSCs compared
with that of the normal osteogenesis group. Increased Ali-
zarin Red staining and a higher Alizarin Red staining
absorbance (p <0.001) were observed in rhNT-3-treated
cells. Conversely, co-treatment with the pan-Trk inhibitor
GNF5837 reduced the NT-3-induced Alizarin Red staining
(rhNT-3+GNF5837 versus thNT-3 group) and lead to a
markedly reduction of the Alizarin Red staining absorbance
(p<0.001) (Fig. 5a and Supplementary Fig. 3D). In addi-
tion, rhNT-3 resulted in an enhancement of mRNA
expression of Runx2, OCN, and OSX, while the pan-Trk
inhibitor GNF5837 attenuated the NT-3-induced Ilevels
of these genes in osteogenic cultures of TDSCs (p<
0.005-0.001) (Fig. 5b). Similar protein expression patterns
were also observed for Runx2, OCN, and OSX at the time
of osteogenesis induction by western blot analyses (Fig. 5c).
Consistent with the immunostaining of TrkC at the injured
Achilles tendons (Supplementary Fig. 1B), the gene
expression of TrkC was elevated throughout the osteogenic
differentiation in TDSCs. Furthermore, rhNT-3-treated
TDSCs showed a greater induction than the control cells,
whereas the pan-Trk inhibitor GNF5837 treatment sup-
pressed the NT-3-induced TrkC expression in osteogenic
TDSCs (Fig. 5b, c). Moreover, few significant difference
was observed between the control groups and GNF5837
groups either in cell staining or in expressions of mRNA
and protein. Taken together, these data suggested that NT-3
had osteogenic effects on TDSCs in vitro and the pan-Trk

inhibitor GNF5837 could suppress NT-3-induced osteo-
genesis in TDSCs.

To further elucidate the potential mechanisms of NT-3 in
the osteogenic differentiation of TDSCs in vitro, we selected
PD98059, an inhibitor of the EKR1/2 signaling pathway,
and L'Y294002, an inhibitor of PI3K/Akt signaling pathway.
Protein expression of t-ERK1/2, PI3K, and t-Akt as well
as phosphorylated-ERK1/2, PI3K, and Akt were enhanced
in rhNT-3-treated TDSCs compared with untreated cells
(Fig. 5d, e). However, thNT-3-induced enhancement of
t-ERK1/2 and its phosphorylated form were partially
inhibited by PD98059 (Fig. 5d). Similarly, rhNT-3-activated
PI3K/Akt pathway was partially inhibited by LY294002
(Fig. 5e). These data suggested that NT-3 may promote
osteogenesis of TDSCs through activating phosphorylation
of the ERK1/2 and PI3K/Akt signaling pathways.

Macrophages depletion decrease NT-3 expression
and HO formation at injured Achilles tendons

To determine the expression of NT-3 during HO forma-
tion, we measured the concentration of NT-3 in the serum
from HO rats at the indicated time points using normal
rats as a control. Significantly elevated levels of serum
NT-3 were observed in the different stages of HO for-
mation and were distinctly higher than those of the normal
control (Fig. 6a). Furthermore, we evaluated the secretion
of NT-3 in the culture medium of RAW264.7 macro-
phages under the inflammatory environment by ELISA.
The data showed that NT-3 was upregulated in a time
manner under the inflammatory environment at different
time points in each group, showing the highest level in
LPS-treated groups (Fig. 6b), which was consistent with
previous data in Fig. 5d. These results confirmed that
NT-3 could be secreted by macrophages under inflam-
mation in vitro.

To further investigate the importance of macrophages to
expression of NT-3 and HO formation at injured Achilles
tendons, rats underwent Achilles tenotomy were injected
intravenously with clodronate—liposomes to deplete mac-
rophages, using PBS-liposomes as controls. Micro-CT
showed that clodronate-loaded liposomes significantly
reduced the HO volume when compared with the control
group (Fig. 6c¢). The concentration of serum NT-3 in
clodronate-liposomes groups were markedly lower than
that of in PBS-liposomes groups during HO pathogenesis
(Fig. 6d). Similarly, the data showed a decreased the mRNA
levels of NT-3 in clodronate—liposomes groups in compar-
ison with the controls at injured Achilles tendons during HO
formation (Fig. 6e). Collectively, these results suggest that
macrophages may have a profound role in expression of
NT-3 and ectopic bone formation at injured Achilles
tendons.
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Fig. 5 Effects of NT-3 on osteogenic differentiation of TDSCs
in vitro. a Representative images of Alizarin Red staining of rhNT-3-
treated cells in osteogenic culture after 21 days compared with control
group, thNT-3 + pan-Trk inhibitor GNF5837 group and GNF5837
group. The absorbance of Alizarin Red staining at 490 nm is shown.
b Time-course expression of mRNA levels of TrkC, Runx2, OCN, and
OSX during osteogenic differentiation in the rhNT-3, GNF5837,
rhNT-34+GNF5837, and control groups. ¢ Time-course expression
of Runx2, OCN, and OSX protein levels during osteogenic

Discussion

The pathophysiology of HO, with the proposed theory of
endochondral ossification [25], remains largely unknown.
Despite previous studies describing the effects of NTs on
bone (particularly in fracture healing) [26-28], the potential
roles of NTs in HO formation remain unclear. NT-3, one of
the members of the NT family, is regarded as a critical
trophic factor involved in the regulation of development,
survival, and function of the nervous system [29]. However,
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differentiation in rhNT-3, GNF5837, rhNT-3 + GNF5837 and the
control groups. d Representative western blot detecting the expression
of phosphorylated (p) and total (t) ERK1/2 in TDSCs with thNT-3 or
PD98059 using GAPDH as a loading control. e Representative wes-
tern blot detecting the expression of phosphorylated (p) and total (t)
PI3K and Akt in TDSCs with thNT-3 or LY294002 using GAPDH as
a loading control. All data represent the mean=SD. “P<0.05,
P <0.005, and “"P <0.001 versus the HO control group. *P <0.05,
#p <0.005 and, P <0.001 versus the rhNT-3 group.

the function of NT-3 has been proven to extend beyond its
original role in fracture healing, bony repair of injured
growth plates, and wound repair [11, 14, 30].

In the previous study, we observed that NT-3 was found
to enhance osteogenesis and promote ectopic bone forma-
tion at injured Achilles tendons [15]. In the current study,
we demonstrated that NT-3 is important for surrounding
mesenchymal cells such as TDSCs to participate in HO
formation at injury sites. Our data showed that NT-3 and
TrkC were highly induced than other NTs and receptors,
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Fig. 6 Macrophages depletion A

decrease NT-3 expression and
HO formation at injured
Achilles tendons.

a Concentration of serum NT-3
from normal rats or rats with
injured Achilles tendons at
different time points.

b Concentration of NT-3 in the
culture medium of RAW264.7
macrophages under the
treatment of LPS, IL-6, and
IL-13. ¢ HO volumes at injured
Achilles tendons after micro-CT
3D reconstruction for PBS-
liposomes group and
clodronate—liposomes group

at 12 weeks. d Concentration
of serum NT-3 from PBS-
liposomes group and
clodronate—liposomes group
with injured Achilles tendons at
different time points. e Time-
course gene expression of NT-3
from PBS-liposomes group and
clodronate—liposomes group at
injured Achilles tendons (fold
changes versus PBS-liposomes
group). All data represent the
mean = SD. "P<0.03,

P <0.005 and “*P <0.001
versus PBS-liposomes group.
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suggesting that NT-3 may have a role in HO formation. In
addition, the administration of exogenous NT-3 led to
increased levels of expression in both osteogenesis-related
and chondrogenesis-related genes at injured Achilles ten-
dons throughout the formation of HO. According to our
data, the expression of Sox9, Collagen II and X, markers for
chondrogenesis, were upregulated during chondrogenetic
phase from 4 to 8 weeks and downregulated during osteo-
genic phase at 12 weeks. The osteogenic marker OCN was
increased from 4 to 12 weeks during HO pathological
process while Runx2 and OSX were upregulated from 4 to
8 weeks and returned to a lower level at 12 weeks. The “bell
curve” patterns of expression of bone/cartilage-related
genes were in consistent with corresponding stages (chon-
drogenesis, osteogenesis, and maturation) of endochondral
ossification process as previously described in Achilles
tenotomy model [16].

A major challenge in studying the NT-3-TrkC signaling
pathway is the lack of receptor-specific inhibitors. In this
study, we have used the small pan-Trk inhibitor molecule
GNF5837 to investigate the function of NT-3-TrkC sig-
naling pathway in HO [22]. NT-3 treatment could promote
ectopic bone formation, while the pan-Trk inhibitor
GNF5837 treatment, immunoneutralization of endogenous
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NT-3, obviously attenuated HO formation at injured
Achilles tendons and reduced the elevation of bone and
cartilage-related genes. Consistent with our in vivo studies,
NT-3 showed osteogenic effects in TDSCs, while the pan-
Trk inhibitor GNF5837 exhibited the rescue effects on
NT-3-induced osteogenesis of TDSCs, indicating that NT-3
promoted osteogenic differentiation of TDSCs and inhibi-
tion of NT-3 by GNF5837 could suppress osteogenesis
of TDSCs in vitro. These results suggest that NT-3-TrkC
signaling pathway may participate in regulating HO
formation.

Although the current signaling pathways of NTs are
mainly documented in studies of the nervous system,
increasing evidence now demonstrates that NTs-Trk sig-
naling pathways also exert their effects in the skeletal
system [7, 8, 31]. A recent study demonstrated that NT-3-
induced activation of TrkC in BMSCs resulted in rapid
phosphorylation of ERK1/2 and PI3K/Akt, which are
major kinases downstream of the Trk receptor signaling
pathway in neuronal cells [32]. Similarly, ERK1/2 activa-
tion was also determined in BDNF-stimulated cemento-
blasts and NT-4-treated periodontal ligament cells [33-35].
In addition, previous studies have demonstrated that ERK1/
2 and PI3K/Akt signaling pathways were rapidly activated
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by treatment with NT-3 in an injured growth plate model
[10, 11]. Consistent with these previous studies, our in vitro
studies showed that NT-3 treatment caused activation of
TrkC and phosphorylation of ERK1/2 and PI3K/Akt in
TDSCs. Furthermore, PD98059, a specific inhibitor of the
ERK1/2 signaling pathway [9], prohibited NT-3-induced
phosphorylation of ERK1/2, and suppressed osteogenic
differentiation of TDSCs. In addition, LY294002, an
inhibitor of PI3K/Akt signaling pathway [36], showed the
similar suppression on phosphorylation of PI3K/Akt and
osteogenesis of TDSCs. These findings suggested that the
osteogenic function of NT-3 in this study may be at least
partly modulated by the ERK1/2 and PI3K/Akt signaling
pathways.

The first step of HO formation is local inflammation. The
presence of inflammatory cells, including macrophages,
lymphocytes, and mast cells, in the perivascular region of
early HO lesions is associated with recruitment of the
undifferentiated progenitor cells [17, 37, 38]. In addition to
host—pathogen interactions, inflammation and wounds
healing, these immune cells also have a primary role in bone
remodeling and repair, which is largely associated with the
inflammatory response following bone injuries. Macro-
phages serve as a regulator of the inflammatory response
and can be divided into M1 and M2 subphenotypes based
on cell surface markers [39, 40]. Several studies reported
the crucial role of macrophages in HO formation in mice,
particularly in the initiation stage, as selective depletion
of macrophages in genetically altered mice significantly
prohibited ectopic bone formation [18, 41]. Furthermore,
recent studies showed that macrophages were present and
persist throughout the endochondral ossification process
[37, 42, 43], suggesting the critical role that macrophages
play in HO formation. In this study, we observed that
macrophages, including M1 and M2, were expressed at the
injured Achilles tendon sites throughout the HO formation
(Fig. 3a), supporting the idea that macrophages participated
in the process of HO formation. In addition, we analyzed
the time-course expression of M1 and M2 macrophages,
and found that M1 macrophages highly induced at the early
stage (4 weeks) of HO formation, and gradually returned a
lower level in late stage (12 weeks). In contrast, the anti-
inflammatory M2 showed a rising expression from 4 to
12 weeks throughout the HO pathology process (Fig. 3b).
Innovatively, our double-labeling immunostaining studies
revealed the colocalization of NT-3 and macrophages
at injured Achilles tendons during HO formation, indicating
that NT-3 may be derived from macrophages. These
findings were supported by previous work showing the
expression of NGF and BDNF by macrophages in human
and animal studies [21].

The inflammatory response induces a cascade of cyto-
kines, which in turn promote angiogenesis and induce
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osteoprogenitor cells to release BMPs, promoting osteo-
genic differentiation [17]. Previous studies reported that
the inflammatory markers IL-3, IL-6, effluent IL-10, and
effluent IL-13 were associated with HO, indicating that the
inflammatory response in general was important in
the formation of HO [44, 45]. Evans et al. [46] have found
that a severe systemic and wound-specific inflammatory
state as evident by elevated levels of inflammatory cyto-
kines is associated with the development of HO, suggesting
serum IL-6, IL-10, and MCP-1, as well as wound effluent
IL-10 and MIP-1 cytokine were associated with the devel-
opment of HO. Similarly, Forsberg et al. [45] have
demonstrated that inflammatory markers IL-3, IL 12p70,
effluent IL-3, and effluent IL-13 were associated with HO.
Furthermore, previous study [44] has identified TLR4,
which has been linked to bone mass, specifically
LPS-induced bone resorption, as being associated with
the formation of HO. Accordingly, our in vitro studies
demonstrated that stimulation with inflammatory factors,
such as LPS, IL-6, and IL-13, caused phosphorylation of
STAT1/3/6, indicating the activation of macrophages. Then,
we detected NT-3 expression in LPS-activated macro-
phages, whereas NT-3 expression was rare in both the IL-6
and IL-13 treatment groups. In addition, NT-3 expression
was upregulated in a time- and dose-dependent manner in
LPS-treated macrophages, suggesting that activated mac-
rophages may be the source of NT-3. These findings sup-
port the idea that NT-3 plays a role in promoting HO
through the macrophage-mediated paracrine pathway. Fur-
thermore, depletion of macrophages led to the reduction of
HO formation, as well as decrease of NT-3 secretion and
expression at injured Achilles tendons, supporting the
hypothesis that the inflammatory macrophages may be the
resources of the injury site-derived NT-3 in the develop-
ment of ectopic bone formation.

Although vascular invasion is a critical step for initiation
of HO formation [38], one limitation of this study was the
relatively few studies of NT-3-stimulated angiogenesis in
HO formation. However, the observation of the immuno-
localization of NT-3 in newly formed blood vessels
demonstrated that NT-3 may play an essential role in
angiogenesis, and future studies are required to examine the
direct effects of NT-3 on the vascular system. In addition,
another limitation of this study is that, owing to the current
lack of TrkC-specific inhibitors, the effect of NT-3 on HO
formation may not be clearly and robustly verified since we
employed the pan-Trk inhibitor. Although the negative
effect of the pan-Trk inhibitor GNF5837 on HO formation
in vivo is consistent with our previous finding that treatment
with the nonspecific TrkC inhibitor could reduce ectopic
bone formation in vivo by suppressing NT-3-induced
endothelial-mesenchymal transition (EndMT) in rat endo-
thelial cells [15], we still may not directly draw the
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conclusions that NT-3 could be the primary driver in HO
formation in vivo and future studies are still needed. Our
main strength was that we utilized relatively simple and
repeatable animal models to demonstrate the effects and
potential mechanisms of NT-3 on HO. More importantly,
we described the underlying relationship between injury
site-derived NT-3 and macrophages in HO formation.

In summary, the current study demonstrates that
macrophage-derived NT-3 may promote pathogenesis of
HO formation in injured Achilles tendons and these effects
are modulated partly by the ERK1/2 and PI3K/Akt-acti-
vated signaling pathways. This study also identified the
potential origin of NT-3 and confirmed the essential roles of
macrophages in HO formation in injured Achilles tendons,
which may shed light on therapeutic directions and strate-
gies for HO in the future.
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