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Anterior cruciate ligament reconstruction (ACLR) often fails due to the inability of tendon-bone integration to
regenerate normal tissues and formation of fibrous scar tissues in the tendon-bone interface. Cartilage fragments
and exosomes derived from bone mesenchymal stromal cells (BMSCs-Exos) can enhance enthesis healing.
Nevertheless, the effects on the tendon-bone healing of ACLR remain unknown. This study found that BMSCs-
Exos can promote the proliferation of chondrocytes in cartilage fragments, and activated the expression of
chondro-related genes SOX9 and Aggrecan. The optimal effect concentration was 102 events/ul. Besides,
BMSCs-Exos could significantly upregulated the expression of BMP7 and Smad5 in cartilage fragments, and
further enhanced the expression of chondrogenic genes. Moreover, this study established a rat model of ACLR
and implanted the BMSCs-Exos/cartilage fragment complex into the femoral bone tunnel. Results demonstrated
that the mean diameters of the femoral bone tunnels were significantly smaller in the BE-CF group than those in
the CF group (p = 0.038) and control group (p = 0.007) at 8 weeks after surgery. Besides, more new bone
formation was observed in the femoral tunnels in the BE-CF group, as demonstrated by a larger BV/TV ratio
based on the reconstructed CT scans. Histological results also revealed the regeneration of tendon-bone struc-
tures, especially fibrocartilage. Thus, these findings provide a promising result that BMSCs-Exos/cartilage
fragment complex can prevent the enlargement of bone tunnel and promote tendon-bone healing after ACLR,
which may have resulted from the regulation of the BMP7/Smad5 signaling axis.

1. Introduction have been proposed to promote tendon-bone healing after ACLR [5-8].
However, none has been proven to be clinically effective. An efficacious
therapeutic strategy that can promote tendon-bone healing after ACLR is

clinically demanded.

Anterior cruciate ligament reconstruction (ACLR) is a well-
established approach for treating ACL ruptures. Nevertheless, approxi-

mately 5%-23% of ACLR cases are failed [1,2] in large part, which can
be attributed to unsuccessful tendon-bone healing [3,4]. The
tendon-bone integration is unable to regenerate normal tissues after
ACLR. Instead, the tendon-bone junction usually is replaced with fibrous
scar tissues, resulting in weakened biomechanics of the tendon-bone
interface and eventually failed ACLR. Various strategies, such as
platelet-rich plasma, cytokine, stem cells, and autologous bone marrow,

Recent studies suggested that cartilage fragments with chondrocyte-
matrix structures could potentially enhance chondrogenesis [9]. Cells
migrated from cartilage fragments have a high proliferative ability.
Moreover, cartilage fragments contain abundant stem cells, particularly
cartilage-derived stem or progenitor cells (CSPCs), which have the po-
tential to promote tendon-bone healing [10,11]. A study demonstrated
that cartilage fragments could prevent femoral tunnel widening after
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Scheme 1. Application of BMSCs-Exos/cartilage fragment complex for tendon-bone healing after ACLR.

ACLR [12] but could not regenerate sufficient cartilage tissues at the site
of ACL insertion to achieve enthesis healing. Additional therapeutics are
needed to promote tendon-bone healing in ACLR.

It is well-known that mesenchymal stem cells (MSCs) exert regen-
erative functions via paracrine, in which exosomes and membranous
vesicles secreted by MSCs play a vital role in repairing [13]" Exosomes
isolated from MSCs (MSCs-Exos) have similar biological characteristics
to MSCs, which can deliver proteins and RNA to target cells to achieve
regenerative effects [14,15]. In addition, MSCs-Exos are cell-free parti-
cles with lower immune responsiveness and higher stability than MSCs.
Studies reported that MSCs-Exos could enhance chondrogenesis and
tendon-bone healing, thus effectively treating cartilage defects and ro-
tator cuff tear [16-18]. Furthermore, the fibrocartilaginous transition
zone is a characteristic structure in the tendon-bone interface, and the
regeneration of fibrous cartilage is a crucial step in tendon-bone for-
mation [19,20]. In chondrogenesis, bone morphogenetic protein 7
(BMP?) is persistently upregulated during the formation of tendon-bone
interface [21], and its downstream molecular Smad proteins play a vital
role in regulating cartilage-related genes [22]. Given the evidence, the
combination of MSCs-Exos and cartilage fragments may synergistically
affect tendon-bone healing in ACLR via BMP7/Smad signaling.

Using a rat model of ACLR, this study combined cartilage fragments
with BMSCs-Exos to promote tendon-bone healing. We hypothesized
that the combination of cartilage fragments with BMSCs-Exos could
prevent femoral tunnel widening, improve cartilage tissue generation
and, thus, enable tendon-bone healing in ACLR. Further, this effect may
be via the BMP7/Smad5 pathway (Scheme 1).

2. Materials and methods
2.1. Isolation, culture, and identification of cells

Two weeks-old Sprague-Dawley (SD) rats (100 + 10 g) were used for
CSPCs isolation, as previously described!3. Knee joints were harvested
from the rats, and cartilage tissues were separated. Cartilage tissues
were cut into fragments using surgical scissors, then digested using
0.25% trypsin (Thermo, USA) and 300 units/mL of collagenase II
(Thermo Fisher Scientific Life Sciences) solution at 37 °C for 8 h. The cell
suspension was then filtered through a cell filter and centrifuged to
concentrate the isolated chondrocytes. Primary chondrocytes were
resuspended and inoculated on a plate coated with 10 pg/mL fibronectin
(Sigma, USA) overnight at 4 °C. After culturing at 37 °C for 20 min,
adherent cells were cultured in low-glucose Dulbecco’s modified Eagle’s
medium (DMEM)/F12 1:1 medium (Sigma-Aldrich) supplemented with
10% (v/v) fetal bovine serum (FBS; Sigma-Aldrich), and 1% penicillin/
streptomycin at 37 °C with 5% CO,, and the medium was changed every
other day. After being cultured for 12 days, the CSPCs colonies were

newly formed. The positive or negative surface markers of CSPCs,
including CD90, CD29, CD49e, CD73 and CD45, were detected with
flow cytometry (Thermo, USA). The cells were cultured in correspond-
ing mediums to examine osteogenic, adipogenic, and chondrogenic
differentiation capacities. Each medium was changed every three days.
The cells were fixed and stained with Alizarin Red S (for osteocytes), Oil
Red O (for adipocytes), and Alcian Blue (for pellet culture chondrocytes)
on day 14th (Leagene Biotechnology, China).

Bone Marrow Stromal Cells (BMSCs) were isolated from the femurs
of 4-week-old SD rats. Bone marrow cells were cultured in DMEM sup-
plemented with 10% FBS (Gibco, USA) at 37 °C cell incubator with 5%
CO,. We replaced the medium for the first time after 48 h and every
three days afterward.

5-day-old rats were sacrificed, and the knee cartilage was extracted
under the aseptic condition to prepare chondrocytes. Subsequently, the
tissue was dissolved with 0.1% collagenase II for 6 h at 37 °C. Next, the
digested cartilage tissues were suspended and seeded in culture dishes
containing DMEM/F12 1:1 medium supplemented with 10% (v/v) FBS
and 1% penicillin/streptomycin at 37 °C with 5% CO,. The cells were
passaged using 0.25% Trypsin-EDTA when they reached 80%-90%
confluence. However, only P1 to P3 were used in this study.

2.2. Isolation and identification of BMSCs-Exos

BMSCs-Exos were isolated from the conditioned culture medium
(CM) of BMSCs via super centrifugation. The main steps were as follows:
1) centrifuging CM at 300 g for 10 min to remove dead cells or cell
fragments; 2) large microbubbles were removed by centrifugation at
20,000 g for 30 min; 3) the supernatant was transferred to a new test
tube, and applied Poretics PCTE filter membrane of 0.8 pm, followed by
ultra-high centrifugation (110,000 g centrifugation for 2 h) to concen-
trate and filter the sample. The concentrated sample was resuspended by
PBS and centrifuged at 10* g for 1 h; 4) exosome particles were resus-
pended with 50-100 pL PBS and stored at —80 °C for subsequent ex-
periments and identification.

Morphological characteristics of BMSCs-Exos were determined via
transmission electron microscope (TEM) (JEM-1400, JEOL, Japan).
Western blot was performed to confirm Exos markers, including Alix
(Cell Signaling Technology, USA), TSG101 (Protein Tech, USA), and
CD9 (Abcam, USA). The size distribution of BMSCs-Exos was determined
using qNano analysis (Malvern, UK).

2.3. Internalization of BMSCs-Exos

The purified BMSCs-Exos were labeled with a lip-loving fluorescent
PKH dye PKH-26 (Sigma-Aldrich, Germany). The PKH26-labeled
BMSCs-Exos were then resuspended in the culture medium of CSPCs
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and chondrocytes for 24 h. After fixation, the cells were washed with
PBS three times, followed by immunostaining with QuickBlock buffer
(Beyotime, China). The cytoskeleton was then stained with phalloidin
(1:1000, Servicebio, China) for 120 min at room temperature and
washed with PBS 3 times. Then, cells were stained with 4, 6-diamino-2-
phenylindole (DAPI; 1:1000, Solarbio, China) for 10 min and imaged by
a confocal microscope (Olympus, Japan).

2.4. Cell viability assay

Cell viability assay of BMSCs-Exos was determined via a cell counting
kit-8 (Beyotime, China). First, the CSPCs cells were transferred to 96-
well plates and incubated with different concentrations (0, 108, 109,
10'°, 10", and 10'? events/uL) of BMSCs-Exos for 24 and 48 h. When
the cells reached 90-95% confluence, the cells were washed with PBS,
and 10 pL cell counting solution was added to the plate and incubated at
room temperature for 2 h. The absorbance was measured at 450 nm with
a microplate reader. All experiments were repeated three times.

2.5. Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from the cells via an RNA extraction kit
(EZBioscience, USA) and digested with DNA enzymes to remove any
contaminated genomic DNA as per the manufacturer’s instructions.
First-strand, the complementary DNA was synthesized (cDNA) via
reverse transcription kit (Accurate Biology, China). The qRT-PCR was
performed using FastStart Universal SYBR Green Master (Accurate
Biology, China). The relative gene expression was calculated by 2-AACT
method and normalized to GAPDH. All experiments were repeated in
triplicate. Primer sequences were listed in Table S1.

2.6. Western blot analysis

Protein was extracted from cells by RIPA lysis buffer (Beyotime,
China) with 1 mM phosphatase inhibitors (BOSTER, China) and phe-
nylmethanesulfonyl fluoride (BOSTER, China). After examination of
protein concentration via BCA protein assay kit (Beyotime, China), 50 pg
of protein extract was separated by gel electrophoresis and then trans-
ferred to the polyvinylidene fluoride (Millipore, USA) membrane. After
being blocked with StartingBlock (Thermo, USA) for 15min, the mem-
branes were incubated with specific antibodies, including collagen II (1:
1000), Aggrecan (1: 1000), SOX-9 (1: 1000), and p-actin (1: 5000)
overnight at 4 °C. After rinsing, the membranes were incubated with
horseradish peroxidase-labeled secondary antibodies (Solarbio, China)
for 2 h. After washing with TBST 3 times, the signals were visualized
using the Image Lab 3.0 software.

2.7. siRNA construction and transduction

For siRNA examination, cells were transfected with BMP7-siRNA or
only siRNA (negative control) using the LipofectamineTM RNAiMAX
reagent according to the manufacturer’s instructions. Rat BMP7-siRNA
was designed and synthesized by Tsingke Biotechnology (Beijing,
China).

BMP7-siRNA(5-GCCGAGUUCAGGAUCUAUATT-3' and 5- UAUA-
GAUCCUGAACUCGGCTT-3")

2.8. Lentivirus construction and transduction

Green fluorescent protein (GFP) only or the BMP-7 gene of
replication-defective lentiviruses were used for the control (NC-OE) and
target gene (BMP-7-OE) groups. Construction of the lentiviral vector
encoding BMP-7-OE (LV-BMP-7-GFP) has been previously described.
The lentivirus expressing BMP-7 was propagated and harvested using a
virus packaging system (Tsingke Biotechnology, Beijing, China). The
optimal multiplicity of infection for lentiviral infection of CPSCs was 40.
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BMP-7 expression was detected using western blot analysis.
2.9. Study design

Animal Care and Use Committee approved animal handling and
experimental procedures in alignment with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. A total of 60
male SD rats (aged 8-10 weeks; weight 250-300 g) underwent unilateral
ACLR and were randomly assigned to 3 groups (20 rats in each group):
(1) a control group in which rats underwent ACLR using autograft
without implant; (2) a cartilage fragment (CF) group in which rats
received ACLR using autograft with cartilage fragments placed in the
femoral bone tunnel; (3) a BMSCs-Exos/cartilage fragment complex (BE-
CF) group in which rats received ACLR using autograft with cartilage
fragments placed in the femoral bone tunnel and an intratunnel injection
of BMSCs-Exos. During 4 and 8 weeks after surgery, the bone tunnel was
evaluated via micro-CT, and the tendon-bone healing was evaluated.

2.10. Surgical procedures

The rats were anesthetized using 5.0% chloral hydrate (intraperito-
neal injection), ACLR was performed as follows: the flexor digitorum
longus tendon, as an autograft, was harvested form the ipsilateral limb.
After removing the muscle and fascia tissue attached to the surface of the
tendon, the autograft was soaked in normal saline. A longitudinal inci-
sion was performed on the medial parapatellar to expose the knee joint,
and then the ACL was full exposed and sectioned using a scalpel. After
identified the footprints of ACL in tibial and femoral side, the surgeon
using a 1.0 mm Kirschner wire to create femoral and tibial bone tunnels,
and the autograft was shuttled through from the tibial bone tunnel to the
femoral bone tunnel. The autograft was fixed with sutures tied over the
periosteum at the tunnel outlets. Make sure the sutures were tight and
then closed the wound layer by layer. In the CF group, cartilage spec-
imen was harvested from the intercondylar notch or trochlear ridge,
then was mechanically minced into approximately 0.5 mm? pieces. The
fragments were placed between the femoral side of the graft and bone
tunnel. In the BE-CF group, after settling the cartilage fragments as the
CF group, intra-tunnel injections of BMSCs-Exos solution (0.2 mL) were
performed using a 1 mL needle. After surgery, 800,000 units of penicillin
was intramuscularly injected into each rat to prevent infection. All rats
were allowed freely mobility in cages after surgery.

2.11. Histology and immunohistochemistry staining

Samples were embedded in paraffin and cut into consecutive 5 mm
thick sections, which were perpendicular to the axis of the bone tunnel.
Tissue sections were stained with H&E. Sections of the specimens were
examined to assess the TBH interface under a light microscope (Leica).
Then, TBH zone quality was analyzed using a modified histological
scoring system, which is based on the presence of mature chondrocytes,
the extent of fibrochondral tissue around the tendon, and the transition
of the interface tissue from the bone to tendon. For immunohisto-
chemical staining, Col2/SOX9/MMP13 antibody was incubated over-
night at 4 °C, and then the second antibody was incubated for 1 h. Then,
the tissue sections were stained with 3, 3-diaminobenzidine (DAB)
substrates. The relative expression levels of Col2, SOX9 and MMP13
were quantitatively measured using ImageJ (version 1.53, National In-
stitutes of Health, USA).

2.12. Micro-CT

Samples were scanned using a micro-computed tomography (pCT)
system (Skyscan 1176, Kontich, Belgium) at a resolution of 9 pm at 50
kV (200 pA). NRecon (V1.6) and CTAn (V1.13.8.1) programs were used
for image reconstruction. The region of interest (ROI) was defined as a
continuous 30-slice of the medial subchondral bone of the tibia.
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Fig. 1. Characterization and identification of BMSCs-Exos and CSPCs. (A) Western blot showed the presence of BMSCs-Exos specific markers CD9, Alix, and Tsg101.
(B) BMSCs-Exos under a TEM. (C) gNano analysis revealed that the size of BMSCs-Exos ranged from 50 nm to 150 nm. (D) Flow cytometry showed positive or
negative expression of surface markers CD90, CD29, CD49e, CD45 and CD34 for CSPCs. (E) Histology staining showed CSPCs have the ability of differentiating to

osteoblast (i), chondrocyte (ii) and adipocyte (iii).

Subchondral bone specific parameters, including bone volume ratio
(BV/TV, %), trabecular thickness (Tb.Th, mm), and trabecular separa-
tion (Tb.Sp., mm—1), were obtained for analysis.

2.13. Biomechanical testing

Biomechanical testing was performed using a tensile testing machine
(Zwick/Roell Z020, German) with the distal edge of femur held in one
vise grip of the testing instrument and with the proximal edge of tibia
held in the other vise grip. The specimens were preloaded to 1 N and 10
cycles of preconditioning (elongation limits of 0-0.5 mm). After pre-
conditioning, a pull-to-failure test with uniaxial tension at 10 mm/min
was performed. Failure appeared as the presence of ruptured graft or
pulling out of the tunnel, and the ultimate failure load was determined
by the force to failure. Specimens were moistened with a saline solution
during testing to avoid desiccation.

2.14. Statistical analysis

Statistical analysis was performed using STATA software (version
20.0, Chicago, USA), and data were presented as mean =+ standard de-
viation (SD). One-way analysis of variance (ANOVA) with Bonferroni’s

post hoc tests was used to evaluate the significance of the experimental
data. Non-parametric data were analyzed using the Kruskal-Wallis H
test, and p-value less than 0.05 was considered statistically significant.

3. Results
3.1. Identification of BMSCs-Exos, and CSPCs

Exosome-specific markers, including CD9, Alix, and Tsg101 were
examined using Western blot (Fig. 1A). BMSCs-Exos were circular par-
ticles with a size of 50-150 nm in qNano analysis under TEM (Fig. 1B
and C). CD90, CD34, CD49¢e, CD29 and CD45 were used to detect CSPCs
via flow cytometry (Fig. 1D). Besides, these cells can differentiate into
osteoblast, chondrocyte, and adipocyte (Fig. 1E). Findings suggested
that cartilage fragments contain massive CSPCs.

3.2. BMSCs-Exos promoted the proliferation and differentiation of CSPCs

BMSCs-Exos in the concentration of 0, 108, 10°, 10'°, 1011, and 10'?
events/pL were added to the culture medium of CSPCs and chondrocyte
to determine the optimal effect concentration of BMSCs-Exos on CSPCs
and chondrocytes, respectively. Immunofluorescence showed that
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Fig. 2. Effects of different concentrations of BMSCs-Exos on the proliferation and differentiation of CSCPs and chondrocytes. (A, B) Immunofluorescence staining
confirmed that CSCPs and chondrocytes phagocytosed BMSCs-Exos. (C, D) Effects of different concentrations of BMSCs-Exos (0, 109, 1010, 10'! and 10'? events/ uL)
on the proliferation of CSCPs and chondrocytes. The expression of Collagen II, SOX9 and Aggrecan proteins (E, G) and genes (F, H) in CSCPs and chondrocytes

treated with different concentrations of BMSCs-Exos. *, ** and **
BMSCs-Exos were successfully phagocytosed by the cells (Fig. 2A and B).
CCK-8 assay revealed that 10'% events/uL. BMSCs-Exos significantly
promoted cell proliferation at 72 h. After culturing for 168 h, the pro-
liferation of CSPCs and chondrocytes was enhanced in 10°, 10%°, 10,
and 10*2 events/pL BMSCs-Exos. Notably, cell viability was increased
significantly for both CSPCs and chondrocytes in 10'2 events/jL BMSCs-
Exos (Fig. 2C and D). In addition, BMSC-Exos in 10'2 events/uL had the
best capability to promote the differentiation of CSPCs to chondrocytes
in Western blot, as compared with BMSC-Exos in other concentrations
(Fig. 2E-H). As such, 10'2 events/ pL was selected as the optimal effect

indicate p < 0.05, p < 0.01 and p < 0.001, respectively.

concentration for BMSCs-Exos and used in this study.

3.3. BMSCs-Exos upregulated BMP7 and Smad5 during chondrocyte
differentiation

BMSCs and BMSCs-Exos with 10'2 events/L were added to cartilage
fragments medium as treatments, respectively. After induction for 14
days, qRT-PCR results showed that the expression levels of BMP7, BMP2,
Smad4, Smad5, and Runx2 were increased significantly during chon-
drogenesis in the BMSCs group. In the BMSCs-Exos group, the expression
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Fig. 3. Effects of BMSCs-Exos on chondrogenesis. (A) BMSCs-Exos induced mRNA expression of genes in chondrocytes. (B, C, D) Immunofluorescence images of
BMP7, Smad5 and Runx2 proteins. (E) Quantification of BMP7, Smad5 and Runx2 flurescence. (F) Western blotting of proteins in chondrocytes combined with
transfected CSCPs, which were induced by BMSCs-Exos. (G) Protein expression in chondrocytes, as assessed with semi-quantification. M-Exos, BMSCs-Exos; CF,
cartilage fragment; OE, over expression; *, and *** indicate p < 0.05, and p < 0.001, respectively.
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levels of BMP7, Smad5, and Runx2 were increased and greater
compared to the BMSCs group (Fig. 3A). Findings suggested that BMSCs-
Exos can upregulate BMP7 and Smad5 expression in vitro.

3.4. BMSCs-Exos promoted cartilage formation via activating BMP7/
Smad5 signaling

CSPCs isolated from cartilage fragments were harvested from SD
rats’ knees. Transfection was conducted to knock down the expression of
BMP7. Transfected CSPCs were co-cultured with BMSCs-Exos in a
chondrogenic medium. Immunofluorescence staining confirmed that the
activity of BMP7 was decreased in the knockdown group but increased
in the control group after being treated with BMSCs-Exos (Fig. 3B).
Fluorescence intensity analysis demonstrated that the expression of
BMP7 was significantly decreased in BMP7 knockdown group, even
after BMSCs-Exos were added (Fig. 3E). Following chondrogenic in-
duction for 14 days, the intensity of Smad5 and Runx2 staining was
significantly decreased in the BMSCs-Exo + BMP7 knockdown group
compared to other groups, as were in immunofluorescence staining and

fluorescence intensity analysis (Fig. 3C, D, E). In addition, Western blot
and qRT-PCR results showed that protein expression levels of cartilage-
related genes, including Collagen II, SOX9, and Aggrecan, were signifi-
cantly downregulated when BMP7 was knocked down in the BMSCs-
Exos + BMP7-siRNA group. When BMP 7 was over-expressed, Collagen
II, SOX9, and Aggrecan protein expression levels were upregulated
significantly in the BMSCs-Exos + BMP7-OE group (Fig. 3F and G).
Findings suggested that BMP7/Smad5 signaling may play a vital role in
the BMSCs-Exos induced cartilage formation.

3.5. Cartilage fragments supplemented with BMSCs-Exos prevented tunnel
widening and provided bioomechanical benefits after ACLR

In ACLR modeling, the femoral bone tunnel was drilled using a
Kirschner wire (diameter 1.0 mm), which was used as the initial diam-
eter of the tunnel. The femur bones were harvested and scanned with
micro-CT from 4 to 8 weeks after surgery to measure the diameter of the
femoral tunnel and BV/TV ratios (Fig. 4). The diameter of the femoral
bone tunnel was 1.32 + 0.18 mm in the BE-CF group is smaller than that
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in the control group (1.46+ 0.23 mm, p = 0.044) at post-operative week
4. No significant difference in the tunnel diameter was observed be-
tween BE-CF and CF groups (1.32+ 0.18 mm versus 1.38+ 0.15 mm, p
= 0.326). While, the diameter of femoral bone tunnel was significantly
smaller in the BE-CF group (1.01+ 0.26 mm) than in the CF group
(1.15+ 0.29 mm, p = 0.01) and control group (1.27+ 0.32 mm, p =
0.007) after eight weeks (Fig. 4A). Moreover, more new bone was
formed in the femoral tunnel in the BE-CF group compared to other
groups at post-operative week 8 (Fig. 4B).

In addition, BV/TV ratio of the femoral tunnel (18.34 4+ 4.08) was
greater than the CF and control groups (16.05+ 2.32, p = 0.035; 15.69+
3.26, p = 0.029, respectively) after four weeks. The BV/TV ratio of
femoral tunnel (28.45+ 5.96) in BE-CF group is greater than CF and
control groups (25.25 + 6.07, p = 0.01; 22.30+ 4.55, p = 0.001,
respectively) 8 weeks after surgery (Fig. 4C).

Biomechanical testing was used to detect the ultimate failure load
after 4 and 8 weeks in all three groups (Fig. 5A). At 4 weeks after ACLR, a
significantly higher failure load was recorded in BE-CF group (15.36 +
2.31) in comparison with the control group (10.9 + 1.56, p < 0.0001),
but no difference was found in comparison with the CF group (13.37 +
2.16, p = 0.062). And there was a significant difference in stiffness be-
tween the BE-CF group (18.24 + 2.96) and the control group (15.47 +
1.85, p = 0.022). While, at week 8, the ultimate failure load in BE-CF
group (24.34 + 2.83) was significantly higher than that in CF group
(21.05 + 2.78, p = 0.018) and control group (18.41 + 2.45, p <
0.0001). Moreover, the BE-CF group exhibited a significant increase in
stiffness (23.91 + 3.8) compared with the CF group (19.82 + 1.75, p =
0.006) and control group(18.21 + 2.35,p = 0.0008)(Fig. 5B and C).

3.6. BMSCs-Exos combined with cartilage fragments promoted tendon-
bone healing

Histological analysis was performed to assess the tendon-bone
interface. In HE staining, pronounced chondrocytes and densely ar-
ranged collagen fibers were found between the graft and femoral bone
tunnel in the BE-CF group at post-operative week 8. Besides, there was
an apparent ‘tidal line’ structure in the tendon-bone interface. In the CF
group, there were fewer chondrocytes in the interface compared to the
BE-CF group, and no ‘tidal line’ structure was observed. In the control
group, the interface between the graft and tunnel was surrounded by

scar tissues with distributed chondrocytes (Fig. 6A). In immunohisto-
chemical staining, there were more Aggrecan at the tendon-bone
interface in rats treated with BE-CF than control and CF groups at
both postoperative week 4 and 8 (Fig. 6B). In addition, immunofluo-
rescence further revealed that there were significantly more BMP7 and
SOXO9 proteins at the interface in the BE-CF group than the other groups
at 4 and 8 weeks after surgery. The results suggest that BE-CF promoted
the expression of BMP7 and SOX9 in vivo (Fig. 6C-F).

4. Discussion

In this study, we found that BMSCs-Exos combined with cartilage
fragments could enhance chondrogenesis via BMP7/Smad5 signaling
axis in vitro. Furthermore, it could prevent femoral tunnel widening and
promote tendon-bone healing in a rat model of ACLR.

It is generally accepted that better enthesis healing depends on
increased ordered collagen fibers and new bone formation. Moreover,
fewer scar tissues in the tendon-bone interface also improve enthesis
healing [23,24]. After ACLR, many fibrous scar tissues formed (Sharpey
fibers) between the graft and bone tunnel, resulting in tunnel widening
[25]. Moreover, the disorganization of graft tendon is not conducive to
tendon-one healing. The regeneration of fibrocartilage in the
tendon-bone interface is essential in enthesis healing. Cartilage frag-
ments have been induced for cartilage repair as a source of chondrocytes
and CSPCs. Studies showed that chondrocytes and CSPCs are active on
the surface of fragments and highly express proliferative markers such as
B-catenin and cadherin. Besides, these markers have a strong prolifera-
tive ability, could migrate from the surface of the fragments [26-28],
and are widely present in prechondrocytes. It is also involved in cell
adhesion and signal transduction during chondrogenesis [29]. Different
from growth factors, PRP and stem cells, chondrocytes outgrowing from
cartilage fragments represent a unique subset with a proliferative
phenotype that might promote a reliable fibrocartilage insertion of
tendon-bone interface [30]. Besides, mature chondrocytes reserve
stemness, which can generate chondrogenic progenitor cells for carti-
lage repair [10]. Our previous clinical study failed to produce expected
outcomes on the possibility of cartilage fragments to prevent bone
tunnel widening [12].

It is indicated that BMSCs-Exos could induce the expression of
Aggrecan and SOX9 to promote chondrocyte proliferation, while
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enhancing the expression of collagen-II and TGF-f1, reducing ADAMTS5
production and inhibiting inflammatory factors such as IL-1p and TNF-a
from balancing the degradation and synthesis of extracellular matrix
(ECM) [31-33]. Furthermore, chondrogenesis and ECM deposition are
the essential processes during tendon-bone regeneration [34]. In this
study, the application of BMSCs-Exos promoted the proliferation of
chondrocytes migrated from cartilage fragments and further enhanced
the expression of SOX9 and Aggrecan. Meanwhile, BMSCs-Exos also
induced stem cells differentiation into cartilage cells. In vivo study
further showed that the implantation of BMSCs-Exos/cartilage frag-
ments complex in the femoral tunnel side after ACLR resulted in a
significantly smaller tunnel diameter in the BE-CF group compared to
other groups. Besides, micro-CT also indicated more new bone tissue
formation in the tunnels of the BE-CF group than in the other groups.
However, micro-CT can only be used to analysis differences in bone
volume after repair, but can not resolute the microstructure of
tendon-bone interface which is an important parameter in tendon-bone
interface regeneration [35,36]. Thus, in further study, we should utilize
a highly accurate method (pCT as previous reported strategies [37]) to
directly visualize the tendon-bone interface regeneration after repairing.
In addition, the view of tendon-bone interface was directly taken with a
microscope, and showed that more fibrocartilage formation was
observed at the tendon-bone interface in the BE-CF group than in the
other groups. A specialized transition zone called ‘tide line’ between
fibrocartilage and calcified cartilage layers was more pronounced in the
BE-CF group. According to previous studies, new bone formation and
fibrocartilage regeneration were essential for tendon-bone healing [38,
39].

In addition, the possible mechanisms of BMSCs-Exos and cartilage
fragments were investigated for tendon-bone healing. Previous studies
have reported that during the formation of tendon-bone structure, the
expression of BMP7 is significantly upregulated, which can induce stem
cells to differentiate into osteoblasts and further improve the mechanical
strength of tendon-bone interface [40,41]. Besides, BMP7 could also
induce stem cells to differentiate into fibrocartilage for enhancing the
regeneration of tendon-bone structure [42]. This study added BMSCs
and BMSCs-Exos in cartilage fragments medium, respectively. It was
found that BMP7 and Smad5 in the BE-CF group were upregulated,
accompanied by a significant increase of SOX9 and Aggrecan expression
higher than those in other groups. The expression of BMP7 was knocked
down, followed by the expression of Smad5 and chondrogenic genes. In
contrast, overexpression of BMP7 enhanced the expression of Smad5
and chondrogenic genes. These results showed that BMSCs-Exos might
promote chondrogenic differentiation from cartilage fragments via the
BMP7/Smad5 signaling axis. In addition, this study detected the histo-
logical properties and the biomechanical properties in the research. As
previous studies reported [24], exosomes could increase stiffness and
failure rate after ACLR. This study found new bone formation in the
tunnel with high BV/TV ratios via micro-CT in BE-CF groups, Moreover,
biomechanical experiments further demonstrated the therapeutic effect
in the BE-CF group.

This study has some limitations. The healing process of SD rats is
faster than humans. Thus, a large animal model must be used in further
research to correlate with the healing period of humans. This experi-
ment did not include the control group treated with BE alone to compare
the effects of BE and BE-based therapies on tendon-bone healing.

5. Conclusion

This study demonstrated that BMSCs-Exos/cartilage fragment com-
plex could prevent the enlargement of bone tunnel and promote tendon-
bone healing after ACLR, which may have resulted from the regulation
of the BMP7/Smad5 signaling axis. This study provides a new strategy
for improving tendon-bone healing after ACLR, although further studies
are required to confirm the effects for clinical application.
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