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Ex vivo bone morphogenetic
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gingival fibroblasts promotes
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Abstract

Aim: The aim of the present study was to investigate bone regeneration following
ex vivo bone morphogenetic protein-2 (BMP-2) gene delivery using human gingival
fibroblasts (HGFs) in rat calvarial defects.

Materials and Methods: An 8 mm craniotomy defect was created in Sprague—
Dawley rats. The animals were divided into four groups: (1) non-grafted group, the
defect was left empty; (2) collagen matrix group, the defect was filled with collagen
matrix only; (3) HGF group, the defect was filled with non-transduced HGFs on
collagen matrix; (4) BMP-2/HGF group, the defect was filled with BMP-2 gene-
transduced HGFs on collagen matrix. Animals were sacrificed at 2 and 4 weeks after
surgery, and micro-computed tomographic and histologic observations were
performed.

Results: The BMP-2/HGF group showed promoted osseous healing of calvarial
defects, as compared with the other groups. At both 2 and 4 weeks, regenerated bone
area was significantly greater in the BMP-2/HGF group than the other three groups.
Quite a few number of transplanted HGFs were observed within the regenerated bone
tissues.

Conclusions: The results of this study suggest that ex vivo BMP-2 gene delivery
induces prominent bone regeneration in vivo and HGFs may be useful as target cells
for ex vivo gene therapy.
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Bone loss is a commonly encountered
problem in the field of dental surgery.
There is an enormous need for bone
regeneration to recover periodontal
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defects and develop the site for implant
placement or other dental prostheses.
Various materials have been used for
bone regeneration including growth fac-
tors. Bone morphogenetic proteins
(BMPs) are members of the transform-
ing growth factor superfamily and
induce primitive mesenchymal cell che-
motaxis, proliferation, and differentia-
tion into chondrocytes and osteoblasts
(Alden et al. 2002). BMP-2 has osteoin-
ductive potential and various delivery
system scaffolds for BMP-2 such
as collagen, gelatin, demineralized
bone matrix, and hyaluronan have been

suggested. Although topical delivery of
BMP-2 with these scaffolds has been
proven to have some promising effects
for bone regeneration, there are some
limitations. Because of the instability
and quick dilution in vivo, therapeutic
BMP-2 level at the defect site cannot be
maintained sufficiently (Anusaksathien
& Giannobile 2002). Therefore, gene
therapy has been considered an
alternative method for providing suffi-
cient duration of action of the applied
BMPs.

Tissue engineering of alveolar bone
using gene therapy may offer potential
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for optimal delivery of BMP molecules
in the fields of periodontal and oral
implant surgery. Jin et al. (2003)
demonstrated the first successful evi-
dence of periodontal tissue engineering
using gene transfer of BMPs. In their
study, the osseous lesions treated by
BMP-7 gene delivery demonstrated
rapid osteogenesis, cementogenesis,
and predictable bridging of the perio-
dontal bone defects. In a later study by
Dunn et al. (2005), treatment of dental
implant fixtures with BMP-7 gene deliv-
ery resulted in enhancement of alveolar
bone defect fill and new bone-to-implant
contact.

There are two basic strategies in BMP
gene delivery. Recombinant vectors
encoding BMP is directly delivered to
in vivo sites (in vivo) or genetically
transduced cells by vectors encoding
BMP are implanted (ex vivo). In the
case of the in vivo approach, it is
difficult to control the specific cell
population transduced genetically (Fran-
ceschi et al. 2004) and significant anti-
body response to the vector can be
caused (Gelse et al. 2001). Ex vivo
approach may somewhat overcome the
problems stated above.

In the case of the ex vivo approach,
the type of cells used for transplantation
must be considered. Fibroblasts (Krebs-
bach et al. 2000, Jin et al. 2003), peri-
osteum (Mason et al. 1998, Breitbart
et al. 1999), bone marrow stromal cells
(Lou et al. 1999, Musgrave et al.
2000), and muscles (Musgrave et al.
2000, Lee et al. 2001) have been used
as the source of transplanted cells.
Although these cells have been proven
to be effective for ex vivo gene therapy,
they are difficult to harvest and can
cause morbidity in the donor site. As
an alternative, gingival fibroblasts
can be considered because they are
relatively easy to harvest especially in
the field of dental surgery and morbidity
can be reduced. A previous study
suggested that human gingival fibro-
blasts (HGFs) are capable of secreting
transduced BMP-7 genes in vitro
and in vivo (Krebsbach et al. 2000).
However, research on ex vivo BMP-2
gene delivery using HGFs in vivo is
scarce.

The aim of the present study was
to investigate the effect of bone regen-
eration following ex vivo BMP-2
gene delivery in rat calvarial defects
and to evaluate the feasibility of HGFs
as a cell source for supplying BMP-2
in vivo.

Materials and Methods
Preparation of HGFs

Gingival connective tissue was obtained
from the healthy gingiva of premolar
teeth of one donor (18-year-old female)
undergoing tooth extractions for ortho-
dontic reasons. The tissues were cut into
small pieces and placed in 35mm
dishes. The minced tissues were cul-
tured in Dulbecco’s modified eagles
medium (DMEM) (Gibco, Carlsbad,
CA, USA) containing 10% (v/v) foetal
bovine serum (FBS) (Gibco) and 1% (v/v)
penicillin—streptomycin solution (5000 U/
ml penicillin and 50 pg/ml streptomycin)
(Gibco), at 37°C in a humidified atmo-
sphere of 95% air and 5% CO,. When
the HGFs that grew out from the tissue
fragments reached confluence, the cells
were released with 0.25% trypsin/0.1%
EDTA solution (Gibco). The cells
of passage three to five were harvested
and wused for this study. This
study protocol was approved by the
Seoul National University Dental Hos-
pital Institutional Review Board
(#CRI108023).

Construction of BMP-2 expressing
adenovirus and transduction

A replication-defective human Ad5 con-
taining a cDNA for human BMP-2
(ATCC, Manassas, VA, USA) in the
E1 region of the virus (Ad5SBMP2) was
constructed by in vivo homologous
recombination. Briefly, an expression
cassette  encoding BMP-2  gene
was amplified in Escherichia coli and
ligated to Adeno-X Viral DNA (BD
Biosciences Clontech, San Jose, CA,
USA). Recombinant adenoviruses were
obtained from human embryonic kidney
293 cells transfected by the recombinant
Adeno-X vectors. The HGFs were pla-
ted at a density of 1 x 10° cells/cm* and
transduced with AdSBMP2 in DMEM
supplemented with 10% FBS and anti-
biotic—antimycotic solution. Virus was
allowed to adsorb for 4 h and the media
was then added.

In vitro expression of BMP-2

In vitro secretion of BMP-2 by
Ad5BMP2-transduced HGFs was quan-
tified by enzyme-linked immunosorbent
assay (ELISA). HGFs were plated in a
24-well plate (5 x 10* cells/well) and
viral transduction was performed as
mentioned above. Control cells without
viral transduction were also prepared in

the same manner. The culture medium
in each well was collected and replaced
at1,4,7, 10, and 14 days after transduc-
tion with adenovirus. The media col-
lected at each examination point were
frozen at — 80°C for later analysis. The
amount of BMP-2 in the collected media
from each examination day was mea-
sured separately using a commercial
enzyme immunoassay kit (Quantikine
BMP-2 microplate, R&D systems,
Minneapolis, MA, USA), a 96-well
polystylene microplate coated with a
mouse monoclonal antibody against
BMP-2. All experiments were per-
formed in triplicate.

Cell labelling for tracking

The Ad5BMP2-transduced HGFs were
labelled with CM-Dil (Invitrogen,
Eugene, OR, USA) according to the
manufacturer’s recommendation. Briefly,
the cells were incubated with 5 uM CM-
Dil for 5min. at 37°C and additionally
for 15 min. at 4°C. After incubation, the
cells were washed with PBS.

Cell seeding into carrier

Sterilized collagen matrix (CollaCote™,
Zimmer Dental Inc., Carlsbad, CA,
USA) was trimmed to a circular disk
with an 8 mm diameter. Cell suspen-
sions (2 x 107 cells/ml) of HGFs and
Ad5BMP2-transduced HGFs  were
prepared, respectively. In case of
Ad5SBMP2-transduced HGFs, the cell
suspension was prepared 1 day after
the gene transduction. Aliquots of 50 ul
of each cell suspension were seeded
onto the collagen matrix resulting in a
seeding density of 10°cells/matrix.

Surgical procedure

Thirty-two male Sprague-Dawley rats
(8 weeks old) were used in this study.
Care and treatment of the animals were
conducted in accordance with guidelines
established by the Seoul National Uni-
versity Institutional Animal Care and
Use Committee (Approval No SNU-
081114-2). General anaesthesia was
induced by an intramuscular injection
of a combination of ketamine and xyla-
zine. A 3cm linear incision was made
over the calvarium at midline and the
full-thickness flaps were elevated. An
8 mm craniotomy defect was created
using a trephine bur (31 Implant Innova-
tion, Palm Beach Gardens, FL, USA)
under sterile saline irrigation. The ani-
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mals were divided into four groups as
follows: (1) non-grafted group, the
defect was left empty; (2) collagen
matrix group, the defect was filled with
collagen matrix; (3) HGF group, the
defect was filled with non-transduced
HGFs—collagen matrix construct; (4)
BMP-2/HGF group, the defect was filled
with Ad5BMP2-transduced HGFs—col-
lagen matrix construct. The incisions
were closed at layers with 5-0 chromic
gut and 4-0 silk. All the animals
received a single intramuscular injection
of antibiotics directly after surgery. For
1 week, 20 mg cefazolin was injected.
One milligram per kilogram body
weight immunosuppressive (FK506,
Cayman, Ann Arbor, MI, USA) was
also injected during 2 weeks then twice
a week until sacrifice.

Micro-computed tomography (micro-CT)

Four rats of each group were sacrificed
at 2 and 4 weeks after surgery, respec-
tively. The tissues including the surgical
sites were harvested and fixed in 10%
neutralized-buffered formalin solution
and micro-CT was taken in each group
using Skyscan 1172 (SkyScan, Kontich,
Belgium).

Histologic procedure

The specimens were decalcified with
10% EDTA solution for 2 weeks and
dehydrated through a series of ethanol
solutions of increasing concentrations
and embedded in paraffin. Five-um-
thick coronal sections through the centre
of the circular defects were obtained and
stained with Masson trichrome stain.
The specimens prepared were examined
by light microscopy.

After microscopic examination, a
photograph of each slide was taken
using a digital camera, and the resulting
images were saved to a computer for
histomorphometric analysis. A single
masked, calibrated examiner (K. H. K.)
examined all of the images. Intra-exam-
iner error between pre- and post-exam-
ination and inter-examiner  error
compared with a standard (Y. M. L.)
were <5%. Measurement of newly
formed bone was carried out using an
automated 1image analysis system
(Tomoro Scope Eye 3.5 Image Analy-
zer, Techsan Digital Imaging, Seoul,
Korea). Regeneration of bone was quan-
tified by measuring the percentage of the
whole defect area filled by regenerated
bone (area of bone regenerated in the
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Fig. 1. An illustration of the amount of bone morphogenetic protein-2 (BMP-2) produced by
human gingival fibroblasts (HGFs) transduced with AASBMP2, as determined using enzyme-
linked immunosorbent assay. Non-transduced cells were used as the control. The value at
each time point represents the amount of BMP remained in the media collected at the time
point when the media was replaced. Error bars represent standard deviations.

defect divided by the whole defect area).
The whole defect area was measured
arbitrarily by the area surrounded by
two imaginary lines along the inner
and outer calvarial bone contour and
both sides of defect border.

For cell tracking, the CM-Dil-
labelled cells in the tissue sections
were observed under a confocal laser
scanning microscope (CLSM FV300,
Olympus, Tokyo, Japan).

Statistical analysis

One-way analysis of variance with Fish-
er’s LSD tests was used to evaluate the
differences of bone regeneration (%)
among the experiment groups. Statisti-
cal significance was set at p <0.05.

Results

BMP-2 expression by Ad5BMP2-
transduced HGFs in vitro

The amount of BMP-2 expressed by
HGFs was quantified by ELISA at var-
ious time points within a 14-day period
in vitro. In each well, 5 x 10 cells were
initially plated, transduced with virus,
and cultured for up to 14 days. As
shown in Fig. 1, AASBMP2-transduced
HGFs consistently secreted BMP-2 dur-
ing the entire period of analysis. For
each examination point, 10-12 ng/ml of
BMP-2 was detected in the culture med-

ia, whereas no detectable BMP-2 was
produced by the non-transduced HGFs,
control cells.

Micro-CT findings

At 2 weeks of healing, the radio-dense
defect fill was prominent in the BMP-2/
HGF group, whereas the defect fill was
limited in the other three groups (Fig.
2a—d). At 4 weeks of healing, the defect
fill advanced in all groups compared
with 2 weeks (Fig. 2e-h). Particularly
in the BMP-2/HGF group, the defect
healing was so marked that the defect
was almost closed with radio-dense tis-
sue (Fig. 2h).

Histologic findings

In the non-grafted groups, the collagen
matrix group, and the HGF group, only
a limited amount of new bone forma-
tion along the periphery of the defect
was observed at 2 weeks (Fig. 3a—c).
The defect was mainly filled with
fibrous tissues in the non-grafted group
(Fig. 3a). In the collagen matrix group
and the HGF group, the defect was
almost filled with remnants of collagen
matrix (Fig. 3b and c). On the other
hand, in the BMP-2/HGF group, rela-
tively less remnants of collagen matrix
were observed and evidence of newly
formed bone was observed to be
mingled with degradation remnants of
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Fig. 2. Micro-CT images. At 2 weeks after surgery: (a) non-grafted group; (b) collagen
matrix group; (c) human gingival fibroblast (HGF) group; (d) bone morphogenetic protein-2
(BMP-2)/HGF group. At 4 weeks after surgery: (e) non-grafted group; (f) collagen matrix

group; (g) HGF group; (h) BMP-2/HGF group.

Fig. 3. Histological findings at 2 (left panels, a—d) and 4 weeks (right panels, e-h) after
surgery (Masson trichrome stain, x 12.5). (a, e) non-grafted group; (b, f) collagen matrix
group; (c, g) human gingival fibroblast (HGF) group; (d, h) bone morphogenetic protein-2
(BMP-2)/HGF group. Arrows indicate the defect margin. Remnants of collagen matrix (¥)
were observed at 2 weeks.

the collagen matrix. The BMP-2/HGF
group showed marked primary sponge-
work of newly formed woven bone,
infiltrating into collagen matrix (Figs
3d and 4a).

At 4 weeks of healing, bone regen-
eration had advanced with fibrous tis-
sues still occupying small central
portions of the defects in the non-grafted
group, the collagen matrix group, and
the HGF group (Fig. 3e—g). However,

the BMP-2/HGF group showed apparent
bone regeneration and the defect almost
coalesced with thick newly formed bone
(Fig. 3h). The regenerated trabecular
bone underwent remodelling, and the
woven bone was gradually replaced by
lamellar bone. New bone formation
resulted in a trabecular pattern. The
intertrabecular space contained fibrous
connective tissue and bone marrow rich
in blood vessels (Fig. 4b).

Histomorphometric measurements of the
regenerated bone

Regenerated bone area (%) in the non-
grafted group, the collagen matrix group,
the HGF group, and the BMP-2/HGF
group, was 22.24 £4.79%, 25.75+
19.61%, 19.78 + 16.8%, and 77.31 £
14.54%, respectively, at 2 weeks and
45.37 £ 8.11%, 73.63 & 32.74%, 52.45
+ 16.56%, and 122.87 £ 17.17%, res-
pectively, at 4 weeks. At both 2 and 4
weeks, regenerated bone area (%) was
significantly greater (p<<0.01) in the
BMP-2/HGF group than the other groups.
But no significant differences (p-value
range = 0.113-0.836) were observed
among the three other groups at both 2
and 4 weeks (Fig. 5). (Corrections added
on 5 January 2010, after first online
publication: p<<0.01 was corrected to
p<0.01 in the previous sentence and in
the legend of Fig. 5.)

Cell tracking in regenerated tissue

A large number of transplanted BMP-2-
transduced HGFs were detected in the
regenerated bone within the defect (Fig. 6).
The labelled cells were distributed
widely throughout the defect at 2 weeks
after transplantation (Fig. 6a). At 4
weeks, transplanted BMP-2-transduced
HGFs still remained although lower
staining density was observed than at 2
weeks (Fig. 6b).

Discussion

Tissue engineering technology can be
used to restore, maintain, or enhance
tissues and organs (Giannobile 2002,
Griffith & Naughton 2002). Recently,
BMP gene delivery has offered new
approaches for periodontal tissue engi-
neering (Jin et al. 2003) and alveolar
bone engineering at dental implant
defects (Dunn et al. 2005). To date,
critical-sized calvarial defects (Schmitz
& Hollinger 1986, Schmitz et al. 1990)
have been extensively used and tested as
a pre-clinical experimental model for
cranio-mandibulofacial reconstruction.
Various approaches using BMP gene
therapy for bone regeneration have
been tested using this cranial defect
model (Breitbart et al. 1999, Krebsbach
et al. 2000, Lee et al. 2001, Blum et al.
2003, Nussenbaum et al. 2003, Fran-
ceschi et al. 2004). In the present study,
it was demonstrated that genetically
engineered HGFs can produce BMP-2
and can stimulate bone regeneration in
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Fig. 4. Bone morphogenetic protein-2/human gingival fibroblast group at 2 (a) and 4 weeks

(b) after surgery (Masson trichrome stain,

100). At 2 weeks, newly formed bone (B)

infiltrated into and mingled with degraded collagen matrix and degraded collagen matrix
fragments (C) were observed. Note the advanced bone remodelling with an appearance of
bone marrow (BM) and blood vessels (V) at 4 weeks.
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Fig.5. Histomorphometric data of the percentage of regenerated bone. Statistically sig-
nificant differences (p <0.01) were shown between the bone morphogenetic protein-2 (BMP-
2)/human gingival fibroblast (HGF) group and the other groups at 2(*) and 4 weeks **),
respectively. Error bars represent standard deviations.

rat calvarial defects. The finding that
HGFs alone did not improve bone heal-
ing indicates that BMP-2 is a major
osteogenic determinant in the healing
process of rat calvarial defects.

The ELISA data in this study demon-
strated that nanogram levels (10-12 ng/
ml) of BMP-2 were produced by
Ad5BMP2-transduced HGFs that were
initially plated at a density of 5 x 10*
cells in vitro. Although more cells (10°
cells) were transplanted in the rat cal-
varial defects, the expected amount of
BMP-2 produced by the transplanted
cells in vivo was less than the quantity
(0.5-115ug) of exogenous BMP-2
required for generating new bone for-
mation in vivo as reported previously
(Wang et al. 1990). However, this
amount of BMP-2 appears to be still
effective for bone regeneration using an
ex vivo approach. Considering that
BMP-2 functions via a threshold para-
digm (Reddi 1994), temporally distinct
processes of chemotaxis, cell prolifera-
tion, and bone differentiation may be
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best supported with sustained, low-level
BMP-2 delivery attainable only by the
use of ex vivo gene therapy. In addition,
sustained BMP-2 delivery during a per-
iod of 2-5 weeks would result in a
cumulative amount of BMP-2 in the
microgram quantities necessary to pro-
mote cell differentiation (Reddi 1994).
In the present study, the non-grafted
group still showed considerable bone
generation (45.37 £ 8.11%) at 4 weeks
after surgery. Hence, other factors
should be considered. In this study,
immunosuppressive FK506 was used
to diminish immune response to HGFs.
Voggenreiter et al. (2005) stated that
systemic application of FK506 had no
biomechanical and histological effects
of experimental fracture healing in the
rat and resorption far in excess of for-
mation led to a net bone loss in the
trabecular bone of the tibia. However, a
previous study reported that systemic
application of FK506 enhanced bone
formation in heterotopically implanted
demineralized bone matrix in rats (Vog-
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genreiter et al. 2000). It also has been
shown that FK506 enhances osteoblastic
differentiation in mesenchymal cells
(Tang et al. 2002). Therefore, although
it is still conflicting that FK506
increases bone healing, it may be an
explanation for considerable bone
regeneration in this present study.

Most studies testing the efficacy of
ex vivo gene therapy utilizes an immu-
nocompromised animal model like nude
rat to prevent rejection of cell trans-
plants. However, in this study, HGFs
were transplanted into immunocompe-
tent rats instead, providing a more chal-
lenging transplantation condition. The
reason for this attributes to the intention
of this study as attempts were made as a
pre-clinical measure to first test the
feasibility of HGFs regarding the effi-
cacy of ex vivo BMP gene delivery
under xenogenic transplantation condi-
tion, before advancing to human trial.
For human clinical applications, the cell
source of ex vivo gene therapy should
be from human and an autogenous cell
source should be optimal for transplan-
tation.

In this study, the mean area of regen-
erated bone in the non-grafted group,
the collagen matrix group, and the HGF
group at 4 weeks was 45.37 + 8.11%,
73.63 £ 32.74%, and 52.45 £ 16.56%,
respectively. Although no statistically
significant differences were observed
among these three groups, the groups
grafted with collagen matrix (collagen
matrix group and HGF group) tended to
show more bone regeneration than the
non-grafted group. This might be
explained by the space-maintaining
property of collagen matrix.

Currently, a series of cell labelling
techniques are applied in cell transplan-
tation fields, which include the BradU,
fluorescent dye (CM-Dil, CESE, DAPI,
etc.), reporter gene (GFP, Lac-Z, lucifer-
ase, etc.), Y chromosome marker, mag-
netic, and isotope labelling techniques
(Yan et al. 2007). Among these, CM-
Dil has a cellular membrane-staining
property because it contains a thiol-reac-
tive chloromethyl moiety that allows the
dye to covalently bind to cellular thiols.
Labelling cells with CM-Dil requires
only a short staining step (30 min.), and
standard histological procedures can be
used. Therefore, the method is much
simpler than labelling with a reporter
gene (Ferrari et al. 2001). In addition,
CM-Dil labelling provides a stable fluor-
escent tracking system not influenced by
changes in surface markers or cell differ-
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Fig. 6. Labelled AdSBMP2-transduced human gingival fibroblasts (HGFs) in the regenerated
bone tissue under a confocal laser-scanning microscope at 2 (a) and 4 weeks (b) after surgery
(x 200). (c) and (d) are unlabelled controls at 2 and 4 weeks, respectively.

entiation, yet does not affect cell division
(Weir et al. 2008). Because of these
reasons, in the present study, CM-Dil
was used for tracing transplanted HGFs
transduced with AASBMP2 instead of a
reporter gene. Well-distributed HGFs
were observed under a confocal laser-
scanning microscope at 2 and 4 weeks in
this study. This indicates that HGFs were
well seeded into the defect by means of
the collagen matrix and had viability in
vivo. This finding suggests that HGFs
transduced with Ad5BMP2 produces
BMP-2 protein during the healing phase
for about 4 weeks after transplantation.
BMP-2 expressed by Ad5BMP2-trans-
duced HGFs affected cell differentiation
in both an autocrine and paracrine man-
ner. In addition, cells derived from reci-
pient sites might also be stimulated by
the BMP-2 during the healing phase of
bone regeneration. Lower labelling den-
sity was shown at 4 weeks than at 2
weeks. It can be assumed that cell mitosis
and apoptosis were the reason why the
staining density of the cells was dimin-
ished over time after transplantation.

HGFs were used as target cells of
viral transfection and considerable bone
regeneration was observed in this study.
Selecting the proper cell source for
ex vivo gene delivery is an important
therapeutic consideration. In a clinical
setting, it would be advantageous if the
cells can be obtained via routine dental
outpatient biopsy of oral tissue such as
gingival tissue with minimal morbidity
(Krebsbach et al. 2000). The optimal
cell type for ex vivo BMP gene delivery
should not only demonstrate a high rate
of transduction with the adenovirus vec-
tor but also be readily accessible or
available in a sufficient number (Gugala
et al. 2003). Previous studies (Fran-
ceschi et al. 2000, 2004, Krebsbach
et al. 2000, Rutherford et al. 2002)
have demonstrated that HGFs are easily
cultivable and well-expanded cells that
are capable of expressing transduced
BMP gene with high transduction effi-
ciency. Bone cell precursors have been
used recently as target cells because
such cells may directly participate in
bone formation in addition to expressing

BMP-2 (Gazit et al. 1999). However,
Gugala et al. (2003) reported that
osteoinduction by ex vivo adenovirus-
mediated BMP-2 delivery was indepen-
dent of cell type, which comprised of
primary human bone marrow mesench-
ymal stem cells, primary human skin
fibroblasts, and a human diploid foetal
lung cell line. In addition, other studies
have stated that HGFs-transduced BMP-
7 gene were capable of secreting BMP-7
in vitro and in vivo (Krebsbach et al.
2000) and BMP-7-transduced HGFs
were converted to osteoblasts and
formed bone in vivo (Rutherford et al.
2002). In the present study, there was
statistically significant difference in
newly formed bone area between the
HGF group and the BMP-2/HGF group.
Therefore, it can be presumed that
BMP-2 was effectively expressed by
Ad5BMP2-transduced HGFs in vivo.
HGFs are also readily available clini-
cally compared with other cell types
such as bone marrow cells.

In conclusion, this study confirms that
ex vivo BMP-2 gene delivery induces
prominent bone regeneration in vivo and
HGFs may be useful as target cells for
ex vivo gene therapy. Further studies are
required for clinical application.
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Clinical Relevance

Scientific rationale for the study:
Gene therapy has been considered
as an alternative method for topical
delivery of BMPs. This study was
carried out to investigate bone regen-
eration following ex vivo BMP-2

gene delivery using HGFs in rat
calvarial defects.

Principal finding: Transplantation of
BMP-2 gene-transduced HGFs pro-
moted osseous healing of rat calvar-
ial defects.

Practical implication: Ex vivo BMP-
2 gene therapy with HGFs might be a
possible therapeutic approach for the
regeneration of bone defects. In addi-
tion, HGFs that are easily obtained
with gingival biopsy could be used in
gene therapy to deliver BMP-2.
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