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Matrigel scaffold combined with Ad-hBMP7-transfected
chondrocytes improves the repair of rabbit cartilage defect

XIAOPENG XIA'?", JING LI**, BO XIA®, HUILIN YANG?,
DONGMEI ZHANG*, BIN ZHOU?, JIE ZHANG*, MAN ZHOU? and FAN LIU'?

]Department of Orthopedics, The First Affiliated Hospital of Soochow University, Suzhou, Jiangsu 215000; 2Department of

Orthopedics, Nantong Hospital of Traditional Chinese Medicine, Nantong, Jiangsu 215000, P.R. China;

3Department of Genetics and Biochemistry, Clemson University, Clemson, SC 29634, USA;

4Department of Immunology, Medical College of Nantong University, Nantong, Jiangsu 226019, P.R. China

Received November 17, 2015; Accepted April 27, 2016

DOI: 10.3892/etm.2016.3972

Abstract. The aim of this study was to explore an effective
method for the repair of cartilage defects using chitosan/glyc-
erophosphate (C/GP) gel- and Matrigel-engineered human
bone morphogenetic protein 7 (hBMP7)-expressing chondro-
cytes. Rabbit chondrocytes were obtained, cultured in vitro
and transfected with an adenovirus containing hBMP7 and
green fluorescent protein (Ad-hBMP7-GFP). The expression
of hBMP7 in the transfected cells was tested by reverse tran-
scription-polymerase chain reaction (RT-PCR) and western
blotting. The phenotype of the transfected cells was evaluated
by detecting the yields of collagen II and hyaluronic acid using
RT-PCR and enzyme-linked immunosorbent assay (ELISA).
The growth of chondrocytes in the C/GP gel and Matrigel was
accessed by measuring the cell growth rate, hematoxylin and
eosin (H&E) staining and observation under a scanning micro-
scope. Twelve adult male New Zealand white rabbits were
randomly divided into three groups. Two cartilage defects were
created in the rabbits' knees by aseptic surgery. Group A (n=4)
did not receive any treatment, group B (n=4) were treated with
C/GP gel and Matrigel-engineered Ad-mock-GFP-transfected
chondrocytes, and group C (n=4) were treated with C/GP
gel and Matrigel-engineered Ad-hBMP7-GFP-transfected
chondrocytes. Rabbits were sacrificed at 4 weeks after
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transplantation, and the repair effect was measured by the
Wakitani scoring method. On the basis of the RT-PCR and
western blotresults, hBMP7 was efficiently overexpressed in the
Ad-hBMP7-GFP-transfected chondrocytes. The ELISA results
showed that the yields of collagen II and hyaluronic acid in
Ad-hBMP7-GFP-transfected chondrocytes were significantly
higher than those in Ad-mock-GFP-transfected chondrocytes.
Chondrocytes have a better morphology and arrangement in a
Matrigel scaffold than in C/GP, as assessed by H&E staining
and scanning microscopy. According to the Wakitani score,
Matrigel combined with Ad-hBMP7-GFP-transfected chon-
drocytes successfully promoted the repair of cartilage defects
in rabbit knees.

Introduction

As an inflammatory and degenerative rheumatic disease,
cartilage defects are characterized by joint pain, locking
phenomena and even severe disability (1). As a result of carti-
lage not readily self-healing, cartilage repair continues to be
challenging for clinical doctors and scientists.

Tissue engineering technology has provided great oppor-
tunities for cartilage repair (2,3). For example, autologous
chondrocyte transplantation (ACT) has been successfully
tested in several animal experiments and clinical trials by
expanding autologous chondrocytes in vitro and injecting
them back into the defective cartilage site (4,5). However,
some problems have been reported for this technique. Firstly,
obtaining chondrocytes from the joint surface might introduce
additional injury to the joint. Secondly, chondrocytes expanded
in vitro readily undergo a process of dedifferentiation (6). The
chondrocytes might suffer a reduction in the production of
hyaluronic acid and type II collagen, which are two important
components for cartilage regeneration. The loss of phenotypic
traits in vitro might result in the loss of ability to regenerate
stable and healthy cartilage in vivo (7).

Various efforts have been made to prevent chondrocytes
from dedifferentiation in vitro and in vivo. Some gene thera-
pies have achieved success in chondrocyte tissue culture and
animal cartilage repair experiments. It has been reported
that bone morphogenetic protein 2 (BMP2) treatment might
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help chondrocytes to maintain their phenotypes in vitro (8).
Moreover, short-term exposure to fibroblast growth factor 2
(FGF-2) in vivo is also effective in stimulating cartilage repair
or enlargement (9-12). Furthermore, 3-dimensional (3D) tissue
culture exhibits huge advantages in maintaining the phenotype
of chondrocytes. Different scaffold materials have been tested
for cartilage repair in the last few years. Chitosan/glycerophos-
phate (C/GP) gel (13), Matrigel (14), collagen (15) and fibrin
gel (16) have exhibited excellent performances in cartilage cell
culture in vitro and cartilage repair in animal experiments.

Bone morphogenetic protein 7 (BMP7) is a member of the
transforming growth factor (TGF)-3 superfamily (17) that is
crucial in the regulatory pathways for embryogenesis, tissue
repair and regeneration (18). There is evidence that BMP7
is able to induce the differentiation of bone marrow-derived
mesenchymal cells into chondrocytes (19) and might serve as
an anabolic activator for chondrocytes in tissue culture (20).
In addition, clinical studies have revealed that BMP7 is able
to prevent the degeneration of cartilage during inflammatory
arthritis (21,22). These observations suggest that BMP7 has
great potential for use in cartilage repair and regeneration.

In the present study, gene therapies and 3D culture
techniques were combined for use in the repair of carti-
lage defects. Two types of 3D culture gel-engineered
Ad-hBMP7-GFP-transfected chondrocytes were prepared. By
implanting the engineered gels into rabbit cartilage defects,
their ability to improve cartilage repair in rabbit knees was
evaluated and compared.

Materials and methods

Animals. A total of 12 adult male New Zealand White rabbits
(50 weeks old; weight, 2.0-2.5 kg) and 12 female New Zealand
White rabbits (6 weeks old, weight, 1.5-2.0 kg) were provided
by the Laboratory Animal Center of Nantong University
(Nantong, China). All animals were housed individually.
Food and water were given ad libitum. The animals' general
health and care conditions were monitored and recorded
separately by the laboratory animal welfare officer. This study
was approved by the laboratory animal ethics committee of
Nantong University.

Primary cell culture and hBMP?7 transfection. Rabbit artic-
ular knee cartilages were obtained from 6-week-old female
New Zealand White rabbits. The cartilages were cut into
three 1-mm cubes and digested with 100 ul 0.25% trypsin
for 10 min at 37°C. The digested cartilages were centrifuged
at 1,150 x g for 5 min at 20°C, and then the supernatant
was discarded. The pellet was washed three times with
F12-Dulbecco's modified Eagle's medium (DMEM; cat.
no. E500003; Sangon Biotech Co., Ltd., Shanghai, China)
and then incubated with 0.02% collagenase II and 0.004%
deoxyribonuclease II at 4°C overnight. An 80-mesh stain-
less steel filter was used to remove undigested tissue. The
filtered chondrocytes were centrifuged at 1,000 rpm for
5 min, and then washed twice with F12-DMEM medium.
The cells were then seeded in tissue culture flasks with a
density of 5x10°/ml. Cell culture was maintained at 37°C in
a humidified atmosphere containing 95% air and 5% CO,.
The medium was changed once every 3 days. Cells were
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passaged when the culture reached 80-90% confluence. The
third-passage cells were collected for the following transfec-
tion experiments. Briefly, the chondrocyte cells were seeded
into 6-well cell culture plates at 2x10%/ml, into which cover
glasses had been placed beforehand. When the cells reached
80-90% confluence, the culture medium was changed to a
serum-free medium and the culture was transfected with
an adenovirus containing human green fluorescent protein
(GFP)-labeled BMP7 (Ad-hBMP7-GFP; 10° PFU/ml) or an
adenovirus containing GFP (Ad-mock-GFP; 10° PFU/ml),
both of which were constructed and stored in our laboratory,
at a multiplicity of infection (MOI, virus/cell) of 100, respec-
tively. After 4 h incubation, the culture medium was changed
to F12-DMEM complete medium and the cells were returned
to the culture.

Reverse transcription polymerase chain reaction (RT-PCR).
RT-PCR was used to determine the mRNA expression levels
of hBMP7 and collagen type II in the transfected cells.
Total RNA was isolated from cells using an RNeasy mini
kit (Qiagen, Inc., Valencia, CA, USA). Briefly, at 1 week
after transfection, cells were harvested using 1 ml TRIzol
reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham,
MA, USA). Homogenates were left at room temperature for
5 min to facilitate mRNA extraction and then centrifuged at
12,000 x g for 15 min. cDNA was reverse transcribed using
a cDNA synthesis kit (Qiagen, Inc.) with 1 g mRNA/20 ul
reaction. RT-PCR analysis was carried out with 1 pg total
RNA using a Qiagen OneStep RT-PCR kit (Qiagen, Inc.).
The following primers were synthesized on the basis of
the sequences reported in the Genbank database: hBMP7
forward, 5'-AACCTCGTGGAACATGACAAG-3' and
reverse, 5'-CTCCCCCTCACAGTAGTAGGC-3' (product
size 675 bp); collagen type II forward, 5'-GCACCCATG
GACATTGGTGGC-3' and reverse, 5'-GACACGGAGTAG
CACCATTCG-3' (product size 366 bp); glyceraldehyde
3-phosphate dehydrogenase (GAPDH) forward, 5'-CGACCA
CTTTGTCAAGCTCA-3' and reverse, 5'-AGGGGAGAT
TCAGTGTGGTG-3' (product size 226 bp). The reaction was
carried out at 50°C for 30 min for cDNA synthesis, and at
95°C for 3 min for predenaturation. The samples were ampli-
fied for 22-26 cycles with denaturation at 94°C for 30 sec,
annealing for 1 min at 65°C, extension at 72°C for 1 min and
a final extension at 72°C for 10 min. RT-PCR amplification
reactions were resolved on 2% agarose gels and the size of
the amplified transcript confirmed by comparison with a
standard DNA ladder (GelPilot 1 kb Plus Ladder; Qiagen,
Inc.).

Western blot analysis. The western blotting method was
used to detect hBMP7 protein in the transfected cells.
Briefly, cells were collected at 1 week after transfection
and then homogenized in a cell lysis buffer containing
50 mmol/I Tris, 10 mmol/l NaCl, 1% NP-40, 0.02% sodium
azide and a protease inhibitor cocktail (Roche Diagnostics,
Basel, Switzerland) at pH 7.4. Next, aliquots containing
50 ug protein were dissolved in Laemmli buffer and boiled
at 95°C for 5 min, and the proteins were separated by 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred onto nitrocellulose membranes. After being
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blocked with 5% fat-free milk, the target proteins were
probed with anti-BMP7 and anti-f-actin antibodies (1:2,000;
cat. nos. ab56023 and ab15263; Abcam, Cambridge, MA,
USA), respectively. The bound antibodies were detected
using horseradish peroxide-conjugated secondary antibodies
(1:2,000; cat. no. ab6721; Abcam) and visualized using an
enhanced chemiluminescent reagent. The relative levels
of each blot to the control, -actin were analyzed using
Imagel software, version 1.48 (National Institutes of Health,
Bethesda, MD, USA).

Enzyme-linked immunosorbent assay (ELISA). The amounts
of hyaluronic acid and collagen type II in the cartilage
cells were measured using ELISA kit for Hyaluronic Acid
(cat. no. EKU08324; Biomatik, Wilmington, DE, USA) and
ELISA kit for Cross Linked C-Telopeptide of Type II Collagen
(CTXII; cat. no. EKU03505; Biomatik), respectively, according
to the manufacturer's instructions. Colorimetric changes were
evaluated using an ELISA plate reader (Molecular Devices,
LLC, Sunnyvale, CA, USA).

3D cell cultures. Third-passage chondrocytes were collected
for 3D culture. Briefly, cells were resuspended with C/GP
and Matrigel solution, respectively, at a density of 5x107/ml.
The C/GP hydrogel was prepared by mixing 2.0% (v/v) chitosan
with 56% (w/w) [-glycerophosphate at the ratio of 7:1. For
C/GP gel culture, the suspension of cells in C/GP solution was
seeded into a 6-well plate directly, 1 ml per well. The plate was
placed in a 37°C incubator for 10 min until it became a gel. A
4 ml aliquot of complete medium was added to each well and
the plate was put back into the incubator. For Matrigel culture,
firstly, 50 ul of 300 mg/l Matrigel-M199 medium solution was
used to pre-coat the top chamber of a Boyden chamber. The
precoated chamber was incubated at room temperature for 1 h.
The suspension of cells in Matrigel solution was then seeded
into the precoated chamber, 1 ml per well. The plate was
placed into a 37°C cell incubator for 10 min until it became
a gel. A 4 ml aliquot of complete medium was added to each
well and the plate was put back into the incubator. The cultures
were maintained for 14 days in the culture medium, at 37°C
in a humidified 5% CO,/95% air atmosphere with medium
replacement every 3 days.

Scanning electron microscopy observation. Following double
fixation with glutaraldehyde, dehydration with a graded ethanol
series and coating with epoxy resin (Epon 812; Byxbio, Jiangsu,
China), scanning electron microscopy was used to observe the
morphology of Ad-mock-GFP-and Ad-hBMP7-GFP-transfected
chondrocytes in Matrigel.

Animalmodel.Atotal of 12 adultmale New Zealand Whiterabbits
(50 weeks old; weight, 2.0-2.5 kg) were used to establish a carti-
lage defect rabbit model. Surgery was performed under general
inhalation anesthesia and aseptic conditions. Briefly, the
animals were anesthetized intravenously with 3% pentobarbital
sodium (30 mg/kg). After sterilization with 1% povidone iodine,
a medial incision was made into the joint cavity, the patella was
pushed outward to expose the articular surface of the femoral
trochlea and a drill was used to create two holes with diameter
4 mm and depth 5 mm at the articular surface of the femoral
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trochlear. The modeled rabbits were divided into three groups.
Group A (n=4) did not receive any implantation treatment. In
group B (n=4), two cartilage defects were implanted with C/GP
gel-engineered Ad-mock-GFP-transfected chondrocytes and
Matrigel-engineered Ad-mock-GFP-transfected chondrocytes,
respectively. In group C (n=4), the two defects were implanted
with C/GP gel-engineered Ad-hBMP7-GFP-transfected chon-
drocytes and Matrigel-engineered Ad-hBMP7-GFP-transfected
chondrocytes, respectively. After 4 weeks, the animals were
sacrificed by the injection of 10 ml air into the vein of the ear
edge.

Hematoxylin and eosin (H&E) staining. Samples of cartilage
tissue were fixed in 10% formalin solution, embedded in
paraffin, and sectioned to 5 ym. The tissue sections were then
stained with the H&E reagent according to standard protocols
and observed using light microscopy.

General specimen observation. Rabbits in each group were
sacrificed at 4 weeks after surgery to observe the defects. The
tissue of the defect area and surrounding normal cartilage was
removed for general observation. General specimen observation
involved checking the smoothness, gloss and density of the
articular cartilage surface and the condition of the joint with the
surrounding normal cartilage.

Repair assessment. A histological score was given for the
repaired cartilage tissue using the Wakitani method (23),
which involves assessment of the cell types in the repaired
tissue, matrix staining, surface smoothness, cartilage density
and integration into the surrounding normal cartilage tissue.

Statistical analysis. The experimental data are presented as
mean + standard deviation. The statistical software package
SPSS version 13.0 (SPSS, Inc., Chicago, IL, USA) was used
for data analysis. A t-test was adopted for comparison between
groups, where P<0.05 was considered to indicate a statistically
significant difference.

Results

Chondrocyte culture. The rate of survival of the chondrocytes
after isolation and plating was 90%. At 10 days after plating,
cells reached nearly 90% confluence and started to exhibit the
typical chondrocyte morphology with triangular or polygonal
shape (Fig. 1A). Following the first passage, the cell growth
rate markedly increased. The morphology of chondrocytes at
the third generation is shown in Fig. 1B.

Ad-hBMP7-GFP transfection and expression of hBMP7 in
transfected chondrocytes. To continuously express hBMP7
in chondrocytes, Ad-hBMP7-GFP and Ad-mock-GFP vectors
were independently used to transfect chondrocytes (Fig. 2A).
At 1 week after transfection, the expression of hBMP7 in
the transfected chondrocytes was evaluated by RT-PCR and
western blot analysis. As shown in Fig. 2B, RT-PCR analysis
detected a thick hBMP7 target gene band of 470 bp in the
Ad-hBMP7-GFP-transfected cells. Consistent with this, an
hBMP7 protein band stronger than that in the mock-trans-
fected cells was found by western blotting (Fig. 2C). These two
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Figure 1. Culture of rabbit chondrocytes. Chondrocytes at (A) day 10 after isolation (magnification, x200) and (B) at the third passage (magnification, x100).

Scale bar, 100 uM.
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Figure 2. Transfection and overexpression of hBMP7 in chondrocytes. (A) Chondrocytes transfected by Ad-mock-GFP (left panel) and transfected
by Ad-hBMP7-GFP (right panel). Scale bar, 100 ym. (B) Reverse transcription-polymerase chain reaction analysis of hBMP7 in Ad-mock-GFP- and
Ad-hBMP7-GFP-transfected chondrocytes. (C) Western blot analysis of hBMP7 in Ad-mock-GFP- and Ad-hBMP7-GFP-transfected chondrocytes. hBMP7,
human bone morphogenetic protein 7; Ad, adenovirus; GFP, green fluorescent protein; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

results indicate that hBMP7 was successfully overexpressed in
Ad-hBMP7-GFP-transfected cells.

Collagen Il and hyaluronic acid production in transfected
chondrocytes. Articular cartilage is mainly composed of
a large amount of extracellular components secreted by
chondrocytes (6). Collagen type II and hyaluronic acid are
two important and well-studied components in those secre-
tions (4). Therefore, to evaluate the phenotype of transfected
chondrocytes, the yields of collagen type II and hyaluronic
acid were investigated by ELISA. As shown in Fig. 3A, the
production of collagen type II and hyaluronic acid from
Ad-hBMP7-GFP-transfected cells was significantly higher
than that in Ad-mock-GFP-transfected cells (P<0.05). RT-PCR
analysis demonstrated that collagen type II gene expression
was notably increased in Ad-hBMP7-GFP-transfected cells
compared with Ad-mock-GFP-transfected cells (Fig. 3B).

Growth of chondrocytes in the 3D culture system. 3D culture
systems have been widely adopted in tissue culture as they
have huge advantages in maintaining phenotypes in vitro. As
two commonly used 3D culture materials, chitosan (C/GP gel)
and Matrigel have displayed great performances in cancer and
stem cell research (24). In the present study, these two gels
were compared in the culture of chondrocytes in vitro. No
significant difference in growth rate was observed between
those two scaffolds, although the Matrigel exhibited a slightly
faster growth rate than the C/GP gel with a 4.2-day cell doubling
time compared with a 5.0-day cell doubling time (Fig. 4A).
However, on the basis of the significant difference in the yield of
collagen type II and hyaluronic acid (P<0.01; Fig. 4B), Matrigel
is more helpful in restoring the phenotype of chondrocytes.
Furthermore, with H&E staining, the morphology and organi-
zation of the chondrocytes in Matrigel appeared much better
(Fig. 4C). In Matrigel, the majority of the chondrocytes were
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Figure 3. Yield of collagen type II and hyaluronic acid in transfected chondrocytes. (A) Enzyme-linked immunosorbent assay analysis of the yield of collagen
type II (pg/ml) and hyaluronic acid (ng/ml) in transfected chondrocytes. Results are presented as mean + standard deviation (n=3). "P<0.05 vs. the GFP-mock
group. (B) Detection of the mRNA level of collagen type II in transfected chondrocytes as evaluated by reverse transcription-polymerase chain reaction.

hBMP?7, human bone morphogenetic protein 7; GFP, green fluorescent protein.
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Figure 4. Chondrocyte growth in 3D culture systems. (A) Growth curve of chondrocytes in C/GP gel and Matrigel 3D culture systems. (B) Yield of collagen
type II and hyaluronic acid from chondrocytes in C/GP gel and Matrigel. Results are presented as mean =+ standard deviation (n=3). "P<0.05 vs. the C/GP gel
group. Hematoxylin and eosin staining of chondrocytes in (C) C/GP gel and (D) Matrigel culture systems. Scale bar, 50 gm. C/GP, chitosan/glycerophosphate;

3D, 3-dimensional.

tightly packed, integrated into layers and surrounded by the
extracellular matrix secreted by chondrocytes. By contrast, the
chondrocyte proliferation in the C/GP gel was relatively weak.
Most of the cartilage cells were loosely arranged and a reduced
quantity of extracellular matrix was secreted. The greatest
disadvantage of the C/GP gel was that the chondrocytes were
not integrated into the layers. In conclusion, Matrigel is superior
to C/GP gel for the culture of chondrocytes in vitro.

Growth of transfected chondrocytes in Matrigel scaf-
fold. Scanning electron microscopy was used to
observe the morphology of Ad-mock-GFP- and
Ad-hBMP7-GFP-transfected chondrocytes in Matrigel (Fig. 5).

The two types of cell showed a spherical shape and gathered
along the fibers within the extracellular matrix. However, in
comparison with the Ad-mock-GFP-transfected chondrocytes,
a greater amount of extracellular secretion was observed in
the Ad-hBMP7-GFP-transfected chondrocytes (Fig. 4). This
observation suggests that hBMP7 is able to promote chondro-
cyte secretion, which might be helpful for cartilage regeneration
in vivo.

Repair assessment of the different 3D culture systems. To
determine which scaffold is better for cartilage repair, C/GP
gel and Matrigel with Ad-mock-GFP-transfected chondrocytes
were implanted into rabbit knees, respectively, as described
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Figure 5. Scanning electron microscopy imaging of chondrocytes in Matrigel. (A) Ad-mock-transfected chondrocytes and (B) Ad-hBMP7-transfected chon-
drocytes in Matrigel scaffold (magnification, x1,500). (C) Ad-mock-transfected chondrocytes and (D) Ad-hBMP7-transfected chondrocytes in Matrigel
scaffold (magnification, x3,000). hBMP7, human bone morphogenetic protein 7; Ad, adenovirus.

Figure 6. Repair of rabbit knee cartilage by implantation of 3D culture scaffolds. (A) Repair result of group A without any treatment. (B) Repair result of group
B treated with two different 3D culture scaffolds containing Ad-mock-GFP-transfected chondrocytes. C/GP gel (black arrow), Matrigel (yellow arrow). 3D,

3-dimensional; Ad, adenovirus; C/GP, chitosan/glycerophosphate.

‘Wakitani scores

Control

C/GP gel Matrigel

Figure 7. Repair assessment of different 3D culture scaffolds by the Wakitani
scoring method. Results are presented as mean + standard deviation (n=4).
“P<0.05 as indicated. 3D, 3-dimensional; C/GP, chitosan/glycerophosphate.

Materials and methods. At 4 weeks after implantation, the
repair was assessed by the Wakitani method. As a control
group, the rabbits in group A did not receive any implantation

treatment. After 4 weeks, the defects in group A remained
evident and filled with blood clots (Fig. 6A). In group B, the
defects were treated with C/GP gel and Matrigel scaffold with
Ad-mock-GFP-transfected chondrocytes. Overall, group B
presented better repair than group A. However, significant
differences between the C/GP gel site and Matrigel site in
group B were observed (Fig. 6B). In the Matrigel site, <3/4 of
normal cartilage was found and the surface looked relatively
flat and smooth. However, in the C/GP gel site, only 1/3 of
the cartilage defect was repaired and the cartilage surface
did not appear to be flat or smooth. According to Wakitani
scoring (Fig. 7), Matrigel performed best with a score of
3.14+0.88 followed by C/GP gel with a score of 3.94+0.91
and the control group with a score of 8.16+0.86. In conclu-
sion, both C/GP gel and matrigel scaffold helped to repair
the cartilage defect. However, Matrigel scaffold provided
significantly improved results than did C/GP gel, with a
Wakitani score of 3.14 vs. 3.94 (P<0.05). Therefore, Matrigel
scaffold was used to perform a further experiment.
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Figure 8. Repair of rabbit knee cartilage of different groups. Repair results of (A) untreated cartilage defect, (B) cartilage defect treated with Matrigel
scaffold-engineered Ad-mock-GFP-transfected chondrocytes and (C) cartilage defect treated with Matrigel scaffold-engineered Ad-hBMP7-GFP-transfected
chondrocytes; Matrigel site (black arrow). Ad, adenovirus; GFP, green fluorescent protein; hBMP7, human bone morphogenetic protein 7.

Wakitani score

A B C

Figure 9. Repair assessment of the groups by the Wakitani scoring method.
Results are presented as mean + standard deviation (n=4). "P<0.05 as indi-
cated. Group A, untreated cartilage defect; group B, cartilage defect treated
with Matrigel scaffold-engineered Ad-mock-GFP-transfected chondro-
cytes; group C, cartilage defect treated with Matrigel scaffold-engineered
Ad-hBMP7-GFP-transfected chondrocytes. Ad, adenovirus; GFP, green
fluorescent protein; hBMP7, human bone morphogenetic protein 7.

Repair assessment of Ad-hBMP7-GFP-transfected chon-
drocytes in Matrigel scaffold. Matrigel scaffold-engineered
Ad-hBMP7-GFP- or Ad-mock-GFP-transfected chondrocytes
were implanted into rabbit knees. No rabbits died following
surgery and all 12 animals exhibited normal feeding and
activity within 2 weeks. At 4 weeks after implantation, carti-
lage repair was assessed by the Wakitani scoring method and
H&E staining. As shown in Fig. 8, the defects in group A were
clearly visible as the clear boundary line between the defects
and normal cartilage tissue. In group B, the defects were
treated with Matrigel containing Ad-mock-GFP-transfected
chondrocytes. The defects were partially repaired; however,
the cartilage surface was not smooth or flat like the healthy
cartilage. The color and texture remained different from
the surrounding tissue. In group C, the defects were almost
completely healed following the treatment with Matrigel scaf-
folds containing Ad-hBMP7-GFP-transfected chondrocytes.
In particular, the cartilage surface looked flat and smooth, and
it was difficult to see the boundary line between the defects
and normal cartilage tissue. Most notably, no inflammatory
cell infiltration was found in the defect. According to the

Wakitani scoring method, group C had a score of 3.06+0.88
that was significantly lower than that of group B (3.81+0.91)
(Fig. 9). H&E staining results further confirmed that regenera-
tion of cartilage tissue in group C significantly outperformed
that in group B (Fig. 10). The newly generated cartilage tissue
filled all the defective area in group C. However, the repair in
group B was limited, with some defects not being filled with
regenerated cartilage.

Discussion

Cartilage repair and regeneration is a major challenge associ-
ated with joint diseases, particularly for large-scale cartilage
defects. Autologous chondrocyte transplantation is a prom-
ising method for cartilage repair, even though the implanted
chondrocytes may undergo a loss of phenotype. As important
members of the TGF-f3 superfamily, BMP proteins including
BMP2, BMP6, BMP9, BMP12 and BMP13 have been shown
to be helpful in maintaining the characteristics of chondro-
cytes in vitro (25-27). In the present study, it was found that
hBMP7 is able to promote the secretion of collagen type II
and hyaluronic acid from chondrocytes and is very helpful
for cartilage regeneration. A recent study demonstrated that
locally produced BMP7 is a prerequisite for postnatal syno-
vial joint homeostasis and may be involved in osteoarthritic
changes in BMP7-knockout mice (28). Another study showed
that BMP7 has a protective function at the site of joint inflam-
mation (29).

The US Food and Drug Administration has approved the
application of recombinant human BMP?7 in a clinical trial
for the treatment of bone-related diseases (30). However,
due to the high price and short half-life in vivo, continuation
of this trial is challenging. The development of a safe and
feasible gene therapy that guarantees the stable expression of
the target cytokine gene in human cells is essential. In the
present study, hBMP7 was successfully overexpressed in
chondrocytes by an adenovirus-based transfection technique.
Previously, adenovirus-based transfection systems have been
used to regulate the immune response by inducing target gene
expression (31,32). Such systems have been proposed as effec-
tive and safe gene therapies for humans. Previous observations
together with the findings of the present study indicate that
adenovirus-based transfection techniques may provide a new
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Figure 10. Repair of rabbit knee cartilage assessed by hematoxylin and eosin staining. Rabbit knee cartilage specimens from (A) group C (magnification,
x120), (B) group C (magnification, x300); (C) group B (magnification, x120) and (D) group B (magnification, x300). Group B knees were treated with Matrigel
scaffold-engineered Ad-mock-GFP-transfected chondrocytes, and group C knees were treated with Matrigel scaffold-engineered Ad-hBMP7-GFP-transfected
chondrocytes. (A and C) Scale bar, 100 xm; (B and D) scale bar, 250 pgm. Black arrows, site of transplantation; yellow arrows, edge of transplantation site. Ad,
adenovirus; GFP, green fluorescent protein; hBMP7, human bone morphogenetic protein 7.

low-cost, long-term treatment for cartilage repair in which a
suitable amount of target proteins can be produced in vivo.

In addition to specific cytokines, the effectiveness
of a 3D culture scaffold also sheds light on cartilage
repair (13,16,24,33). In the present study, Matrigel signifi-
cantly outperformed C/GP gel in chondrocyte culture by
slightly increasing the growth rate of chondrocytes, markedly
improving the cell morphology and providing a higher yield
of collagen type II and hyaluronic acid. These results are
consistent with the strong performance of Matrigel with other
cell lines, including cancer stem-like cells and mesenchymal
stem cells (14,34).

In conclusion, in the present study, a specific cytokine
and 3D culture system were combined together by growing
Ad-hBMP7-GFP-transfected chondrocytes with Matrigel.
Notably, following the transplantation of the Matrigel scaffold
containing Ad-hBMP7-GFP-transfected chondrocytes into
cartilage defects in rabbit knees, the cartilage defects were
almost healed within 4 weeks. This positive result lays a good
foundation for the treatment of cartilage repair in the future.
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