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1. ABSTRACT

Many clinical conditions require the stimulation
of bone growth. The wuse of recombinant bone
morphogenetic proteins does not provide a satisfying
solution to these conditions due to delivery problems and
high cost. Gene therapy has emerged as a very promising
approach for bone repair that overcomes limitations of
protein-based therapy. Several preclinical studies have
shown that gene transfer technology has the ability to
deliver osteogenic molecules to precise anatomical
locations at therapeutic levels for sustained periods of time.
Both in-vivo and ex-vivo transduction of cells can induce
bone formation at ectopic and orthotopic sites. Genetic
engineering of adult stem cells from various sources with
osteogenic genes has led to enhanced fracture repair, spinal
fusion and rapid healing of bone defects in animal models.
This review describes current viral and non-viral gene
therapy strategies for bone tissue engineering and repair
including recent work from the author’s laboratory. In
addition, the article discusses the potential of gene-
enhanced tissue engineering to enter widespread clinical
use.
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2. INTRODUCTION

There is a pressing clinical need for reliable,
effective, and expeditious bone regeneration strategies.
Delayed fracture healing and bone loss associated with
trauma, revision joint arthroplasty, tumor resection and
pseudarthrosis of the spine remain challenges for the
surgeon. Autografting has become the gold standard of
repair for osseous defects (1), but this technique exposes
patients to additional surgical procedures and the amounts
of bone available for autografting are limited (2). Of the
500,000 bone-grafting procedures that are performed in the
United States of America annually, 50% are related to
spinal fusion (3). 25% percent of these patients complain
about donor-site pain for up to 2 years after surgery and
failure to achieve solid bony union occurs in up to 30% of
patients (4, 5). Therefore, there is great interest in
identifying alternative approaches to stimulate bone
formation and regeneration.

Osteoinductive cytokines have been under
investigation since Urist demonstrated the osteoinductive
capacity of demineralized bone matrix (6). The Bone
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Morphogenetic Protein (BMP) family of cytokines has
been extensively studied, with 20 members already
identified (7, 8). BMP-2 and BMP7- have been approved
for clinical use and constitute novel tools of treating non-
union fractures and spinal fusion (9, 10). Using
recombinant human BMP-2 (thBMP-2) for the treatment of
open tibial fractures resulted in faster healing, 44% reduced
risk of failure to heal and less infections (11). When used
for spinal fusion, thBMP-2 led to a higher fusion rate than
autograft (10). For posterolateral lumbar arthrodesis
rthBMP-7 proved to be more effective and safer than
autograft (12). When rhBMP-7 protein was used for the
treatment of long-bone fractures the results were
comparable to bone grafting (5).

These clinical data confirm the great potential of
molecular therapy for human bone tissue engineering.
However, the application of these recombinant proteins has
been impeded by delivery problems. Such protein-based
therapies may not be optimal due to the short protein half-
life and the poor retention of the protein in the defect site
(13). The doses of recombinant protein required to
accelerate healing are significantly higher than the levels
expressed during normal bone repair (14). Such large
amounts of recombinant proteins are expensive to produce.
Gene transfer can overcome these limitations and provide a
cost-effective  solution. Delivery of genes encoding
osteogenic growth factors can provide high, sustained
concentrations of these factors locally for extended periods
of time (15, 16). Moreover, endogenously synthesized
proteins may have greater biological effectiveness than
their exogenous, recombinant counterparts (17, 18).

Bone formation has been studied rigorously and
is known to be a well-orchestrated process in which
osteogenic factors play a major role together with
osteoprogenitor cells. There is great interest in developing
gene therapy strategies to enhance bone repair because the
potential for sustained production of these osteogenic
factors may enable osteoprogenitor cells to respond in a
more robust fashion (19). Several gene therapy approaches
have been successful in preclinical studies and are
described in this review.

For clinical wuse, new bone repair and
regeneration technologies must be cost-effective. In
response to this, our group is attempting to develop novel,
expedited strategies for bone repair that avoid cell isolation
and long-term culture. Our novel approaches are discussed
and compared to existing gene therapy methods in terms of
their potential for translation into a clinical setting.

3. GENE DELIVERY VECTORS

Vectors are defined as vehicles for the delivery of
genes to host cells. To achieve expression, DNA must enter
the cell nucleus and either integrate into the chromosomes
of the host cells or remain separate as an episome. DNA
gets transcribed into mRNA, mRNA is then transported
outside the nucleus, to the ribosomes, where the translation
into proteins occurs. Consequently, the host cells become
factories producing bioactive molecules that induce bone
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growth. For delivery of genetic material into cells, viral
vectors (transduction) and non-viral vectors (transfection)
can be used.

Viral vectors currently represent the most
efficient method of gene delivery since they have highly
evolved mechanisms to introduce DNA into cells. In
viruses that are utilized for gene-enhanced bone tissue
engineering pathogenic genes are removed and replaced by
osteogenic genes. Scientists take advantage of the virus’
natural tendency to enter cells and integrate its genetic
material into the nucleus. A wide variety of viral constructs
have been investigated for gene therapy, with the most
common including adenovirus, retrovirus, lentivirus and
adeno-associated virus (20).

Adenoviral vectors (Ad) are very attractive gene
delivery vehicles because they can be purified at high titers
and can infect a broad range of cell types. In many
experiments adenoviral gene transfer has led to high level
gene expression and induction of bone formation (19, 21,
22). For tissue repair, adenovirus has many advantages
since it is easy to prepare, non-integrating and able to infect
cells in situ with high transduction efficiency. Cells
transduced with first generation adenovirus vectors in vivo
typically express transgenes at high levels for 2-3 weeks,
after which time expression quickly falls with complete
loss of expression by about 6 weeks (23, 24). This may be
an ideal expression profile for the healing of bone fractures.

Retroviral and lentiviral vectors integrate their
genetic material into the host cell genome and provide
sustained, long-term gene expression. These vectors are
interesting candidates for gene therapy approaches because
of their low immunogenity. The use of retrovirus and
lentivirus as delivery vehicles for osteogenic genes may be
an appropriate stragety for bone repair applications
requiring long-term expression such as the treatment of
very large segmental defects after severe trauma (25). To
avoid unregulated overexpression and bone overproduction,
inducible expression systems have been developed (26, 27).
These systems contain an inducible promoter that can be
activated or inactivated by exogenous chemical agents (e.g.
tetracycline) to regulate expression of the osteogenic gene.

Adeno-associated virus (AAV) has a superior
safety profile. It is non-pathogenic, non-immunogenic and
the recombinant virus does not integrate into the host cell
genome. Successful application of adeno-associated virus
technology to bone repair is just beginning to be realized
(27). Once production of this vector is simplified this gene
delivery vehicle may be a promising candidate for gene-
enhanced bone tissue engineering.

Non-viral vectors have been intensively studied
during the last decade and typically consist of plasmid
DNA alone or in combination with a carrier. Non-viral
gene delivery vectors are safe, easy to prepare and cost-
effective. However, transfection efficiency is low and gene
expression is only transient. Electroporation has been
applied to transfer osteogenic genes and induce bone
formation (28). This technology uses electric pulses to
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transport DNA into host cells and holds promise for
orthopaedic gene therapy. The encapsulation of DNA
within liposomes is another strategy to transfer osteogenic
genes to cells without the help of a virus. Efficiency is
lower compared to viral delivery and expression is brief but
bone formation has occurred after liposomal gene transfer
(29). A third strategy that has been used for non-viral
delivery of osteogenic genes is the use of gene-activated
matrices (GAM). Gene-activated matrices are biomaterials
that incorporate and slowly release DNA. Some success has
been achieved with these matrices and improved chemical
methods are currently being developed in order to improve
DNA delivery (30, 31).

4. TARGET GENES

Molecular biologists have identified numerous
bioactive factors that induce or support bone regeneration
including bone morphogenetic proteins (BMPs),
transforming growth factor-beta (TGF-beta), insulin-like
growth factors (IGFs), fibroblast growth factors (FGFs),
LIM  mineralization protein-1 (LMP-1), vascular
endothelial growth factor (VEGF) and the constitutively
active form of the activin receptor-like kinase-2 (caAlk2).
All of these biological factors have been investigated for
their potential use in bone tissue engineering and repair.

BMPs are the most widely studied osteogenic
growth factors and have proven to be very potent inducers
of ectopic and orthotopic bone formation. Most gene
therapies for bone repair have been conducted using BMP
genes. BMPs bind to transmembrane receptors to initiate
signaling cascades which induce osteogenesis through
autocrine and paracrine signaling. A recent study compared
the osteogenic activity of 14 BMPs (BMP-2 to BMP-15)
and showed that BMP-2, -6 and -9 are the most potent
inducers of osteoblast differentiation of mesenchymal stem
cells (32). The BMPs were delivered by adenoviral gene
transfer and their osteogenic effect was evaluated in vitro
using three different cell types. Another study compared
the potential of these 14 BMPs to induce ectopic bone
formation in vivo (33). Again, the BMPs were delivered by
gene transfer using adenovirus and a superiority of BMP-2,
-6, -7 and -9 was found.

TGF-betas have regulatory effects during skeletal
development and fracture repair by stimulating osteoid
formation and osteoblast proliferation. Investigations into
the differential temporal expression of members of the
TGF-beta superfamily during murine fracture healing have
shown that TGF-betal remains high throughout the fracture
healing process and TGF-beta2 and TGF-beta3 expression
peak during chondrogenesis (34). Several in vivo studies
have demonstrated that TGF-betas enhance callus
formation and mechanical strength compared to untreated
fractures (35, 36).

IGFs are known to enhance collagen synthesis
and cell proliferation and stimulate osteoblast chemotaxis
(37, 38). When administered systemically IGF-1 treatment
accelerated bone healing in vivo (39). Local delivery of
IGF-1 led to bone repair in a sheep model (40). Synergistic
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osteoinductive effects are postulated for the combinations
of IGF-1/ TGF-f and IGF-1 / BMP-7 (41, 42).

FGFs enhance migration, proliferation and
differentiation of osteoprogenitor cells (43). Basic FGF has
been reported to increase the amount of callus and
stimulate fracture repair in nonhuman primates (44). Local
application of basic FGF resulted in healing of segmental
bone defects in rabbits (45). In a clinical trial, recombinant
human FGF-2 repaired osteotomies in humans (46).

LMP-1 is a novel intracellular LIM domain
protein, which initiates membranous bone formation in
vitro and in vivo (47). Unlike BMPs, which are
extracellular proteins that act through cell surface receptors,
LMP-1 is thought to be an intracellular signaling molecule
that is directly involved in osteoblast differentiation. Thus,
therapeutic use of LMP-1 requires gene transfer of its
cDNA. LMP-1 overexpression led to BMP-2, -4, -6 and -7
expression in vitro (48). In vivo, LMP-1 gene transfer
proved to be an attractive new treatment modality for spine
fusion (49).

VEGF is a key component in bone formation.
Angiogenesis mediated by VEGF is important for the
coupling of cartilage resorption and mineralized bone
formation during endochondral ossification in bone
development (50). In addition to interacting with certain
humoral factors that regulate bone homeostasis, VEGF can
interact synergistically with osteogenic proteins, such as
BMP-2 or BMP-4, to promote bone formation and bone
healing by enhancing cell recruitment, prolonging cell
survival, and increasing angiogenesis (51, 52). These
effects of VEGF lead to enhanced cartilage formation,
accelerated resorption, and improved bone formation (51,
52).

caAlk2 is a receptor that mediates BMP
signaling. Overexpression of this receptor generates signals
similar to BMP and induces chondrogenesis and
endochondral bone formation (53). Low levels of in vivo
expression are required to induce significant bone
formation. caAlk2 signals cannot be blocked by
endogenous BMP antagonists like noggin and chordin
which makes caAlk2 an interesting tool for gene-enhanced
bone engineering (54).

5. IN-VIVO GENE THERAPY

In-vivo gene delivery involves directly delivering
the gene into an anatomic site by transducing or
transfecting local cells. The advantage of this approach is
that it requires only one step and if an off-the-shelf product
could be developed, it would be very popular with
surgeons. In addition, morbidity associated with the
harvesting of autologous cells is avoided.

Gene-activated matrices (GAM) have been used
to deliver naked DNA to bone defects. Fang et al
implanted GAM made of bovine tracheal collagen carrying
BMP-4 plasmids into segmental bone defects in rats (30).
Bridging was seen after nine weeks. Another group was
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recently able to improve the efficiency of GAM by
chemical modification using calcium precipitates (31). This
modified matrix led to improved bone defect healing using
less plasmid. Despite these promising results, GAMs have
not lived up to their early promise, partly because
transfection is still relatively inefficient and levels of
transgene expression are low. In our experience, virally
mediated gene transfer is needed to provoke robust healing
responses in experimental animals.

Recombinant adenovirus and retrovirus carrying
c¢DNA encoding bone morphogenetic protein (BMP)-2, -6
or -9 have been evaluated in several different types of
osseous lesions. Our group achieved enhanced bone repair
when adenovirus carrying the BMP-2 gene (Ad.BMP-2)
was injected into critical sized femoral defects in rats and
rabbits (21, 55). Although there is concern over possible
spread of the adenovirus from its site of application, studies
in the rabbit model suggest that, when injected into a
critical sized segmental bone defect, the transgene is
expressed mostly by muscle surrounding the defect, with
very little expression elsewhere in the body (56). In other
studies, direct administration of Ad.BMP-2 or Ad.BMP-9
led to regeneration of critical sized mandibular defects in
rats (57). Ad.BMP-2 also enhanced bone formation in
conjunction with distraction osteogenesis in a rat,
mandibular defect (58). Bertone et al. accelerated bone
repair in a rabbit ulnar osteotomy model by injection of
Ad.BMP-6 (59). Direct Ad.BMP-6 gene therapy was also
shown to promote spine fusion in New Zealand white
rabbits (60). Zhu et al. studied the effect of combined
administration of Ad.BMP-2 and Ad.BMP-7 in a rat spinal
fusion model (61). The combination of these two vectors
resulted in significantly more bone formation than the use
of a single vector. Rundle et al. used a retroviral vector
encoding BMP-4 (62). Direct injection of this vector into a
fracture site accelerated healing in a rat model.

In a recent study, a novel, unconventional adeno-
associated virus based in-vivo approach for bone allograft
healing was presented (63). Recombinant AAV that
expresses the angiogenic molecule vascular endothelial
growth factor (VEGF) and the receptor activator of the
nuclear factor kappa B (NFkappaB) ligand was freeze-dried
onto the surface of femoral allografts. This treatment
stimulated vascular invasion and remodeled the dead bone
into live cortical bone. In another experiment of the same
group, allograft bone coated with freeze-dried AAV
encoding caAlk2 was implanted into femoral defects in
mice (54). BMP signals delivered via AAV-caAlk2 coating
induced endochondral bone formation directly on the
surface of the allograft.

All of these studies demonstrated that, by direct
in-vivo gene delivery, bone induction and repair can be
elicited precisely at specific anatomic sites in the body.
Although the idea of repairing bone by direct in-vivo
delivery of vector is appealing due to its simplicity and its
potential for lower cost, there are obstacles to overcome
before this technology can be translated into a clinical
setting. Problems are the difficulty of targeting specific
cells and the risk of inducing an immune-response to the
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vector. These challenges are currently addressed by
developing vectors with enhanced tropism and less
immunogenity (64, 65).

6. EX-VIVO GENE THERAPY

Ex-vivo gene therapy approaches avoid safety
problems associated with in-vivo gene delivery because
transfer of target genes occurs outside of the body. Specific
cellular vehicles can be selected, genetically engineered
and implanted within a bone lesion. Transduction and
transfection efficiencies are increased since it can be
performed in vitro under controlled conditions. The
potential of this cell-based gene delivery strategy for bone
repair has been explored using a wide variety of cell types,
including cells derived from bone marrow, muscle, and fat
tissue.

Lieberman and associates harvested bone marrow
cells from rats, expanded them in tissue culture, transduced
the cells with an Ad.BMP-2 vector and then implanted
them in a critical-sized segmental defect (19). Interestingly,
compared to thBMP-2 treatment, histology revealed a more
robust pattern of the newly formed bone in defects when
treated with genetically engineered BMP-2 expressing
cells. The authors hypothesized this could be due to a more
continuous and physiological release of growth factor by
engineered cells compared to the release kinetics from the
demineralized bone matrix used as a protein carrier.
Peterson ef al. used the same strategy to study spine fusion
in a rat model (66). 100% of the spines were fused using
BMP-2 transduced bone marrow cells. In contrast, bone
marrow cells that were not transduced did not induce fusion
of the spine. Others have worked on non-viral gene transfer
approaches using bone marrow cells. Park et al, for
example, have achieved bone regeneration in a rat
mandibular bone defect model using liposome mediated
transfection of bone marrow cells (29). Another group
reported success with electroporation (67). In this study,
nucleofected bone marrow derived cells were used to form
bone ectopically. It remains to be seen if this exciting non-
viral gene delivery technology can induce bone growth at
orthotopic sites and elicit robust bone repair.

Muscle tissue represents an alternative source of
adult stem cells. Huard and colleagues have demonstrated
that genetically engineered muscle derived cells
differentiate towards the osteogenic lineage and induce
bone formation in a variety of experimental models. In one
study, muscle derived stem cells were transduced with
adenovirus carrying the BMP-2 gene and implanted in skull
defects in mice (68). Full closure of the defects was seen as
early as four weeks after treatment. In another study
retrovirally BMP-4 transduced muscle derived stem cells
induced ectopic and orthotopic bone formation (69). It has
also been shown that functional healing can be achieved
when muscle derived stem cells that express BMP-4 are
implanted within a 7 mm critical-sized segmental bone
defect in rats (70). Femora were tested biomechanically and
proved to be almost as stable as intact, contralateral femora.
In another experiment, to enhance the bone healing process,
Huard’s group transduced muscle derived stem cells to
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Figure 1. Expedited ex-vivo gene therapy for bone repair.
Radiographs of 5mm rat femoral defects 8 weeks after
surgery: untreated control defect (A), defects treated with
unmodified muscle grafts (B) or unmodified fat grafts (C).
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Figure 2. Expedited ex-vivo gene therapy for bone repair.
Radiographs of 5mm rat femoral defects: Defect treated
with Ad.BMP-2 activated muscle grafts at 2 weeks (A) and
8 weeks (B) after surgery and implantation. Defect treated
with Ad.BMP-2 activated fat grafts at 2 weeks (C) and 8
weeks (D) after surgery and implantation.
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express either human BMP-4 or VEGF and co-implanted
these cells in vivo (51). VEGF significantly improved the
efficacy of BMP-4-elicited bone formation and
regeneration by enhancing angiogenesis. Administration of
growth factor combinations is an interesting strategy for
enhanced stimulation of bone formation. In further studies,
the potential of different growth factor combinations for
bone repair should be investigated.
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Fat tissue has recently been discovered as an
attractive source of stem cells that show potential as agents
to be used in bone tissue engineering (71, 72). Human
adipose tissue derived stem cells have the ability to
differentiate into osteogenic cells in vitro when exposed to
BMPs (73). Implantation of human fat derived cells
overexpressing BMP-2 led to ectopic bone formation in
mice (74). Peterson et al. healed critical size femoral
defects in nude rats by implantation of Ad.BMP-2
transduced mesenchymal stem cells isolated from human
adipose tissue (75). Multipotent fat stem cells can be
isolated from liposuction aspirates or from the infrapatellar
fat pad of the knee. Adipose tissue represents a very
appealing source of cells useful for tissue engineering since
there is minimal donor site morbidity and a high number of
stem cells can be obtained (76).

These impressive pre-clinical data demonstrate
the great potential of ex-vivo gene therapy for bone tissue
engineering and repair. However, the disadvantage of this
approach is that it requires the isolation and ex vivo culture
of autologous cells which makes this treatment modality
cumbersome, time-consuming and expensive. For these
reasons, our laboratory focuses on alternative gene therapy
strategies, like the expedited ex-vivo gene therapy
approach.

7. EXPEDITED EX-VIVO GENE THERAPY

We have developed an expedited ex-vivo gene
therapy approach that does not require isolation and long-
term culture of cells. It is an attempt to simplify gene-based
bone repair without making compromises in terms of
safety. The idea is to harvest autologous tissue fragments
from a patient and transfer osteogenic genes directly to
these tissue grafts without extracting and expanding cells.

In our experiments, treatment of fat and muscle
fragments with Ad.GFP efficiently transduced cells on the
surface of the tissue. Under in vitro conditions, marker
gene expression persisted for several weeks. Use of an
Ad.BMP-2 vector led to high levels of BMP-2 expression
and induction of alkaline phosphatase and other markers of
osteogenesis within the tissue fragments. In a preliminary
in vivo study, we explored BMP-2 gene activated
autologous fat and muscle grafts as endogenous,
regenerative, osteoinductive structures. Tissue grafts were
harvested from rats and transduced using adenovirus. After
transduction, the activated grafts were washed to remove
free virus and then implanted into a 5 mm critical size
defect in the rat femur. Control defects remained untreated
or received unmodified tissue grafts.

Figures 1 to 4 show the results of this pilot
experiment. At 2 weeks after implantation of BMP-2 gene
activated grafts, there was already an osteogenic response
within the lesion, and at 8 weeks complete union of the
bone ends had occurred, as visualized by radiography
(Figure 2). In contrast, femora that remained untreated or
received unmodified tissue grafts did not heal (Figure 1).
Histologically, femora treated with Ad.BMP-2 activated
tissue grafts showed complete union and formation of a
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Figure 3. Expedited ex-vivo gene therapy for bone repair.
Histological sections from mid-defect regions of Smm rat
femoral defects treated with unmodified muscle grafts (A)
or unmodified fat grafts (B) 8 weeks after surgery and
implantation. The slides were stained with safranin O-fast
green (magnification x 10).

Figure 4. Expedited ex-vivo gene therapy for bone repair.
Histological sections from mid-defect regions of Smm rat
femoral defects treated with Ad.BMP-2 activated muscle
grafts (A) or Ad.BMP-2 activated fat grafts (B) 8 weeks
after surgery and implantation. The slides were stained
with safranin O-fast green (magnification x 12).

neo-cortex at 8 weeks after surgery (Figure 4). Control
defects treated with unmodified fat or unmodified muscle
tissue did not heal (Figure 3).

8. THE POTENTIAL OF GENE-ENHANCED BONE
REPAIR STRATEGIES FOR CLINICAL USE

Protein-based therapy has found acceptance
among surgeons. Human recombinant BMP-2 and BMP-7
have been approved for clinical use and there is no doubt
that, in the near future, molecular biologists will bring more
biologicals to the orthopaedic field. We believe that gene
therapy is the next logical step to follow protein therapy.
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Gene transfer technology offers a sophisticated solution for
delivery problems experienced with recombinant protein
therapy.

Patient safety must, however, take priority, since
these new molecular therapies will be used to improve
the patient’s quality of life and not to cure life-
threatening illness. Tissue engineering strategies must
also be cost-effective in order to draw interest from
commercial entities. Our expedited ex-vivo gene therapy
approach seems to fulfill these requirements and solve
problems associated with current cell-based tissue
engineering methods. With this new technology, vector
is not directly introduced into the body and no time-
consuming and costly cell expansion is necessary. The
technology may have the potential to be applied in a
one-step surgical procedure.

In contrast, conventional ex-vivo gene therapy
requires expensive and time-consuming isolation and
culture of autologous cells and the use of two invasive
clinical procedures. The single biggest problem lies with
the cost and complexity of undertaking autologous cell
culture in a GMP (good manufacturing practice) facility.
Not only is the facility itself expensive to create and
maintain, but the culture media, sera and other necessities
of cell culture are unavoidable and very costly. The need
for separate procedures to harvest primary autologous
tissue and then to implant the engineered product creates a
second economic and logistical burden.

In-vivo gene therapy is another expedited, one-
step approach that has the potential for lower cost. There is
significant interest in developing an in-vivo gene therapy
approach for bone repair because it would be technically
simple to use in the operating room. Once vectors are
available, that allow specific cell-targeting in-vivo and
display attractive safety profiles, in-vivo gene therapy will
have to be considered as a straightforward bone repair
strategy with great potential for translation into a clinical
setting.

9. PERSPECTIVE

Gene-based technologies for bone repair will gain
a central place in the field of bone tissue engineering. There
is a growing need for improved biological solutions to
create and regenerate bone and pre-clinical data have
shown that gene therapy may be the answer. However, to
enter widespread clinical use, a technology must be not
only scientifically sound but also cost-effective and well
suited to clinical application. Now, that we have proven
effectiveness of gene therapy for bone repair in a large
variety of animal models, we have to focus on the
development of expedited approaches. Once such expedited
approaches prove to be safe, we will be able to translate the
technology from bench to bedside.
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