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Abstract

With the ageing population, musculoskeletal conditions are becoming more inherent. Delayed union is
defined as a slower than normal fracture healing response, with no healing after 4 to 6 months; however,
union is anticipated given sufficient time. In the context of delayed/non-union, fragility fractures in
osteoporotic populations carry significant patient morbidity and socioeconomic costs. Multiple
mechanisms hinder fracture healing in osteoporotic patients, imbalanced bone remodelling leads to
impaired bone microarchitecture due to reduced osteoblast number and activity and as such, callus
formation is diminished. Since stem cells can self-renew and differentiate into various tissue lineages,
they are becoming very popular in tissue regeneration in musculoskeletal conditions. In this review we
discuss the role of stem cells in physiological fracture healing and their potential therapeutic use
following a fracture. We explore the potential of stem cells, the release of chemokines and cytokines to
reduce fracture risk in osteoporosis.
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Introduction

Over $2.5 billion is spent on an estimated 3 million musculoskeletal procedures in the United States of America
with 7.9 million bone fractures reported annually [1, 2]. Worldwide reported hip fracture rates per 100,000 of the
population are 400.7 (52.1 to 920.7) for women and 147.8 (37 to 567) for men (median and range), with an
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increasing elderly population these are predicted to rise. Fracture healing typically occurs after a period of
immobilisation or surgical reduction in approximately 90% of cases. Yet in 5-10% of cases, radiographic union
is not achieved within 6 months, thus termed a “delayed” or possible “non”-union. Subsequently, the fracture gap
may be filled with fibrous callus that necessitates intervention [2, 3].

Delayed union is defined as a slower than normal fracture healing response, with no healing after 4 to 6 months;
however, union is anticipated given sufficient time. Non-union is diagnosed when no bony fracture healing is
observed over a longer time period, typically 9 months, and no radiographic progression is observed for 3
consecutive months [4-7]. Aseptic non-unions are defined as either hypertrophic or atrophic: hypertrophic non-
unions occur due to inadequate immobilization, they demonstrate significant local bone formation and a well
vascularised callus, with an upregulation of type 11 collagen production. Atrophic non-unions have little or no new
bone formation at the fracture site and are associated with biological or mechanobiological impairment of
osteogenesis [4, 7].

In the context of delayed/non-union, fragility fractures in osteoporotic populations carry significant patient
morbidity and socioeconomic costs. Currently 10 million people in the United States have osteoporosis, with a
resulting significant impact on fracture numbers, and ultimately the incidence of non-union [8]. Multiple
mechanisms hinder fracture healing in osteoporotic patients, imbalanced bone remodelling leads to impaired bone
microarchitecture due to reduced osteoblast number and activity and as such, callus formation is diminished.
Secondly, structural incompetence inherent in osteoporotic bone hinders osteosynthesis, with failure rates of some
fracture fixation techniques as high as 50%. Subsequently, the clinical need remains to identify biologics and/or
biomaterials that can be economically viable adjuncts to fracture healing in all patient populations[9-12].

This review discusses regenerative medicine and biomaterial interventions to improve fracture healing. First we
focus on the role of stem cells in physiological fracture healing and their potential therapeutic use following a
fracture. We explore the potential of stem cells to reduce fracture risk in osteoporosis in stem cell regenerative
treatment.

2. Fracture healing

2.1 Role of stem cells in fracture healing

Following a fracture, bone has the capability of self-repair and regeneration. There are multiple factors, which
regulate the cascade of events involved in fracture healing; understanding the cellular and molecular pathways
during healing is critical for determining the fracture treatment in cases with poor prognosis. This complex
biological event involves both intracellular and extracellular pathways of bone induction and the coordination of
several cells types including stem cells [13, 14].

Fractures heal through different pathways, determined predominantly by the biology and mechanical stability at
the fracture site [15, 16]. In conditions of “absolute stability” typically where fractures are reduced and surgically
fixed, bones can heal by direct bone repair. Indirect bone repair is where endochondral ossification occurs to
bridge a gap at the bone ends. In both processes, strain drives the differentiation of mesenchymal stem cells. If
the bone is stable, but slowly distracted (lengthened) to maintain a gap, callotaxis (distraction osteogenesis) can
take place. Rather than a repair mode callotaxis is often used as an intervention for bone growth and treatment of
skeletal anomalies [17].

Direct bone repair, occurs through a combination of gap and contact healing, where the fracture site is rigidly
stable. In this case healing occurs in a manner similar to normal bone remodelling: no cartilage callus forms and
the bone repair is supported by the existing bone. Osteoclast cutting cones resorb bone immediately adjacent to
[18]the fracture site, followed by osteoblasts, which synthesise new lamellar matrix [3, 15]. If there is a small gap
which is stable, healing follows a similar pathway, without the formation of a cartilage callus. Fibrous tissue forms
within the gap, which is invaded by mesenchymal stem cells. Woven bone is synthesised at the edges of the gap
and proceeds to fill the gap. Simultaneously, new bone at the fracture edges is remodelled to form lamellar bone
perpendicular to the normal bone axis. Subsequently these structures are remodelled to align with the long axis of
the bone in a normal cortical structure [15, 16].



If the fracture gap is less stable, endochondral bone repair can take place. This indirect or secondary bone healing
is of particular interest as it is the more common healing model [16]. The first stage of endochondral repair
overlaps with the formation of a fracture haematoma and an inflammatory response. Blood clots are observable
within hours following fracture, and form a fibrin scaffold, which bridges the fracture creating a matrix for the
invasion of repairing cells [19, 20]. Simultaneously inflammatory cells, platelets and the bone extracellular matrix
(ECM) release factors that are responsible for the migration of stem cells to the injury site and subsequent
differentiation [21, 22]. Subsequently endochondral fracture healing is similar to normal bone development, which
occurs through endochondral ossification [18, 23]. Depending on the stability of the fracture, a cartilaginous soft
callus forms. First, the fibrin clot is remodelled, stem cells differentiate along a fibroblastic lineage and secrete
collagen to form an early fibrous callus within the first few days after fracture [19]. Angiogenesis then occurs
allowing circulating cells to migrate rapidly to the fracture site [24]. Stem cells differentiate to chondrocytes which
further remodel to form a cartilaginous callus.

Fracture healing is not an isolated event; the process includes various factors that act in synergy and this affects
the homing and promotion of cells. The dose of these factors will have knock on effects on the therapeutic
treatments they are involved in. BMP-2, vascular endothelial growth factor (VEGF) and Fibroblast growth factor
(FGF) are all dose and time dependent leading to osteogenic differentiation of MSCs [25]. Bai et al (2013) have
shown that low concentrations of these factors will have more of a positive effect on MSCs [26]. Multiple factors
play varying roles in the cascade of MSCs which shows MSCs are not only controlled by both chemotactic and
mechanical factors [27, 28]. Additionally, local cells also contribute to the healing process. Committed
osteoprogenitor cells of the periosteum and undifferentiated multipotent MSCs are initially activated. Local and
systemic regulatory factors such as VEGF, FGF, Insulin-like growth factor (IGF), TGFp, various cytokines and
hormones interact with these localised cells to attract more cells to the region and initiate the healing process [29,
30].

Cellular recruitment occurs mainly from local tissues. In direct bone healing, the primary source being the bone
marrow of the fractured bone [31]. However, during secondary bone healing, stem cells derived from the
periosteum are mainly responsible for chondrogenesis [31, 32]. In addition muscle can provide a source for pre-
chondrocytes which differentiate from satellite cells (16). Therefore, to ensure bone healing, any surgical
procedures should avoid further damage to the periosteum and overlying muscle [23]. The third stage involves
the formation of a hard callus of primary bone, on a stable mineralised surface (e.g. existing bone). Primary,
osteoblastic differentiated mesenchymal cells from the periosteum, endochondral bone and bone marrow,
synthesize a scaffold of woven bone [15, 21, 31]. The final stage involves remodelling of immature bone into
organised lamellar bone with a trabecular structure.

Bone healing is controlled by the interaction of regulatory factors, such as cytokines and hormones;
osteoconductive matrices or scaffolds, mechano-biology or relative mechanical stability of the fracture site, a
population of stem cells and a blood supply [21, 29]. Multiple cell types are involved in fracture healing, including
osteoblasts, osteoclasts, osteocytes, osteoprogenitors and most importantly stem cells, which act in response to
both mechanical signalling and the biochemical signalling cascade [33]. The sources of stem cells during fracture
healing include bone marrow derived mesenchymal stem cells (bMSCs) and periosteum derived mesenchymal
progenitor cells (PDCs). There is some evidence for contributions made from endothelial progenitor cells (EPCs),
muscle derived stem cells and perivascular stem cells (PSCs) [23, 34-42].

2.2 Tissue biomechanics in stem cell activation and differentiation

Stem cells are sensitive to local tissue microenvironments. Inherent properties of the materials surrounding cells
include stiffness, degradability, adhesion, chemical moeties, and nanotopography. In addition, the local
mechanical environment can induce and alter stem cell differentiation and subsequently tissue formation [43-46].
Tissue strain affects the type of bone formed, with rigid fixation leading to mainly intramembranous repair, while
compliant fixation leads to healing predominated by endochondral bone repair [47].

2.3 Stem cells in pre-clinical and clinical studies of fracture healing
When the recruitment of autogenic cells for bone repair is impaired such as in a comminuted fracture or where
the blood supply is compromised, a delayed or non-union may occur. In these situations, delivering stem cells to



the fracture site has the potential to enhance bone repair [41, 48, 49]. Based on the original work of Friedenstein
[1], some studies have reported positive outcomes following ex vivo expansion of harvested bone marrow cells.
Therefore, progenitor cells in the order of millions can be expanded from bone marrow and later re-implanted
within the fracture site. A number of clinical trials have investigated the use of expanded autologous stem cells to
enhance fracture healing with varying degrees of success [50, 51].

The vast majority of pre-clinical studies have investigated the use of implanted bone marrow derived stem cells,
though a growing body of work is exploring the use of adipose derived stem cells [52, 53]. Studies have suggested
superior cell yield (6-fold), differentiation capacity and immunomodulation of adipose derived cells compared
with those obtained from bone marrow, hence increasing interest in their use in bone healing and repair [54] .
Subsequently, canine and murine studies have demonstrated the efficacy of allogenic adipose derived cells in the
healing of long bone and cavarial defects, although few studies have shown autologous adipose derived cells to
improve bone formation in clinical studies [55-59].

A number of studies have investigated the administration of a mixed population of progenitor cells, which include
mesenchymal stem cells, endothelial progenitor cells (EPCs) and haematopoeitic stem cells. EPCs are a valued
resource as they contribute to the formation of vascularised tissue. When EPCs are co-implanted with stem cells
and supplemented with VEGF, a more mature vascularised bone tissue has been shown to form in the fracture
[36, 60-63].

Small scale trials have reported enhanced fracture healing, reduced morbidity and reduced disease progression
with the use of ex vivo expanded mesenchymal stem cells when combined with demineralized bone matrix or on
an acellular scaffold for the treatment of non-union or avascular necrosis [64-66]. Importantly, the growing body
of clinical evidence that supports the use of bone marrow derived stem cells, concentrated or expanded ex vivo,
involves a wide variation of processing methods, concentration and time to aspiration. Such heterogeneity in
methods hinders the true evaluation of the applications’ efficacy [49, 67-69]. Additionally, the heterogeneity of
culture expanded stem cells where the selection is not clonal and where the cells that adhere to tissue culture
plastic may be variable in their phenotype. This therefore makes clonal culture very important, whereby the
selection of an appropriate clone may be an option.

Implantation of foetal or adult stem cells into a critical size defect in rats has been shown to enhance fracture
healing [48]. There may be additional advantages in differentiating the MSCs along the osteogenic and
chondrogenic lineage prior to injection into the fracture site as it promoted endochondral ossification [70, 71].
The time of cell intervention is reported to be critical and a recent study showed that administration of MSCs into
a critical size diaphyseal defect 7 days after injury, significantly reduced the rate of bony bridging when compared
to immediate cell administration [72]. However, where a stem cell treatment is advocated for a delayed union, a
delay of the administration of stem cells to the fracture site is unavoidable [73, 74]. In cases where delayed
administration is unavoidable, it may be appropriate to debride and ‘freshen up’ the fracture site. In delayed and
non-union, autologous bone marrow derived cells (bMSCs) have been used in multiple studies to enhance bone
formation at the fracture site, leading to improved functional outcomes and healing as evidenced by radiographs.

The application of stem cells to the fracture site is reliant on a suitable carrier or scaffold. In the case of delayed
and non-unions and in both osteoporotic and non-osteoporotic patients, a number of scaffolds have been
investigated. These scaffolds can be autogenic or allogenic bone or synthetic bone graft substitute materials
(BGS). Autograft remains the gold standard and has osteoinductive potential. Allograft and bone substitute
materials are reported to be osteoconductive [25, 75]. Combining stem cells with graft substitute materials may
enhance their osteoinductive potential and improve bone fracture repair.

The use of culture expanded MSCs in combination with a BGS was investigated in the treatment of long-standing
non-union of the tibia [76, 77]. Bajada et al. 2007 combined a pellet of autologous bone marrow stromal cells
within a calcium sulphate scaffold prior to introduction into a tibial non-union in a patient. Eight weeks after
surgery, the patient was able to fully bear weight on his leg, with clinical union and abundant callus evident [77].
Manassero et al investigated the potential of autologous MSCs combined with a resorbable Acropora Coral



scaffold implanted into a critical defect site in sheep. After demonstrating that MSCs proliferated within the
scaffold over a 7-day period, the scaffold and cell composite was implanted into sheep and a two-fold increase in
bone formation was measured 6 months post-operatively. One scaffold was reported to have almost completely
resorbed leading to full bone regeneration within the defect site [76].

Transplanted bMSCs are reported to survive and proliferate in the short term (2 weeks) when seeded onto porous
silk scaffolds in a rat cranial defect model, but cell number has been shown to decrease in the longer term (8
weeks) where cell survival is reported to be poor [48, 78, 79]. In addition, loading scaffolds with growth factors
(VEGF and BMP-2) can promote differentiation along both angiogenic and osteogenic lineages [78].

2.4 Minimally manipulated stem cells in fracture repair

Of the many factors that affect the in vivo outcome following stem cell intervention, the cell delivery method,
source of cells and the mechano-biology of the fracture environment are considered the most significant. Cell
delivery may be local or systemic. Hernigou et al (2005) seeded minimally manipulated autologous cells derived
from bone marrow, directly at the fracture site during surgery. If successful, the use of minimally manipulated
stem cells has several advantages over cultured stem cells, which are economical, convenient with limited
regulatory implications. Hernigou et al (2005) employed the technique of aspirating autologous bone marrow
(typically from the iliac crest), immediate centrifugation and implantation of the concentrated mononuclear cells
into the defect site. This may be further augmented with the addition of bone substitutes. An alternative approach
may be to use minimally manipulated adipose derived stem cells where fat tissue is taken during surgery,
enzymatically treated, releasing stem cells, which are concentrated and reintroduced into the fracture site [74].
The number of MSCs has been shown to be low at around 1 in 100000 nucleated cells in a bone marrow aspirate
and at this low concentration, the usefulness of stem cells is speculative. The usefulness of the bone marrow
aspirate could therefore be due to cytokines and chemokine and not just the cells [80].

3. Osteoporosis

3.1 Current treatments for osteoporosis

Osteoporosis is defined as a “disease characterized by low bone mass and micro-architectural deterioration of
bone tissue, leading to enhanced bone fragility and a consequent increase in fracture risk; and as such is an
increasing medical and socioeconomic threat [81]. A patient with osteoporosis has an increased lifetime fracture
risk of 40% [82-84]. The main feature of osteoporosis is a reduction in skeletal mass caused by an imbalance
between bone resorption and bone formation [85]. Bisphosphonates are the common treatment for osteoporosis,
and these drugs have been shown to reduce the risk of fracture, however they only prevent the resorption of bone
rather than restore lost bone [86, 87]. They have been shown to marginally increase bone mineral density. Their
long-term use has raised concern of atypical sub-trochanteric fractures of the femur [88]. This may be associated
with the failure of bone to remodel these micro-cracks due to the inactivation of the osteoclast which subsequently
lead to fractures.

A number of drugs are in evaluation as both anabolic and anti-catabolic agents. Anti-sclerostin antibody and
parathyroid hormone (PTH) together with its analogues. PTH 1-34 (teriparatide) and PTHrP analogues
(abaloparatide), have been shown to have a dual anti-catabolic and anabolic effect. These agents have also been
shown to act directly on the differentiation of stem cells promoting the formation of osteoblasts and bone
formation [73, 78].

Anti-Sclerostin therapy has been shown to be effective at increasing bone density and strength in animal models
with osteopenia and patients with osteoporosis. A number of studies have investigated the effect of anti-sclerostin
on fracture repair and healing. Systemic administration of sclerostin antibody enhances bone repair in a critical-
sized femoral defect in a rat model [89]. In an osteopenic closed fracture model in rats it was demonstrated that
anti sclerostin increased bone mass, bone strength and bone formation at the fracture site [90]. These authors also
showed that MSCs isolated from rats injected with anti sclerostin proliferated faster and expressed greater levels
of ALP than cells isolated from non-treated rats.



Both continuous and intermittent administration of PTH leads to increased bone turnover at trabecular and cortical
sites. Unlike continuous dosing that results in increased osteoclast activation, pulsatile PTH administration results
in increased trabecular bone volume. Intermittent PTH induces the activation of RUNX2, which drives the
differentiation of stem cells down the osteoblastic lineage and it also maintains osteoblast maturity and thus has a
role in increasing bone formation in osteoporosis [91-93]. Interestingly more recent studies have also started
exploring the use of natural remedies such as Naringin to stimulate the differentiation of MSCs to bone [94, 95].

3.2 Stem cell Therapy for treating osteoporosis

Bone formation in osteoporotic patients appears to be compromised and one of the reasons may be that MSCs
from post-menopausal women have a slower growth rate and lower osteogenic differentiation ability when
compared to MSCs from pre-menopausal women [10, 96-98]. Impairment of bone formation combined with the
increased fracture risk, suggests that fragility fractures in these patients are more susceptible to the formation of
delayed or non-unions [40].

Examination of bone marrow from osteoporaotic patients has been shown to have a significantly increased number
of adipocytes when compared to a normal bone marrow stroma. According to Rodriguez et al, this preferential
differentiation towards adipogenesis rather than osteogenesis is due to MSCs from post-menopausal patients
synthesising 50% less collagen | and 60% less TGF-$ than MSCs from pre-menopausal women [97]. The role
and inability of stem cells to form bone in osteoporotic individuals has therefore been highlighted in several
studies.

A number of studies have investigated the use of MSCs to enhance bone formation in osteopenic/osteoporotic
bone. Wang et al. injected MSCs embedded within a calcium alginate gel, into fractured femurs of ovariectomised
(OVX) rabbits. After 2 months, an increase in bone apposition, trabecular thickness and bone stiffness was
observed in the rabbits treated with MSCs [99]. Similar results were shown by Ocarino et al. 2010, when GFP
labelled MSCs were injected into the femoral bone marrow cavity in OV X rats. Treated rats showed a significantly
increased bone formation in the femur compared to the control group with the GFP labelled cells lining the surface
of the newly formed bone [100].

The source of stem cell may be important. Umbilical cord blood-derived stem cells (UCB) have also recently
generated tremendous interest in the orthopaedic field. UCB can be harvested non-invasively without any risk to
the donor, while possessing a low immunogenic potential, giving them a diverse applicability in cell therapy. An
et al, demonstrated a 30% increase in bone mineral density (BMD) when human UBC-MSCs were injected in
OVX mice after 4 and 8 weeks. They also observed increases in trabecular volume, number and thickness in OV X
mice treated with hUB-MSCs [101].

Ye et al, transplanted autologous ADSCs in alginate in the femoral condyles of OVX rabbits, and found that it
enhanced bone mass, increased cancellous bone formation and decreased bone loss at 8 weeks in comparison to
the groups with only alginate transplanted in the condyles. Additionally, at 12 weeks, BMD reached 88% of the
control non-stem cell treated group. Additionally, they also demonstrated that ADSCs in alginate composites in
vitro positively induced a BMP signalling pathway that could favour osteogenesis and inhibit adipogenesis [102].
These studies suggest the potential use of stem cells in the treatment of osteoporosis.

4. Systemic mobilisation of stem cells
Systemic mobilisation of stem cells to the fracture site is dependent on the physiology of the host, which is
associated with chemokines such as the SDF1/CXCR4 axis (Figure 1). An alternative and adjunct to the
mobilisation of the stem cells from the host bone marrow may be to deliver stem cells intravenously. This route
would still rely on the migration to the site of injury, which would be governed by the release of chemoattractant
factors [4, 74, 103]. The delivery of cells to the injury site is a critical issue with cell-based therapies.
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Figure 1: The mobilisation mechanism of cells from their niche and possible role for circulating stem
cells in fracture healing. Stromal cell-derived factor 1 (SDF-1/CXCL12) is strongly expressed at the
injury sire by cells including bone marrow stromal cells. SDF-1 along with other chemokines, mediates
cell migration towards the site of injury through interaction with the CXCR4 receptor. Multipotent
cells expressing CXCR4 are shown, and markers for their identification are listed. Administration of
AMD3100 (Plerixafor) blocks SDF-1/CXCR4 binding and can therefore be used to increase mobilisation
of multipotent cells into the bloodstream.

For stem cells to regenerate any tissue, they must first migrate to the site of injury site and this is influenced by
multiple factors including age and passage number of cells, culture conditions and the delivery method [104, 105].
Genetically manipulating stem cells can increase their homing ability and can systemically deliver therapeutic
proteins into circulation [103]. Lien et al. systemically injected murine MSC-like cells (C3H10T1/2) into
glucocorticoid-induced osteoporotic mice [106]. Cells were transduced with CXCR4 and Cbfa-1 that increase the
migration and osteogenic differentiation of cells respectively. 4 weeks post-transplantation a significant increase
in bone mineral density (BMD) was observed in the femora of osteoporotic mice [106]. RANK-Fc blocks
osteoclast differentiation [107] and improves BMD in ovariectomised mice after 4 weeks of introduction of cells
transfected with RANK-Fc [108]. Modifying cells to express RANK-Fc and CXCR4 also improve stem cell
homing while enhancing bone formation in comparison to using RANK-Fc on its own and this resulted into
significant protection against OVX-induced bone loss [109]. Additionally, a more recent study by Huang et al,
2016 found that systemic administration of allogenic MSCs from OV X rats does not prevent osteoporotic bone
loss in ovariectomised rats. They found no significant difference in micro-Ct, mechanical testing and histology
results between rats receiving sham injections and repeated doses of allogeneic stem cells [110]. This could be
because the migration and osteogenic differentiation of stem cells from osteopenic rats is compromised and
therefore injecting this type of cells may not improve bone formation in osteoporosis.



The processes of cell recruitment, migration and homing to the fracture site are essential for the inflammatory
process, heovascularization, chondrogenesis, osteogenesis and ultimately bone formation in hormal bone repair.
Stem cells navigate from the periosteum and bone marrow, and may also be recruited from the circulation and
distant bone marrow. Mobilisation and migration requires stem cells to enter and exit the vasculature. A process
similar to extravasation used by leukocytes to exit the vasculature is believed to occur.

The work of Pitchford et al, 2009 showed that mobilization of EPCs, MSCs and HSCs was dependent upon
different cytokines [111]. MSC mobilization was detected when the AMD3100 (Plerixafor), an antagonist to
CXCR4, was administered to mice pretreated with VEGF, but not G-CSF, whereas VEGF pretreatment enhanced
EPC mobilization whilst GCSF pretreatment enhance the mobilization of HSCs without the addition of the
CXCR4 antagonist[111]. The CXCR4 and CXCL12 interaction is thought to be important in mobilization. The
manipulation of the stem cell niche using different cytokines has led to the proposition that circulating stem cells
could be controlled by administering different cytokines allowing the cells to be released and home to the fracture
site thus enhancing repair. Rapp and co-workers showed strong expression of SDF-1 by nearly all cells near the
osteotomy, indicating that SDF-1 may mediate cell migration to the injury site. When they created a femoral
osteotomy and injected stem cells systemically into mice, they saw more bone in the callus compared to sham
control group. However, bending stiffhess of the callus had not improved significantly compared to the control.
The role of SDF-1 in fracture healing has also been highlighted in a study by Ho and co-workers, 2014. Stem cells
transfected with SDF-1 were shown to improve bone formation in femoral defects in rats compared to those that
received untransfected MSCs, due to SDF-1 mediating the migration of stem cells to the fracture site [112].

AMD3100, an antagonist of CXCR4, when given to rats for 3 days after fracture resulted in an increase in the
number of circulating MSCs, HSCs, and EPCs. In mice the migration of stem cells from their niche can be further
promoted by the injection of cytokines such as IGF, FGF and GCSF. Several studies have outlined the positive
effect of AMD-3100 administration on bone growth following delivery of a bone lesion in an animal model [113,
114]. Mobilization of MSCs from bone marrow after AMD-3100 administration resulted in a significant
augmentation of bone formation when it was co-administrated with IGF-1 [115]. HSC mobilization by G-CSF
has been investigated in a phase Il clinical trial following tibial osteotomy. In this study, patients who received
G-CSF infusion for 3 consecutive days and 4 hours before surgery showed increased osteointegration within bone
graft when compared to the untreated control patient group [116]. The timing of stem cell mobilisation is crucial
especially if AMD3100 is to be used as this could prevent homing of the stem cells to the SDF1 released at the
fracture site. Circulating stem cells may be captured in the lungs and the spleen and this may present a problem
with the injection of cultured expanded cells which are larger than cells released from the stem cell niche [117-
119].

5. Minimally Manipulated Cell Therapy

The human bone marrow is made up of multiple cell subpopulations that could potentially contribute to injury
repair. Besides haematopoietic stem cells and MSCs, bone marrow also contains other cell types such as
adventitial reticular cells, vascular pericytes, bone marrow fibroblasts and bone lining cells. Some of these cells
possess the ability to self-renew, maintain genetic and/or epigenetic profiles that make them more programmable
in vivo and retain sufficient proliferative, secretory and differentiation potentials to repair a specific tissue [120].
Many studies have focused on the use of stem cells following culture expansion and during this time, adherent
MSCs are the primary cell types that overgrow and adapt to the in vitro culture environment. Cell expansion and
culture adaptation may come at the expense of altered biological and secretory features that distinguish MSCs
from their in vivo counterparts [121]. For this reason and also due to patients often having to undergo an additional
procedure to obtain the bone marrow aspirate, the increased time, costs and regulatory requirements, minimally
manipulated cells obtained at the time of surgery offer a number of advantages over using expanded cells. The
mononuclear cell fraction isolated from bone marrow aspirate or subcutaneous adipose tissue can be obtained
using density gradient centrifugation and/or digestion methods during surgery. This cell population is often termed
‘minimally manipulated’ and may represent a novel strategy for enhancing tissue repair and regeneration. Pre-
clinical as well as clinical studies have demonstrated that the application of minimally manipulated mononuclear
cells possess therapeutic repair capabilities.



6. Conclusion

This review has investigated the way in which stem cell therapy may be used to enhance bone formation during
fracture healing. Presently, delayed- and non-unions are a considerable economic burden with high patient
morbidity and stem cell treatment may provide a method of treatment particularly in osteoporotic patients. Pre-
clinical studies have shown that cell therapy can be further enhances when combined with scaffolds, growth
factors, cytokines and chemokines. However, the potential of stem cell treatment in fracture healing remains
uncertain as more clinical trials are required to investigate these novel treatment strategies in patients with
osteoporotic fractures.
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