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Chapter 1
Clinical Applications of Stem Cells  
for Bone Repair

Wasim S. Khan, Philip Pastides, and David Marsh

1.1  �Introduction

Regeneration involves replacement of old tissue with new tissue. It occurs readily in 
the embryo but is slow in most adult tissue. This may be because of the relatively 
large number of undifferentiated progenitor cells in the embryo compared with 
adults. Repair mechanisms in post-embryonic tissue, other than bone, result in scar 
formation instead of tissue regeneration. Repair is more rapid and designed for sur-
vival. It involves the inflammatory cell cascade followed by matrix deposition and 
the remodelling process which attempts to regenerate damaged tissue.

Bone is continually remodelled as a result of the balance between the activities 
of the osteoclasts and the osteoblasts. Because of the potential of bone to spontane-
ously regenerate, most bone lesions, such as fractures, heal well with conventional 
therapy or surgery. The osteogenic process that commences after the inflammatory 
phase, under the influence of bone-derived bioactive factors, is initiated by precur-
sor cells from the periosteum adjacent to the fracture site. This generates hard callus 
by intramembranous bone formation. A bone graft or substitute is often required to 
assist in orthopaedic surgery healing of a large traumatic or post-surgical defect and 
of osseous congenital deformities. The majority of bone formation however is by 
enchondral ossification of the soft callus that appears after infiltrated mesenchymal 
cells are induced to chondrogenesis. This improved understanding of repair and 
regeneration has helped with the development of orthopaedic tissue engineering 
(Kruyt et al. 2004).
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Current surgical treatment of large bone defects falls into two groups: Illizarov 
method or bone transport and bone graft transplant (auto-, allo-, xeno-grafts, differ-
ent biomaterial implants). The Illizarov technique entails an osteotomy followed by 
bone distraction allowing regeneration of bone. The disadvantages include long 
recovery periods and a high complication rate. The clinical gold standard for bone 
repair is an autologous graft that is effective, but this is limited by the availability 
of sufficient donor tissue and donor site morbidity. As for graft transplants, vascu-
larised autografts are presently mostly used, e.g. autografting cancellous bone 
applying vascularised grafts of the fibula and iliac crest (Perry 1999). The disadvan-
tages include problems related to anatomical limitations, graft integration and 
donor site morbidity, including infection, haematoma and limitation of size of 
defect reconstruction.

Tissue engineering has been defined as the application of scientific principles to 
the design, construction, modification and growth of living tissue using biomateri-
als, cells and growth factors, either alone or in combination (Langer and Vacanti 
1993; Khan et  al. 2009, 2012a). In essence, three elements are central in tissue 
engineering; stem or precursor cells; an appropriate biological scaffold and growth 
factors. All three are discussed in detail below. It generally involves the use of cells 
with a matrix or scaffold that guides the cells during tissue repair or regeneration. 
The use of more undifferentiated cell types such as stem cells or early mesenchy-
mal progenitors that retain multi-lineage and self-renewal potential is preferable to 
the use of terminally differentiated cells. The scaffold could be natural or biosyn-
thetic. Cells harvested from donor tissues, including adult stem cells, can be 
expanded in culture and associated with resorbable biomaterials to form a scaffold. 
The cells can be stimulated by specific bioactive molecules called growth factors 
(Kanitkar et  al. 2011). The cells can also be genetically modified via genomic 
insertion of a new healthy copy of a gene before expansion and subsequent tissue 
reconstitution. To date the use of gene technology has not been applied to humans; 
the cells could be stimulated in  vitro to form tissue for future re-implantation 
in vivo. In vitro, this process may be facilitated by the use of a bioreactor that pro-
vides the appropriate environment to allow the process (Oragui et  al. 2011; 
Mabvuure et al. 2012).

A tissue engineering approach to treat skeletal defects involves the use of osteo-
conductive biomaterial scaffolds with osteogenic cell populations and osteoinduc-
tive bioactive factors. A possible tissue engineering approach for bone repair is to 
use autologous bone marrow stem cells (BMSC) loaded onto a scaffold (Cancedda 
et al. 2003). The three constituents are discussed below.

1.2  �Mesenchymal Stem Cells

Differentiated cells released from adult tissue exhibit a limited proliferation capacity. 
This has limitations for their expansion in culture and in vitro reconstruction of 
tissue. Culturing undifferentiated cells (stem cells or progenitor cells) that have a 
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higher proliferative capacity is more promising (Khan et al. 2012b). Differentiation 
of these cells can be obtained in vitro by changing the culture conditions after their 
expansion or by providing a new physiological micro-environment in the transplant 
area in vivo (Thanabalasundaram et al. 2012).

A stem cell is a cell from the embryo, foetus or adult that, under certain condi-
tions, can reproduce for long periods. It can also give rise to specialized cells of 
body tissues and organs. The use of stem cells from the embryo or foetus has 
many ethical considerations whereas the use of adult stem cells is generally well 
accepted by society. An adult stem cell is an undifferentiated or unspecialized cell 
present in differentiated tissue, which renews itself; and becomes specialized to 
yield all of the cell types of the tissue from which it was originated. Their progeny 
includes both new stem cells and committed progenitors with a more restricted 
differentiation potential. These progenitor cells in turn give rise to more differen-
tiated cell types. The advantages of using stem cells rather than differentiated cells 
are a higher proliferative capacity, a higher regenerative potential over time and 
the ability to allow revascularization of the avascular scaffold (Shekkeris et  al. 
2012). Cells with osteoprogenitor features have been isolated from several tissues 
including periosteum, bone marrow, adipose tissue, and even the umbilical cord 
and placenta (Longo et al. 2012; Mohal et al. 2012). The choice of source depends 
on accessibility, frequency of cells and information of a particular cell system 
(Fossett et al. 2012).

Research suggests that stem cells derived from bone marrow (BMSC) can be 
expanded for a significant number of cell doublings without cell senescence. In 
vitro multidifferentiation potentials are gradually lost on expansion (Cancedda et al. 
2003). The harvest of bone marrow samples is an easy and relatively safe procedure. 
The bone marrow is a reservoir of multipotent stem cells for mesenchymal tissues. 
These multipotential stromal stem cells can differentiate into fibroblastic, osteo-
genic, adipogenic and reticular cells (Bianco et al. 2001). A large number of BMSCs 
can be obtained in culture. In addition, human bone marrow osteoprogenitor cells 
can be isolated and enriched using monoclonal antibodies as selective markers, such 
as STRO-1 from a CD34+ fraction, SB-10 (reacting with ALCAM), SH-2 (reacting 
with CD105) and HOP-26 (reacting with CD63) (Oreffo and Triffitt 1999; Stewart 
et  al. 1999; Partridge and Oreffo 2004). FGF-2 supplementation to the culture 
medium promotes cell proliferation and maintains their multi-lineage potential dur-
ing expansion (Cancedda et al. 2003).

Intraoperative adult stem cells technologies are being developed to enhance bone 
repair in delayed or non-union fractures as shown by Muschler et al. in 2003 Muschler 
et al. (2003). One in 23,000 adult bone marrow cells is an osteogenic precursor cell. 
These cells can potentially be separated by selective cell absorption in the operating 
theatre making viable implants for immediate surgical use. These cells can be com-
bined with a suitable scaffold and used as an alternative to conventional bone auto-
graft. The transplanted osteogenic stem cells can immediately begin to proliferate 
and lay down new bone matrix without removing the old matrix present in the auto-
graft. The development of these cell based technologies may result in decreased use 
of conventional bone banks that use dead bone to induce new bone formation.
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1.3  �Scaffolds

Mesenchymal stem cells alone are unlikely to be sufficient for bone regeneration. 
Although marrow injections are simple and provide a reduced risk of morbidity, for 
large skeletal defects, a scaffold of appropriate shape, size and mechanical compe-
tence is required for fracture repair. The use of the scaffold or matrix is not only in 
controlling growth factor and cell delivery but also to provide a structural template 
to fill the tissue lesion. These could be naturally occurring or synthetic polymers or 
bioceramics. Biodegradable scaffolds provide the initial structure and stability for 
tissue formation but degrade as tissue forms, providing room for matrix deposition 
and tissue growth. They can be used alone or in combination with growth factors or 
osteoconductive materials.

The scaffold aims to mimic the extracellular matrix in a regenerating bone envi-
ronment. It has to be informative to the cells as well as provide mechanical support. 
A biomaterial should easily integrate with the adjacent bone and favour new tissue 
ingrowth (osteoconduction). It should allow colonization by the host blood vessels, 
be biocompatible and resorbable.

Polymers include collagen that can be prepared in solution or shaped into mem-
brane films, threads, sponges and acidic hydrogels (Mafi et al. 2012). It is derived 
from xenogenic sources and purification techniques are used to eliminate the immu-
nogenic telopeptides. The primary obstacle to their use is the possibility of xenozo-
onoses (Lee et al. 2001). Heparin-coating fibrin hydrogels can be used to slowly and 
regularly deliver growth factors with heparin binding affinity such as FGF-2. 
Alginates extracted from brown algae form a brown lattice hydrogel. It has large 
average mesh size allowing easy diffusion of macromolecules. Hyaluronic acid binds 
specifically to proteins. Its stability is increased by partial esterification making it 
particularly suitable for peptide release or protein delivery (Grigolo et al. 2001).

Synthetic polymers include poly lactic acid (PLA), polyglycolic acid (PGA) and 
their copolymer polylactic-co-glycolic acid (PLGA). They allow a better control of 
physicochemical properties and delivery kinetics. They also reduce the risk of 
potential biohazardous complications. The disadvantages are the induction of some 
immune or inflammatory response after implantation. These polymers are currently 
used for a number of orthopaedic devices including suture anchors and interference 
screws. Other biodegradable materials for bone tissue engineering include Degrapol-
foam and Polyactive that support bone cell adhesion and proliferation (Sakkers 
et al. 2000). Surface eroding polymers such as polyortho-esters may have advan-
tages in load bearing bone applications as only the surface of these materials 
degrades leaving the bulk the mechanical strength (Andriano et al. 1999).

Bioceramics act as a pre-existing bone surface on which bone cells deposit new 
bone matrix. The best results to date have been with porous bioceramics and 
BMSC. Bioceramics made from hydroxyapatite and tricalcium phosphate are used 
for bone repair. They have osteoconductive properties and the ability to integrate with 
bone tissue. They are not themselves osteoinductive and are resorbed relatively slow. 
Their resorbability can be increased by increasing the concentration of tricalcium 
phosphate. The production of porous scaffolds makes the internal architecture similar 
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to that of cancellous bone. The advantage of such materials include a large surface 
available for tissue regeneration and cell delivery and a favourable micro-
environmental effect due to the presence of a mineralized matrix (LeGeros 2002). 
Problems include biodegradability and inflammatory and immunological reactions 
(Oreffo and Triffitt 1999).

Alternative scaffolds can be derived from cadavers or animal skeletons; natural 
scaffolds can be derived from coral cytoskeleton. Mesenchymal stem cells mixed 
with coral implants have been shown to stimulate bone regeneration, achieve bone 
regeneration and clinical union in an animal model (Petite et al. 2000). Biomimetic 
material chemistry attempts to reproduce the complex structures that occur in nature 
(such as coral, nacre, calcite shells and sea urchin spines) in synthetic systems and 
generate accurate and specific biomaterials. They potentially mimic many roles of 
the extracellular matrix by providing biological cues for cell–matrix interactions 
promoting tissue growth. They are modified with bioactive molecules and can be 
used as tissue engineering scaffolds. More information on immunoreactivity and 
biocompatibility will be needed before clinical evaluation (Shin et al. 2003).

Smart materials, for example Arg-Gly-Asp (RGD), sequence peptides involved 
in integrin mediated cell adhesion and can be incorporated onto the scaffold surface 
to enhance cell adhesion and spreading (Quirk et  al. 2001). Drug delivery tech-
niques such as entrapment within a hydrogel matrix allow growth factor to be 
released in a controlled fashion from the scaffold and aid in tissue regeneration 
(Whitaker et al. 2001). This strategy has been applied in bone tissue engineering. 
Growth factors such as recombinant human bone morphogenetic protein-2, basic 
fibroblast growth factor and vascular endothelial growth factor have all been suc-
cessfully incorporated into a hydrogel prior to in vivo implantation (Lee et al. 2000). 
The ultimate goal may be the introduction of calcium based scaffolds that can grad-
ually degrade at the same rate of new bone formation.

1.4  �Growth Factors

Growth factors are cytokines that are secreted by many cell types and function as 
signalling molecules. Members of the TGF beta family, notably bone morphoge-
netic proteins (BMPs), are particularly relevant to skeletal tissue engineering. Other 
agents known to induce bone formation include FGF, PDGF and IGF-1, Indian 
sonic hedgehog and parathyroid hormone. One function of BMP is to induce the 
differentiation of undifferentiated mesenchymal cells into chondrogenic and osteo-
genic cells and to promote their proliferation. BMPs have a role in bone develop-
ment and are thus heavily incorporated into tissue engineered scaffolds and delivery 
systems (Boden 1999).

The isolation of growth factors such as TGF beta 3 and its analogues such as BMP 
2 and 7 has led to an enhanced and accelerated repair and replacement of bony lesions. 
Bone induction to assist and enhance bone deposition and repair was first introduced 
by Marshall Urist in 1965 Urist (1965), and led to the isolation of BMP. Human cDNA 
BMP 7 was cloned in 1990 and a recombinant human form followed. It was shown to 
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induce bone formation in animals by stimulating precursor MSCs. Recombinant 
human BMPs (rhBMPs) have been commercially available for over a decade but their 
bioavailability, bioactivity and costs have limited their clinical uptake. There are three 
methods by which BMPs can be used in bone tissue engineering: (a) cell therapy (b) 
gene therapy (c) cytokine therapy.

Earlier examples include the use of porous PLGA scaffolds with high molecular 
weight hyaluronic acid for rhBMP-2 delivery (Brekke and Toth 1998). TGF beta 1 
has been shown to stimulate the three-dimensional cellular development of human 
bone ex vivo (Kale et al. 2000).

A prospective randomized controlled trial of 450 patients concluded that the 
clinical use of rhBMP-2 as an adjunct to standard management of long bone frac-
tures was safe, well tolerated and resulted in an earlier functional recovery (Govender 
et al. 2002).

1.5  �Gene Therapy

Gene therapy is the science of transfer of genetic material into individuals for thera-
peutic purposes by altering cellular function or structure at the molecular level. The 
ability to transfer genes into multipotent mesenchymal stem cells has many applica-
tions. Developments in gene technology offer the possibility of genetic modification 
of isolated and expanded cells to produce populations of progenitor cells over-
expressing selected signalling molecules. The various techniques and methods cur-
rently available to enable gene transfer into a target population include viral methods 
(transduction) and nonviral methods (transfection). Viral delivery systems used for 
bone engineering include retroviral and adenoviral systems. The advantages of viral 
expression of genes are a high efficiency of transduction (50–100 %). The disadvan-
tages include the potential for mutagenesis, carcinogenesis and an evoked immune 
response. Nonviral gene delivery makes use of lipopolyfection reagents such as 
liposomes, cationic lipids or cationic polymers complexed with a foreign DNA for 
transfection. Alternatively they can use physical methods such as microinjection, 
gene gun delivery or the use of uncomplexed plasmid DNA. The nonviral methods 
are safer but less efficient and some can cause immunological reactions (Partridge 
and Oreffo 2004). Another approach is to use matrices for gene or protein delivery. 
These provide a stable and sustained release of allogenic cortical bone and synthetic 
substances (Braddock et al. 2001).

Gene delivery can be direct in vivo or indirect ex vivo. The direct method involves 
transferring the genetic material into the target somatic cell in vivo. This is techni-
cally simpler to perform in a clinical setting. The indirect technique involves 
removal of cells from the patient, genetic modifications of the cells ex vivo and 
return of the cells to the patient. This is technically more complex but is relatively 
safer and allows for selection of cells for gene expression (Wu et  al. 2003). 
Lieberman et al. have shown that regional cell and gene therapy using BMP-2 with 
bone marrow derived cells resulted in the repair of segmental bone defects in rats. 
Brietbant et al. have cultured periosteal cells retrovirally transduced with BMP-7 in 
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a polyglycolic acid (PGA) scaffold to treat critical sized calvarial defects in rabbits. 
Furthermore, Olmsted et al. (2001) have indicated the potential to generate human 
bone marrow stromal cells expressing BMP-2 by adenoviral infection.

1.6  �Conclusion

The aim of all these techniques is to provide the reconstructed segment with appro-
priate initial mechanical properties while encouraging new bone formation 
(Chimutengwende-Gordon and Khan 2012). Bone formation by BMSC transplanted 
into small animals was first demonstrated by Friedenstein in 1966. Implanting 
BMSC combined with 3D mineralized bioceramic scaffolds subcutaneously into 
immunodeficient mice can be used to assess bone formation. Autologous BMSC 
and bioceramic composites have been used to repair full thickness defects within 
the tibial diaphysis of sheep. Gross morphology, radiographs and histology show 
complete integration of ceramic with bone and good functional recovery. Culture 
expanded bone marrow cells can heal a segmental bone defect following re-implan-
tation (Kadiyala et al. 1997) and can give rise to osteogenic tissue within diffusion 
chambers in a variety of animal species (Gundle et al. 1995). Similar results with 
carol scaffold and hydroxyapatite and beta tricalcium phosphate scaffold have also 
been described.

Autologous osteoprogenitor cells were isolated from the bone marrow of patients 
with lower limb bone detects of between 4 and 7  cm for whom a traditional 
therapeutic alternative was difficult or had previously failed and expanded in vitro 
were delivered in vivo via a microporous hydroxyapatite scaffold. Stability was pro-
vided via external fixation methods. By the second month, abundant callus forma-
tion along the implant region and good integration at the bone interface were 
observed. No major complication was observed. All patients recovered limb func-
tion in 6–12  months. In cases where bone defects occur in positions requiring 
dynamic strength, such as long bones of the legs, an alternative to using an external 
fixator is to use solid implant with good affinity to bone. For instance a titanium 
implant with a porous surface on which BMP and polymer composites are placed 
has been shown to allow bone formation to occur on the composite material used.
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