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Abstract

Aim: Therapeutic concepts involving the application of matrix, growth and
differentiation factors have been advocated in support of periodontal wound healing/
regeneration. Growth/differentiation factor-5 (GDF-5), a member of the bone
morphogenetic protein family, represents one such factor. The purpose of this review
is to provide a background of the therapeutic effects of GDF-5 expressed in various
musculoskeletal settings using small and large animal platforms.

Methods: A comprehensive literature search was conducted to identify all reports in
the English language evaluating GDF-5 using the PubMed and Google search engines,
and a manual search of the reference lists from the electronically retrieved reports.
Two reviewers independently screened the titles and abstracts from a total of 69
reports, 22 of which were identified as pre-clinical (in vivo) evaluations of GDF-5. The
full-length article of the 22 pre-clinical reports was then reviewed.

Results: Various applications including cranial and craniofacial bone formation,
spine fusion, long bone fracture healing, cartilage, and tendon/ligament repair using a
variety of small and large animal platforms evaluating GDF-5 as a therapeutic agent
were identified. A majority of studies, using biomechanical, radiographic, and
histological analysis, demonstrated significant dose-dependent effects of GDF-5.
These include increased/enhanced local bone formation, fracture healing/repair, and
cartilage and tendon/ligament formation. GDF-5 frequently was shown to accelerate
wound maturation. Several studies demonstrated GDF-5 to be a realistic alternative to
autograft bone. Studies using pre-clinical models and human histology suggest GDF-5
may also increase/enhance periodontal wound healing/regeneration.

Conclusions: GDF-5 appears a promising therapeutic agent for periodontal wound
healing/regeneration as GDF-5 supports/accelerates bone and tendon/ligament
formation in several musculoskeletal settings including periodontal tissues.
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Periodontal regenerative therapy aims to
predictably restore the tooth supporting
structures lost due to periodontal disease
or trauma, i.e., the periodontal ligament,
cementum, and alveolar bone (Polimeni
et al. 2009a). Ideally, periodontal tissue
regeneration would result in a replicate,
a functional replacement of lost tissues.
This would require an orchestrated pro-
cess involving coordinated migration,
proliferation, and differentiation of cells

from tissue resources specifically con-
tributing to restoring the periodontal
attachment. In the course of wound
healing, cells sequestered in the perio-
dontal ligament, including perivascular
stem cells, are thought to proliferate,
freely migrate into the defect, and dif-
ferentiate into cementoblasts, perio-
dontal ligament fibroblasts, and
osteoblasts (Melcher 1976). What is
more frequently observed is periodontal
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wound healing resulting from migration
and proliferation of cells from all tissue
resources circumscribing a periodontal
defect, including the gingival connective
tissue and epithelium, alveolar bone, and
tissue resources sequestered in the perio-
dontal ligament (Wikesjo & Selvig
1999). This stabilizes the site, but does
not lead to full functional regeneration.

Traditionally, clinicians deliver pe-
riodontal reconstructive surgery using
barrier devices, autograft bone, and
bone biomaterials in support of perio-
dontal wound healing/regeneration
(Polimeni et al. 2006). More recently,
the use of combination concepts includ-
ing matrix, growth and differentiation
factors has been introduced (Trombelli
& Farina 2008, Kao et al. 2009). The
discovery, purification, cloning, and
characterization of bone morphogenetic
proteins (BMPs) (Urist 1965, Wang
et al. 1988, 1990, 1993, Wozney et al.
1988, Celeste et al. 1990, Ozkaynak
et al. 1990, Sampath et al. 1992, Hotten
et al. 1994, 1996) has led to the devel-
opment of therapeutic agents and proto-
cols for the induction of bone, cartilage,
tendons, and ligaments critical to the
management of several indications in
the axial and appendicular skeleton
(Wan & Cao 2005). BMPs have indeed
been shown to support tissue formation/
reconstruction in a variety of settings in
the craniofacial skeleton (Wozney &
Wikesjo 2008).

Growth/differentiation factor-5 (GDF-5)
is being considered as a candidate thera-
peutic agent for periodontal indications.
GDF-5, also known as cartilage-derived
morphogenetic protein-1 (CDMP-1), is
a member of the BMP family of pro-
teins, part of the transforming growth
factor-ff (TGF-f) superfamily (Hotten
et al. 1994, 1996). Several studies sug-
gest that GDF-5 (and also related GDF-
6 and -7) is essential for the normal
development and formation of bone,
joints, tendons, and ligaments in the
axial and appendicular skeleton (Storm
& Kingsley 1996, Erlacher et al. 1998b,
Faiyaz-Ul-Haque et al. 2002a, b, Nakase
et al. 2002, Settle et al. 2003). In
particular, cartilage formation appears
to be controlled by GDF-5 (Francis-
West et al. 1999, Buxton et al. 2001,
Hatakeyama et al. 2004). In situ hybri-
dization and immunostaining of human
embryos show expression of GDF-5 at
the stage of pre-cartilaginous mesench-
ymal condensation and throughout the
cartilaginous cores of developing long
bones, consistent with a role for GDF-5
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in chondrocyte differentiation and
growth in long bones (Chang et al.
1994). Moreover, GDF-5 is expressed
in both foetal and adult normal and
osteoarthritic cartilage (Bobacz et al.
2002, Chen et al. 2004). GDF-5 gene
mutations have been associated with
fibular hypoplasia and complex brachy-
dactyly including phalangeal dysplasia,
hip dysplasia, and positional teeth
abnormalities (DuPan syndrome) inher-
ited as an autosomal recessive trait as
well as in acromesomelic chondrodys-
plasias, i.e., Hunter—Thompson type and
Grebe type, phenotypically related to
the DuPan syndrome and other traits
(Francis-West et al. 1996, Baur et al.
2000, Faiyaz-Ul-Haque et al. 2002a, b,
Archer et al. 2003, Savarirayan et al.
2003, Stelzer et al. 2003, Holder-Espi-
nasse et al. 2004, Schwabe et al. 2004,
Dobbs et al. 2005, Szczaluba et al.
2005). GDF-5-deficient mice display
structurally weaker tendons than con-
trol, mutant Achilles tendons containing
40% less collagen than the control
(Mikic et al. 2001). GDEF-5 induces
chondrogenesis and osteogenesis both
in vitro and in vivo (Wolfman et al.
1997, Erlacher et al. 1998a, b, Gruber et
al. 2000). GDF-5 also enhances angio-
genesis (David et al. 2009). In various
cell culture systems it has been shown
that GDF-5 initiates chondrogenic dif-
ferentiation of mesenchymal stem cells,
although to a lesser degree in compar-
ison with TGF-f; (Bai et al. 2004).
Compared with osteogenic protein-1
(OP-1), GDF-5 appears less stimulatory
of osteogenic differentiation (Erlacher
et al. 1998a, Gruber et al. 2000, 2001).
The factors underlying the process by
which mesenchymal stem cells (the tar-
get population in vivo) adopt one fate or
the other in response to GDF-5, and what
governs the predominant tissue outcome,
remain to be elucidated. However, the
carrier material, in conjunction with
other environmental factors, has a sig-
nificant influence (Shimaoka et al.
2004). In a murine calvarial model,
GDF-5 (in conjunction with a recombi-
nant human Type I collagen carrier)
induced new bone formation via endo-
chondral ossification (Kadomatsu et al.
2008), but intra-membranous ossifica-
tion may predominate in other systems
(Shimaoka et al. 2004). In the murine
calvarial model, GDF-5 induced Sox9 [a
transcription factor that plays a major
role in endochondral ossification (Akiya-
ma et al. 2005)] in the hypertrophic
periosteum and newly formed bone.
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As for other BMP proteins, GDF-5
interaction with mesenchymal stem
cells leads to hetero-oligomerization
of membrane serine/threonine kinase
receptors (David et al. 2009) (Fig. 1).
BMP type IB (also called activin recep-
tor-like kinase 6, ALK-6) and activin
receptor type IIB show the highest
affinity for GDF-5 (Heinecke et al.
2009). Receptor activation by ligand
binding activates Smad 5 protein (and
to a lesser extent, Smad 1 and 8) by
phosphorylation, followed by transloca-
tion of Smad proteins to the nucleus,
where they regulate transcription of
various genes both directly and indir-
ectly (Massagué & Wotton 2000, Aoki
et al. 2001).

GDF-5 signaling leads to upregula-
tion of expression of genes associated
with pre-osteoblast and secretory osteo-
blast phenotypes, including alkaline
phosphatase, bone sialoprotein, and
osteopontin (Bessa et al. 2009). GDF-5
activation of the p38 MAPK pathway
has been reported to have a role in
chondrogenesis (Nakamura et al. 1999,
Verheyen 2007), but the role of GDF-5
signaling through the MAPK pathways
in osteogenesis remains to be investi-
gated.

GDF-5, -6 and -7 messenger RNAs
are expressed in developing periodontal
tissues in rats as GDF gene expression
has been detected in cells associated
with periodontal ligament formation, as
well as in cells located along the alveo-
lar bone and cementum surfaces, and
insertion sites of the periodontal liga-
ment during root formation, whereas
GDF expression appears down-regu-
lated upon completion of root formation
(Sena et al. 2003). In other experiments,
GDF-5, -6, and -7 gene expression has
been shown during tooth and perio-
dontal tissue formation in bovine incisor
teeth (Morotome et al. 1998). GDF-5
and its receptor have also been demon-
strated in human periodontal ligament
cells using RT-PCR. Recombinant
human GDF-5 (thGDF-5) dose depen-
dently enhanced human periodontal
ligament cell proliferation over 16
days. In contrast, alkaline phosphatase
was significantly decreased following
addition of rhGDF-5 (Nakamura et al.
2003). Collectively, these studies sug-
gest that GDF-5, and also GDF-6 and -7,
may be potent regulatory molecules in
the development of the periodontal
attachment and may represent powerful
candidate technologies for tissue engi-
neering of the periodontium.
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Other signals

Fig. 1. Biological mechanisms of action of growth/differentiation factor-5 (GDF-5). Binding
of GDF-5 to receptors on mesenchymal stem cells (in conjunction with other signaling
systems that remain to be characterized) induces differentiation leading to a chondrocyte or
osteoblast fate. The Sox9 transcription factor is essential to chondrogenesis, and the Runx2
transcription factor to osteogenesis. GDF-5-induced oligomerization of BMP type IB and
activin receptor type IIB (cylinders) on the surface of a mesenchymal stem cell results in
phosphorylation of Smad proteins, and their translocation to the nucleus. Phosphorylated
Smad proteins regulate gene expression directly, by DNA binding, and indirectly, by
associating with other proteins. This can result in differentiation into pre-osteoblasts and
secretory osteoblasts, and expression of genes associated with bone formation, such as
alkaline phosphatase (ALP). Osteoblasts and chondrocytes secrete extracellular matrices
(irregular lines) that can be mineralized (blue needles). In the canine critical-size supraal-
veolar peri-implant defect model (right), implants coated with 120 ug rhGDF-5 induce
significant new bone formation (the yellow arrow delineates the base of the defect), whereas

uncoated implants (not shown) produce little new bone (Polimeni et al. 2009b).

The purpose of this review was to
provide a background and understand-
ing of GDF-5 as a candidate therapeutic
agent. Pre-clinical studies published
between 1992 and 2009, reported in
the English language, using rodent and
large animal platforms evaluating GDF-
5 in various settings including cranial,
craniofacial, spine, long bone, cartilage,
and tendons were subject to a systematic
search, and presented in the perspective
of GDF-5 as a candidate therapeutic
agent for periodontal indications.

Material and Methods

An exhaustive literature search using
PubMed and Google search engines was
conducted. The following search terms
and combinations of search terms were
used to identify relevant full-length pub-
lications: recombinant human GDE-5,
GDF-5, human growth factor, human
GDF-5, thGDF-5, GDF-5, BMPs, BMP-
14, cartilage-derived morphogenetic pro-
tein-1, cartilage-derived morphogenetic
proteins, and CDMP-1. Only reports and

reviews published in the English lan-
guage from 1992 up to 2009 were
included. The reference lists of the
retrieved reports from the electronic
search were screened manually to recover
additional reports. Two reviewers (Y.M.
and UM.E.W.) independently screened
the titles and abstracts. The full-length of
an article was reviewed when the article
included animal models.

For the purpose of this report, only
full-length articles describing in vivo
evaluations of GDF-5 or GDF-5 con-
structs in pre-clinical models for ortho-
paedic and craniofacial indications were
reviewed. Data were extracted based on
the general characteristics (authors and
year of publication), study characteris-
tics [type and number of animals;
indication(s); intervention strategies;
evaluation period; outcome measures;
complication(s), methodological charac-
teristics (study design), and conclu-
sion(s)]. Reports from in vitro studies
including biochemistry, molecular biol-
ogy, cell culture, development, and
reviews thereof were selectively used
for background.

Results and Discussion

A total of 69 full-length references were
recovered. Following review of the titles
and abstracts, 22 studies were identified
as pre-clinical evaluations of GDF-5
using various platforms and applications
(Table 1). No clinical evaluations were
identified.

Ectopic bone and cartilage formation

Two studies have evaluated the capacity
of GDF-5 to drive ectopic bone or
cartilage formation. Spiro et al. (2000)
used an ectopic rat model to evaluate
local bone formation following implan-
tation of rhGDF-5 in a Type I collagen/
hydroxyapatite  carrier  (Healos ™Il
Bone Graft Substitute; DePuy Spine,
Raynham, MA, USA) at concentrations
of 0.01 and 0.1 mg/ml. thGDF-5 con-
structs were implanted subcutaneously
in the thoracic region or intra-muscu-
larly in the posterior tibial muscle in
8-week-old male Sprague-Dawley rats.
Implants were evaluated following
14- and 21-day healing intervals. The
subcutaneous implants showed a dose-
dependent increase in alkaline phospha-
tase activity, reflecting bone metabolic
activity.

In the second report, GDF-5 (0, 100,
300, and 500 ug) in Type I collagen
disk-shaped sponges was implanted
into the calf muscle in 24 6-week-old
Wistar rats (Kakudo et al. 2007). Radio-
graphic and histologic analysis followed
a 3-week healing interval. Whereas the
carrier control and 100 ug dose showed
no osteochondral tissue formation, the
GDF-5 300 ug dose induced massive
cartilage aggregates and some bone for-
mation, and the 500 ug dose induced
trabecular bone and marrow without a
cartilage component. Both studies using
ectopic rat models thus suggest a dose-
dependent, and possibly threshold,
effect of GDF-5.

Calvarial bone formation

Calvarial bone formation was evaluated
in three studies (Kuniyasu et al. 2003,
Pohling et al. 2006, Yoshimoto et al.
2006). Yoshimoto et al. (2006) showed
that rhGDF-5 in a collagen carrier sup-
ports calvarial bone growth. Briefly,
rhGDF-5 in an atelocollagen carrier
(20 g thGDF-5/site) or a carrier control
was injected beneath the scalp along the
periosteum in 8-week-old ddY mice.
rhGDF-5 implanted (n =4) and control
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Yes

Yes

1/2/3 weeks

1, 10, 100 pug
400, 800 pg

Collagen
B-TCP

Calvarial

Rats
Pigs

Kuniyasu et al. (2003)
Gruber et al. (2008)
Weng et al. (2009)

Yes

4/12 weeks
8 weeks

Craniofacial
Craniofacial

Yes

B-TCP

Dogs

Yes

3/8 weeks
6 weeks

0.32, 0.57 mg/ml

10 ug

HA block HA particulate
Dicalcium phosphate

PBS

Craniofacial
Craniofacial

Spine

Dogs

Schwarz et al. (2008)
Simank et al. (2006)
Chujo et al. (2006)
Spiro et al. (2001)
Magit et al. (2006)
Jahng et al. (2004)
Spiro et al. (2000)
Spiro et al. (2000)

Yes

Yes

Yes

Rabbits

Yes

Yes

16 weeks

10ng, 1, 100 ug
0.1, 1.0 mg/ml

Rabbits

Yes

Collagen/HA
Collagen/HA
Collagen/HA
Collagen/HA
Collagen/HA

Spine

Rabbits

Yes

Yes

Yes

8 weeks

0.5, 1.0, 1.5 mg/ml

0.5 mg/ml

Spine

Rabbits
Sheep

Yes

Yes

Yes

2/4/6 months
20 weeks

Spine

Yes

Yes

0.5, 1.5 mg/ml

Spine

Baboons

Yes

Yes

21 weeks

0.022, 0.220, 2.2 mg

Long bone

Baboons

Mice

Yes

Yes

Yes

4/7/10 days, 2/3/4/5/6weeks

2/4/8 weeks

Long bone
Cartilage

Chhabra et al. (2005)

Yes

Bone marrow mesenchymal cells
Collagen/Hyaluronan

DBM

Rabbits
Pigs

Katayama et al. (2004)
Jung et al. (2006)

Yes

3/12 months
10/21 days
2 weeks

0.294 mg/site

Cartilage

Yes

Tendon

Rats
Rats
Rats
Rats

Wolfman et al. (1997)
Bolt et al. (2007)
Dines et al. (2007)

Yes

Yes

Adenovirus
Sutures

Tendon

Yes Yes

3/6 weeks

25, 55, 556 ng/cm
04,2, 10 ug

Tendon
Tendon

Yes Yes

1/4 weeks

Forslund et al. (2003)
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(n=4) animals were sacrificed at 3, 7,
14, 21, or 28 days, respectively. At 3
and 7 days, thickened tissue containing
mesenchymal cells was observed at the
rhGDF-5 sites, some of the cells immu-
noreactive to proliferating cell nuclear
antigen, a marker for dividing cells.
Controls exhibited no change. At 14
and 21 days, new bone/cartilage-like
tissue formation was evident at rhGDF-
5-treated sites, also including bone
marrow-like structures. These tissues
showed immunoreactivity for both
Type I and Type II collagen. At 28
days, new bone/cartilage-like tissue for-
mation including osteocyte-like cells
and bone marrow-like areas were
observed in haematoxylin/eosin-stained
sections at rhGDF-5-treated —sites.
Tartrate-resistant ~ acid  phosphatase
(TRAP)-positive multinucleated cells (i.e.,
osteoclasts) were detected in the centre
of the marrow-like areas. Smaller, three
to five nuclear, and mononuclear TRAP-
positive cells adjoined the cell matrix.
These tissues were strongly immunos-
tained for Type I collagen, as were areas
surrounding the osteocyte-like cells. The
newly formed bone/cartilage-like tissue
was strongly positive for Type I col-
lagen, the major collagen of bone. In all,
these observations suggest the rhGDF-5
in a collagen carrier may effectively
induce bone formation using a process
similar to endochondral bone formation.

Kuniyasu et al. (2003) demonstrated
that thGDF-5 supports local bone for-
mation in a dose-dependent order fol-
lowing implantation of rhGDF-5 in a
Type I collagen matrix onto calvarial
bone in 60 4-week-old Wistar rats.
rhGDF-5/collagen minidisks containing
0, 1, 10, and 100 ug rhGDF-5 were
placed onto the calvarial bone below
the periosteum. Animals in groups of
five per dose were sacrificed at 1, 2, and
3 weeks post-implantation for radio-
graphic and histometric evaluation.
Bone formation gradually increased in
a dose-dependent order over the 3-week
interval. At 3 weeks, constructs contain-
ing 1pg rhGDF-5 showed new bone
formation on the cranial side of the
minidisk. Constructs containing 10 ug
rhGDF-5 showed bone formation and
marrow proceeding to the centre of the
construct from both periosteal and cra-
nial aspects. The newly formed bone
showed a connected trabecular structure
with abundant vascularization. Con-
structs including 100 ug thGDF-5 sig-
nificantly increased bone formation
compared with lower dosages. The con-
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structs were almost entirely replaced by
bone and marrow, and newly formed
bone firmly integrated with the resident
bone. In contrast, bone formation was
not found in the controls.

Bone formation following implanta-
tion of rhGDF-5 in a f-tricalcium phos-
phate (-TCP) carrier (500 ug rhGDF-5/
g f-TCP) was evaluated using routine
critical size full-thickness cranial osteot-
omy defects (Pohling et al. 2006). Forty-
eight adult Sprague-Dawley rats were
used. Control animals received bovine
bone mineral (Bio-Oss and Bio-Oss
Collagen; Geistlich Pharma, Wolhusen,
Switzerland and PepGen P-15; Dents-
ply, Lakewood, CO, USA) and f-TCP
(Calciresorb; Ceraver Osteal, Roissy,
France; and CeraSorb; Curasan, Klei-
nostheim, Germany) bone biomaterials,
or served as sham-surgery controls.
Bone formation following a 6-week
healing interval was evaluated using
histology. Bone fill following implanta-
tion of rhGDF-5 in the S-TCP carrier
approximated 50% of the defect area.
Defect fill for the sham-surgery control
approximated 20% and ranged from 4%
to 12% for the bone biomaterials,
demonstrating a significant positive
influence of thGDF-5 on local bone
formation and a noteworthy negative
influence of the bone biomaterials as
stand-alone technologies.

Craniofacial and peri-implant bone
formation

Craniofacial and related implant appli-
cations have been evaluated in four
reports (Simank et al. 2006, Gruber
et al. 2008, Schwarz et al. 2008, Weng
et al. 2009). Simank et al. (2006) used
18 adult female New Zealand White
rabbits to evaluate the effect of coating
4.1 x Smm titanium implants with
10 ug GDF-5, a dicalcium phosphate
coating, or 10ug GDF-5 combined
with the dicalcium phosphate coating.
Contra-lateral femoral condyles (a tra-
becular bone model) received uncoated
control or coated implants (six animals/
experimental condition). The implant
sites were evaluated following a 6-
week healing interval using micro-CT,
non-destructive mechanical testing, and
histometric analysis. All surface modi-
fications exhibited a significant positive
effect on implant stability compared
with control. There was an inverse cor-
relation between bone formation and
micro-displacement, and peri-implant
soft-tissue formation.

Three reports concerned maxillary
sinus and alveolar ridge inlay and onlay
indications. rhGDF-5 in a $-TCP carrier
and B-TCP as a stand-alone procedure
were evaluated for maxillary sinus aug-
mentation using 12 miniature pigs (Gru-
ber et al. 2008). Contra-lateral maxillary
sinus sites either received rhGDF-5 at
400 or 800 ug/g -TCP carrier, or 3-TCP
alone. Each site also received one dental
implant. Histometric analysis of non-
decalcified specimens from 4 and 12
weeks showed significantly higher mean
bone density at 4 weeks for the 400 ug
rhGDF-5 group compared with control
(23% versus 8%; p=0.05). Bone-
implant contact (i.e., osseointegration)
was significantly enhanced at 4 weeks
for thGDF-5 (400/800 ug ~ 40%) com-
pared with the S-TCP control (8-16%;
p<0.05). There were no significant dif-
ferences between treatments at 12 weeks
suggesting that addition of thGDF-5 to
sinus floor augmentation procedures
accelerated local bone formation and
osseointegration, but did not produce a
net gain over control.

In a second study, rhGDF-5/-TCP
induced bone formation was evaluated
in 8 x 5mm (height x width) mandibu-
lar through-and-through saddle-type
defects using five adult dogs (Weng
et al. 2009). A 2 x 10mm screw-
type implant was placed in the centre
of each defect. Control defects received
p-TCP/autograft bone (1:1) or S-TCP
combined with guided bone regenera-
tion versus thGDF-5/f-TCP combined
with guided bone regeneration. Histolo-
gical/metric results following an 8-week
healing interval suggest that rhGDF-5
significantly enhanced local bone for-
mation in this defect model. All the
implants became osseointegrated.

The effect of rthGDF-5 on lateral
ridge augmentation has been evaluated
in a canine model (Schwarz et al. 2008):
maxillary and mandibular edentulated
chronic alveolar ridge defects in eight
young adult Beagle dogs were used.
rhGDF-5 or thBMP-2 in particulate
and block bovine bone mineral matrices,
in conjunction with a bovine collagen
membrane, were evaluated following
3- and 8-week healing intervals. Control
defects received the bovine particulate
and block biomaterials and membrane
without growth factors. thGDF-5 and
rhBMP-2 both supported local bone
formation; their effects highly influ-
enced by the carrier technology.

An additional report has evaluated
rhGDF-5-coated titanium porous oxide

implants using the critical-size supraal-
veolar peri-implant defect model (Poli-
meni et al. 2009). Six dogs received
implants coated with 30 or 60ug
rhGDF-5; six dogs implants coated
with 120 ug rhGDF-5 or left uncoated
(control). The mucoperiosteal flaps were
advanced, adapted, and sutured to sub-
merge the implants for primary intention
healing. The animals received fluores-
cent bone markers at week 3, 4, 7, and 8
post-surgery when they were euthanized
for histologic evaluation. The histo-
metric evaluation showed a dose-depen-
dent increase in local bone formation for
rhGDF-5-coated implants compared
with control. Narrow fluorescent zones
throughout the newly formed bone indi-
cated relatively slow new bone forma-
tion within 3-4 weeks. All treatment
groups exhibited relevant osseointegra-
tion. Moreover, application of rhGDF-5
appears safe as it was associated with
limited, if any, adverse effects.

Collectively, these studies evaluating
GDF-5 for craniofacial and related indi-
cations suggest several beneficial
effects: GDF-5 enhances endosseous
implant stability in trabecular bone,
and GDF-5 accelerates bone formation
and osseointegration in the maxillary
sinus and in mandibular alveolar
defects. These encouraging observations
have prompted a prospective, rando-
mized clinical trial on the safety and
efficacy of rhGDF-5 coated onto ;-TCP
for sinus floor augmentation including
histologic evaluation of biopsies from
the augmented sites presently being
completed.

Spine indications

Five reports have evaluated spine fusion
and invertebral disc extracellular matrix
production (Spiro et al. 2000, 2001,
Jahng et al. 2004, Chujo et al. 2006,
Magit et al. 2006). A rabbit invertebral
disc puncture model was used to evalu-
ate a potential effect of hGDF-5 on disc
repair (Chujo et al. 2006). Two lumbar
discs in each of 16 New Zealand White
rabbits received anular punctures and
4 weeks later injections of rhGDF-5
(10ng, 1 and 100 pug) or phosphate-
buffered saline into the nucleus pulpo-
sus. Animals were evaluated using MRI
and histometrics following a 16-week
healing interval. Injection of rhGDF-5
resulted in statistically significantly
improved healing, including restoration
of disc height, improved MRI and histo-
metric scores, suggesting that rhGDF-5
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has significant effects on extracellular
matrix production.

Bilateral posterolateral lumbar fusion
(L5/L6) was evaluated in 99 mature
male New Zealand White rabbits (Spiro
et al. 2001). Animals in groups of 11
received morselized trabecular bone and
marrow from the iliac crest (1 ml/side);
a Type I collagen/hydroxyapatite matrix
(Healos™ II Bone Graft Substitute); the
collagen/hydroxyapatite matrix with
bone marrow; or thGDF-5 in three dif-
ferent formulations including soak-
loaded onto the collagen/hydroxyapatite
matrix; rhGDF-5 soak-loaded onto non-
crosslinked mineralized collagen strips
and lyophilized; or thGDF-5 added to a
collagen fibre slurry during a minerali-
zation reaction. Mineralized collagen
fibres containing rhGDF-5 were then
cast into standardized moulds and lyo-
philized. All rhGDF-5 formulations
were prepared at concentrations of 0.1
and 1.0mg/ml for a total dose of 0.26
and 2.6 mg/side. Fusion rates as high as
80% were observed for the rhGDF-5
formulations. Average biomechanical
strength of the most effective thGDF-5
formulations was 82% greater than that
observed for autograft, although this
difference was not statistically signifi-
cant. The fusion mass induced by
rhGDF-5 was composed of normal tra-
becular bone and haematopoietic mar-
row with a thin outer cortical plate. The
results suggest that the rhGDF-5/col-
lagen matrix combination provides an
effective alternative to autograft bone.

In a third report, single-level, L5/L6,
inter-transverse process fusions in
New Zealand White rabbits using
rhGDF-5 at 0.5, 1.0, and 1.5mg/ml in
the Type I collagen/hydroxyapatite car-
rier (Healos®™ II Bone Graft Substitute)
were described (Magit et al. 2006).
Control animals received carrier alone
or autograft. Thirteen animals were used
in each group. The thGDF-5 treatments
all supported a 100% fusion rate eval-
vated using manual palpation, radio-
graphs, and histology following an
8-week healing interval. The fusion
rate for autograft bone was 38% and
0% for the carrier alone. These results
suggest thGDF-5 in the collagen/hydro-
xyapatite carrier predictably supports
inter-transverse process fusion, and
could serve as a preferred alternative
to autograft bone for spine fusion indi-
cations.

The effect of GDF-5 for spine fusion
indications has been confirmed using
large animal platforms. rhGDF-5 again
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using the Type I collagen/hydroxyapa-
tite carrier (Healos® II Bone Graft
Substitute) was compared with autograft
bone to induce and facilitate posterolat-
eral lumbar fusion using an ovine plat-
form and a minimally invasive posterior
endoscopic surgical approach (Jahng et
al. 2004). Twelve adult sheep received
bilateral posterolateral lumbar fusion
and pedicle screw fixation, with each
animal receiving autograft iliac crest
bone or thGDEF-5 inserted into the right
and left sides of the spine. Animals in
groups of four were euthanized for
manual, radiographic, and histologic
analysis at 2, 4, and 6 months. At 2
months partial bilateral fusion was
observed, with the radiographic evalua-
tion showing greater bone formation at
the sites receiving thGDF-5. Solid bilat-
eral fusion was observed at 4 and 6
months; the autograft and rhGDF-5
fusion sites showing similar histological
characteristics without anomalous bone
formation. This study suggest that
rhGDF-5 in a Type I collagen hydro-
Xyapatite carrier may be used as an
effective substitute for autograft bone
in conjunction with endoscopic poster-
olateral lumbar arthrodesis and instru-
mentation and likely also in other
surgical procedures. Importantly, appli-
cation of rhGDF-5 appeared to acceler-
ate local bone formation.

A non-instrumented, posterolateral
lumbar inter-tranverse process fusion
of one motion segment (L4/L5) was
performed in 36 skeletally mature
female baboons using thGDF-5 and the
Type I collagen/hydroxyapatite carrier
(Healos® II Bone Graft Substitute) at
0.5 and 1.5mg/ml for a total dose of 5
and 15 mg/side (Spiro et al. 2000). Con-
trol sites received iliac crest autograft
(5ml/side). Lumbar vertebrae were
exposed through a posterior approach
and the implant site prepared by bilat-
eral transverse process decortication.
Two strips of the rhGDF-5 construct/
side (5 ml/side) were placed across the
L4/L5 transverse processes. Spines were
harvested for ex vivo radiographic,
computerized tomographic, and qualita-
tive histological evaluation at week 20.
The histology revealed new bone for-
mation ranging from complete fusion
across the motion segment to limited
bone formation. The 0.5 mg/ml concen-
tration showed the most robust bone
formation including well-organized
fusion masses. Three specimens showed
bilateral fusion, two unilateral fusion,
and four discontinuous fusion masses.
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The 1.5mg/ml concentration showed
less bone formation. No bilateral fusions
and only one unilateral fusion were
observed. No residual matrix was appar-
ent in any of the specimens in both
groups. Sites implanted with autograft
showed large bone fusion masses con-
sisting of irregular lamellar trabecular
bone, haematopoietic marrow, and well-
developed cortices.

These studies evaluating GDF-5 tech-
nologies for spine fusion indications
using rabbit and large animal (goat/
baboon) platforms clearly show that
GDF-5 in a Type I collagen/hydroxya-
patite carrier is an effective candidate
treatment and a realistic alternative to
autograft bone for spine fusion. Several
studies suggested that GDF-5 acceler-
ates spine fusion. Notably, GDF-5
supported posterolateral lumbar inter-
tranverse process fusion in the baboon
in an inverse dose-dependent order.

Long bone indications

Mouse and baboon models have been
employed to elucidate the significance
of GDF-5 for fracture healing and bone
repair of osteotomy defects (Spiro et al.
2000, Chhabra et al. 2005). Chhabra
et al. (2005) used a mouse femoral shaft
fracture model to study the significance
of GDF-5 on fracture healing. GDF-5
(—/—) brachypodism mice and pheno-
typically normal hetrozygote (+/—) lit-
termates (control) exposed to femoral
closed mid-shaft fractures and stabilized
with intra-medullary fixation were eval-
uated following 4-, 7-, 10-, 14-, 21-, 28-,
35-, and 42-day healing intervals. The
results of the biochemical, histologic,
and radiographic analysis suggest that
GDF-5-deficient mice display signifi-
cantly delayed short-term (7-14 days)
fracture healing. These observations in
turn suggest a significant role for GDF-5
in fracture repair by promoting cellular
recruitment and chondrocyte differen-
tiation.

Using a non-human primate platform,
Spiro et al. (2000) showed that hGDF-5
supports closure of fibular osteotomy
defects in a dose-dependent order. Bilat-
eral 1.5 cm osteotomy defects were cre-
ated in the fibular mid-diaphysis in 16
skeletally mature male baboons, with
the stabilized defects receiving thGDF-
5 at 0.01, 0.1, and 1.0mg/ml in the
Type I collagen/hydroxyapatite carrier
(Healos® II Bone Graft Substitute) for a
total dose of 0.022, 0.22, and 2.2 mg/
defect. Contra-lateral defects served as
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carrier controls. Block biopsies of the
fibular osteotomy sites were collected at
21 weeks. The qualitative histological
evaluation showed 100% union for the
2.2mg high-dose, 75% for the 0.22 mg
mid-dose, and 50% for the 0.022mg
low-dose group. Only 25% of the carrier
control sites showed any histological
evidence of union. The fibular unions
were characterized by mature bone clo-
sure with distinct cortices and medullary
tissue. Altogether, these studies using
long-bone fracture and osteotomy mod-
els confirm a significant therapeutic
potential for GDF-5 consistent with
indications for cranial, craniofacial,
and spine settings.

Cartilage formation

Two studies evaluated the effect of
GDF-5 on cartilage formation (Kataya-
ma et al. 2004, Jung et al. 2006) using
rabbit and miniature pig platforms.
GDF-5 was investigated for articular
cartilage repair using a rabbit knee-joint
full-thickness cartilage defect (Kataya-
ma et al. 2004). Thirty New Zealand
White rabbits received GDF-5 and con-
trol gene transfected autologous bone
marrow-derived mesenchymal cell con-
structs into contra-lateral f4 x 4 mm
osteochondral defects. Sixteen animals
served as sham-surgery control. Ani-
mals were sacrificed for histologic
evaluation at 2, 4, and 8 weeks. Implan-
tation of GDF-5 increased -cartilage
regeneration compared with controls.
The defects filled with hyaline cartilage
and the deeper zone showed remodeling
to subchondral bone over time. This
study suggests that GDF-5 allows
enhanced repair and remodeling compa-
tible with hyaline articular cartilage.

In the second study, thGDF-5 in a
Type I collagen/hyaluronan sponge car-
rier was used to study osteochondral
repair in a medial femoral condyle
defect using a miniature pig platform
(Jung et al. 2006). Bilateral (6.3 x
10 mm cylindrical osteochondral defects
received rhGDF-5, carrier control, or
served as sham-surgery controls. Ten
animals received rthGDF-5 versus
sham-surgery and 10 animals the col-
lagen/hyaluronan carrier versus sham-
surgery. Five animals from each group
were sacrificed for histological evalua-
tion at 3 and 12 months. thGDF-5 and
carrier control increased localized bone
formation at 3 months compared with
the sham-surgery control (p=0.05).
The increased amount of bone with

collagen/hyaluronan carrier alone did
not reach statistical significance. By 12
months, there were no longer significant
differences in bone formation, nor were
there any improvements in cartilage
formation at any observation interval.
Thus, in this model system, GDF-5
again appeared to accelerate tissue
maturation, but did not influence the
final amount formed.

Tendon/ligament formation and repair

Tendon formation and repair was exam-
ined in four reports, all using rat models
(Wolfman et al. 1997, Forslund et al.
2003, Bolt et al. 2007, Dines et al.
2007). In the earliest study, GDF-5, -6,
or -7 in a demineralized bone matrix
carrier were implanted into subcuta-
neous and intra-muscular sites to evalu-
ate de novo tissue formation (Wolfman
et al. 1997): 165 implants were placed
into subcutaneous sites and 18 implants
into the quadriceps muscle in 4-week-
old rats. Implants were subsequently
evaluated using light and electron
microscopy. Ten-day GDF implants
were highly cellular while 21-day
implants had undergone remodeling to
become mainly acellular. Maturing
implants consisted of densely packed
connective tissue composed of collagen
fibres that under polarized light showed
an intensity of birefringence and regular
periodicity characteristic of tendons and
ligaments. In contrast, control BMP-2
implants induced endochondral bone
formation. Aggrecan mRNA was pre-
sent in GDF-5, -6, or -7 induced tissue
consistent with the ability of cells resi-
dent in tendons and ligaments to pro-
duce a fibrocartilaginous extracellular
matrix. Matrix proteins known to be
abundant in adult tendon/ligament
were present in the GDF implants with
elastin, Type I collagen, and decorin
showing high levels of expression.

In a later study, GDF-5, -6, and -7
were evaluated at O (control), 0.4, 2, and
10 ug to investigate wound healing in a
rat Achilles tendon model (Forslund
et al. 2003). Differences in osteogenesis
between GDF-5, -6, and -7 at the var-
ious doses were also evaluated. GDF-5,
-6, and -7 were injected into the Achilles
tendon injury sites 6 h post-operatively.
Biomechanical evaluation at 8 days
showed a significant dose-related in-
zcrease in Achilles tendon strength and
stiffness for all three proteins, without
significant differences among them.
Comparing the high GDF-5, -6, and -7

dose to OP-1 with respect to cartilage
and bone formation at 4 weeks showed
cartilage formation in all groups, with-
out remarkable differences between
them. Bone formation also occurred in
all groups except the control, again
without notable differences among the
groups. The GDF-5, GDF-7 and OP-1
groups contained significantly more cal-
cium than controls. The results suggest
that GDF-5, -6, and -7 are suitable
candidate therapeutic agents for tendon
repair.

Two more recent reports corroborate
these early studies on the effects of local
application of GDF-5 on tendon repair.
Bolt et al. (2007) used a Sprague-Daw-
ley rat Achilles tendon laceration model
to examine tendon repair following
application of adenovirus-mediated
GDF-5. Adenovirus expressing either
the gene for green fluorescent protein
(AdGFP) or the gene for human GDF-5
and green fluorescent protein (AdGDF-
5) were incorporated in the right
Achilles tendon in conjunction with
surgical repair. Additional animals
served as sham-surgery controls. Sev-
ered Achilles tendons were examined
histologically and biochemically 2
weeks post-treatment. Sites transduced
with GDF-5 showed minimal gapping,
tensile strength greater than 70%, and a
greater number of neotenocytes com-
pared with sites receiving AdGFP or
sham-controls. Ectopic bone or cartilage
was not observed in tendons transduced
with GDF-5. Moreover, the adenoviral
vector did not elicit an appreciable
immune response. These observations
suggest that GDF-5 enhances Achilles
tendon repair in rats and may indicate its
potential use in tendon repair elsewhere
in the musculoskeletal system.

Dines et al. (2007) evaluated the
potential of thGDF-5 to influence ten-
don repair. Sutures soak-loaded with
rhGDF-5 at O (control), 24, 55, and
556 ng/cm were applied in a rat tendon
repair model. Histologic and biomecha-
nical parameters showed that rhGDF-5
accelerated tendon repair compared
with control at 3 weeks whereas there
were no notable differences between
rhGDF-5 and control sites at 6 weeks.
At 3 weeks, rhGDF-5-coated sutures
displayed higher tensile load and stiff-
ness, pronounced tendon hypertrophy,
increased healing rate, and minimal iso-
lated cartilage formation compared with
control. In all, this study suggests that
rhGDF-5 significantly accelerates ten-
don repair.
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These reports suggest that GDF-5,
and also GDF-6 and -7, may have ther-
apeutic effects beyond bone and carti-
lage formation. Tendon repair must be
confirmed, where possible, using large
animal platforms before clinical use.
The successful development of this can-
didate therapy would have several sig-
nificant uses, one of them being sports
medicine.

Periodontal perspectives

The pre-clinical studies above using
small and large animal platforms clearly
demonstrate favourable effects of GDF-
5 on ligament, tendon, cartilage, and
bone formation, making GDF-5 also a
potential candidate for periodontal indi-
cations; cementum, ligament and bone
formation being critical components of
periodontal wound healing/regenera-
tion. The temporal and spatial associa-
tion of GDF-5 in development of the
periodontal attachment (Morotome et al.
1998, Sena et al. 2003) further supports
the candidacy of GDF-5 as therapeutic
agent for periodontal wound healing/
regeneration. Moreover, in vitro assays
demonstrate that thGDF-5 dose depen-
dently enhances human periodontal liga-
ment cell proliferation and matrix
formation (Nakamura et al. 2003). A
battery of preliminary reports have
described the evaluation of rhGDF-5
combined with various carrier technol-
ogies in periodontal settings (Bennett
et al. 2009, Kim et al. 2009, Kwon
et al. 2009a, b, Lee et al. 2009, Sculean
et al. 2009, Stavropoulos et al. 2009,
Wikesjo et al. 2009, Windisch et al.
2009). thGDF-5 at 20ug in a -TCP
carrier or at 1, 20, 100 ug in an absorb-
able Type I collagen sponge carrier was
implanted into mandibular pre-molar,
one-wall, intra-bony periodontal defects
in dogs (Kim et al. 2009, Lee et al.
2009). Controls received fS-TCP, the
collagen sponge, or sham-surgery.
rthGDF-5 groups exhibited significantly
enhanced bone and cementum formation
including a functionally oriented perio-
dontal ligament compared with controls
at the end of the 8-week study; the
rhGDF-5/3-TCP combination obviously
being the most effective treatment. Lim-
ited, if any, adverse reactions were
observed. Other studies evaluated
injectable poly(p,L-lactide-co-glycolide)
carriers for ease of use and minimally
invasive protocols (Bennett et al. 2009).
Still others evaluated a mouldable com-
posite poly(p,L-lactide-co-glycolide)
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carrier for onlay indications (Kwon
et al. 2009a). An FDA-approved recom-
binant human platelet derived growth
factor (thPDGF) in a p-TCP carrier
preparation (GEM-21S; BioMimetic
Therapeutics, Franklin, TN, USA) was
used to benchmark the competitive
value of the thGDF-5/3-TCP treatment
for periodontal wound healing/regenera-
tion (Kwon et al. 2009b). Mandibular pre-
molar, one-wall, intra-bony periodontal
defects in dogs received thGDF-5/-TCP
and rhPDGF/f-TCP in contra-lateral
jaw quadrants. thGDF-5/3-TCP pro-
moted significantly greater (2-2.5 Xx)
bone and cementum formation compared
with the thPDGF/-TCP construct. These
promising results warranted follow-up
clinical investigations.

A phase Ila randomized, controlled,
clinical and histological parallel group
design pilot study in 20 patients was
conducted to evaluate the effect of
rhGDF-5/-TCP versus that following
sham-surgery control in severely
advanced intra-bony periodontal defects
at teeth treatment planned for extraction
(Sculean et al. 2009, Stavropoulos et al.
2009, Windisch et al. 2009). The results
following a 6-month healing interval
suggest that rhGDF-5/3-TCP can be
considered safe; no adverse reactions
were observed. Less gingival recession
and almost two times greater clinical
attachment gain were observed. The
histologic evaluation suggests that
rhGDF-5/5-TCP  favourably affects
bone formation, and may substantially
support periodontal regeneration (Stav-
ropoulos et al. 2009).

Summary

The pre-clinical studies reviewed herein
evaluating GDF-5 for musculoskeletal
indications point to the importance of a
variable and sequenced approach to
study the effect of therapeutic agents in
pre-clinical settings prior to clinical eva-
luation. Observations in small animal
screening models must be confirmed in
well-characterized dentoalveolar models
using large animal platforms. Not only
variable approaches need to be consid-
ered as here for bone, tendon/ligament,
and cartilage repair, but also dose,
release kinetics, healing intervals, as
well as delivery/carrier technology.
Thus far, pre-clinical studies evaluating
GDEF-5 in periodontal settings corrobo-
rated by a human histologic pilot study
point to a sound rationale for GDF-5 as a
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therapeutic agent for periodontal wound
healing/regeneration.
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Clinical Relevance

Scientific rationale: GDF-5 is being
evaluated as a candidate therapy for
periodontal wound healing/regenera-
tion. The objective of this text was
to, in perspective, review the poten-
tial utility of GDF-5 as a therapeutic
agent in musculoskeletal settings
throughout the axial and appendicu-
lar skeleton.

Principal findings: Application of
GDF-5 in a variety of carrier systems
increased/accelerated local bone for-
mation, fracture healing/repair, carti-
lage and tendon/ligament formation,
and periodontal wound healing/
regeneration as evaluated using bio-
mechanical, radiographic, and histo-
logical parameters. Significant dose-
dependent effects were observed.

Practical  implications: ~ GDF-5
appears a promising technology in
support of periodontal wound heal-
ing/regeneration. Clinical evaluation
for several musculoskeletal indica-
tions including periodontal wound
healing/regeneration appears moti-
vated.
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