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Abstract Gene therapy presents a novel approach to bio-
logical treatment. Several orthopaedic diseases can cause
changes in biological signalling at the tissue level that
potentially can be repaired or modified by inserting genes
into the cells or tissues to modulate gene expression. Im-
paired bone healing, need for extensive bone formation,
cartilage repair and metabolic bone diseases are all con-
ditions where alterations of the signalling peptides in-
volved may provide cure or improvement. In orthopaedic
oncology, gene therapy may achieve induction of tumour
necrosis and increased tumour sensitivity to chemotherapy.
In the last decade, extensive improvements have been made
to optimise gene therapy and have been tested on several
orthopaedic conditions. How far this development has
come in orthopaedics is highlighted in this paper.

Résumé La thérapie génique représente une nouvelle
approche comme traitement biologique. Plusieurs maladies
orthopédiques peuvent causer des changements au niveau
des tissus qui potentiellement peuvent é&tre réparés ou
modifiés en insérant des génes dans les cellules pour
moduler I’expression du géne. Les maladies métaboliques
sont des conditions ou I’altération de certains peptides
particuliers peuvent fournir une guérison ou une amelio-
ration. En oncologie la thérapie génique peut améliorer la
nécrose tumorale et accroitre la sensibilité de la tumeur a
la chimiothérapie. Des améliorations importantes ont été
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faites dans la derni¢re décennie pour optimiser cette thér-
apie qui a été testée dans plusieurs conditions orthopédi-
ques. Cet article envisage les développements actuels.

Abbreviations MSC: Mesenchymal stem cell - IGF:
Insulin-like growth factor - BMP: Bone morphogenetic
protein - TGF-beta: Transforming growth factor beta -
OPG: Osteoprotegerin - RANKL: Receptor antagonist of
the NF kappa beta ligand - CSF-1: Colony stimulating
factor-1 - TIMP-1: Tissue inhibitor of metalloproteinase -
DDD: Degenerative disc disease - PDGF: Platelet-derived
growth factor - LMP-1: LIM mineralization protein 1 -
TRAIL: TNF-related apoptosis-inducing ligand

Principles of gene therapy

Gene therapy represents a novel principle of biochemical
alteration, which can modify cellular or tissue gene ex-
pression in order to either repair genetic defects or enhance
biological responses to cope with disease states.
Generally gene therapy aims at introducing one or more
specific genes into an organism or tissue. The vehicles that
encapsulate therapeutic genes for delivery are called vec-
tors. These vectors can be either viral or non-viral. Viral
vectors are normally modified viruses, which cannot rep-
licate but still have the capacity to carry genes into the cells.
In principle gene delivery is performed in two settings. “Ex
vivo”, the gene is transferred outside the body to a cell or
tissue culture whereas during “in vivo” gene transfer, the
gene is transferred directly to the host. For orthopaedic
applications, the genes of interest are typically encoded
for peptide growth factors that are able to enhance or
initiate bone formation, repair cartilage or other tissues or
induce programmed cell death (apoptosis) in tumour tissue
(Table 1). In ex vivo gene therapy, the modified cells
function as a drug delivery system providing increased and
prolonged local extra-expression of bioactive peptides. In
genetic diseases such as osteogenesis imperfecta, gene
therapy provides the possibility of inserting a gene that
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Table 1 Table 1

Condition Vector Gene Reference

Bone healing MSC/adenovirus  BMP Lieberman et al. (1999) [12]
Spine fusion MSC/CMV-2 BMP, LMP-1 Liebermanet al. (1999) [12]
Cartilage repair MSCl/retrovirus IGF, TGF-beta Nishida et al. (1999) [16]
Osteoporosis MSC/adenovirus  OPG, BMP Goater et al. (2002) [7]
Osteogenesis imperfecta MSC/adenovirus  Procollagen Alfa 2 Niyibizi et al. (2001) [18]
Osteopetrosis MSC/retrovirus CSF-1 Abboud et al. (2002) [1]
Degenerative disc disecase =~ MSC/adenovirus  TGF-beta, TIMP-1  Nishida et al. (1999) [16]
Tumor necrosis Direct/retrovirus ~ TRAIL Suzuki et al. (2003) [24]

contains a correct code to replace the defective collagen
genetic code causing the disease.

Delivery systems
Viral delivery systems

Viruses are nature’s own gene therapy organism with their
ability to invade cells and deliver genetic material to the
nucleus for incorporation into the genome. Several types
of viruses are used for gene therapy purposes and have
various advantages and disadvantages. Viral gene transfer
is called transduction whereas non-viral transfer is called
transfection.

Retroviruses are highly efficient for gene delivery into
dividing cells and were the vectors in earliest use. However,
they do not infect non-dividing cells, and one case of death
during a clinical trial has been reported [11], these viruses
probably have limited usage in future clinical practice.

Adenoviruses readily infect both dividing and non-
dividing cells but unlike retroviruses, do not incorporate
genes into host DNA. In terms of safety, this is a potential
advantage since the risk of mutagenesis is diminished.
However, adenoviral transduction often leads to unstable
gene expression, and since adenoviral genes often enter
into cells along with therapeutic genes, immunogenic stim-
ulation is a problem.

Adeno-associated viruses, like retroviruses, integrate
genetic material into infected host DNA. They are non-
pathogenic and provide stable expression of the transferred
gene. They are also able to infect non-dividing cells. Their
disadvantage is the fact that they are only able to carry
small amounts of genetic material, which limits the size of
genes to be transported [22].

Non-viral delivery systems

Non-viral delivery systems are generally less efficient than
viral techniques since no biological system actively in-
corporates the desired DNA material into the genome. The
techniques can be physical, mechanical or chemical. Elec-
troporation is a method where electrical energy increases
cell membrane permeability to facilitate DNA intracellular
flux. Particle bombardment with DNA-coated gold onto
cell layers (Gene-gun) and micro-injection into single cells

are examples of mechanical methods. Chemical methods
may be used to modify DNA material in order to facilitate
cellular uptake. Lipofection is a method where DNA ma-
terial is coated with cationic lipids, which are readily taken
up by cells due to their electrochemical properties. Calci-
um phosphate binding to DNA material can also facilitate
cellular uptake, as can binding of specific proteins to DNA
[3, 13].

Applications
Bone healing and repair

Impaired or inadequate bone repair is still a problem in
several conditions, such as fracture non-union, implant
loosening and large bone defects after trauma or tumour
resections. Recombinant growth factor treatment has re-
cently been demonstrated to provide some solutions to
these problems in clinical settings [5, 6, 8]. However, local
growth factor applications do not provide sustained de-
livery of active substances and are expensive.

Therapy with genes encoded for osteoinductive factors
could potentially provide long-term bone formation ac-
tivity. In vivo gene transfer techniques have been used
successfully in bone induction. An adenovirus vector con-
taining the BMP-2 growth factor was shown to induce
formation of bone in muscles of mice [15]. A similar vec-
tor also induced healing of critical-sized bone defects in
rat femurs [2]. However, in vivo gene transfer with viral
vectors induces immune responses that limit the dura-
tion and effectiveness of the treatment. To overcome this
problem, non-viral methods with collagen-based gene-
activated matrix containing genes for BMP-4 and PTH 1-
34 have been tested in a model with critical sized defects
of 5 mm. These methods induce healing, and double-gene
stimulation proved more efficient than single-gene stim-
ulation. However, a similar study demonstrated insuffi-
cient bone formation to induce healing of critical-sized
defects [4]. Ex vivo gene therapy methods for bone repair
offer the advantage of selecting cells for delivery, which
independently contribute to the healing response (bone
marrow cells or stem cells). Ex vivo methods are also
safer since no viral particles or DNA need to be inserted
into the patient.

Ex vivo gene therapy has been investigated for bone
induction using several different cell types and genes.



Lieberman [12] pioneered this work by demonstrating that
marrow cells transduced with the adenovirus vector BMP-2
gene could induce healing of critical defects in rat femurs
and that the bone formation was more consistent than that
seen when recombinant BMP-2 was used. Muscle, fat-
derived stem cells and skin fibroblasts have also been used
successfully to induce bone formation when transduced
with BMP genes [19, 23, 28].

In the study by Peng [19], muscle-derived stem cells
were transduced with retroviral vectors containing both
BMP-4 and the angiogenic growth factor gene VEGFE.
Double-gene therapy induced more bone formation than
either of the two single genes. These pre-clinical studies
demonstrate that gene therapy regimens can induce bone
formation. However, consistent and safe methods that can
be used in clinical practice still needs to be developed.

Spinal fusion

Fifty percent of all bone graft procedures are said to take
place in spinal fusion, where failure to form solid fusion is
still a significant problem. A pivotal clinical trial has shown
good results using recombinant and purified osteoinductive
proteins for spinal fusion [5]. Limitations of recombinant
proteins include the high cost and carrier problems. Gene
therapy strategies could potentially solve some of these
problems.

Genes encoded for osteoinductive proteins within the
BMP family could all be potentially used for cell-based
gene therapy [10, 21]. One interesting gene, which has
been used successfully for gene therapy in spine fusion, is
LIM mineralization protein 1 (LMP-1). This gene is an
intracellular signalling peptide, which is thought to regulate
expression of numerous growth factors in the BMP family.
Relatively low transduction rates by non-viral methods
have been sufficient to induce significant bone-forming
responses and have been used to form solid spinal fusion in
rabbits [3]. It has been speculated that LMP-1 initiates
cascades of growth factor expression resulting in increased
biological response. The possibility of using non-viral gene
transfer methods makes LMP-1 gene therapy a good can-
didate for clinical trials with osteoinductive gene therapy.

Cartilage repair

Repair of both localised cartilage defects and more par-
ticularly of generalised degenerative lesions represent very
challenging problems. Avascularity, complex tissue orga-
nisation and low endogenous healing capacity all contrib-
ute to the difficulties of stimulating cartilage regeneration.

Approaches using cell-based gene therapy to stimulate
cartilage repair have mainly focused on growth-factor
genes that participate in cartilage matrix homeostasis and
chondrogenesis. These growth factors are insulin-like growth
factor (IGF), transforming growth factor-beta (TGF-beta)
and bone morphogenetic proteins (BMP). These genes
have been transduced into various types of stem cells for
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cell-based gene therapy. Due to the poor endogenous repair
and remodelling capacity of cartilage, gene-therapy cells
have typically been combined with various scaffolds to
mimic cartilage tissue architecture. This concept has been
proven to give good cartilage repair responses in rabbits
using periosteal mesenchymal stem cells (MSC) transfec-
ted with BMP-7 and Sonic hedgehog genes [9]. The
combination of gene-modified cells and scaffold has been
termed “gene-enhanced tissue engineering”.

Degenerative disc disease

Degenerative disc disease (DDD) is a chronic condition
characterised by loss of proteoglycans and water in the disc
tissue, especially in the nucleus pulposus. These patholog-
ical changes alter the biomechanical properties of disc
leading to reduced resistance to loads, which in turn leads
to tissue degeneration. Gene therapy may restore proteo-
glycan and collagen synthesis and ultimately rebuild the
disc tissue leading to relief of symptoms or, at best, cure by
restoring the biomechanical capacity. Several growth
factors are able to improve protein synthesis in cells of
the intervertebral disc and nucleus pulposus, and such
growth-factor genes may be candidates for treatment of
DDD using gene therapy. TGF-beta, IGF, BMP’s and plate-
let derived growth factors (PDGF) posses such abilities
[25]. Therapeutic gene transduction into both animal and
human intervertebral disc cells has recently demonstrat-
ed that proteoglycan synthesis can be stimulated by gene
therapy principles using TGF-beta as the therapeutic gene
[14, 17]. Studies in a rabbit model have also shown that
direct gene transfer of TGF-beta in an adenovirus vector
was able to increase TGF levels and proteoglycan levels in
intervertebral disc tissue [16]. Another possible approach
to the treatment of DDD is inhibition of extra cellular
matrix degradation enzymes. Tissue inhibitor of metallo-
proteinase 1 (TIMP-1) is such an enzyme, and in vitro
studies using human nucleus pulposus cells transduced
with adenoviral vectors carrying the TIMP-1 gene have
demonstrated increased proteoglycan synthesis [27]. Al-
though promising approaches based on gene therapy prin-
ciples have been established, clinical treatment measures
are still a future perspective.

Systemic bone diseases

Osteoporosis Osteoporosis results in bone loss and os-
teopenia. Two types of osteoporosis exist. Type 1 is char-
acterised by increased osteoclastogenesis due to due
oestrogen depletion and type 2 characterised by decreased
osteogenesis due to senescence of marrow stem cells.
Treatment for type 1 osteoporosis can be attempted by
decreasing osteoclastogenesis. The receptor activator of
NF-kappa beta ligand (RANKL) is the most important
factor for osteoclastogenesis, and this factor can be in-
hibited by osteoprotegerin (OPG) [7]. Marrow stem cells
transfected with the gene for OPG and re-introduced into
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an osteoporotic organism could result in systemic inhibi-
tion of osteoclastogenesis. Gene therapy for type 2 osteo-
porosis can be accomplished by ex vivo principles where
marrow stem cells from osteoporotic donors are trans-
duced with adenoviral vectors carrying the BMP-2 gene, a
potent bone-inducing growth factor. Such cells have been
shown to increase osteogenic activity in vivo [26].

Osteopetrosis Osteopetrosis is a genetic disorder with the
opposite phenotype to osteoporosis and characterised by
excessive bone formation, eventually resulting in bone
marrow obliteration. The excessive bone formation is due
to decreased osteoclastogenesis resulting from a genetic
defect in the gene coding for colony stimulating factor 1
(CSF-1). Gene therapy could be used to incorporate mar-
row stem cells that over-express the CSF-1 gene leading to
increased osteoclastogenesis. This principle has been suc-
cessful in a transgenic mouse model [1].

Osteogenesis imperfecta (OI) Osteogenesis imperfecta
(OI) is a genetic disease with a mutation in the procollagen
alfa 2 (I)-chain. It results in reduced bone strength and
susceptibility to fractures. Gene-therapy-based delivery of
the correct procollagen gene should, in principle, be able
to correct the biochemical disorder. Using a transgenic
mouse model, in vitro studies have shown that transfection
of marrow stromal cells with an adenovirus carrying the
gene of the correct procollagen alfa 2 (I) chain could result
in both expression of the correct procollagen alfa 2 (I)
chain and correct assembly with other procollagen chains
[18]. Thus, principles of gene therapy can be used for
systemic bone diseases so far evidenced in vitro and in
small, animal in vivo studies.

Oncology

In orthopaedic oncology, gene therapy has been tested in
the treatment of both primary bone tumours and bone me-
tastases. Gene therapy has been used to accelerate tumour-
tissue necrosis by inserting genes that induce programmed
cell death (apoptosis). This has been accomplished in bone
tumour cell cultures where genes coding for different in-
terleukins resulted in increased immunologically induced
death in the transduced cells [20]. Gene therapy can also
improve cancer treatment by increasing cellular sensitivity
to chemotherapy. The gene TNF-related apoptosis-induc-
ing ligand (TRAIL) was able to accelerate bone tumour cell
death during exposure to different chemotherapeutic agents
[24].

Conclusion

Gene therapy has proven its feasibility for the treatment of
various orthopaedic problems and disorders. Gene therapy
primarily offers the opportunity to provide prolonged local
drug delivery, which in combination with different cell
types can stimulate synergistic tissue responses. Repair of

genomic defects is also a fascinating possibility. Geneti-
cally modified cells might provide solutions for some of the
complex problems that still exist, especially within the area
of tissue engineering.

Until now, the effectiveness of gene therapy has pri-
marily been shown in vitro and in non-clinical settings.
Some studies have shown that effects seen in lower animals
cannot be reproduced in higher animals. There is therefore
a considerable need for continuing research before regi-
mens are developed to a degree where they can be tested in
clinical orthopaedics. As with all biological techniques,
there must be sufficient impact on clinical outcomes if
new, expensive treatments are to be justified. In orthopae-
dics, gene therapy will primarily be used for non-lethal
conditions, and patient safety is therefore of maximal im-
portance. An increased morbidity or mortality will be un-
acceptable in orthopaedic gene therapy.
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