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Fracture Repair
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INTRODUCTION

The economic impact of musculoskeletal conditions in the United States represents $126 billion.
Bone fracture repairs are among the most commonly performed orthopedic procedures; about 6.8
million come to medical attention each year in the United States (/). Advances through research and
enhanced understanding of fracture repair have enabled orthopedic surgeons to provide patients with
many treatment options and improved outcome. In this chapter we will review the current knowledge of
fracture from both chronological and molecular biology aspects; we will then address bone healing in
elderly patients and the different technologies used to enhance fracture repair.

Bone fracture healing is a very remarkable process because, unlike soft tissue healing, which leads
to scar formation, the end result of normal healing is the regeneration of the anatomy of the bone and
complete return to function. In general, fracture healing is completed by 6—8 wk after the initial injury.
Fracture healing can be divided into two major categories: primary (direct, cortical) bone healing and
secondary (indirect, spontaneous) bone healing, with the latter being discussed first because it is more
common. Both of these are very complex processes that involve the coordination of a sequence of many
biological events. With the recent advances made in molecular biology, the identification of various
signaling molecules during specific phases of the healing process has been made possible.

SECONDARY BONE HEALING

Secondary fracture healing is characterized by spontaneous fracture healing in the absence of rigid
fixation of the fracture site, and it is the more common method of bone healing as mentioned above.
The complete process has been described as having three to five phases (2—8). The biology of bone
fracture repair is an organized pattern for repair and perhaps is best elucidated when viewed in histo-
logical sections (2,9). Fracture repair can be easily divided into three phases, each characterized by the
presence of different cellular features and extracellular matrix components. In temporal order, the
events reflect an inflammatory phase; a reparative phase that includes intramembranous ossification;
chondrogenesis, and endochondral ossification, and a remodeling phase (2,10). The phases of secon-
dary bone fracture repair are illustrated in Fig. 1. It is important to note that these three phases overlap
one another and in effect form a continuous healing process.

Inflammatory Phase

An injury that fractures bone damages not only the cells, blood vessels, and bone matrix, but also
the surrounding soft tissues, including muscles and nerves (/7). Immediately following the injury, an
inflammatory response is elicited, which peaks in 48 h and disappears almost completely by 1 wk postfrac-
ture. This inflammatory reaction helps to immobilize the fracture in two ways: pain causes the individual
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Inflammatory Phase- Vascular endothelial damage
results in hematoma formation, complement cascade,
and clotting cascade leading to the accumulation of
PMNSs, lymphocytes, platelets, blood monocytes,
macrophages, neutrophils, osteoclasts, and
undifferentiated cells. The cells express various
genes including TGF-B, FGF-I, FGF-II, PDGF, IGF-,

IGF-Il, BMP-2,-4,-7, osteonectin, BMPR /I, IL-1, IL-6,
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Reparative Phase (Fibrocartilage Callus Formation)-
Fibrous tissue and new cartilage are beginning to form
and revascularization is taking place. The appearance

of macrophages, chondroblasts, chondrocytes,
osteoclasts, fibroblasts, and endothelial cells is seen

along with the expression of TGF-B, FGF-1, FGF-2, PDGF,
IGF-I, IGF-Il, BMP-2,-4,-7, osteonectin, fibronectin,

BMPR I/ll, smads 2,3,4, IL-1, IL-6, and collagens

and GMCSF.
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Reparative Phase (Bony Callus Formation)-
Intramembranous and endochondral ossification
is taking place to lay down new woven bone.

The appearance of macrophages, chondroblasts,
chondrocytes, osteoblasts, osteoclasts, and
endothelial cells is seen along with the express
ion of TGF-B, FGF-1, FGF-2, PDGF, IGF-I, IGF-II,
BMP-2,-4,-7, osteonectin, osteopontin, osteocalcin,
BMPR I/, smads 2,3,4, IL-1, IL-6, and collagens
(1, 1, 10, 1V, V, VL X, X).

(ILNLIV,V,VLIX,X).
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Remodeling Phase- Replacement of woven bone by
lamellar bone and the resorption of excess callus.
Gradual modification of the fracture region leads to
restoration of normal bone architecture.

Fig. 1. Schematic representation of the three stages of fracture repair.

to protect the injury, and swelling hydrostatically keeps the fracture from moving (3). At the injured
site, vascular endothelial damage results in the activation of the complement cascade, platelet aggre-
gation, and release of its a.-granule contents. This platelet degranulation releases growth factors and
triggers chemotactic signals. The conductors of the clotting cascade are the platelets, which have the
duty of hemostasis and mediator signaling through the elaboration of chemoattractant growth factors.
Polymorphonuclear leukocytes (PMNs), lymphocytes, blood monocytes, and tissue macrophages are
attracted to the wound site and are activated to release cytokines that can stimulate angiogenesis (12).
The early fracture milieu is characteristically a hypoxic and acidic environment, which is optimal for
the activities of PMNs and tissue macrophages (13). The extravasated blood collection will clot. Hema-
toma accumulates within the medullary canal between the fracture ends and beneath elevated periosteum
and muscle. Its formation serves as a hemostatic plug to limit further hemorrhage as well as becoming
a fibrin network that provides pathways for cellular migration (3,11,14,15). Recent evidence also sug-
gests that the hematoma serves as a source of signaling molecules that initiate cellular events essen-
tial to fracture healing (10). This whole process creates a reparative granuloma and is referred to as an
external callus (10).
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Reparative Phase

The reparative phase occurs within the first few days, before the inflammatory phase subsides,
and lasts for several weeks. The result of this phase will be the development of a reparative callus
tissue in and around the fracture site, which will eventually be replaced by bone. The role of the cal-
lus is to enhance mechanical stability of the site by supporting it laterally. Osteocytes located at the
fracture ends become deficient in nutrients and die, which is observed by the presence of empty lacunae
extending for some distance away from the fracture (5). Damaged periosteum and marrow as well as
other surrounding soft tissues may also contribute necrotic tissue to the facture site (3). While these
tissues are being resorbed, pluripotent mesenchymal cells begin to form other cells such as fibroblasts,
chondroblasts, and osteoblasts. These cells may originate in injured tissues, while others migrate to
the site with the blood vessels. During this phase, the callus can be comprised of fibrous connective tis-
sue, blood vessels, cartilage, woven bone, and osteoid. As repair progresses, the pH gradually becomes
neutral and then slightly alkaline, which is optimal for alkaline phosphatase activity and its role in the
mineralization of the callus (/7). It has been shown that the earliest bone forms from the cells in the
cambium layer of the periosteum (16). The composition of repair tissue and rate of repair may differ
depending on where the fracture occurs in bone, the extent of soft tissue damage, and mechanical sta-
bility of the fracture site (11). A closer look at the reparative phase focuses on intramembranous ossifi-
cation, chondrogenesis, and endochondral ossification.

Intramembranous ossification begins within the first few days of fracture, but the proliferative activ-
ities appear to stop before 2 wk after the fracture. Histological evidence first shows osteoblast activ-
ity in the woven bone opposed to the cortex within a few millimeters from the fracture site (7). Bone
formation in this area occurs by the differentiation of osteoblasts directly from precursor cells, without
the formation of cartilage as an intermediate step. The region of this type of bone formation occurring
in the external callus is often referred to as the hard callus (10).

While intramembranous ossification is taking place, chondrogenesis occurs in the periphery of the
callus, where lower oxygen tension is present (5). Mesenchymal or undifferentiated cells from the
periosteum and adjacent external soft tissues are also seen in the granulation tissue over the fracture site
(7). These cells become larger, start to take on the appearance of cartilage, and begin to synthesize an
avascular basophilic matrix much like what is seen in the proliferating zone of the growth plate. This
region of fibrous tissue and new cartilage is referred to as the soft callus, and eventually the cartilage
will replace all fibrous tissue (10).

By the middle of the second week during fracture healing, there is abundant cartilage overlying
the fracture site and calcification begins by the process of endochondral ossification (7). This process
is much like the one observed in the growth plate. Hypertrophic chondrocytes first secrete neutral
proteoglycanases that degrade glycosaminoglycans, because high levels of glycosaminoglycans are
shown to inhibit mineralization (/7). Then, these cells and later osteoblasts release membrane-derived
vesicles that contain calcium phosphate complexes into the matrix (/8). They also carry neutral pro-
teases and alkaline phosphatase enzymes that degrade the proteoglycan-rich matrix and hydrolyze
high-energy phosphate esters in order to provide phosphate ions for precipitation with calcium (71).
As the mineralization process proceeds, the callus calcifies becoming more rigid and the fracture site
is considered internally immobilized (3). Capillaries from adjacent bone invade the calcified carti-
lage, increasing the oxygen tension. This is followed by invasion of osteoblasts, which form primary
spongiosa consisting of both cartilage and woven bone (10). Eventually the callus is composed of
just-woven bone, which connects the two fracture ends, and the remodeling process begins.

Remodeling Phase

The remodeling phase is the final phase in fracture healing and begins with the replacement of
woven bone by lamellar bone and the resorption of excess callus (/1,13). Although this phase repre-
sents the normal remodeling activity of bone, it may be accelerated in the fracture site for several years
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(19). Remodeling of fracture repair after all woven bone is replaced consists of osteoclastic resorp-
tion of poorly located trabeculae and formation of new bone along lines of stress (20). The result of
the remodeling phase is a gradual modification of the fracture region under the influence of mechani-
cal loads until optimal stability is achieved, where the bone cortex is typically similar to the architec-
ture it had before the fracture occurred (3).

PRIMARY BONE HEALING

Primary bone healing requires rigid stabilization with or without compression of the bone ends.
Unlike secondary bone healing, this rigid stabilization suppresses the formation of a callus in either
cancellous or cortical bone (2/-29). Because most fractures occurring worldwide either are untreated
or are treated in a way that results in some degree of motion (sling or cast immobilization, external or
intramedullary fixation), primary healing is rare (7). Although some have considered this type of
healing to be a goal of fracture repair, in many ways it is not shown to be advantageous over secondary
bone healing (30,31). The intermediate stages are weak, and it does not occur in an anaerobic environ-
ment (3). Primary bone healing can be divided further into gap healing and contact healing, both of
which are able to achieve bone union without external callus formation and any fibrous tissue or car-
tilage formation within the fracture gap.

Gap Healing

Gap healing occurs in two stages, starting with initial bone filling and followed by bone remodel-
ing. In the first stage of gap healing, the width of the gap is filled by direct bone formation. An initial
scaffold of woven bone is laid down, followed by formation of parallel-fibered and/or lamellar bone
as support (28,29). The orientation of the new bone formed in this first stage is transverse to that of the
original lamellar bone orientation. There are no connective tissues or fibrocartilage within this gap pre-
ceding the production of bone. In the second stage of gap healing, which happens after several weeks,
longitudinal haversian remodeling reconstructs the necrotic fracture ends and the newly formed bone
such that the fracture site is replaced with osteons of the original orientation (32). The end result of
normal gap healing is the return of the bone structure to the way it was before the fracture.

Contact Healing

In contrast to gap healing, contact healing occurs where fragments are in direct apposition and osteons
actually are able to grow across the fracture site, parallel to the long axis of the bone, without being
preceded by the process of transverse bone formation between fracture ends (23,26,28,29). Under these
conditions, osteoclasts on one side of the fracture undergo a tunneling resorptive response, forming
cutting cones that cross the fracture line. This resorptive cavity that develops allows the penetration
of capillary loops and eventually the establishment of new haversian systems. These blood vessels
are then accompanied by endothelial cells and osteoprogenitor cells for osteoblasts leading to the
production of osteons across the fracture line (7). The result of normal contact healing will also even-
tually lead to regeneration of the normal bone architecture.

The biology of bone fracture repair is a very complex process that leads to the regeneration of nor-
mal bone architecture. Primary bone healing occurs when there is rigid stabilization of the fracture site
and the fracture callus is inhibited. Gap healing and contact healing are both considered to be primary
bone healing processes. Secondary bone healing occurs when there is no rigid fixation of the fractured
bone ends, which leads to the development of a fracture callus. This process is a little more complicated
and consists of an inflammatory phase, a reparative phase, and a remodeling phase. Normal fracture
repair is orchestrated through the expression of many different genes, which are turned on and off at
very specific times throughout healing. Important gene expression includes TGF-3, FGF, PDGF, IGF,
BMP, osteonectin, osteocalcin, osteopontin, fibronectin, BMPR, Smads, IL-1, IL-6, GMCSF, MCSF,
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and various collagen isotypes. The well-regulated expression of these genes enables the cellular inter-
actions to take place that are responsible for restoring bone morphology and function.

GENE EXPRESSION DURING FRACTURE REPAIR

As described above, the process of fracture repair can be divided into three distinct phases: inflam-
mation, reparative, and remodeling. During these phases, interactions among many different cells via
various growth factors, cytokines, receptors, and intermediate signaling molecules take place. With
recent advances in molecular biology, the identification and characterization of many of these inter-
actions can now be elucidated. Although several growth factors and extracellular matrix proteins are
involved in the repair process, Table 1 and the following section summarizes the most investigated
ones. The temporal and spatial expression of these growth factors and extracellular matrix proteins
during different phases of bone repair is described below.

Transforming Growth Factor-f (TGF-p)

TGF-B is produced in the fracture site by platelets, inflammatory cells (monocytes, macrophages),
osteoblasts, osteoclasts, and chondrocytes (10). It is extracellularly present in the hematoma (fracture
site and periosteum) during the immediate injury response (within 24 h). In the inflammatory phase,
the mRNA of TGF-f is weakly expressed in proliferating mesenchymal cells and endothelial cells. It
is strongly expressed in proliferating osteoblasts during intramembranous ossification, and strongly
expressed in proliferating chondrocytes, not hypertrophic chondrocytes, during the chondrogenesis
and endochondral ossification phases (33). It exists first as an inactive precursor peptide that is acti-
vated by the acidic conditions of the callus or proteases and becomes the most potent chemoattractant
identified for macrophages (34-37). TGF-f also has many other roles, including promoting angiogen-
esis, which is essential for orderly fracture repair (10); stimulating bone formation by inducing differ-
entiation of periosteal mesenchymal cells into chondroblasts and osteoblasts (38—40); regulating car-
tilage matrix calcification; and stimulating osteoblast activity and intraosseus wound regeneration (13,
41,42). Other actions include inhibiting osteoblast differentiation and mineralization (43,44 ), inhibit-
ing osteoclast activity and the formation of osteoclasts (45), and also increasing the production of other
bone and cartilage components such as types I, II, III, IV, VI, and X collagen, fibronectin, osteopon-
tin, osteonectin, thrombospondin, proteoglycans, and alkaline phosphatase (40,46,47).

Fibroblast Growth Factors (FGFs)

FGFs are produced by inflammatory cells, osteoblasts, and chondrocytes within the fracture callus.
There are two forms of FGF, designated FGF-I and FGF-II. FGF-I is expressed in macrophages and
periosteal cells in the inflammatory phase of fracture. It is then expressed in osteoblasts during intram-
embranous ossification, followed by maximum expression in immature chondrocytes during chondro-
genesis. During endochondral ossification, FGF-I is expressed only in osteoblasts. FGF-II has similar
expression throughout repair, without any peaks. It is present in macrophages during the inflamma-
tory phase, in osteoblasts during intramembranous ossification, in chondrocytes during chondrogen-
esis, and in hypertrophic chondrocytes and osteoblasts during endochondral ossification (10). FGFs
promote blood vessel formation (48), has autocrine, intracellular functions, and stimulates type 4 col-
lagenase (10). FGF-II also serves as a chemoattractant and mitogen for chondrocytes and regulates dif-
ferentiation of growth plate chondrocytes (49,50).

Platelet-Derived Growth Factors (PDGFs)

PDGFs are produced by platelets, monocytes, activated tissue macrophages, and endothelial cells
in the fracture callus. After being weakly expressed in the inflammatory phase, PDGF expression rises
and remains constant throughout repair (/0). PDGF has many roles including having receptor tyrosine
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Table 1
Gene Expression during Fracture Repair
Gene expression Function Temporal and spatial expression
Transforming growth
factor-f (TGF-B) —Most potent chemoattractant for —Produced by platelets, inflammatory
macrophages (34-37) cells (monocytes, macrophages),
—Promotes angiogenesis (10) osteoblasts, osteoclasts, mesenchymal
—Induces differentiation of cells, endothelial cells, and
periosteal mesenchymal cells chondrocytes (10,33)
into chondroblasts and —Weakly expressed in proliferating
osteoblasts (38—40) mesenchymal cells and endothelial cells
—Regulates cartilage matrix in the inflammatory phase, strongly
calcification and stimulates expressed in proliferating osteoblasts
osteoblast activity (13,41,42) during intramembranous ossification,
—Increases production of types and strongly expressed in proliferating
L II, 11, TV, VI, and X collagen, chondrocytes during chondrogenesis
fibronectin, osteopontin, osteonectin, and endochondral ossification (33)
thrombospondin, proteoglycans,
and alkaline phosphatase (40,46,47)
Fibroblast growth —Promotes blood vessel formation Expressed in macrophages and periosteal
factor-1 (FGF-I) (48), has autocrine, intracellular cells in inflammatory phase, in osteoblasts
functions, and stimulates type 4 during intramembranous ossification,
collagenase (10) maximum expression occurs in immature

Fibroblast growth
factor-II (FGF-II)

Platelet-derived
growth factor
(PDGF)

Insulin-like growth
factor-1 (IGF-I)

chondrocytes during chondrogenesis, and
it is expressed in osteoblasts during
endochondral ossification (10)

—Promotes blood vessel formation Constant expression throughout repair in
(48), has autocrine, intracellular macrophages during the inflammatory
functions, and stimulates type 4 phase, in osteoblasts during intramem-
collagenase (10) branous ossification, in chondrocytes

—A chemoattractant and mitogen during chondrogenesis, and in hyper-
for chondrocytes and regulates trophic chondrocytes and osteoblasts
differentiation of growth plate during endochondral ossification (10)
chondrocytes (49,50)

—Has receptor tyrosine kinase activity, Constant expression in platelets, mono-
stimulates mesenchymal cell cytes, activated tissue macrophages,
proliferation, helps form cartilage and endothelial cells in the fracture
and intramembranous bone, and callus after being weakly expressed in
initiates callus formation (10) the inflammatory phase (10)

—Potent mitogen for connective tissue
cells, stimulates bone cell DNA and
protein synthesis, and promotes resorp-
tion via prostaglandin synthesis (57)

—Enables cells to respond to other
biologic mediators, increases type I
collagen in vitro, modulates blood
flow (13,52,53)

—Increases expression of c-myc and
c-fos protooncogenes (40,54)

—Increases collagen synthesis and —In osteoblasts during the intramem-
decreases collagen degradation (40,62) branous ossification phase and present
—Stimulates clonal expansion of chon- in prehypertrophic chondrocytes (55)

drocytes in proliferative zone (57) -mRNA peaks at 8 d postfracture (56)
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Gene expression

Function

Temporal and spatial expression

Insulin-like growth
factor-1 (IGF-I)
(continued)

Insulin-like growth
factor-1I (IGF-II)

Bone morphogenetic
proteins (BMP-2,
BMP-4, BMP-7)

Osteonectin

Osteocalcin

—Stimulates replication of preosteo-
blastic cells (51)

—Increases osteoclast formation from
mouse osteoclast precursors (59,60)

—Increases collagen synthesis and
decreases collagen degradation (40,62)

—Increases osteoblast precursor cell
proliferation during resorption (37)

—Promotes cartilage matrix synthesis (13)

—Modulates osteoclast function leading
to bone remodeling (33)

—BMP-2 increases rat osteoblast IGF-I
and IGF-II expression (69)

—BMP-2 increases TGF-f and IL-6
expression in HOBIT cells (70)

—BMP-4 stimulates TGF-f expression
in monocytes (71)

—BMP-4 binds to type IV collagen,
type I collagen, and heparin (74),
and may explain in part the role of
vasculogenesis and angiogenesis in
fracture healing (74,75)

—BMP-7 induces expression of
Osf2/Cbfal, a transcription factor
associated with early osteoblast
differentiation (76)

—BMP-7 or osteogenic protein-1 (OP-1)
(72), increases IGF type 2 receptor
expression (73)

—Most abundant noncollagenous organic
component of bone and serves to bind
calcium (82)

—May regulate tissue morphogenesis (7)

—Participates in regulation of hydroxy-
apatite crystal growth (40)

—IGF-I in callus extracts increased at
13 wk after fracture (58)

—IGF-II mRNA is in fetal rat precarti-
laginous condensations, perichondrium,
and proliferating chondrocytes (61)

—IGF-II mRNA is detected in some
osteoclasts next to osteoblasts that also
expressed IGF-1I, whereas most other
osteoblasts in bone remodeling were
negative for IGF-II (55)

—Produced by primitive mesenchymal
and osteoprogenitor cells, fibroblasts,
and proliferating chondrocytes (66—68)

—Present in newly formed trabecular
bone and multinucleated osteoclast-like
cells (68)

—Strongly present in undifferentiated
mesenchymal cells during the inflam-
matory phase (33,68)

—Strongly present in the proliferating
osteoblasts in intramembranous ossifi-
cation (33,68)

—During chondrogenesis and enochondral
ossification, BMP-2 and -4 are in pro-
liferating chondrocytes, weakly in
mature and hypertrophic chondrocytes,
and strongly in osteoblasts near
endochondral ossification front, BMP-7
is in proliferating chondrocytes and
weakly in mature chondrocytes (33,68)

-mRNA is found throughout the healing
process (83,84)

—Expression peaks in the soft callus on d 9
and a prolonged peak in expression in the
hard callus observed from d 9 to d 15 (85)

—In d 4-7, the osteonectin signal is found
to be strongest in the osteoblastic cells
where intramembranous ossification
was occurring (7)

—By d 10, osteonectin signal diminishes,
is detected only at the endochondral
ossification front, and only weakly in
proliferative chondroctyes (7,84)

—Thought to be osteoblast-specific (7)

—Osteocalcin was not detected in the
soft callus but was in the hard callus,
and initiation of osteocalcin occurred
between d 9 and d 11, with peak

expression at about d 15 (85) )
(continued)



28

Table 1 (Continued)

Sfeir et al.

Gene expression

Function

Temporal and spatial expression

Osteopontin

Fibronectin

Bone morphogenetic
protein receptors
(BMPR-I, -II)

smads (2, 3, 4)

Interleukin-1 (IL-1)

Interleukin-6 (IL-6)

Granulocyte-
macrophage
colony-stimulating
factor (GMCSF)

—Interacts with CD-44, which is a
cell-surface glycoprotein that binds
hyaluronic acid, type I collagen,
and fibronectin (88)

—Mediates cell—cell interaction in
bone repair and remodeling (7)

—Helps anchor osteoclasts to bone
through vitronectin receptors (91)

—Helps in adhesion and cell
migration (7)

—Plays an important role in the
establishment of provisional fibers
in cartilaginous matrices (7)

—Findings suggest an association of the
receptors with the differentiation of
mesenchymal cells into chondroblastic
and osteoblastic lineages (33)

—Components of the intracellular
signaling cascade that starts with
BMPs (94,95)

—smad 2 and smad 3 help to mediate
TGF-p signaling (94)

—smad 4 forms a heterodimeric complex
with other pathway restricted smads and
translocates into the nucleus to modulate
important BMP response genes (96)

—Induces the secretion of IL-6, GMCSF,
and MCSF (98)

—May stimulate activities of neutral
proteases to selectively degrade callus
tissue (17,99)

—May increase fibroblastic collagen
synthesis, collagen cross-linking, and
stimulate angiogenesis (98,100—103)

—Very sensitive to IL-1 stimulation (106)

—May be a stimulator of bone resorption
(107-109)

—May stimulate formation of osteo-
clasts, increase the proliferation of
T-lymphocytes, and stimulate cytokine
secretion (102,111-114)

Detected in osteocytes and osteopro-
genitor cells in the subperiosteal hard
callus, and by d 7 after fracture it is
found in the junction between the hard
and soft callus (7,89,90)

—Produced by fibroblasts, osteoblasts,
and chondrocytes and is detected in
the hematoma within the first 3 d after
fracture and in the fibrous portions of
the provisional matrices (7)

—Low levels of fibronectin mRNA in
intact bone and marked expression in
the soft callus within 3 d after fracture
that reaches peak level at d 14 (92)

—Strongly present in undifferentiated
mesenchymal cells during the inflamma-
tory phase, in proliferating osteoblasts
during intramembranous ossification,
and are found in proliferating chondro-
cytes, weakly in mature and hypertrophic
chondrocytes, and strongly in osteoblasts
near the endochondral ossification front
during chondrogenesis and endochondral
ossification (33,93)

—In the inflammatory phase, the mRNA
for smads 2, 3, 4 are not expressed, and
in chondrogenesis and endochondral
ossification, the mRNA for smads 2, 3,
4 are upregulated and the smad 2 protein
is present in chondroblasts and chondro-
cytes (33)

—Produced by macrophages and is
expressed at low constitutive levels
throughout fracture healing but can be
induced to high activities in the early
inflammatory phase (d 3) (97)

—Produced by osteoblasts during fracture
repair (104,105)

—Shows a high constitutive activity early
in the healing process (97)

—Produced by T-lymphocytes during the
fracture healing process and is expressed
at early time points after fracture (97)
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Gene expression

Function

Temporal and spatial expression

Granulocyte-
macrophage
colony-stimulating
factor (GMCSF)
(continued)

Macrophage
colony-stimulating
factor (MCSF)

Collagens
(types L, 11, III, 1V,
V, VL, IX, X, XI)

—Associated with increased fibroblast
migration and collagen synthesis
(115-117)

—Associated with the proliferation and
differentiation of granulocytic and
monocyte/macrophage lineages (118)

—May suppress the expression of
receptors for other cytokines in
different cell types (97,111)

—An important growth factor for
development of macrophage colonies
by hematopoietic tissues (121)

—Type I collagen aids in developing
cross-linkages which produce collagen
fibrils that mature to collagen fibers,
creating regions allowing for the
deposition and growth of hydroxy-
apatite crystals (13)

—Aberrations in type III collagen
production may lead to delayed union
or nonunion (/24)

—Type IV (and types I and X) may aid
in converting mesenchymal lineage
cells into osteoblasts (128)

—Type V and XI may regulate the
growth and orientation of type I and
type II collagen in cartilaginous and
noncartilagenous tissues (/29,130)

—Type V collagen has been associated
with blood vessels in granulation
tissue (124)

—Type IX may mediate interactions
between collagen fibrils and proteo-
glycans in cartilage (40,132)

—Type X collagen may play a role in the
mineralization of cartilage (40)

—May be produced from osteoblasts
(102,111-114)

—Lack of expression in the fracture callus
may be due to complex interactions
between immune, hematopoietic
and musculoskeletal systems not yet
understood (97)

—Constitutive secretion by osteoblast-
like cells in culture is observed
(119,120)

—Type 1 is associated with bone, type 11
with cartilage, types III and V with
granulation tissue, types IV and VI with
the endothelial matrix, and type X with
hypertrophic cartilage (123)

—Mechanically stable fractures have
predominately type I collagen along
with types Il and V (124)

—Mechanically unstable fractures are
characterized by initial production of
types III and V collagen which is
replaced by types II and IX collagen
and very little type I collagen (122)

—Type II collagen mRNA is detectable as
early as d 5 postfracture in cells that
have chondrocytic phenotype, has a
peak expression approximately 9 d after
fracture in the mouse and rat, and by
d 14 after fracture the expression of
mRNA for type II chain becomes
absent (7,85,125,126)

—Type III collagen mRNA increases
rapidly during the first week of fracture
healing (127)

—Type V collagen is expressed through
out healing process with the highest
accumulation of type V collagen in the
subperiosteal callus (89)

—Expression of type IX collagen and
aggrecan coincides with expression of
type II collagen (40,132)

—Expression of type X collagen occurs
later than that of other cartilage specific
genes (40)
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kinase activity, stimulating mesenchymal cell proliferation, initiating fracture repair, helping to form
cartilage and intramembranous bone, and initiating callus formation (/0). They are released from the o.-
granules of platelets and become potent mitogens for connective tissue cells, stimulate bone cell DNA
and protein synthesis, and promote resorption via prostaglandin synthesis (57). PDGF also serves as a
competence factor that enables cells to respond to other biological mediators; increase type I collagen
in vitro; modulate blood flow, which has a positive impact on wound healing (13,52,53); and are shown
to increase expression of c-myc and c-fos protooncogenes, which encode nuclear proteins involved in
regulating cell proliferation, growth, and differentiation (40,54).

Insulin-Like Growth Factors (IGFs)

IGFs are also often referred to as somatomedins or sulfation factors. IGF expression is high in cells
of the developing periosteum and growth plate, healing fracture callus tissue, and developing ectopic
bone tissue induced by DBM (40,47,55,56). IGFs produced by bone cells not only act as autocrine and
paracrine regulators, but also become incorporated into bone matrix and are later released during resorp-
tion, which increases osteoblast precursor cell proliferation (37). IGFs may also become secreted by
chondrocytes and respond in an autocrine manner to promote cartilage matrix synthesis (/3). However,
IGFs may not only contribute to bone formation, they may modulate osteoclast function, leading to
bone remodeling during fracture repair (33).

IGF-I mRNA is not expressed in the inflammatory phase of repair. However, mRNA expression is
seen in osteoblasts during the intramembranous ossification phase and are also present in prehyper-
trophic chondrocytes (55). Actually, the level of mRNA peaks at 8 d postfracture (56). IGF-I may stim-
ulate clonal expansion of chondrocytes in proliferative zone through an autocrine mechanism, much
like in the chondrogenesis stage of fracture repair (57). IGF-I also stimulates replication of preosteo-
blastic cells and induces collagen production by differentiated osteoblasts (57). It should be noted that
IGF-I in callus extracts increased at 13 wk after fracture (58), and has been shown to increase osteoclast
formation from mouse osteoclast precursors, which suggests some involvement during remodeling
(59,60). In addition, IGF-II mRNA is observed in fetal rat precartilaginous condensations, perichon-
drium, and proliferating chondrocytes (67). IGF-II mRNA is detected in some osteoclasts in the frac-
ture healing model next to osteoblasts that also expressed IGF-II, whereas most other osteoblasts in
bone remodeling were negative for IGF-II (55). IGF-I and IGF-II have been observed to increase colla-
gen synthesis and decrease collagen degradation (40,62).

Bone Morphogenetic Proteins (BMPs)

BMPs are members of the TGF-f3 superfamily and were discovered as the noncollagenous and
water-soluble substances in bone matrix that have osteoinductive activity (63—65). In general, recent
studies reveal increased presentation of BMP-2, -4, and -7 in the primitive mesenchymal and osteo-
progenitor cells, fibroblasts, and proliferating chondrocytes present at the fracture site (66—-68). In a
rat model, mesenchymal cells that had migrated into the fracture gap and had begun to proliferate
showed increased statement of BMP-2 and -4 (66). In a similar rat fracture healing model, it was con-
firmed that BMP-2, -4, and -7 were present in newly formed trabecular bone and multinucleated osteo-
clast-like cells (68). More specifically, when the expression is broken down into the phases of healing,
BMP-2, -4, and -7 are strongly present in undifferentiated mesenchymal cells during the inflammatory
phase. During intramembranous ossification, these BMPs are strongly present in the proliferating
osteoblasts. In chondrogenesis and endochondral ossification, BMP-2 and -4 are found in proliferat-
ing chondrocytes, weakly in mature and hypertrophic chondrocytes, and strongly in osteoblasts near
endochondral ossification front. In these later stages of healing, BMP-7 is found in proliferating chon-
drocytes and weakly in mature chondrocytes (33,68).

BMPs affect expression of other growth factors that may function to mediate the effects of BMPs on
bone formation (37). BMP-2 increased rat osteoblast IGF-I and IGF-II expression (69), and increased
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TGF-B and IL-6 expression in HOBIT cells (70). BMP-4 stimulated TGF-[3 expression in monocytes
(71). BMP-7 or osteogenic protein-1 (OP-1) (72) is shown to increase IGF type 2 receptor expression (73).

BMPs also have other roles in fracture repair. BMP-4 binds to type IV collagen, type I collagen, and
heparin (74). The interaction of BMP-4 with type IV collagen and heparin may explain in part the role
of vasculogenesis and angiogenesis in bone development such as in fracture healing (74,75). BMP-7
also stimulates normal human osteoblast proliferation by inducing expression of Osf2/Cbfal, a tran-
scription factor associated with early osteoblast differentiation (76). It should be noted that although
they were identified and named because of their osteoinductive activity (77,78), the BMPs play many
diverse roles during embryonic and postembryonic development as signaling molecules in a wide range
of tissues (79,80). In conclusion, a number of findings suggest that BMP-2, -4, and -7 work to promote
fracture healing and bone regeneration (87).

Osteonectin is one of many extracellular matrix proteins involved with bone repair and regenera-
tion. In fact, osteonectin is the most abundant noncollagenous organic component of bone and serves
to bind calcium (82). Osteonectin mRNA is found throughout the healing process (83,84). Its expres-
sion peaks in the soft callus on d 9, and a prolonged peak in expression in the hard callus is observed
from d 9 to d 15 (85). During d 4-7, the osteonectin signal is found to be strongest in osteoblastic cells
where intramembranous ossification was occurring (7). By d 10, this signal diminished and the signal
was detected only at the endochondral ossification front. No osteonectin was detected in hypertro-
phic chondrocytes and only weakly in proliferative chondroctyes (7,84). Incidentally, type I and V
collagen followed similar expression patterns, which suggests that osteonectin may regulate tissue
morphogenesis (7).

Osteocalcin, an osteoblast-specific protein, contains three y-carboxyglutamic acid residues, which
provide it with calcium-binding properties. Osteocalcin has been suggested to participate in regula-
tion of hydroxyapatite crystal growth (40), and may possess other functions, as it is also expressed in
human fetal tissues (86). In one study, osteocalcin was not detected in the soft callus but was detected
in the hard callus. Initiation of osteocalcin occurred between d 9 and d 11, and peak expression was at
aboutd 15 (85). Osteocalcin levels in plasma depend on the formation of new bone, and the concentra-
tion may be an indicator of the activity of osteoblasts (87).

Osteopontin, an extracellular matrix protein known to be important in cellular attachment, inter-
acts with CD-44, which is a cell-surface glycoprotein that binds hyaluronic acid, type I collagen, and
fibronectin (88). In situ studies have shown that this protein is detected in osteocytes and osteopro-
genitor cells in subperiosteal hard callus; however, little is seen in cuboid osteoblasts and by d 7 after
fracture. Osteopontin is found in the junction between the hard and soft callus (7,89,90). The coexist-
ence of CD-44 and osteopontin in osteocytes and osteoclasts implies the presence of an osteopontin/
CD-44 mediated cell—cell interaction in bone repair (7). Another theory suggests that osteopontin helps
anchor osteoclasts to bone through vitronectin receptors, helping in the resorption process (91).

Fibronectin is a protein that helps in adhesion and cell migration, making it important in the repair
process. In the fracture callus, this protein is produced by fibroblasts, osteoblasts, and chondrocytes.
It is detected in the hematoma within the first 3 d after fracture and in the fibrous portions of the pro-
visional matrices and less in the cartilage matrix (7). There was no evidence of this protein in the peri-
osteum, in osteoblasts, or osteocytes of periosteal woven bone using in situ hybridization. Northern
hybridization showed low levels of fibronectin mRNA in intact bone and marked expression in the
soft callus within 3 d after fracture, reaching a peak level at d 14 (92). Because fibronectin production
appears to be greatest in the earlier stages of repair, it is thought that it plays an important role in the
establishment of provisional fibers in cartilaginous matrices (7).

Bone Morphogenetic Protein Receptors (BMPRs)

The receptors for BMPs are strongly present in undifferentiated mesenchymal cells during the inflam-
matory phase. Then, they are strongly present in proliferating osteoblasts of intramembranous ossifica-
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tion. BMPR I/IT are found in proliferating chondrocytes, weakly in mature and hypertrophic chon-
drocytes, and strongly in osteoblasts near the endochondral ossification front during chondrogenesis
and endochondral ossification (93). The association of these receptors with the differentiation of mes-
enchymal cells into chondroblastic and osteoblastic lineages has been suggested (33).

Smadss are essential components of the complex intracellular signaling cascade that starts with BMPs
(94,95). During the inflammatory phase, the mRNA for smads 2, 3, 4 are not expressed, and smad 2
protein is not present. During the intramembranous ossification phase, smad 2 is still not present yet. In
chondrogenesis and endochondral ossification, the mRNA for smads 2, 3, 4 are upregulated and the
smad 2 protein is present in chondroblasts and chondrocytes (33). Smad 2 and smad 3 help to mediate
TGF-f signaling (94). Smad 4 forms a heterodimeric complex with other pathway-restricted smads and
translocates into the nucleus in order to modulate important BMP response genes (96).

Interleukin-1 (IL-1)

IL-1 is an important cytokine produced by macrophages and is expressed at low constitutive levels
throughout fracture healing but can be induced to high activities in the early inflammatory phase (d 3)
(97). It induces the secretion of IL-6, GMCSF, and MCSF, which means that the early expression of
IL-1 may indicate a triggering mechanism that initiates a cascade of events that regulate repair and
remodeling (98). IL-1 may stimulate activities of neutral proteases to selectively degrade callus tissue
(17,99). The action of macrophages, which include increasing fibroblastic collagen synthesis, increas-
ing collagen crosslinking, stimulating angiogenesis, and improving wound breaking strength, may also
be attributed to IL-1 production (98,100-103).

Interleukin-6 (IL-6) is an important cytokine that is produced by osteoblasts during fracture repair
(104,105). It is very sensitive to IL-1 stimulation (/06), and shows a high constitutive activity early in the
healing process (97). Several lines of evidence suggest that it is a stimulator of bone resorption (/07-109).

Granulocyte-Macrophage Colony-Stimulating Factor (GMCSF)

T-lymphocytes have been identified morphologically in fracture calluses and may be a part of the
healing process (1/10). GMCSF is produced by T-lymphocytes during the fracture healing process and
is expressed at early time points after fracture but then gradually declines (97). It is also suggested
that GMCSF may be produced from osteoblasts to stimulate formation of osteoclasts, increases the pro-
liferation of T-lymphocytes, and stimulates cytokine secretion (102,111-114). This cytokine activity
has been associated with increased fibroblast migration and collagen synthesis (//5-117), and the
proliferation and differentiation of granulocytic and monocyte/macrophage lineages (/18). GMCSF
may also suppress the expression of receptors for other cytokines in different cell types (97,111).

Macrophage Colony-Stimulating Factor (MCSF) was not detected in the fracture callus according
to one study (97); however, constitutive secretion by osteoblast-like cells in culture is observed (119,
120). Tt has been shown to be an important growth factor for development of macrophage colonies by
hematopoietic tissues (/21). The lack of expression in the fracture callus may be due to the complex
interactions among immune, hematopoietic, and musculoskeletal systems as a result of injury, which
are not yet understood (97).

Collagens

The overall quantity and type of collagen influences callus formation and fracture healing and the
expression of these extracellular matrix proteins has also been documented (/22). There are at least
18 isotypes of collagens: type I is associated with bone, type II with cartilage, types III and V with gran-
ulation tissue, types IV and VI with the endothelial matrix, and type X with hypertrophic cartilage
(123). Mechanically stable fractures have predominately type I collagen, along with types Il and V (124).
Mechanically unstable fractures are characterized by initial production of types III and V collagen, which
is replaced by types II and IX collagen and very little type I collagen (122).
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Type I collagen, which is the main collagen type in bone, aids in developing cross-linkages. These
linkages produce collagen fibrils that mature to collagen fibers, creating regions allowing for the depo-
sition and growth of hydroxyapatite crystals about 10 d postfracture (13). Type II collagen is a major
structural protein of cartilage and has a peak expression approx 9 d after fracture in the mouse and rat.
Pro-a-2 collagen mRNA is seen in the proliferative chondrocytes. By d 14 after fracture, expression of
mRNA for type II collagen becomes absent. Almost all chondrocytes are hypertrophied, and there is
no expression of type 2 procollagen chain. Type II mRNA is detectable as early as d 5 postfracture
(7,85,125,126). Type III collagen mRNA increases rapidly during the first week of fracture healing
(127), particularly in bone, and aberrations in its production may lead to delayed union or nonunion
(124). Type IV (and types I and X) may aid in converting mesenchymal lineage cells into osteoblasts
(128). Types V and XI have a closely related structures it has been suggested that they regulate the
growth and orientation of type I and type II collagen in cartilaginous and noncartilagenous tissues
(129,130). Type V collagen is expressed in both soft and hard callus throughout the healing process.
The highest accumulation of type V collagen was detected in the subperiosteal callus, where intra-
membranous ossification was taking place (89). Type V collagen has also been associated with blood
vessels in granulation tissue (/24). Type XI collagen is found in cartilage and is a minor component
of collagen fibrils, but expression of this collagen type is not restricted to cartilage (40,131). The ex-
pression of type IX collagen and aggrecan coincides with expression of type II. Type IX collagen is
seen in cartilage and may mediate interactions between collagen fibrils and proteoglycans (40,132).
The expression of type X collagen, a marker for hypertrophic chondrocytes during endochondral ossi-
fication, occurs later than that of other cartilage-specific genes and may play a role in the mineralization
of cartilage (40).

As our understanding of bone repair at a molecular level increases, we will be able to engineer com-
prehensive bone regenerative therapies. This knowledge will guide us to better design delivery sys-
tems that are biology driven; for example, if multiple growth factors are being delivered to a fractured
bone site, one might imagine that different growth factors could be released at different times to opti-
mize the healing cascade. Another area of research that will also influence our therapy design is the
bone healing related to age; research indicates that bone repair is different between young and elderly
patients. This topic is discussed in the following section.

FRACTURE HEALING IN THE ELDERLY

It has been established that bone formation during bone remodelling and fracture healing in the
elderly patient appears to be reduced. Causes include a reduced number of recruited osteoblast precur-
sors, a decline in proliferative activity of osteogenic precursor cells, and a reduced maturation of osteo-
blast precursors. Advanced age-related changes occur in the bone mineral, bone matrix (/33), and
osteogenic cells (134,135). Common clinical experience indicates that fractures heal faster in children
than in adults (1/36). Mechanisms causing these alterations are unclear. The observations have been
attributed to slow wound healing, reflecting a general functional decline in the homeostatic mecha-
nisms during aging and senescence. Furthermore, differences in fracture healing in the elderly popu-
lation can be caused by local or systemic changes in hormonal and growth factor secretion and altered
receptor levels, or changes in the extracellular matrix composition.

Several publications deal with the delicate relationship between bone resorption and bone forma-
tion and its imbalances, leading to osteopenia and osteoporosis. Presently, less information is obtain-
able as to similarities and changes in the process of fracture healing in the elderly patient in compari-
son to the physiological process of bone healing in children and young adults. In addition, the data
obtained in animal fracture healing models (rat, rabbit) are difficult to transfer to the human physio-
logical fracture repair process in the elderly patient.

General cellular and biochemical processes of fracture repair in the elderly, healthy (nonosteoporo-
tic) patient receive less focus. Demographic changes and with an overaging population, steadily increas-
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ing fracture numbers in the elderly population will mandate more emphasis as a means to enhance the
process.

In vitro evidence of age-related changes in cell behavior indicate a reduced proliferative capacity.
Christiansen et al. have demonstrated that serially passaged cultures of human trabecular osteoblasts
exhibit limited proliferative activity and undergo cellular aging. They reported a number of changes
during serial passaging of human trabecular osteoblasts, which include alterations in morphology and
cytoskeleton organization; an increase in cell size and higher levels of senescence-associated [3-galac-
tosidase activity. They studied changes of topoisomerase I levels during cellular aging of human trabec-
ular osteoblasts. They reported an age-related progressive and significant decline in steady-state mRNA
levels of this gene in human bone cells undergoing cellular aging in vitro (137). Taken together, these
observations facilitate a further understanding of reduced osteoblast functions during cellular aging.
These results concur with previous former findings of a correlation between donor age and the impair-
ment of osteoblastic functions such as production of Col I, OC, and other extracellular matrix com-
ponents in in vitro culture of human mature osteoblasts (138—140).

Martinez et al. examined the cell proliferation rate and the secretion of C-terminal type I procolla-
gen and alkaline phosphatase (ALP). They noted a lower proliferation rate and osteocalcin secretion
in osteoblastic cells from the older donors than in those from younger subjects. They also found sig-
nificant differences of these parameters in relation to the skeletal site of origin (/41). Theoretical basis
of these experiments and their importance for the understanding of the process of bone aging and bone
healing in the elderly patient is the consideration as a useful tool for evaluating osteoblastic alterations
associated with bone pathology and aging (/42). Other groups have shown that human bone-derived
cells show a dramatic decrease in their proliferative capacity with donor age. Studying the gender and
age-related changes in iliac crest cortical bone and serum osteocalcin in humans subjects, Vanderschueren
et al. (143) also detected a significant age-related decline of bone and serum osteocalcin content with
age in vivo. Furthermore, a parallel decrease in age-matched groups revealed a generally higher concen-
tration of bone and serum osteocalcin in men.

With advancing age, the membrane-like arrangement of the osteogenic cells in the periosteum is
lost, leaving a reduced number of precursor cells to draw from (134). These electron microscopy-based
results were confirmed by an organ culture model investigating the relationship between chondro-
genic potential of periosteum and aging. In this model, periosteal explants from the medial tibiae of
rabbits (age range between 2 wk and 2 yr) were cultured in agarose suspension conditions conductive
for chondrogenesis. A significant decline of chondrogenic potential of periosteum with increasing age
was apparent. Furthermore, a significant decrease of proliferative activity was found by 3H-thymidin
incorporation (144).

Enhancing Fracture Healing

The goal is to accelerate or to assure the healing of a fracture, which is likely not able to heal with-
out invasive or noninvasive intervention. Several methods could be used to enhance bone fracture
healing. The approaches could be biological or mechanical and biophysical enhancement (145-147).
In this section we will focus on the biological approaches.

The local methods for fracture enhancements involve the use of biological bone grafts, synthetic
grafts, and delivery of growth factors. The autologous cancellous bone graft is considered the gold
standard and has been extensively used in orthopedics. This type of grafting material will provide some
living bone-producing cells, inductive growth factors, and hydroxyapatite mineral. The disadvantages
are morbidity at the donor site, scarring and risk of infection, and most often the graft volume needed is
greater than what is available. Thus, the need for alternative graft material has been sought, but none
yet provide all the qualities of autologous cancellous bone. Different categories of grafting materials
are available and are summarized in Table 2.
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Table 2

Alternative Grafts Used to Enhance Fracture Healing

Absorbable Nonabsorbable

Natural Synthetic polymers

¢ Allogeneic bone e Polytetrafluoroethlene

* Collagen  Synthetic composite

* Collagen-GAG * Bioactive glasses

e Fibrin * Calcium-based ceramic grafts
* Hyaluranic acid Hydroxyapatite

Natural mineral Composite

* Hydroxyapatite ¢ Calcium-collagen composite
» Xenogeneic derivatives (anorganic bone)

Synthetic

* Polylactic acid

¢ Polyglycolic acid

¢ Tri-calcium phosphate

e Calcium sulfate

Cellular grafts

* Autogenous bone marrow grafts
* Autogenous bone grafts

In addition to grafts, bone marrow has been shown to contain a population of mesenchymal stem
cells that are capable of differentiating into osteoblasts and form bone as well as other connective
tissues. Connolly et al. reported that injectable bone marrow cells could stimulate osteogenic repair.
They developed techniques for clinical application by harvesting autologous bone marrow, centrifug-
ing, and concentrating the osteogenic marrow prior to implantation. Garg et al. (/48) also reported
the successful use of autogenous bone marrow as an osteogenic graft. Seventeen of the 20 ununited
long bone fractures healed according to clinical and radiographic criteria.

Extensive research has been carried out and in progress aimed at isolating, purifying and expanding
marrow-derived mesenchymal cells (/49-152). Once these cells are isolated, they may be expanded
(not differentiated) in a specialized medium and ultimately yield a source of cells that are highly osteo-
genic. These cells could then be delivered to enhance bone repair (150,153,154).

Other attempts to enhance bone healing are the use of osteoinductive factors such as recombinant
growth factors. This osteoinductive therapy induces mitogenesis of undifferentiated perivascular mes-
enchymal cells and leads to the formation of osteoprogenitor cells with the capacity to form bone.
Several growth factors are potentially beneficial for bone and cartilage healing, such as TGF-f3, fibro-
blast growth factor (FGF), platelet-derived growth factor (PDGF), and the BMPs. Since these factors
have been shown to be produced during fracture repair and to participate in the regulation of the healing
process, it was logical to administer some of these factors exogenously at the site of injury. Extensive
research has been carried to enhance bone healing in different animal models; we summarize these
advances in Table 3.

Although there is increasing evidence supporting the use of growth factors to enhance fracture heal-
ing, the clinical data have been hindered by the selection of optimal carrier and dosage. Only three
peer-reviewed clinical studies using rhBMP have been published (/83-185), and BMP doses suggest-
ing efficacy ranged from 1.7 to 3.4 mg. These results mute clinical enthusiasm. To overcome difficul-
ties using growth factors, alternatives have been investigated. Such alternatives are gene therapy for
fracture healing.
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Table 3
Growth Factors and Delivery Systems Used in Different Animal Models to Enhance Bone Healing
Growth Carrier Animal Tissue regenerated References
TGF-f1 Gelatin Rabbit Skull bone (155)
PLGA Rat Skull bone (156)
Collagen Mouse Dermis (157)
FGF-1 Demineralized bone matrix (DBM) Rabbit Long bone (158)
FGF-2 Alginate Mouse Angiogenesis (159)
FGF-2 Agarose/heparin Mouse, pig Angiogenesis (160,161)
FGF-2 Gelatin Mouse Angiogenesis (162)
FGF-2 Gelatin Rabbit, monkey Skull bone (162,163)
FGF-2 Fibrin gel Rat Long bone (164)
FGF-2 Collagen minipellet Rabbit Long bone (165)
FGF-2 Collagen Mouse Cartilage (166)
RhBMP2 PLA Dog Maxilla (167)
BMP PLA Dog Long bone (168)
rhBMP2 PLA (porous) Dog Vertebrae (169)
rhBMP2 PLA-coating gelatin sponge Dog Long bone, maxilla (170)
rhBMP7 Collagen Dog Vertebrae (171)
rhBMP7 Collagen Monkey Long bone (171)
rhBMP2 Porous HA Monkey Skull (172)
rhBMP2 PLA/PGA Rabbit Long bone (173)
rhBMP2 Porous HA Rabbit Skull (174)
rhBMP2 PLA Rabbit Long bone (175)
rhBMP2 Injection into intervertebral disk Rabbit Vertebrae (176)
rhBMP2 Gelatin Rabbit Skull (177)
rhBMP2 PLGA Rat Long bone (178)
rhBMP2 PLA Rat Skull bone (179)
rhBMP2 Collagen sponge Rat Skull (173)
rhBMP2 PLA-PEG copolymer Rat Long bone (180)
rhBMP2 Inactive bone matrix Sheep Long bone (181)
rhBMP2 PLGA Sheep Long bone (182)

Fracture Enhancement via Gene Therapy

Gene-based delivery systems offer the potential to deliver and produce proteins locally at thera-
peutic levels and in a sustained fashion within the fracture site. To transfer genes into a cell, two main
choices have to be made. The first is to determine the gene delivery vehicle, known as the vector. The
second is to determine if the genes should be introduced into the cell in vivo or ex vivo.

To introduce exogenous DNA into the cell and more specifically into the nucleus where the tran-
scriptional machinery resides, vectors must be used. These vectors could be viral or nonviral. Each
system has its advantages and disadvantages. Naked DNA delivery is usually achieved by direct local
injection; more recently, combining the DNA with cationic liposomes or other transfecting agents or
a biodegradable polymer improved the transfection efficiency. Although transfection efficiency in
general was lower than with viral vectors, gene expression from delivered plasmid DNA was suffi-
cient to promote osteogenesis (/86,187) and angiogenesis (188—190). The main advantages of plas-
mid DNA are cost, safety, transient expression, and less antigenicity than viral vectors.

Viral vectors have been developed from various viruses. The most widely used viruses are derived
from retroviruses, adenoviruses, adeno-associated, and herpes simplex viruses. Table 4 summarizes
the clinical research conducted so far in orthopedics using these various viruses.

With continuing advances in gene technology, gene therapy will likely become increasingly impor-
tant in healing both acute and chronic wounds. As our understanding of the physiology of bone fracture
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Table 4

Summary of Gene Therapy to Bone

Virus type/gene delivered Tissue targeted References
Retroviral

¢ lacZ marker gene, hBMP-7 Periosteal cells/rabbit femoral osteochondral defects (191)

¢ Collagen alpha 1 In vitro expression in bone marrow stromal cells (192)

e LacZ marker gene Human osteoprogenitors bone marrow fibroblast (193)

were transduced with retrovirus-LacZ and implanted
in calvariae of SCID mouse

¢ BMP-2 and BMP-4 Ectopical expression in developing chick limbs (194)
Adenoviruses

e LacZ Rabbit femur (diaphysis) (195)
* BMP-2 Rabbit femur (196)
* FGF

¢ BMP-7 Adeno-CMV-BMP-7 virus particles mixed with bovine (197)

bone-derived collagen carrier and was implanted into
mouse muscle and dermal pouches

¢ BMP-7 Ex vivo transduction of human gingival fibroblasts or (198)
rat dermal fibroblasts. The transduced cells were then
implanted in critical size skeletal defects in rat calvariae

e LacZ Rat mandibular osteotomy model, (199)

* BMP-9 Injection of 7.5 x 108 pfu of a BMP-9 adenoviral vector (200)
in the lumbar paraspinal musculature.

¢ Human TGF-$1 Rabbit lumbar intervertebral disks (201)

* BMP-2 Athymic nude rats were injected with Ad-BMP-2 in the (202,203)
thigh musculature

e LacZ Direct injection into the temporomandibular joints of (204)
Hartley guinea pigs

¢ BMP-2 Intramuscular direct injection (205)

Adeno-associated viruses (AAVs)

e Murine 1L-4 Synovial tissues (206)

* To the best of our knowledge, no AAV vectors have been used to enhance bone fracture repair.
The difficulty in preparing and purifying this viral vector in large quantities remains a major obstacle
for evaluating AAV vectors in clinical trials. Recently, methods for producing a high titer (207) and
purification (208) were published. These advances will allow further studies using AAV vectors.

Herpex simplex virus type 1 (HSV-1)

* Has not been used in bone fracture healing models. The HSV-1 amplicon vector is a very promising genetic
vehicle for in vivo gene delivery. The HSV-1 amplicon vectors consists of a plasmid containing a transgene(s)
and the HSV-1 origin of DNA replication and packaging sequence, packaged in a HSV-1 virion free of
HSV-1 helper virus.

repair and the role of the various repair regulators at the molecular level increases, this will ultimately
accelerate the progress of gene therapy. In addition, the transfection efficiency and the safety of the
delivery systems is expected to improve, providing a therapy with fewer hurdles to overcome in order
to become an accepted therapy.

In summary, newly developed comprehensive therapies based on biological understanding, using
either recombinant proteins or their genes, will enhance bone regeneration. The challenging task of tis-
sue engineering bone is being tackled by many multidisciplinary research groups involving engineers,
biologists, and polymer chemists. This effort should yield optimization of current therapies or the devel-
opment of therapies that will enhance clinical treatment outcomes.
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