Am J Transl Res 2018;10(2):535-544
www.ajtr.org /ISSN:1943-8141/AJTRO048972

Original Article

Co-injection of human adipose

stromal cells and rhBMP-2/fibrin gel

enhances tendon graft osteointegration in a

rabbit anterior cruciate ligament-reconstruction model

Ping Chen®", Jun Ouyang?", Jiangwei Xiao®, Zhongyu Han?, Qiang Yu?, Jing Tian?, Li Zhang*

Departments of 1Orthopaedic Centre of Zhu Jiang Hospital, 2Guangdong Provincial Medical Biomechanical Key
Laboratory, *Guangdong Provincial Key Laboratory of Construction and Detection in Tissue Engineering, Southern
Medical University, China. "Equal contributors.

Received January 16, 2017; Accepted April 29, 2017; Epub February 15, 2018; Published February 28, 2018

Abstract: The objective of this study was to investigate whether the co-injection of human adipose stromal cells
(hASCs) and rhBMP-2/fibrin gel into the bone tunnels of anterior cruciate-ligament reconstructions can effectively
enhance tendon graft osteointegration. We performed bilateral reconstructions using autologous semitendinosus
tendons in 45 New Zealand rabbits, which we divided into three groups. We injected the bone tunnels with fibrin gel
for group 1, rhBMP-2 (1 ug/ml)/fibrin gel for group 2, and hASCs wrapped in rhBMP-2 (1 pug/ml)/fibrin gel for group
3. We sacrificed five rabbits (two for histological assessment and three for biomechanical tests) from each group
at 2, 4, and 8 weeks post surgery. At 2 and 4 weeks post surgery, histological analysis showed that fibro-cartilage
had appeared in the tendon-bone interface in group 2. At 4 weeks post surgery, mature bone cells could be seen
in group 3. There was new bone formed between the host bone and the graft in groups 2 and 3 at 8 weeks post
surgery. Biomechanical testing showed that at 4 and 8 weeks post surgery, the ultimate failure loads in group 3
were significantly higher than those in groups 1 and 2 (both P=0.01). The tendon stiffness in group 3 was signifi-
cantly higher than that in the other groups at 4 weeks post surgery (P=0.01). Our results indicate that co-injection
of hASCs and rhBMP-2/fibrin gel has the potential to promote tendon-bone healing after anterior cruciate-ligament
reconstruction.

Keywords: Recombinant human bone morphogenetic protein-2, human adipose stromal cells, fibrin gel, tendon-
bone healing

Introduction [6-8]; however, it has some disadvantages,
such as extensive ectopic soft-tissue swelling
and a short half-life [9]. Hunziker [10] demon-

strated that gradual liberation systems can

The anterior cruciate ligament (ACL) is very
important for the stability and normal move-

ment of the knee joint [1, 2]. Because the ten-
don-bone interface is the weakest link, it limits
the rehabilitation of patients that undergo ACL
reconstruction during the early rehabilitation
process, which implies that the reestablish-
ment of the anatomical structure in the tendon-
bone attachment is the primary requirement
for ACL reconstruction.

Many recent studies have focused on various
growth factors to enhance tendon-bone healing
[3-5]. Bone morphogenic protein 2 (BMP-2) has
the ability to enhance tendon-bone healing

effectively promote the capacity of BMP-2 to
induce and sustain local bone formation. Fibrin
gel has been used for many years as a biocom-
patible scaffold in regenerative and tissue-engi-
neering medicine [11-13]. Therefore, we assu-
me that BMP-2/fibrin gel scaffolds can not only
degradation rate of grafts in vivo, but also
reduce the overall side effects of reconstructive
procedures.

BMP-2 has the potential to induce stem cells to
differentiate into osteogenic and chondrogenic
cells [10, 14, 15]. In recent years, studies have
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Table 1. Primers used for qRT-PCR

Gene Sequences (5’ to 3') Tm (°C)

OPN F-GTGATTTGCTTTTGCCTCCT 60
R-GAGATGGGTCAGGGTTTAGC

RUNX2 F-GAGACTACTGCCGACCAC 60
R-TACCTCTCCGAGGGCTACC

ALP F-ACCATTCCCACGTCTTCACATTTG 60
R-AGACATTCTCTCGTTCACCGCC

Collagen-1 F-AGGGCCAAGACGAAGACATC 60
RAGATCACGTCATCGCACAACA

GAPDH F-CACATGGCCTCCAAGGAGTAA 60

R-GTACATGACAAGGTGCGGCTC

focused on bone marrow-derived mesenchy-
mal stromal cells (BMSCs) to enhance tendon-
bone healing because of their potential for mul-
tilineage differentiation [16, 17]. ASCs have
advantages over BMSCs, because they are
more readily available and have a lower risk of
donor-site morbidity [18, 19]. Wang, B [20]
demonstrated that co-injection of ASCs and
basic fibroblast growth factor can improve car-
diac remodeling and function in myocardial
infarction. Although many studies have shown
that ASCs can be induced into osteoblasts or
chondrocytes [21-23], there is little information
about whether the transplantation of ASCs
together with recombinant human bone mor-
phogenic protein-2 (rhBMP-2)/fibrin gel can
enhance tendon-bone healing.

The purpose of this study was to investigate
whether co-injection of human adipose stromal
cells (hASCs) and rhBMP-2/fibrin gel can effec-
tively enhance tendon-bone healing in a rabbit
ACL reconstruction model. We hypothesized
that the co-injection of hASCs and rhBMP-2/
fibrin gel into the ACL reconstruction bone tun-
nel can improve tendon-bone healing.

Materials and methods
Study design

All animal experiments were performed acco-
rding to the rules of the Southern Medical
University Institutional Animal Care and Use
Committee. We randomly divided 45 female
New Zealand white rabbits weighing 2-2.5 kg,
purchased from the Animal Experimental
Center of Southern Medical University, into
three groups. During ACL reconstruction, we
injected the bone tunnels of group 1 with fibrin
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gel, those of group 2 with rhBMP-2/fibrin gel,
and those of group 3 with hASCs and rhBMP-2/
fibrin gel. We preformed the ACL reconstruc-
tions bilaterally using semitendinosus tendon
autograft. We sacrificed five rabbits in each
group by intravenous injection an overdose of
sodium phenobarbital at 2, 4, and 8 weeks
post surgery. We used three of the specimens
in each sacrificed group for biomechanical
tests and used the remaining specimens for
hematoxylin and eosin (H&E) staining and
Masson’s trichrome staining.

Culture and osteogenic differentiation of
hASCs

We purchased hASCs from Cyagen Biosciences
(Santa Clara, CA)and cultured the cells in
Dulbecco’s modified Eagle’s medium (DMEM,;
Gibco, Grand Island, NY) with 10% of fetal
bovine serum (FBS; Gibco), 100 U/ml penicillin,
and 100 pg/ml streptomycin (Gibco) at 37°C
with 5% CO,. When the cultured cells reached
80% confluence, we detached them with 0.25%
trypsin-EDTA  (Gibco). We neutralized the
enzyme activity in the cultures with a twofold
volume of DMEM and centrifuged them for 5
min at 100 g/min. We then transferred the cell
suspensions to a 100-mm culture dish (1) and
incubated them at 37°C with 5% CO,,.

To determine whether rhBMP-2 can promote
osteogenic hASC differentiation in vitro, we cul-
tured hASCs in DMEM containing 1 mg/ml
rhBMP-2 for seven or 14 days. The control cells
cultured in DMEM without rhBMP-2. We then
used gRT-PCR to measure the gene expression
of osteogenic proteins (OPN, RUNX2, ALP, and
Collagen-1). The primers used for qRT-PCR are
shown in Table 1.

ACL reconstruction model

We anesthetized the rabbits by intravenous
injection of 3% sodium pentobarbital (30 mg/
kg). We then fixed the animals on the operation
table in the supine position with the knees
being able to flex freely to 90°. We shaved the
bilateral lower extremities and then sterilized
them three times with 2.5% iodophors. We
made a 5-cm medial parapatellar incision, dis-
located the patella laterally, and excised the
ACL from its femoral and tibial insertions
(Figure 1A, 1B). We then harvested the semi-
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Figure 1. ACL reconstruction surgery in a rabbit model. A: Normal structure of the ACL. B: Cutting of the ACL for the
footprint. C, F: Harvesting of autologous semitendinosus tendons. D: Formation the femur and tibial bone tunnels
using a 2.0-mm Kirschner wire. E: Reconstruction of the ACL.

tendinosus tendon for autografting (Figure 1C,
1F). We used a 2.0-mm-diameter Kirschner
wire to drill bone tunnels through the ACL foot-
print (Figure 1D). We then pulled the graft into
the tunnels using a 1.0-mm-diameter guide
wire. We fixed the graft using the intraosseous
fixation technique (Figure 1E). We then irrigat-
ed the joint with fibrin gel (group 1), fibrin gel
and 1 pg/ml rhBMP-2 (group 2), or fibrin gel/
rhBMP-2/hASCs (group 3) into the bone tun-
nels. We then sutured the patellar tendon and
skin using 2-0 wire sutures layer by layer. After
the surgery, we allowed the animals to move
freely in their cages without external fixation
and applied prophylactic antibiotic (50 mg/kg
ampicillin) intramuscularly once per day for 5
days. We inspected the local wound condition
and the activities of the knees daily.
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Histological analysis

We sacrificed two rabbits from each group by
intravenous injection of an overdose of sodium
phenobarbital at 2, 4, and 8 weeks post sur-
gery (n=18) and used H&E and Masson tri-
chrome staining to evaluate the formation of
new bone and collagen fibers at the tendon-
bone interface. We harvested the entire joints,
including the proximal tibia and distal femur,
fixed them in 4% paraformaldehyde for 72 h at
room temperature, and then decalcified them
in 10% EDTA for 3 or 4 weeks. We dehydrated
the specimens using a graded ethanol series,
embedded them in paraffin, and serially cut
them into 4-um-thick sections. We stained the
sections using H&E and Masson trichrome
staining kits.

Am J Transl Res 2018;10(2):535-544
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Figure 2. gRT-PCR results showing the expression of osteogenic proteins in human adipose stromal cells cultured in
rhBMP-2 differentiation medium and in a control medium lacked rhBMP-2 for 7 or 14 days. **P<0.01.

Biomechanical testing

We harvested a total of 27 rabbits (54 femur-
ACL graft-tibia constructs) for biomechanical
testing. We removed all of the soft tissues
except for the ACL graft. Before the tensile test,
we rigidly fixed the femur-ACL graft-tibia com-
plexes to a custom-made clamp. After preload-
ing with a static preload of 1 N, we measured
the ultimate failure load with a displacement
rate of 5 mm/min. The test was completed
when the graft was ruptured or pulled out of the
bone tunnel.

Statistical analysis

We performed statistical analysis using the
Statistical Package for Social Science (SPSS)
13.0 (SPSS Inc, Chicago, IL). We performed
comparisons of numerical data among the
groups by one-way analyses of variance. If the
test of Homogeneity of Variances is equal,
Bonferroni test was used for multiple compari-
sons. If not, the Dunnett’s T3 test was used. We
analyzed the gRT-PCR results using t-tests for
two independent samples. We considered dif-
ferences to be statistically significant when the
p-value was less than 0.05.

Results
qRT-PCR

Compared with control cells, hASCs cultured in
the presence of 1 yg/ml rhBMP-2 had higher
expression levels of OPN, RUNX2, ALP, and col-
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lagen-1 after 7 and 14 days (P=0.001; Figure
2).

Histological findings

At 2 weeks post surgery, we observed extensive
infiltration by inflammatory cells at the tendon-
bone interface in group 1 (Figure 3A). At the
same time pointin groups 2 and 3, we observed
cartilage tissue in the tendon-bone interface
(Figure 3B, 3C). Group 1 showed a distinct and
broad fiber-tissue interface zone and no carti-
lage or bone formation at 4 and 8 weeks post
surgery (Figure 3D, 3G). In group 2, we observed
a fibro-cartilage zone in the tendon-bone inter-
face at 4 weeks post surgery (Figure 3E). At the
same time point in group 3, we observed
mature bone cells at the interface (Figure 3F).
At 8 weeks post surgery, we observed new
bone formation between the host bone and
tendon graft in groups 2 and 3 (white arrows in
Figure 3H, 3l). Masson’s trichrome staining
showed collagen fibers in the tendon-bone
interface at 4 weeks post surgery in group 2
(Figure 4E); however, at 8 weeks post surgery,
group 3 displayed substantially more collagen
fibers in the tendon-bone interface than the
other two groups (Figure 41). We did not observe
typical direct healing in the tendon-bone inter-
face in any of the animals at any time point.

Biomechanical testing

The mean ultimate failure loading and the stiff-
ness of the tendon graft are shown in Table 2.
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Figure 3. Histological findings in each group at 2, 4, and 8 weeks post surgery. A: Many inflammatory cells gathered
at the tendon-bone interface in the rh-BMP/fibrin gel group at 2 weeks post surgery. B, C: Cartilage tissues could
be seen in the rhBMP-2/fibrin gel group and the hASC/rhBMP-2/fibrin gel group at the tendon-bone interface. D, G:
No cartilage or bone formation was found at 4 weeks or 8 weeks post surgery in the fibrin gel group. E: A fibro-like
cartilage zone could be seen in the tendon-bone interface at 4 weeks post surgery in the rhBMP-2/fibrin gel group.
F: Some mature bone cells could be seen at the interface in the hASCs/rhBMP-2/fibrin gel group at 4 weeks post
surgery. H, I: New bone (white arrows) formation between the host bone and tendon graft was found at 8 weeks post
surgery in the rhBMP-2/fibrin gel group and the hASC/rhBMP-2/fibrin gel group. H&E staining, original magnification

200x. Scale bar: 100 um. HB: host bone; IF: interface; T: tendon; NB: new bone.

At 2 weeks post surgery, there was no signifi-
cant difference among the three groups in ulti-
mate failure loading (P=0.200). At 4 and 8
weeks post surgery, the ultimate failure loads
in group 3 were significantly higher than tho-
se in groups 1 and 2 (both P=0.01). Multiple
comparisons by Dunnett's T3 test showed
significant differences between groups 1 and
2 (P=0.047), groups 1 and 3 (P<0.001), and
groups 2 and 3 (P=0.024) at 4 weeks post sur-
gery. A Bonferroni test showed that there were
significant differences between all three groups
at 8 weeks post surgery (all P=0.001; Figure
BA).

There was no significant difference in stiffness
among the three groups at 2 or 8 weeks post
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surgery, although group 2 appeared to have a
greater mean stiffness than groups 1 and 3.
There was, however, a significant difference in
stiffness at 4 weeks after surgery (P=0.001). A
Bonferroni test showed that there were signifi-
cant differences between groups 1 and 3
(P=0.001) and groups 2 and 3 (P=0.022; Figure
5B).

Discussion

We found that co-injection of hASCs and
rhBMP-2/fibrin gel into the bone tunnels during
ACL reconstruction can enhance tendon-bone
healing and pull-out force of the graft tendon by
the formation cartilage and bone in the tendon-
bone interface.
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Figure 4. Masson’s trichrome staining in each group at 2, 4, and 8 weeks post surgery. A-D: Collagen fibrous and
fibro-cartilage could not be seen in the tendon-bone interface. E, F: Collagen fbrous and fbrocartilage in the tendon-
bone interface could be seen in the rhBMP-2/fbrin gel group and hASC/rhBMP-2/fibrin gel group at 4 weeks post
surgery. G-I: Abundant collagen fbers in the tendon-bone interface were found in the hASC/rhBMP-2/fbrin gel group
at 8 weeks post surgery compared with the rhBMP-2/fbrin gel group and the fbrin gel group. Original magnifcation
200x. Scale bar: 100 um. HB: host bone; IF: interface; T: tendon; NB: new bone.

Table 2. Ultimate failure load and stiffness

) ) Failure Load (N) Stiffness (N/mm)
Time point Group p-value p-value
Mean + SD Mean + SD

2 weeks (n=6) Group 1 12.36 + 7.67 0.20 7.85+4.11 0.244
Group 2 20.71 + 10.67 16.14 + 13.27
Group 3 21.02 +8.30 9.76 £ 5.07

4 weeks (n=6) Group 1 14.76 + 4.10370™ <0.001 8.98 + 4,123 0.001
Group 2 48.41 + 24,17 15.17 + 8.91% "
Group 3 87.52 + 10.29°"" " 27.80 + 7.24°* "¢

8 weeks (n=6) Group 1 47.0 £ 12.81@"0* <0.001 30.28 £ 23.86 0.478
Group 2 85.53 + 17.428" ™" 44.85 + 25.82
Group 3 126.31 + 12.85% """ 37.18 + 5.62

a*Denotes significant difference (P<0.05) between groups 1 and 2. #**Denotes significant difference (P<0.01) between groups
1 and 2. *"Denotes significant difference (P<0.01) between groups 1 and 3. **Denotes significant difference (P<0.01) be-
tween groups 2 and 3.

hASCs can be induced to form cartilage or bone knowledge, only a few studies have investigat-
in vitro and in vivo [24, 25]. To the best of our ed whether the transplantation of hASCs and
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Figure 5. Biomechanical testing of the reconstructed ACL to measure pull-out strength and stiffness. A: The maxi-
mum failure load in the hASC/rhBMP-2/fibrin gel group was significantly higher than that in the rhBMP-2/fibrin gel
group and the fibrin gel group at 4 weeks and 8 weeks post surgery. B: The stiffness in the hASC/rhBMP-2/fibrin
gel group was significantly higher than that in the rhBMP-2/fibrin gel group and the fibrin gel group at 4 weeks post

surgery. *P<0.05, **P<0.01.

rhBMP-2/fibrin gel into the tendon-bone inter-
face can enhance tendon-bone healing [26].
Our aim was to evaluate how the co-injection of
hASCs and rhBMP-2/fibrin gel into the anchor
hole during ACL reconstruction affects tendon-
bone healing and bone formation. Our results
showed that the co-injection of hASCs and
rhBMP-2/fibrin gel resulted in more bone for-
mation at the tendon-bone interface at 8 weeks
post surgery compared with the injection of
rhBMP-2/fibrin gel alone. Furthermore, the pull-
out force of the graft tendon was significantly
higher after co-injection of hASCs and rhBMP-
2/fibrin gel than after injection of fibrin gel or
rhBMP-2/fibrin gel at 4 and 8 weeks post sur-
gery. Those results suggest that the transplan-
tation of hASCs and rhBMP-2/fibrin gel scaffold
may be a new way to enhance tendon-bone
healing.

RhBMP-2 belongs to the TGF- family and has
been reported to enhance tendon-bone healing
in the early stages of ACL reconstruction. Rodeo
[27] demonstrated that rhBMP-2 can acceler-
ate the healing process. Kim [8] performed ACL
reconstruction in a rabbit patellar tendon
model using rhBMP-2 and observed new bone
formation at 4 and 8 weeks post surgery.
Another recent study reported that rhBMP-2
regenerated direct insertion morphology at the
tendon-bone junction at 8 or 12 weeks post
surgery [28]. In our study, histological analysis
indicated more abundant fibrocartilage at the
tendon-bone interface at 4 and 8 weeks post
surgery both in the rhBMP-2/fibrin gel group
and in the hASC/rhBMP-2/fibrin gel group. At 8
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weeks post surgery, we observed abundant col-
lagen fibers and new bone between the graft
and bone interface in the hASC/rhBMP-2/fibrin
gel group.

In terms of tendon-bone healing, stem cells,
such as BMSCs, have become increasingly
attractive. Kosaka [26] reported that adipose-
derived regenerative cells can enhance the fail-
ure load and stiffness of grafts. Kanaya [16]
found that the injection of MSCs into the intra-
articular joint significantly increased the ulti-
mate failure load of the femur-ACL-tibial com-
plex at 4 weeks post surgery. Dong [29] re-
ported that BMSCs with exogenous BMP-2 on
the gastrocnemius tendon improved the biome-
chanical properties of grafts in the bone tunnel.
Our study showed that the maximum failure
load after co-injection of hASCs and rhBMP-2/
fibrin gel was significantly higher than that after
the injection of fibrin gel or rhBMP-2/fibrin gel
at 4 and 8 weeks post ACL reconstruction.

ASCs have several advantages over BMSCs in
terms of their availability, potential sources,
multilineage differentiation potential, and
donor site morbidity. Many previous studies
have reported that ASCs and BMP-2 can pro-
mote bone formation [30-32]. Jeon [33] and
Levi [34] both reported that hASCs can differ-
entiate into osteoblasts without the need for
pre-differentiation. In our study, hASCs en-
hanced tendon healing at 4 and 8 weeks post
surgery by forming fibrocartilage cells and bone
at the tendon-bone interface without pre-differ-
entiation, thus demonstrating the potential of

Am J Transl Res 2018;10(2):535-544



Co-injection of hASCs and rhBMP-2/fibrin gel improved rabbit model ACL reconstructions

hASCs without pre-differentiation to promote
tendon-bone healing. Those results suggest a
novel method to enhance tendon-bone healing
in ACL reconstructions.

Our study has several limitations. First, the
number of biomechanical experimental ani-
mals was not enough to avoid selection bias.
Second, we observed only three time points (2,
4, and 8 weeks post surgery) and did not
assess healing over a longer period, because
our purpose was to detect the early healing of
tendon grafts. Third, the mechanism by which
hASCs differentiate into osteogenic and chon-
drogenic cells on the tendon-bone interface is
still unknown. Zhang, X [35] reported that the
bone morphogenetic proteins signaling path-
way plays a major role in ASC osteogenesis.
Uysal [36] reported that ASCs can enhance pri-
mary tendon repair by increasing collagen type
I, fibroblast growth factor and vascular endo-
thelial growth factor levels and decreasing
TGF-B levels in a rabbit model, although their
study did not explain the complex interaction
among those proteins.

Our results indicate that co-injection of hASCs
and rhBMP-2/fibrin gel has the potential to pro-
mote tendon-bone healing after anterior cruci-
ate-ligament reconstruction. Further research
should be carried out to investigate the mecha-
nism by which hASCs and rhBMP-2 promote
tendon-bone healing.
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