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Abstract

Use of soluble signals for modulation of bone formation has become a significant clinical market
in recent years. Improvements in implant site preparation and osseointegration have already been
achieved with the use of recombinant PDGF and BMP on osteogenic scaffolds. Other states of
insufficient bone such as osteoporosis are widely treated with inhibitors of osteoclast function or
osteoblast anabolic agents. However, despite promising therapies targeting the osteoblast and
osteoclast directly, therapies utilizing indirect regulation through secondary cellular nodes of
control (NOC) are just beginning to emerge. This article will review current strategies for
regulation of bone formation by targeting two primary NOCs, the osteoblast and osteoclast, as
well as four secondary NOCs, the vascular, hematopoietic, mesenchymal and neural.
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CURRENT STATE OF THE FIELD

Significant advancements in the fields of tooth replacement and bone tissue engineering
have been made since the first characterization of the bone morphogenetic family of proteins
(BMPs) in 1965 (1). This discovery coincides with the placement of the first human titanium
root-form dental implant that had significant research to support its use (2). Though they
originated at the same time, the first publications suggesting combined use of soluble factors
such as BMPs and dental implants did not occur until 28 years later in 1993 (3). Even
without additional osteogenic factors, the success of osseointegrated titanium implants has
reached levels of 95.6-97.5% in settings where the majority (up to 83.5%) of patients are
medically compromised, active, or former smokers (4, 5). For those who are candidates for
dental implants, this success rate is extraordinary. As such, technological advancements to
bring implant therapy to those previously excluded as candidates for reasons related to
insufficient bone quality or volume are desired. This article will address current therapeutics
designed to address osseous deficiencies and outline novel strategies that may prove
beneficial for future implant therapeutics.
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INTRODUCTION TO THE BONE MARROW

Largely due to the use of marrow as a food source, it has long been recognized that bone
marrow composition varies by site with the more red marrow being confined toward the
middle of the animal and the yellow, or fatty, marrow existing toward the periphery. Indeed,
the initial inclusion of meat into the hominid diet 2.6 million years ago was inferred due to
evidence of bone marrow removal shown by impact fractures from stone tools on sections of
ungulate limb bones (6). We have since learned that the primary function of the adult bone
marrow is blood cell formation, or hematopoiesis, and in 1968 the transplantation of bone
marrow to rescue patients with serious illnesses such as leukemia was realized (7, 8). The
forty years following this first successful bone marrow transplant have been spent
uncovering and characterizing the many cell types and signaling molecules present in this
complex microenvironment. Application of this knowledge to the regeneration of the
marrow’s supporting osseous and cartilaginous structures is a primary goal of the field of
bone tissue engineering.

To emphasize the complexity of this challenge, it is now appreciated that over thirty distinct
cell populations reside in close proximity to osteoblasts and osteoclasts (9, 10). These
include hematopoietic lineage cells, mesenchymal lineage cells, blood vessels, and neural
tissue. Each of these cell populations, alone or in combination, possesses the capacity to
influence bone growth and regeneration. If we consider that the sequence of signaling
between cells can vary (e.g., B cell = T cell — Osteoblast vs T cell — B cell — Osteoblast)
there exist at minimum 2.65*1032 unique sequences of cells/signals that could potentially
regulate bone formation (often with redundancies in signaling pathways). This is without
even considering the important signaling role of the extracellular matrix in this environment.
Though overwhelming, this complexity reaffirms the need to continue our exploration with
an open mind.

THE OSTEOBLAST

Current strategies for induction of bone formation at implant sites revolve around two
primary ‘nodes of control’ (NOC) in the bone marrow microenvironment. The first node
encompasses modulation of the osteoblast. Osteablasts are specialized cells that reside on
the bone surface and are responsible for production and mineralization of bone matrix.
Osteoblasts are derived from mesenchymal stem cells (MSCs) when differentiation is
induced and transcription factors such as Runx2 are activated (11). Increased bone formation
can be achieved by (1) increasing the activity of mature osteoblasts, (2) increasing the
number of osteoblast precursor cells, (3) stimulating differentiation of new cells from
osteoblast precursors, and (4) inhibiting osteoblast cell death.

Modulation of osteoblast formation and function is currently the most exploited strategy for
bone tissue engineering and represents a prime target for augmenting osseointegration.
Clinicians can now offer BMP-2 laced collagen sponges to their patients as an alternative
grafting protocol for approximately $870 per 0.5cc (Medtronic, INFUSE® Bone Graft).
Though not yet available to dentists, BMP-7, referred to as osteogenic protein one (OP-1®),
has also been approved under the humanitarian device exemption by the FDA as of October
17t 2001 (Stryker, OP-1®). Currently, the cost is $5000 per 3.3mg dose to be applied for
spinal fusion or fracture repair when an autograft is not feasible and other treatments have
failed. BMPs are the prototypical bone inducing soluble factors that were first identified as
present within the bone matrix. As early as 1889 it was shown that decalcified bone could be
used to heal lesions due to osteomyelitis (12). Forty-nine years later, studies revealed that
intramuscular injection of an acid-alcohol extract of bone could induce a mix of bone and
cartilage in rabbits (13, 14). And now, seventy-two years later, BMP family members have
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been identified (1), cloned (15, 16), synthetically-produced (17), and delivered to patients to
enhance periodontal tissue regeneration. When administered locally to a bone defect, BMP-2
and BMP-7 can induce the differentiation of progenitor cells into chondrocytes and
osteoblasts and enhance bone formation (18-20). There are currently two ongoing clinical
trials testing localized alveolar ridge augmentation with the BMP-2 INFUSE® bone graft for
implant placement both at the time of the graft and six months after graft placement (21).
The expected completion date for these studies is December 2010.

Growth and differentiation factor 5 (GDF-5) is closely related to BMP and is also a member
of the transforming growth factor-beta (TGF-f) superfamily of proteins. GDF-5 stimulates
limb mesenchyme aggregation and chondrogenesis and regulates skeletal development (22).
A human recombinant form of GDF-5 coated onto beta-tricalcium phosphate (3-TCP) (Scil
Technology GmbH, MD05®) is undergoing clinical trials as an osteoinductive and
osteoconductive bone graft material for use in dental and maxillofacial applications (21, 23).
Results in the rat calvarial defect model demonstrated a five-fold enhancement in bone
histomorphometrical parameters with GDF-5/B-TCP over 3-TCP alone (23).

In addition to BMPs, there are a variety of growth factors that are being pursued as pro-
osteogenic agents. Platelet derived growth factor (PDGF) on B-TCP (Osteohealth,
GEM21S®) can be purchased for $299 per 0.5cc and is advertised for use in periodontal,
furcation, and intrabony defects. PDGF is known to stimulate bone cell growth, promote
division of precursor cells, and increase type | collagen synthesis by osteoblasts (24). In
addition to clinical trials for bone formation, administration of PDGF in protein or
adenoviral vector (gene therapy) form at the time of implant placement enhances
osseointegration in rats (25). Fibroblast growth factor (FGF), like PDGF, can increase cell
division of osteoblast precursors and other cells and enhance local bone formation.
However, overexpression of FGF-2 in mice causes osteopenia which emphasizes the need to
selectively regulate dose and site selection (26). The main advantage of mitogenic factors
such as PDGF and FGF is that after increasing precursor cell numbers the body can then
take over and regenerate structures in a way that we can not yet mimic in the laboratory
environment. Unlike predominantly bone forming BMPs, local application of FGF-2 has
facilitated regeneration of new periodontal ligament, cementum, and bone simultaneously in
canine periodontal defects (27). The drug Trafermin® (Kaken Pharmaceutical), a human
recombinant FGF-2 protein, is currently in phase 11 clinical trials for periodontal tissue
regeneration (21). In addition, FGF coated onto the surface of titanium implants in a calcium
phosphate matrix can enhance osseointegration in animal models and a slowly-degrading
FGF-gelatin hydrogel complex for repair of fenestrated implants has been successful in dogs
(28, 29).

Though not yet used in dental applications, injection of anabolic parathyroid hormone (PTH)
is widely used as a treatment for osteoporosis. Recombinant versions of the N-terminal
segment (Eli Lilly, Forteo®) or full-length recombinant protein (NPS Pharmaceuticals,
Preos®) have been tested in humans. However, only Forteo® is currently approved for use
by the United States FDA due to unresolved concerns about development of hypercalcemia
with Preos®. Anabolic PTH has multiple actions that include enhancement of osteoblast
proliferation and differentiation, increased engraftment of hematopoietic stem cells (HSCs)
in new bone, and induction of bone formation (30, 31). Studies with ectopic ossicles in mice
suggest that anabolic PTH (N-terminal segment) can significantly enhance formation of new
bone with daily subcutaneous injection (32). Phase I clinical trials testing Forteo® for
augmentation of regeneration after periodontal surgery have been completed with results
anticipated to be published in 2010.
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Insulin-like growth factor (IGF) has two identified isoforms (IGF-I and —I1) that are the most
abundant growth factors in bone tissue (26). IGF-I has a slight mitogenic effect on osteoblast
precursors and a significant anti-apoptotic function that helps to increase the total osteoblast
pool without dramatically regulating differentiation (26). IGF-1 can also enhance osteoblast
synthesis of collagen | (33). However, this effect is balanced by increases in RANKL
production and modulation of osteoclastogenesis (34). Our basic understanding of IGF-I
function and its diverse systemic effects have limited its use for bone tissue engineering,
however, human recombinant IGF-1 has been available since 1986 and was approved for use
in the US in 2005 to treat IGF-1 deficiency (35). Clinical trials to treat children of short
stature associated with IGF-I deficiency have demonstrated mild improvement in height
with once daily subcutaneous injection of 60 ng/kg IGF-1 (Tercica, Mecasermin) over a
period of 86 weeks (21, 35). Production of IGF by the liver is regulated by growth hormone
(GH) secreted by the pituitary, and lack of GH significantly impairs skeletal development
(36). Systemic GH has effects on many tissues, including induction of osteoblast and
osteoclast activity and subsequent increases of bone remodeling (36). Use of recombinant
GH to augment fracture healing has been proposed since the 1950s (37). Recent completion
of a human clinical trial revealed a 26% decrease in closed tibial fracture healing time with
daily injection of 60ug/kg GH (Novo Nordisk, Norditropin® SimpleXx®) (38). GH did not
significantly alter healing time of open fractures, or closed fractures at doses less than 60ug/
kg (38). Successful use of IGF-1 or GH alone for bone tissue engineering or periodontal
regeneration is unlikely, but may prove useful in combination with other factors.

THE OSTEOCLAST

The second primary NOC that is highly targeted in osteoporosis therapies, but rarely utilized
for bone tissue engineering, involves treatment to decrease both the activity and formation
of osteoclasts. Bisphosphonates such as zoledronic acid are prototypical anti-resorptive
agents and have a half-life in bone potentially exceeding 10 years (39). Bisphosphonates
block the cytoskeletal organization of osteoclasts, inhibit formation of resorption pits, and
induce osteoclast apoptosis (40, 41). Bisphosphonates are used in the treatment of
osteoporosis, bone metastasis, multiple myeloma, and Paget’s disease. Initial treatment
allows osteablasts to continue to function resulting in a net gain in bone volume. However,
after approximately two years for many of the bisphosphonates, the osteoblast activity
decreases due to lack of feedback signals from the osteoclast resorption pits (42). In healing
bone, such as during fracture repair, uncoupling of bone formation and resorption is
undesirable since activity of the osteoclast is necessary to properly remodel the bone and
direct osteoblast activity at the site of injury. However, use of anti-resorptives for temporal
regulation of osteoclast remodeling may prove beneficial for future periodontal tissue
engineering and implant therapy.

Newer medications are being designed to inhibit bone resorption without the untoward
effect of decreasing osteoblast activity. Upon the observation that bone resorption increases
during fasting, including at night on a circadian rhythm, administration of glucagon-like
peptide 2 (GLP-2) was tested for treatment of osteoporosis (43). GLP-2 is a 33 amino acid
peptide produced by the intestine in response to food intake that has been assessed as a
treatment for short bowel syndrome, Crohn’s disease, and osteoporosis. Daily subcutaneous
injection of GLP-2 before bedtime in post-menopausal women decreased serum markers of
osteoclast activity for up to eight hours without a change in markers of osteoblast function
(43). At the lowest effective dose of GLP-2 there was no increase in adverse side effects
over the placebo control (43). A second method involves inhibition of cathepsin K (CatK), a
protein expressed in lysosomes of osteoclasts that degrades type | collagen after
acidification of the resorption pit (42). Administration of a CatK inhibitior (Merck,
Odanacatib®) weekly for two years in post-menopausal women resulted in a 5.5% BMD
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increase in the lumbar spine without dose-related trends in adverse events (44). This
increase is similar to the 4.3-5.1% BMD increase achieved with the bisphosphonate
zoledronic acid in a similar post-menopausal population but may not have the extended
uncoupling effects due to the long half-life of the bisphosphonate (45). In addition, in mice
CatK inhibitors were successfully used in combination with anabolic PTH suggesting the
potential for combination therapy. This may be considered for clinical trials in regenerative
medicine and dental implant therapy in anatomic locations with less than adequate bone
quality and volume.

SECONDARY NODES OF CONTROL

When we move beyond the osteoblast and osteoclast it readily becomes apparent that there
are many other cell types and signaling pathways in the bone marrow microenvironment that
may be considered to enhance bone formation. Most factors that regulate osteoblast cell
function also have effects on surrounding populations such as vascular endothelial cells,
hematopoietic lineages, mesenchymal lineages, and neural cells. Thus, four secondary
NOCs should be considered for future therapeutic advantage: the vascular, the
hematopoietic, the mesenchymal, and the neural.

Vascular Node of Control

To maximize formation of new bone around implant sites, the cells must receive a steady
nutritional supply as well as have access to a conduit to remove metabolic waste from the
actively healing wound. These processes require establishment of a vascular bed in close
contact with bone to maintain skeletal integrity, a concept that has been recognized since the
1700s (46). In 1963 it was proposed that a vascular stimulating factor (VSF) was released at
osseous fracture sites (47). It is now understood that the main regulators of new vessel
formation include vascular endothelial growth factor (VEGF), basic FGF, hypoxia-inducible
transcription factor (HIF), PDGF, IGF-I/Il, and angiopoietin (46). VEGFs are thought to be
the main regulators of angiogenesis and VEGF in plasmid or protein form has been tested in
clinical trials for treatment of peripheral artery disease, limb ischemia, chronic diabetic foot
ulcers, and myocardial ischemia (21). Crosstalk between VEGF and HIF producing
osteoblasts and surrounding endothelial cells is critical for coupling angiogenesis and
osteogenesis during bone formation (48, 49). Reciprocal studies establish that endothelial
cells have the ability to modulate osteoblast differentiation and enhance bone formation
(50). VEGF produced by osteoblasts can upregulate BMP-2 in microvascular endothelial
cells emphasizing the close relationship between these two cell types (51, 52). Release of
VEGF alone or in combination with BMP-4 from biomimetic scaffolds can significantly
enhance bone regeneration in rodent models (53, 54). Despite success, VEGF therapy has
not yet been applied in human clinical trials for bone regeneration. FGF-2 and PDGF,
discussed above, are also capable of stimulating angiogenesis in addition to their pro-
osteogenic effects (55, 56).

Hematopoietic Node of Control

Materials such as titanium and B-TCP are carefully screened for biocompatibility and
developed using good manufacturing practice before being used in humans. Thus, at its most
basic level, modulation of the immune response is essential for successful engraftment of
foreign material or tissue into the body. However, direct regulation of the blood cells of the
marrow may provide additional benefits to bone formation if we can determine the proper
signals. One of the reasons BMPs are pro-osteogenic is that they help to maintain the
hematopoietic stem cell (HSC) niche and establish a fully functional marrow cavity in newly
formed bone (57). PTH was also able to regulate HSC recruitment to newly formed bone in
an ectopic ossicle model in mice (31).
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Mature lineages derived from the HSC also play a significant role in bone homeostasis. The
recently termed osteal tissue macrophages or ‘OsteoMacs’ are the resident macrophage
population of the bone marrow. Studies both in vitro and in vivo have shown that depletion
of this population dramatically impairs osteoblast function and can cause complete loss of
osteoblast bone-forming surface (58). Implant placement is followed by a robust
inflammatory response in which macrophages help to guide osseointegration (59). However,
in cases where the inflammation becomes chronic, implant loss may occur. Temporal
regulation of the inflammatory healing response with implant surface modification, growth
factors, and cytokines may allow facilitated increases in healing rate and bone formation
(59).

A common issue in dental treatment is the presence of infection. It is well appreciated that
the success rate of a bone graft or osseointegration of a dental implant will decrease if an
infection is present. Indeed, preliminary evidence shows that immunocompromised mice
which lack both T cells and B cells have enhanced fracture healing (60). Additional research
in the field of osteoimmunology has uncovered that T cells are potent regulators of
osteoclastogenesis via their expression of the pro-osteoclastogenic factor Receptor Activator
of Nuclear Factor kB Ligand (RANKL) (61). The presence of inflammation increases the
local concentration of inflammatory cytokines such as TNF-a. Infliximab (Centocor,
Remicade®), a monoclonal antibody against TNF-a, has been approved by the US FDA for
treatment of psoriatic and rheumatoid arthritis and effectively reduces bone destruction in
inflamed joints (61). Etanercept (Amgen/Wyeth, Enbrel®), a fusion protein inhibitor of TNF
is also clinically available with similar prescribing indications. Targeting the mechanisms
behind these hematopoietic-osseous interactions may provide new tools to deal with
infection-induced immune responses at the implant site.

Mesenchymal Node of Control

Though modulation of osteoblast function falls under this NOC, the function of three other
mesenchymal lineage cells should be considered when engineering bone. The first is the
adipocyte. As mentioned above, the number of fat cells present in the marrow at any one
period of time varies depending on area of the skeleton, age of the host, obesity, or disease
state. The mandible and maxilla generally contain very little adipose tissue, however,
manipulation of this area with soluble factors or radiation can significantly change the ratio
of red to yellow marrow. For example, irradiation of the bone at a dose designed to prepare
the host for a bone marrow transplant results in a transient filling of the bone cavity with
adipose tissue for one to two weeks (62). Blocking fat accumulation with a small molecule
inhibitior of peroxisome proliferator-activated receptor-y (PPAR-v), a transcription factor
required for adipocyte differentiation, significantly enhances engraftment of new HSCs as
well as trabecular bone formation (62).

The chondrocyte is a mesenchymal derivative that plays a major role in formation of bone
during endochrondral ossification, a mechanism that is used during development of bones
excluding the clavicle and most bones of the skull. Regardless of developmental site, this
process of forming bone with a cartilage intermediate is in some cases recapitulated during
bone tissue engineering by addition of factors such as BMP-2 (63). Endochondral
ossification begins with recruitment and differentiation of MSCs into chondroblasts. This is
followed by chondroblast proliferation and organization over the first 1-3 weeks. The
calcifying hypertrophic chondrocytes are then removed and subsequent osteoblast
recruitment and mineralization results in new bone formation (64). This process allows
relatively rapid establishment of a soft callus that is subsequently replaced by woven bone.
Since cartilage is naturally an avascular tissue, factors that induce endochondral ossification
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instead of osteoblast stimulation directly may help keep the bioengineered graft viable while
angiogenesis occurs.

Osteocytes are a third MSC derived lineage that are embedded into the bone matrix and
communicate via an extensive canalicular network of cell processes. Osteocytes are able to
respond to changes in force in the external environment by changing the activity of the Wnt/
[-catenin pathway, this then signals to the bone surface cells to regulate bone formation
(65). Without knowing the mechanism, we have long recognized that repeated loading of
bone through regular weight bearing activity helps to maintain and increase bone density.
Though the jaws are not as accessible for loading protocols as the limbs, newer technologies
are seeking to stimulate cells of the marrow with ultrasound and pulsed electromagnetic
fields (PEMF). In human clinical trials low-intensity pulsed ultrasound has enhanced repair
and regeneration of fractured bone by up to 40% (66) and extension of ultrasound’s anabolic
effects has also been proposed for tooth repair (67). The exact mechanism behind these
effects is unclear, but direct regulation of precursor cell differentiation and expression of
osteocalcin, VEGF, and the integrin family of mechanoreceptors may play a role (see (66)
for review).

Neural Node of Control

Neural regulation of bone formation has been inferred for multiple decades due to
observations of osteopenia secondary to neural disorders including reflex sympathetic
dystrophy syndrome, stroke, spinal cord injury, and peripheral neuropathy (68). Central
regulation of calcium and phosphate serum levels requires neural control of bone
remodeling that is at least party regulated through hypothalamic signal integration and
sympathetic output (68). Hypothalamic regulators of BMD include leptin, neuropeptide Y,
cannabinoid receptors, cocaine and amphetamine-regulated transcript (CART), and
melanocortin 4 receptor (see (68) for review). Direct targeting of hypothalamic centers for
tissue engineering may seem a subject of the distant future, but indirect targets are already
under investigation. As discussed above, GLP-2 is being tested as a novel therapy for
osteoporosis. GLP-2 functions by dampening normal circadian rhythm induced night-time
bone remodeling (43). p-blockers which inhibit neurons downstream of the hypothalamus
are commonly used to treat high blood pressure and migraine headaches. However,
administration of B-blockers such as propranolol can additionally increase bone formation
and inhibit resorption in rodent models (68, 69) implying that f-blockers may have
previously unrealized therapeutic value for bone formation.

FUTURE DIRECTIONS

Though osteogenic factor saturated scaffolds have proven to be useful, they are restricted to
local actions on surrounding cells. In situations where the site lacks sufficient stem and
progenitor cells such as with extensive trauma, radiation therapy or advanced age,
recruitment of stem cells from remote sites to aid regeneration and repair would be
beneficial. This would mimic adding cells that have been previously harvested from the
patient and expanded in vitro or augmenting with tissue from another site, but eliminates the
need for extended culture time or additional surgical manipulation. Two human clinical
trials have applied this concept to the treatment of ischemic heart disease. The first trial
examined the ability of VEGF and granulocyte colony stimulating factor (G-CSF) to
mobilize stem cells from the bone for repair of heart muscle. The second tested the ability of
GH to mobilize endothelial progenitor cells. VEGF gene transfer and recombinant G-CSF in
combination increased the number of circulating CD34+ progenitor cells nearly 10-fold, but
this did not improve myocardial perfusion after three months (70). Growth hormone
increased the number of circulating endothelial progenitors by 1.5-fold without a change in
CD34+ cells, functional significance was not analyzed (71).
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These clinical trials have successfully forced progenitor cells into the circulation, but the
circulating cells are not yet receiving the molecular instructions necessary to perform the
desired function. Co-administration of an instructing factor may overcome this barrier and
enhance treatment. The concept of combination therapy is certainly important. For example,
since PDGF has agonist effects both on the osteoblast and the osteoclast, combination
therapy with an anti-resorptive bisphosphonate increases bone density two-fold over PDGF
alone when administered systemically to rats (24). Another popular combination pairs a cell
mitogen, such as FGF or PDGF, with an anabolic agent such as BMP. Basic FGF and
BMP-2 combined therapy significantly increases bone formation and osseointegration of
dental implants placed in rabbits when compared to BMP-2 alone after four weeks of
healing (72). Another strategy involves enhancing the actions of osteogenic factors that we
know work well, such as BMP. For example, there are at least ten characterized secreted
BMP antagonists (see (26) for review). Administration of BMP protein with a corresponding
block to its signaling antagonist could both reduce the required dose of BMP and increase its
effects at the local site. Along these same lines of inhibiting the inhibitors, human
neutralizing antibodies to sclerostin, a pro-osteogenic Wnt signaling antagonist have gone
through phase 1 clinical trials and can increase BMD in humans (26). A second trial is
anticipated to start in May 2010 (21). Lastly, in mice, CatK inhibitors were successfully
used in combination with anabolic PTH suggesting the potential for future combination
therapy (73).

In addition to re-creating native proteins, small molecule inhibitors and biomimetic scaffolds
are viable alternatives that may reduce costs due to elimination of the need for biological
synthesis and protein folding in a host cell. A small molecule antagonist of secreted frizzled
receptor-1 has been reported to enhance Wnt signaling and bone formation (74). Bisphenol
A diglycidyl ether (Tocris Bioscience, BADGE) is a PPARy antagonist that when
administered after radiation therapy in mice can enhance engraftment of new marrow and
subsequent bone formation (62). See (75) for a review of scaffold design strategies and use
for tissue engineering.

Developing a new technology for clinical use requires a significant amount of time, but of
the soluble signals already discussed, several may be available in the next five years. FGF-2
is beginning phase 11 clinical trials for periodontal tissue regeneration, successful
completion of these studies will allow the company to seek FDA approval for clinical
marketing. Anabolic PTH therapy, though only in Phase I trials for dental use, may move
toward clinical use rapidly if successful since the drug Forteo® is already widely used for
osteoporosis. Combination therapies pairing an already approved osteogenic factor (e.g.
BMP) with a cell mitogen (e.g. PDGF, FGF-2) may also become popular. Lastly, due to
robust success in animals and preliminary clinical trials the approach to soluble factor
delivery may begin to shift to genetic regulation of factor production. This would potentially
allow for increased local concentrations of factor to be produced for a longer period of time.
See (76) for a review of gene therapy in craniofacial applications. Myocardial injection of
VEGF165 plasmid has successfully passed safety standards in human Phase 11 clinical trials
(70) and though significant clinical improvement was not achieved with this application —
animal studies suggest that VEGF gene therapy may allow for significant augmentation of
periodontal tissue regeneration (53).

One main challenge of regenerative medicine is to be able to replace normal tissue at a
specific location without toxic or other negative side effects. Activation of the Wnt pathway
is a popular target for osteoblast differentiation, however, over-activation of canonical Wnt
signaling through p-catenin has been linked to tumor formation in extra-skeletal tissues (77).
As a second example, development of the CatK inhibitor balicatib was suspended due to an
unexpected incidence of skin reactions and other side effects (42). In addition to safety
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concerns, costs and insurance coverage drive clinical use of dental therapeutics. At $299 per
0.5cc PDGF (GEM21S®) is the most reasonably priced, use of BMP-2 (INFUSE®) grafts is
more expensive at $870 per 0.5cc but still manageable in some circumstances. Injectable
agents like Forteo® and Remicade® can cost up to $900-1500 per month and may require
multiple months of use but in the future costs may be mitigated by health insurance
coverage. Despite the required safety profile and costs involved, there are seemingly
limitless possibilities for protein, small molecule, and scaffold combinations to enhance
bone formation and implant osseointegration. Optimization and individual customization of
these therapies will require the combined effort and imagination of many investigators to
best satisfy the needs of those that require implant therapy.
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Figure 1. Theoretical Diagram of the Marrow Space Adjacent to an Implant

The surface of an implant is surrounded by a complex bone marrow microenvironment.
Over thirty unique cell types exist in a complex matrix that can regulate bone formation. A
subset of these cells are depicted here with emphasis on the two primary nodes of control,
the osteoblast and osteoclast, and the four secondary nodes of control, the vascular,
hematopoietic, mesenchymal, and neural.
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Table 1
Summary of Clinical Development of Recombinant Proteins
Major anabolic therapies undergoing testing for medical and dental use. Phase I-I1l indicates level of human

clinical trials currently underway for the indicated use (21).

HSC and monocyte recruitment, bone formation (Kanczler 2008)

Signal | Summary of Action Clinical Status
BMP-2 | MSC Survival and differentiation (Edgar 2007, Solmesky 2009) Medtronic, INFUSE®
Initiation of Fracture Repair (Tsuji 2006) Available for Dental Use
Endochrondal ossification (Sasano 1997)
Maintenance of the HSC niche (Zhang 2003)
BMP-7 | Differentiation of MSCs (Asahina 1996) Stryker, OP-1®
Activity of mature osteoblasts (Asahina 1996) Available for Medical Use
GDF-5 | Skeletal patterning and limb development (Hotten 1996) Scil Technology, MD05®
Enhanced bone formation in skeletal defects (Poehling 2006) Phase |l for Dental Use
PDGF Increase osteoblast precursor population (Mitlak 1996) Osteohealth, GEM21S®
Induces osteoclastogenesis (Mitlak 1996) Available for Dental Use
Induction of VEGF production (Cooke 2006)
FGF-2 Increase cell division and osteoblast precursor (Murakami 2003) Kaken Pharm, Trafermin®
Stimulation of angiogenesis (Montesano 1986) PhaseIl for Dental Use
PTH Osteoblast proliferation and differentiation (Pettway 2008) Eli Lilly, Forteo®
Increase engraftment of HSCs in new bone (Song 2010) Available for Medical Use
Phase | for Dental Use
IGF-1 Slightly mitogenic, enhances osteoblast function (Canalis 1980) Tercica, Mecasermin®
Decrease osteoblast apoptosis (Canalis 2009) Available for Medical Use
Induces osteoclastogenesis via RANKL (Mochizuki 1992)
Induction of VEGFa (Akeno 2002)
GH Induction of IGF-1 production by the liver (Olney 2003) Novo Nordisk, SimpleXx®
Promotes lipolysis and protein synthesis (Olney 2003) Phase 1 for Frature Repair
VEGF Regulation of angiogenesis (Kanczler 2008) VEGF165 Plasmid/Protein

Phase 11 for Medical Use
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