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Bone Morphogenetic Protein-2 and Vascular
Endothelial Growth Factor in Bone Tissue

Regeneration: New Insight and Perspectives
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The study of bone tissue regeneration in orthopaedic diseases has stimulated great interest among bone tissue
engineering specialists and orthopaedic surgeons. Combinations of biomaterials, growth factors and stem cells for
repairing bone have been much studied and researched, yet remain a challenge for both scientists and clinicians
pursuing regenerative medicine. The purpose of this review was to elucidate the role of sequential release of bone
morphogenetic protein-2 and vascular endothelial growth factor in producing better outcomes in the field of bone
tissue regeneration.
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Introduction

With the aging of populations worldwide and the associ-
ated increasing incidence of bone diseases, over the next

few years repair of bone defects and fractures will be a major
challenge for orthopaedic surgeons1,2. Bone is a dynamic,
highly vascularized tissue which has tendency to heal by itself;
however, regeneration and growth of tissue are slow processes3.
In addition, these processes can be affected by various physi-
ological processes, biomaterials and growth factors; shortening
healing time after bone repair is an important and popular
clinical research focus in orthopaedics4,5. Bone grafts are the
gold standard for treating bone defects, autografts being the
most commonly used; however, autografts have limitations in
sources for bone sampling and complications can occur in
both donor and recipient sites during and after such surger-
ies6,7. Even allografts have their limitations and adverse conse-
quences such as risk of infection, disease transmission and host
immune responses8. These drawbacks have led to the develop-
ment of new strategies for repairing bone defects, including the
use of various factors. A combination of delivery of growth
factors and stem cell support provides a controlled environ-

ment that can enhance bone healing by mimicking the bone
environment9,10. This review describes the individual and com-
bined roles of bone morphogenetic protein-2 (BMP-2) and
vascular endothelial growth factor (VEGF) in bone repair,
including their sequential release and the importance of gene
delivery in bone tissue regeneration.

Growth Factors for Bone Tissue Regeneration

Growth factors are defined as proteins secreted by cells that
act on the appropriate target cell or cells to perform a

specific function11,12. They are part of a vast cellular commu-
nications network that influences such critical functions as cell
division, matrix synthesis and tissue differentiation13. Many
studies have established that growth factors play vital roles in
healing of bone fractures14. The most studied growth factors
are BMP-2 and VEGF, whicha re involved in osteogenesis and
angiogenesis, respectively15,16.

BMP-2 in Bone Tissue Regeneration
A number of key molecules that regulate the complex bone
regenerative physiological process have been identified and are
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already in clinical use for enhancing bone repair. Of these
molecules, BMP-2 has been the most extensively studied
regarding induction of new bone formation in ectopic and
orthotopic sites, including where there are critical size defects
(CSDs)17,18. BMP-2 has been found to be a promising alterna-
tive to autografts for non-union of bone defects, open tibial
fractures, spinal fusion and accelerated fracture healing19,20.
BMP-2, a growth factor, belongs to the transforming growth
factor-β superfamily of protein; it acts as a disulfide-linked
homodimer and induces bone and cartilage formation21. It
is a pleiotropic regulator that governs key steps in the bone
induction cascade, such as chemotaxis, mitosis and differen-
tiation of mesenchymal stem cells in the process of bone
healing22,23.

The use of BMP-2 can be advantageous for bone regen-
eration or even for acceleration of normal bone healing to
reduce the duration of fracture treatment24,25. Its clinical use,
either alone or combined with bone grafts, is constantly
increasing26. However, there are several issues concerning its
use, including safety (because of the supraphysiological con-
centrations of growth factors needed to obtain the desired
osteoinductive effects), the high cost of treatment and, more
importantly, the potential for ectopic bone formation27. Here
we present findings of some among many studies reporting the
effectiveness of BMP-2 in bone tissue regeneration.

Li et al. reported a study on use of adipose tissue-derived
stem cells (ADSCs) and BMP-2 for bone defects. Radiographic,
histological and histomorphometry assessment at 16 weeks
showed that ADSCs modified by BMP-2 gene cause a signifi-
cant increase in newly formed bone area. These authors con-
cluded that ADSCs modified by the BMP-2 gene can enhance
the repair of CSDs in large animals28. The effect of brief incu-
bation (15 min) with BMP-2, which induces an osteogenic
phenotype in adipose tissue-derived mesenchymal stem cells
(AT-MSCs), was studied by Knippenberg et al. They assessed
the effects of treatment with 15 min incubation with BMP-2
on osteogenic differentiation of AT-MSCs. Their data indicate
that incubation with BMP-2 for 15 min induces osteogenic
differentiation and they concluded that AT-MSCs that have
been triggered for only 15 min with BMP-2 provide a viable
source for bone tissue regeneration29. Hollinger et al. studied a
combination of recombinant human bone morphogenetic
protein-2 (rhBMP-2) and collagen for regenerating bone. Uni-
lateral CSDs were treated with 35 μg of rhBMP-2 combined
with absorbable collagen (rhBMP-2 and collagen) and com-
pared with untreated CSDs. Their study showed that combined
rhBMP-2 and collagen can be an effective therapy for restoring
segmental bone defects30. Keib et al. have reported that a com-
bination of ADSCs and BMP-2 in a fibrin matrix induce sig-
nificantly less callus formation than BMP-2 alone31. However,
Lin et al. reported that, compared with ADSCs transiently
expressing BMP-2, ADSCs persistently expressing BMP-2 not
only accelerate healing of weight-bearing segmental bone
defects but also improve bone metabolism, bone volume, bone
density, angiogenesis and mechanical properties32. However,
Brown et al. have suggested that the strategy that is ideal

for release of rhBMP-2 for new bone formation includes
both a burst and a sustained release. For large CSDs, a
burst release helps to attract osteoprogenitor cells into the
delivery system, whereas sustained release promotes osteoblas-
tic differentiation33.

In addition to these above studies, Song et al. reported
that BMP-2 used alone can induce a surplus of callus forma-
tion (heterotopic ossification)34. However, they reported
that BMP-2 in combination with vitamin D3 promotes
osteogenic differentiation of ADSCs, these agents can
work synergistically and be used to achieve effective and
economical osteogenic induction of ADSCs for bone tissue
engineering.

The growth factor BMP-2 is known to induce both
osteogenic and chondrogenic commitment of human mesen-
chymal stem cells (hMSCs)35. However, factors influencing
BMP-2-dependent chondrogenic and osteogenic differentia-
tion have not been investigated. Kwon et al. demonstrated that
extracellular microenvironments, in the form of cell-derived
matrices, play important roles in determining the specific
lineage commitment of hMSCs in the presence of BMP-2.
They concluded their research by that cell-specific ECMs are
capable of modulating BMP-2-induced osteogenic and chon-
drogenic differentiation of hMSCs36.

All the strategies of using BMP-2 alone have advantages
and disadvantages37. Up to now a combination of BMP-2 and
stem cells for bone regeneration has shown promising results38.
However the limitations and drawbacks39 need more investi-
gation and research studies to obtain more complete answers
regarding sequential release of growth factors for better bone
tissue regeneration.

VEGF in Bone Tissue Regeneration
Successful bone formation and fracture healing is associated
with osteogenesis and angiogenesis40. VEGF, a signal protein
produced by cells, stimulates vasculogenesis and angiogen-
esis41. VEGF is part of the system that restores the oxygen
supply to tissues when blood circulation is inadequate42. Bone,
a highly vascularized tissue, is reliant on a close connection
between blood vessels and bone cells to maintain skeletal integ-
rity43,44. Angiogenesis thus plays a vital role in skeletal develop-
ment and bone repair45,46. VEGF’s normal function is to create
new blood vessels during embryonic development, new blood
vessels after injury, muscle following exercise, and new vessels
(collateral circulation) to bypass blocked vessels45,47. Some
studies suggest ADSCs participate in tissue regeneration
through their production of angiogenic factors and mediation
of endogenous vasculogenesis/angiogenesis47,48. For example,
both in vitro and in vivo studies suggest that ADSCs drive
endothelial differentiation and stabilize it through paracrine
action49.

Blood vessels are an important component of bone for-
mation and maintenance and bone tissue differentiation
requires the local presence of blood vessels50,51. Liu et al. inves-
tigated in vivo vascularization and bone formation activity of
tissue-engineered bone constructed by using bone marrow
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MSCs transfected with VEGF. Growth of bone xenografts,
clumps of cartilage cells, irregular bone-like tissue and
microvessels progressed with time. In the control mice, only
small amounts of bone-like and fibrotic tissue were observed.
The differences between the control and experimental groups
were significant. In conclusion, VEGF165-transfected bone
marrow MSCs promote vascularization of tissue-engineered
bone and ectopic osteogenesis52.

Bone regeneration and osseointegration of biological
components are dependent on vascularization and angiogen-
esis. An angiogenic factor, VEGF has been shown to promote
biomaterial vascularization and enhance bone formation.
However, high local concentrations of VEGF induce the for-
mation of malformed, nonfunctional vessels. Wernike et al.
postulated that continuous delivery of low concentrations of
VEGF from calcium phosphate ceramics may increase the effi-
cacy of VEGF administration. The release kinetics of VEGF
appear to be an important factor in promotion of biomaterial
vascularization and bone formation. Sustained release of
VEGF increases the efficacy of VEGF delivery, demonstrating
that prolonged bioavailability of low concentrations of VEGF
is beneficial for bone regeneration53.

Johannes et al. have studied the influence of controlled
release of recombinant human vascular endothelial growth
factor on angiogenesis and osteogenesis in a mandibular defect
model. The area of newly formed bone was not significantly
different from that of a control group; however, the bone
regeneration was significantly more dense in the study group.
Their study showed that use of recombinant human vascular
endothelial growth factor leads to more intensive angiogenesis
and bone regeneration54.

Vascularization underlies the success of guided bone
regeneration (GBR) processes. Kaigler et al. have evaluated the
regenerative potential of GBR in combination with VEGF
delivered via an injectable hydrogel system. CSDs were created
in rat calvariae and GBR procedures performed with a colla-
gen membrane alone (control), or plus bolus delivery of
VEGF, or plus application of VEGF-releasing hydrogels. They
demonstrated that application of VEGF-releasing hydrogels
enhances early angiogenesis, whereas at a later stage it
enhances bone regeneration. Approaches involving controlled
delivery of angiogenic growth factors used adjunctively with
GBR may be a promising strategy for enhancing outcomes of
GBR55.

The use of single growth factors in bone regeneration
has limitations and drawbacks56. BMP-2 used alone in inap-
propriate amounts results in heterotrophic ossification and
tumorigenesis57,58. Even though angiogenesis is important for
bone regeneration, VEGF plays more of a role in angiogenesis
than in osteogenesis59. Single growth factors characteristically
enhanced bone regeneration to a limited degree and greater
doses are needed to achieve the desired outcome60. These
high doses may lead to a variety of consequences and the
unexpected outcomes. The synergy between BMP-2 and
VEGF is intimately related to bone development and healing
that is advantageous for bone regeneration procedure. Thus,

they may play important roles in enhancing the efficiency of
cell-based approaches to bone regeneration61,62.

Combination of BMP-2 and VEGF in Bone Tissue
Regeneration

A potent angiogenic factor, VEGF has been shown to be
essential for both intramembranous and endochondral

bone formation63,64 and for bone repair65,66. Therefore, a com-
bination of BMP-2 and VEGF would be effective in bone
regeneration and could be used for CSDs or compromised
bones that are insufficiently vascularized.

Exogenous MSCs, VEGF and BMPs together with an
osteoconductive scaffold are a very satisfactory means of
enhancing bone repair. This concept has been incorporated
into the development of new strategies for bone tissue engi-
neering; significant advancements have been made in last 10
years. Contrary to a previous belief that VEGF modulates bone
repair only by enhancing angiogenesis in the proximity of bone
injury, recent evidence suggests that cross-talk between VEGF
and BMP signaling pathways in MSCs promotes osteoblastic
differentiation of MSCs, which aids in fracture repair. Future
studies should focus on cross-talk between angiogenesis and
osteogenesis, optimization of VEGF/BMP ratios, selection of
the most potent BMPs, and optimization of delivery methods
for VEGF and BMP. Recent discoveries from basic research,
including effective delivery of growth factors and cells to the
area of interest, will help bring VEGF plus BMP for bone
healing from the bench to the patient’s bedside67.

New approaches that focus on scaffold composition and
the amount of growth factor released are being investigated68.
Recent studies on the simultaneous release of combinations of
several growth factors have demonstrated that they have a
synergistic effect on bone healing. The findings of Geiger
et al.54 and Peng et al.69 suggest that a combination of angio-
genic and osteogenic factors can stimulate bone healing and
regeneration. Therefore, development of a combined system
for delivering growth factors derived locally from biodegrad-
able scaffolds at different rate kinetics could enhance the
mechanisms for repairing CSDs; thus mimicking in vivo bone
repair conditions. Kanczler et al. have developed a polymeric
system for tissue-specific controlled-release delivery from a
structural polymer scaffold of two or more growth factors.
They have shown that MSCs seeded onto these new generation
combined growth factors can result in the co-development of
vessels and bone in situ, facilitating rapid development of vas-
cularized engineered bone constructs70. Patel et al. studied dual
release of VEGF and BMP-2 and showed complete union of
defects in 5/8 rats within 12 weeks, whereas BMP-2 alone
resulted in complete union in 3/8 rats and VEGF no union at
all. The results were same as for VEGF alone in an experiment
in which no growth factors were used. This indicates that deliv-
ery of both growth factors may enhance bone bridging and
union of CSDs compared with delivery of one growth factor
alone71.

However, the actions of growth factors are dependent on
dose and vehicle of delivery according to Ehnert et al.72. Using
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VEGF/BMP-2 ratios of >1, Young et al. failed to show a syner-
gistic effect of BMP-2 and VEGF on bone formation in CSDs
compared with BMP-2 alone73. They stated that use of high
doses of VEGF results in stem cell differentiation towards an
endothelial lineage, thereby reducing the number of cells avail-
able for osteogenic differentiation. All these studies suggest
that the sequential release of both angiogenic and osteogenic
growth factors can enhance natural healing and thus promote
regeneration of bone tissue.

It has been demonstrated that periosteum contains mes-
enchymal progenitor cells that differentiate into osteoblasts,
and that both osteogenic and angiogenic growth factors may
play important roles in cell-based approaches to bone regen-
eration74. Samee et al. evaluated the feasibility and efficacy of
BMP-2 and/or VEGF on periosteal cell differentiation to osteo-
blasts in vitro and ectopic bone formation in vivo. They showed
that VEGF may enhance BMP2-induced bone formation
through modulation of angiogenesis75. Osteogenic growth
factors are continuously expressed during bone formation and
remodeling76, whereas angiogenic growth factors are predomi-
nantly expressed during the early phases of developing vascu-
larity77. Because VEGF and BMP-2 are key regulators of
angiogenesis and osteogenesis during bone regeneration,
Kempen et al. studied a combination of them with local sus-
tained BMP-2 release and found that VEGF significantly
enhances ectopic bone formation compared with BMP-2
alone. In orthotopic defects, they found that VEGF had no
effect on vascularization and that bone formation was not
greater with a combination of growth factors than with BMP-2
alone. This study demonstrated that sequential angiogenic and
osteogenic growth factor release may be beneficial for enhanc-
ing bone regeneration78.

Most of these above studies suggest that a combination of
VEGF and BMP-2 has better results than either used alone and

also can be shown in diagram (Fig. 1). However, controlling the
release of exogenous BMPs and VEGF for therapeutic applica-
tion was initially motivated by early research. The drawbacks of
growth factor delivery are as follows: (i) the in vivo half-life of
these proteins is very short; (ii) protein-carrier devices rely on
passive diffusion, which limits the capacity for reconstituting
natural highly dynamic spatial and temporal patterns; and (iii)
high (mg) doses of recombinant protein are required to elicit
durable osteogenic responses79.Thus,creating well-defined gra-
dients and other physiologic patterns of expression remains a
substantial challenge. Now we need to further understand how
the growth factors interact with each other and with stem cells
during their sequential release and engage in deeper study of
their roles in bone tissue regeneration.

Role of Experimental Gene Therapy in Bone Tissue
Regeneration

Gene therapy approaches to delivering BMPs have the
potential to overcome these limitations, especially when

we consider state-of-the-art regulated expression systems80. In
contrast to constitutive promoter-driven expression constructs,
which have some of the same limitations as protein-carrier
devices, chemically or physically activated expression systems
provide substantial control over the level, duration and spatial
localization of growth factors81. With the continued develop-
ment of safe and efficient vectors, emergence of “same day” ex
vivo gene delivery, and evaluation of bone tissue regeneration in
large immunocompetent animal models, the technologies
described below have tremendous potential for improving the
clinical outcomes associated with growth factor therapy.

Controlling the Timing of BMP Expression
Tetracycline (Tet)-dependent systems are sophisticated
approaches to controlling the timing of transgenes that provide

Fig. 1 A combination of VEGF and BMP-2 has better results on vascularization and bone formation than either used alone.
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maximal control over the magnitude, timing, duration and
spatial localization of expression of a target gene. The presence
of tetracycline or its analog doxycycline (Dox) induces the
TetON system to trigger transgene expression. In contrast, the
transactivator in the TetOFF system cannot bind its target in
the presence of antibiotics, which thereby inhibit expression.
Moutsatsos et al. have reported that a murine MSC line that has
been engineered to express BMP-2 under the control of the
TetOFF system promotes healing of non-union of radius frac-
tures in mice82. However, these researchers observed excess bone
formation in some animals, which they attributed to expression
of BMP beyond the desired degree. Gafni et al. reported that,
after in vivo implantation of hBMSCs into critical-sized cal-
varial defects, addition of Dox to the animals’ drinking water
resulted in expression of BMP2 and eventual closure of the
defects83. A major concern with the clinical use of Tet systems is
the risk that patients may develop resistance to tetracycline.
Also, because Tet/Dox are bone-seeking drugs, these com-
pounds may accumulate in bone and interfere with regulated
expression. Muthukuru and Sun recently reported that Dox
counteracts BMP2-induced osteogenic mediators in human
periodontal ligament cells, suggesting that Tet systems may be
particularly problematic in regard to regulation of BMP2
expression84. Finally, Tet regulated systems can be“leaky”in that
they express significant amount of transgene in the uninduced
state. Therefore, more stringent gene expression systems suit-
able for bone regeneration are required.

Dimerizer-based gene switches use heterodimeric tran-
scription factors composed of separate DNA-binding and acti-
vation domains that interact only in the presence of a small
dimerizer molecule such as rapamycin to form a functional
transactivator. Because only the dimerized factor is capable of
functioning as a transcription factor, this system provides
stringent regulation of target gene expression85. A major
advance occurred with the development of rapalogs, non-
immunosuppressive analogs of rapamycin that retain the
ability to function as dimerizers. Koh et al. tested the ability of
a rapamycin/rapalog-based system to regulate BMP2 expres-
sion and heal critical-sized calvarial defects. Rapamycin tightly
regulated in vivo production of the growth factor; the system
exhibited clear dose dependence, and amounts of BMP were
shown to decline rapidly 4–6 days after a single rapamycin
injection. Repeated rapamycin treatment over several weeks
led to uniform new bone formation in the defect. The new
bone was fully integrated with the host bone and showed no
evidence of overgrowth. In contrast, when cells were trans-
duced with an adenovirus encoding BMP2 under the control
of a constitutive promoter, the new bone was highly irregular
and discontinuous with the surrounding tissue. These differ-
ences may be attributable to the dynamics of BMP-2 secretion
driven by the inducible system, which provides sustained low-
level delivery of BMP over time versus the high (but transient)
levels of transgene production with adenovirus. Using the
former approach, precise temporal control over BMP delivery
was achieved: a key factor for successful fracture healing and
bone formation86.

Controlling the Temporal and Spatial Aspects of VEGF
Expression
As demonstrated above, bone healing is a coordinated process
that involves both osteogenesis and angiogenesis. The tech-
niques of gene therapy listed above can only control one target
gene expression dependently. The need to control two interest
genes independently is encouraging researchers to investigate
other control systems. There are some technologies that meet
this demand; namely, genetic tools that are capable of provid-
ing 4D control of transgene expression in vivo.

Optogenetics systems exploit the ability of certain pro-
teins to be activated by light. A light-inducible synthetic gene
switch was recently described by Wang et al.87. Upon exposure
to blue light, the transactivator of this system binds synthetic
promoters that rapidly initiate transcription of target
transgenes. Withdrawal from light leads to the eventual inac-
tivation of the transactivator and thus, to gene silencing.
However, one challenge to the use of this system in vivo is
related to difficulties in focusing light deep within the body.
Light scattering, particularly of short wavelengths, substan-
tially attenuates the ability of light to penetrate tissues. For this
reason, it would be very difficult to activate transgene expres-
sion in deep tissue sites without also activating more proximal
cells within the light path.

Inducible systems based on promoters that are activated
by externally directed physical stimuli may be more generally
useful for generating 4D patterns of transgene expression;
these have been reviewed by Vilaboa et al.88. Promoters of this
type include heat-shock protein (hsp) gene promoters and
radiation-induced promoters that can be activated by heat and
directed ionizing radiation, respectively. Both ionizing radia-
tion and administered heat can be focused; however, because of
its intrinsic toxicity, ionizing radiation should be utilized only
in the context of cancer or ablative therapies. In contrast, local-
ized heating of tissues can be achieved by many safe and non-
invasive methods, including ultrasound, microwaves and
infrared radiation. Ultrasound is currently the most promising
approach, because it exhibits low attenuation in biologic media
over organ-scale distances and can be focused to generate
mm3–cm3 subvolumes of hyperthermia deep within the body.
Rome et al. have reported localized, focused, ultrasound-
induced expression of target genes with the human hsp70B
promoter in in vivo models, even in deep-seated organs such as
the liver89.

Moreover, hsp promoter-controlled gene therapies are
susceptible to non-specific activation by hyperthermia associ-
ated with disease, local inflammation, strenuous exercise, phar-
macological interventions or ischemic events. To overcome
this problem, synthetic gene circuits that combine an hsp70B
promoter and a small molecule-dependent transactivator
have been designed, as described by Vilaboa et al.90. These
gene switches consist of: (i) a ligand-activated transactivator
expressed under the dual control of the hsp70B promoter; and
(ii) a promoter that is responsive to the transactivator that
controls the gene of interest. Steroid receptor-derived and
dimerizer-controlled gene switches have been built and tested.
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These switches have been shown to stringently regulate the
expression of reporter molecules such as luciferase and soluble
factors, including VEGF. We have observed that brief applica-
tion of focused ultrasound to cells harboring these switches
in a fibrin scaffold results in dose-dependent induction of a
reporter transgene. Furthermore, this activation can be
restricted to −30 mm3 subvolumes and used to create
gradients.

In recent studies, the approach of 4D regulation of
transgene expression has been adapted to in vivo applica-
tions91. With this technology, patterning the expression of BMP
transgenes to establish physiologically relevant distributions of
BMP signaling to promote the formation of bone with site-
specific composition and geometry has been visualized. This
approach is predicated on the notion that morphogenic/
regenerative signals induced by BMPs rely on their localiza-
tion, persistence and amplitude and that such “context” for
exogenous BMP activity will be critical to defining regions
of bone formation and integration with surrounding tissue,
particularly with high-volume bone defects. Of interest
for bone regeneration applications, heat-activated gene
switches based on different ligand-activated transactivators
may be used in combination for independent control of mul-
tiple transgenes91,92.

Many of the tissue engineered products incorporate the
use of growth factors to induce cell differentiation, migration,
proliferation and/or matrix production93. However, current
growth factor delivery methods are limited by poor retention

of growth factors after implantation, resulting in low bioactiv-
ity94. These limiting factors have led to the use of high doses
and frequent injections, putting patients at risk of adverse
effects95. Although there have been great improvements in
knowledge of bone tissue engineering, further steps are
required to better understand what is needed to develop
quality, healthy and affordable commercial tissue-engineered
bone96.

Conclusions

The sequential release of combinations of growth factors
has a promising future in bone engineering. Because few

reviews in the field of bone growth using stem cells have been
published, carefully designed clinical trials are needed to test
the efficacy of these strategies and enhance our understanding
of the critical interplay between combinations of growth
factors and the properties of the host environment to guide the
application of genetic engineering to orthopaedics treatments.
Thus, the ability to mimic natural bone healing characteristics,
which has been proven to improve results of bone tissue regen-
eration, is making such treatment more appropriate and avail-
able. We expect that continued research and development at
the confluence of developmental biology, synthetic biology
and gene- and scaffold-engineering will not only lead to the
identification of spatiotemporal patterns of growth factors
transgene expression that drive regeneration, but also provide
the experimental and clinical tools for generating those pat-
terns in vivo.
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