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Preface

Ever since the dawn of humanity, invention has inspired progress. The
resourcefulness of mankind has continually led to advances in the implements we use;
from time to time we have witnessed revolutionary innovations. Bone regeneration
and tissue engineering therapy may well be counted among these outstanding
breakthroughs.

Bone is a specialized connective tissue most prominently characterized by its
mineralized organic matrix that imparts the physical properties that allow bone tissue
to resist load, to support functional organs such as teeth, and to protect highly
sensitive body parts such as the central nervous system. Bone loss and bone damage
may occur as a result of genetic conditions, infectious diseases, tumours, and trauma.
Additional causes of bone loss or bone damage specific to the oral cavity include
severe periodontal disease, tooth loss, and post-extraction disuse atrophy of the jaws.
While physical activity may result in formation of functionally oriented bone
trabeculae , muscular disuse or muscular atrophy, hormonal changes and aging may
bring about reduction in bone density and lead to osteopenia and osteoporosis.
Pathological bony defects and deficiencies frequently pose therapeutic and
reconstructive challenges.

Bone regeneration, which is part of the process of bone healing, involves integrative
activity of native tissues and living cells, and lends itself to the incorporation of
naturally derived or biocompatible synthetic scaffolds, aimed at replacing missing or
damaged osseous tissues. There are several modalities of bone regeneration that take
advantage of the principles of bone biology: these include tissue engineering, guided
bone regeneration, distraction ontogenesis, and bone grafting.

During the past 30 years since the introduction of dental implants, lack of sufficient
volume of bone at implant recipient sites has motivated the development of new
regenerative therapies for promoting de novo formation of bone at such compromised
sites. These procedures, often referred to as "implant site development", have received
special attention over the past few years.

Awareness of what may be likened to bone regeneration and tissue engineering is as
old as human culture. The Book of Genesis provides a detailed description of the
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creation of man, followed by the creation of a woman from one of the man's ribs: 2!l
"So the LORD GOD caused a deep sleep to fall upon the man, and while he slept took
one of his ribs and closed up its place with flesh; 2l and the rib which the LORD GOD
had taken from the man he made into a woman." The ancient Kabbalah refers to these
divine acts as Genesis I and II, and considers the power given to Noah to select _the
species to repopulate the world after the great flood, when the power of divine
regeneration was granted to a human being, as Genesis III. Tissue engineering and
clinical bone regeneration may one day be considered as Genesis IV, an era when a
new kind of creative power is given to man, with all the profound responsibility and
commitment that such creation carries with it.

Editing this book has been a work of love. It is the culmination of three decades of
teaching, research and clinical activity in a rapidly changing scientific and clinical
environment. I am indebted to my teachers and mentors, Prof. John Lemmer ,
University of the Witwatersrand , Johannesburg, and Prof. S. Sigmund Stahl, New
York University, whose academic and professional dedication inspired me throughout
the years. I hope that the readers will find this book informative, motivating and
stimulating

Haim Tal

DMD, MDent., PhD (Rand)

Department of Periodontology and Implantology
Tel Aviv University,

Israel









Introductory Chapter

Haim Tal

Department of Periodontology and Implantology
Tel Aviv University

Israel

The fields of medicine and dentistry continue to develop in an ever-changing environment,
with day-to-day innovations and discoveries. Among the many procedures that have to be
implemented in the course of medical and dental therapy, guided bone repair and
regeneration present vast challenges to the science, art and practice of reconstituting the
shape and function of damaged skeletal structures.

Bone is a specialized connective tissue that is characterized mainly by its mineralized
organic matrix. The bone matrix is composed of collagenous and non-collagenous proteins.
Within this matrix, calcium and phosphate ions are laid down, ultimately to form
hydroxyapatite. In most parts of the skeleton, bone formation occurs during embryogenesis,
by the initial deposition of cartilaginous templates that are subsequently replaced by bone, a
process referred to as endochondral bone formation. In the cranial vault, in the diaphysis of
long bones, and in the alveolar processes of the maxilla and of the mandible, bone is
primarily formed within fibrous connective tissue; this is termed intramembranous bone
formation.

Mature bones are made up of mineralized tissue and bone marrow. The mineralized
compartment comprises an outer smooth, compact portion, the cortical bone, and an inner
spongy part, the trabecular bone, in the proportion, by weight, of about 80% to 20%. The
cellular component of the mineralized bone tissue, including osteoblasts, osteocytes and
osteoclasts, is located within and upon the cortical and the trabecular bone. This
composition and structure of bone allows it to resist load, to protect vulnerable organs, such
as the central nervous system, and to support functional organs, like the teeth.

As bone is a specialized connective tissue, osteoblasts rather than fibroblasts are the cells
primarily responsible for its formation. They are located on bone surfaces, where they
actively deposit organic bone matrix and control its mineralization. Osteoblasts are the
direct descendants of osteoprogenitor cells (Kneser et al., 2006; Buckwalter & Hunziker,
1996; Heinegard & Oldberg, 1989), and they differentiate either into bone lining cells or into
osteocytes. Among other activities, osteocytes participate in the regulation of blood-calcium
homeostasis and in signalling mechanical loading to other cells within the bone. Since
osteoblasts are fully differentiated stable cells that lack the ability either to migrate or to
proliferate, new bone formation is entirely dependent on the presence of osteoprogenitors,
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which are undifferentiated mesenchymal cells that can migrate to target sites, proliferate
and differentiate into osteoblasts.

It has been suggested that osteoprogenitor cells may be designated as determined or as
inducible osteogenic precursor cells (Friedenstein 1973). The determined osteoprogenitor cells are
located in the bone marrow, in the endosteum and in the periosteum, and they possess the
capacity to proliferate and to differentiate into osteoblasts. The inducible osteogenic
precursor cells (e.g. myoblasts or adipocytes), present in other organs and tissues, may
differentiate into bone-forming cells when exposed to specific stimuli. The main source of
osteoprogenitor cells is considered to be the pericyte, a stellate perivascular cell.

The differentiation of osteoblasts from osteoprogenitor cells is dependent upon the release
of, or the presence of factors that induce or promote bone growth, among them bone growth
factors and bone growth proteins, as well as insulin-like growth factor, platelet-derived
growth factor, and fibroblast growth factor.

Bone formation and remodelling are consistently associated with bone resorption that is
initiated and maintained by osteoclasts, which are multinucleated cells originating from
haematopoietic precursor cells. The processes of modelling and remodelling of bone start
shortly after bone formation, by resorption and apposition of new mineralized tissue
resulting in changes in bone architecture and morphology. It is believed that changes
brought about by bone modelling are induced by functional demands, such as muscle
tension and external loads, while remodelling occurs within the bone as an ongoing
maintenance process.

Experimental observations show that primary (woven) bone that appears to be more
amorphous and has a low load-bearing capacity is the first to be formed in areas of bone
regeneration. Woven bone is gradually replaced by lamellar bone with a structure that is
more resistant to stress in general, and to functional loading in particular.

Bone is one of a few tissues that possess spontaneous regenerative capacity; but
spontaneous regeneration is limited, and falls far short of the ideal ultimate goal of
therapeutic reconstruction, which is complete restoration of tissues or organs that have been
damaged or removed, to their original normal structure, architecture, size and function.

In the oral cavity, for example, the periodontal attachment apparatus is an organ that
comprises alveolar bone, periodontal ligament and cementum. If the periodontal attachment
apparatus is disrupted by inflammatory disease such as periodontitis, or by trauma, or by
surgical damage, spontaneous healing is achieved mainly by repair, ie., fibrous tissue
replaces the lost tissues (Le ef al. 2005). The capacity of alveolar bone to regenerate has been
shown to improve significantly in the presence of growth factors, which are natural
biological mediators that significantly increase cellular chemo-attraction, proliferation and
differentiation by regulating essential cellular events (Giannobile 1996). Once growth factors
bind to surface receptors of specific target cells, they induce the activation of genes that
change cellular activity and phenotype (Anusaksathien & Giannobile 2002; Schilephake
2002; Ripamonti et al. 2005).

This book is divided into three sections: chapters 1-5 deal mainly with regenerative tissue
engineering, chapters 6-10 with different techniques of enhancing and supporting bone
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regeneration, and chapters 11-14 concentrate on biotechnology, and on recent advances and
new approaches in developing biomaterials for bone regeneration.

Regenerative tissue engineering (RTE) may be defined as a process of combining living cells
with biocompatible scaffolds to generate a biological substitute capable of sustaining itself
and of integrating with functional native tissue (Chapter 1). RTE addresses the discrepancy
between available transplantable donor tissues and the anatomical need.

Optimized methods have improved the function and maturation of engineered cellular
constructs to produce new ones with clinically useful, near-native tissue properties.
Following any bone injury, a healing cascade is triggered to restore the tissue’s original
state. This reaction occurs in the three phases of inflammation, repair, and remodelling.
Initially, the inflammatory phase follows the formation of a blood clot arising from blood
flowing and cells migrating into the site of injury from the borders of the injury. These cells
include fibroblasts and inflammatory cells, such as macrophages, monocytes, lymphocytes,
etc., which, together with ingrowing blood vessels that are a source of pericytes, promote
new formation of collagen fibers and osteoid, forming a soft callus. This process starts
within hours to a few days after bone injury and continues for about 4-8 weeks, while
ossification of the callus and the formation of unorganized woven bone may take an
additional 2-4 months. This progression of healing events establishes a basis for formulation
of the principles of guided bone regeneration and distraction osteogenesis (Chapters 6-9).

The restructuring of woven bone is responsive to muscular activity and to mechanical
stresses (Kneser et al. 2006). In the dental environment, for instance, restructuring of bone is
observed around teeth and dental implants which transfer functional and occlusal forces to
their anchoring bone.

The range over which healing, followed by spontaneous regeneration of bone may occur is,
however, of limited potential. If the zone of damage exceeds a certain critical size, a bone
defect may not self-repair, in which case guided bone regeneration using tissue barriers,
autologous bone grafts, allografts, xenografts or alloplasts may provide a partial solution
(Chapters 11-14). The following terms are defined for the sake of clarity:

e Autografts - human bone is harvested from the recipient of the graft himself or herself.
This is currently considered by many as being the gold standard for bone grafting.

o Allografts - human bone for grafting harvested from donors usually unrelated to the
recipient. Such grafts do not have the recipient-compatible immunogenic properties of
autografts, thus increasing the risk of rejection (Mankin et al.,, 2005). Allografts are
generally osteoconductive, although some are osteoinductive, depending somewhat
upon the source of the bone and the technique of preparation.

e  Xenografts - deproteinized bone grafts prepared from species other than human that
contain only the hydroxyapatite matrix of bone. Xenografts are osteoconductive.

o Alloplasts - synthetic grafts made of biocompatible and/or bioactive materials, such as
ceramics, bioglasses or calcium sulphate. Some alloplastic materials have the potential
to be used as carriers of growth factors, thereby improving their osteoconductive and
osteoinductive properties.

The potential of regenerative tissue engineering (RTE) has attracted much interest in the
field of bone research. Current studies on RTE focus mainly on stem cells. The human body
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has many different types of cells, each specialized for a distinct role. The cells are committed
to specific lineages and functions, for example, cardiomyocytes in the heart, chondrocytes in
cartilage, and osteoblasts in bone. Cells are assessed for their possible utility for tissue
engineering, mainly by their rate of proliferation and by their potential for differentiation,
both of which depend upon the speed at which the individual cells divide as well as on the
cell line’s capability of developing into specific lineages, in our case, an osteogenic lineage.
For the engineered tissue to mirror the native tissue, it is essential for the cells to expand at
a specific rate and to differentiate towards the desired lineage.

Stem cells are multipotent, not lineage-specific, with the potential to differentiate into many
kinds of specialized daughter cells. Adult stem cells can be harvested from various tissues of
the body and can then be cultured in vitro, where they can be directed to provide a
potentially unlimited supply of tissue. Stem cell-based bone tissue engineering is founded
upon the potential of multipotent postnatal stem cells to participate in the regenerative
healing of bone defects. Postnatal stem cells can be isolated from bone marrow, from
adipose tissue, from muscle, from dental pulp tissue, from oral mucosa and from umbilical
cord (Zuk et al., 2001; Miura et al., 2003; Schugar et al., 2009). It is noteworthy that in spite of
the fact that embryonic stem cells are considered to be the gold standard in RTE , postnatal
bone marrow-derived mesenchymal stem cells are the most researched and the most
frequently used.

Clinically, most efforts to increase bone volume have focused on procedures that exploit
spontaneous bone regeneration. The introduction of dental implant therapy, and the well
established need for adequate bone volume at the implant site, in order to foster a
favourable long-term prognosis for dental implants (Lekholm 1986) have dramatically
increased interest in the development of implant sites.

Four approaches to the augmentation of bone volume have been described: a. osteoinduction,
using appropriate growth factors (Urist 1965 ; Reddi 1981); b. osteoconduction, using grafting
materials that serve as scaffolds for new bone growth (Buch et al. 1986; Reddi et al. 1987); c.
distraction osteogenesis, by which bone growth is induced between the fragments at a
surgically created bone fracture when the fragments are pulled apart in a slow, controlled
manner. (Ilizarov 1989a,b); d. guided bone regeneration, which allows selective growth of bone
tissue into a space maintained by tissue barriers (Dahlin ef al. 1988, 1991a,b; Kostopoulos &
Karring 1994; Nyman & Lang 1994). The purpose of all these procedures is to deal with the
problem of localized lack of bone volume resulting from congenital, post-traumatic,
postsurgical or pathological defects in various parts of the skeleton (Chapters 6-10).

Guided-tissue regeneration (GTR) was introduced into dental clinical practice soon after it
became understood that the alveolar bone and the periodontal ligament can be sources of
progenitor cells for the regenerative repair of adjacent periodontal lesions (Melcher 1970,
1976). Karring et al. (1980) and Nyman et al. (1980) formulated the basic principles of GTR
over three decades ago. These are as follows: under certain conditions, cells that originate
from a tissue adjacent to a delimited space are able to grow into that space and to form new
tissue identical to their tissue of origin. In order to allow exclusive migration into, and
population of such a space by a specific tissue, cells of that tissue must be given preferential
access to the space. This is achieved by preventing access of cells from neighbouring
dissimilar tissues by means of tissue barriers, commonly referred to as membranes.
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For detailed discussion of the rationale and techniques of contemporary GBR procedures
and the biotechnology associated with resorbable collagen bio-barriers, the reader is referred
to Chapters 6 and 7. There is a wide variety of available resorbable and non-resorbable
tissue barrier materials, including polytetrafluoroethylene (PTFE), expanded PTFE (e-PTFE),
polyglactin 910, polylactic acid, polyglycolic acid, polyorthoester, polyurethane,
polyhydroxybutyrate, calcium sulfate, freeze-dried fascia lata and freeze-dried dura mater
allografts, titanium micro-mesh, and titanium foil.

Collagen membranes are generally to be preferred to other barrier materials because they
possess all the essential properties required in a bio-barrier, including biocompatibility, cell
occlusiveness, integration into the host tissues, space-making capacity, and also clinical
manageability and ease of application.

To secure the space necessary for bone regeneration in GBR procedures, tissue barrier
membranes need to be supported, or they will collapse owing to peripheral pressure, thus
possibly reducing or completely eliminating the space that had been designated for
potential bone growth and regeneration. Although membrane-stiffeners, or a wide range of
membrane-supporting materials have been claimed successfully to fulfill the necessary
requirements for membrane support, there is an ongoing search for new materials, both
osseoinductive and osseoconductive, to be placed under the membrane (Chapters 11-14).
The current consensus is that the optimal osteoconductive membrane-supporting material is
one that interferes least with the spontaneous bone growth replacing the submembranous
clot of blood. Taking this a step further, however, it may well be that with advances in
engineered bone regeneration, future materials will promote bone growth, perhaps to the
extent that tissue barriers may become unnecessary.

The main limitation of current guided bone regeneration procedures is that reliance is
placed upon bone’s spontaneous regenerative capacity, which suffices only for defects of
limited size. Furthermore, the problem of stabilization of the volume of regenerated bone is
a major limiting factor in bony defects of this nature, especially when lateral and, even more
so, vertical bone loss is to be treated. Other measures, such as block grafts or distraction
osteogenesis, may be more suitable for those cases.

The effectiveness of bone grafts depends on their osteoinductivity and osteoconductivity as
well as on their biomechanical properties (Khan et al., 2005). Synthetic block grafts have
recently been added to the range of available allografts: these grafts provide sizable, stable
scaffolds that encourage new bone formation originating from any bone that is in direct
contact with the graft material (Chapter 10). Therefore, while autologous block grafts still
remain the gold standard, allograft and alloplast blocks reduce morbidity by obviating the
need for harvesting bone blocks from the patient's iliac crest, fibula, ribs, calvaria or
mandible (Burchardt, 1983).

Distraction osteogenesis (DO) may offer a viable alternative when size or volume of a bone
defect exceeds the capacity of grafting successfully to replace the missing tissue. DO is a
surgical technique by which, through the appropriate application of traction to the bone, the
intrinsic capacity of bone to regenerate is directed towards lengthening or altogether
replacing segments of bone. DO allows the spontaneous de novo formation of native bone
without bone grafts. It may be considered a type of in vivo bone tissue engineering and may
be superior to other techniques in certain cases. The current status, future developments and
applications of DO are discussed in Chapters 8 and 9.
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A number of extrinsic, local or systemic factors may affect bone mass, volume, structure and
density, thereby influencing skeletal function. Among these, osteopenia, osteoporosis,
diabetes mellitus, smoking and periodontal disease are frequently mentioned in the context
of the jaws. This subject is not discussed separately in this book since data on the influence
of those conditions on bone regeneration and on osseointegration in the setting of oral and
orthopaedic implants are limited, neither is there any agreement on whether or not they
should be regarded as contraindications for implant placement (Shernoff et al., 1994; Farzad
et al., 2002).

In view of the increasing clinical application of bone regenerative procedures to dental
implant site development, the relationship between such procedures and general health
conditions has attracted considerable interest. However, no conclusive data are available
with respect to bone augmentation procedures in patients suffering from those systemic
diseases or conditions referred to above, including smoking, or in those with poor
compliance in bacterial plaque control, any of which can have the effect of impairing tissue
healing.

On the other hand, in patients who have lost their teeth owing to periodontal disease,
implant procedures had greater rates of failure and more complications, than implant
procedures in patients in whom periodontal disease had not been the primary reason for
tooth loss (Mengel et al., 2001; Hardt et al., 2002; Karoussis et al., 2003; Wennstrom et al.,
2004).
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1. Introduction

Regenerative tissue engineering is defined as the combination of living cells and biocompatible
scaffolds to generate a biologic substitute capable of sustaining itself and integrating with
functional native tissue. By engineering and delivering tissues and/ or cells capable of
replacing damaged tissue, regenerative medicine offers the potential for the treatment and
possibly curing of debilitating diseases. Optimized methods for improving the function and
maturation of engineered cellular constructs to produce constructs with near-native tissue
properties are necessary to enable translation to clinically useful therapies.

In regenerative tissue engineering, there are many issues to consider in the creation of a
functional, implantable replacement tissue. Most importantly, there must be an easily
accessible, readily abundant cell source with the capacity to express the desired tissues’
phenotype, and a biocompatible inert scaffold to deliver the cells to the damaged region.
Currently, there are many regenerative tissue engineering studies in preclinical and clinical
testing using stem cells.

What are stem cells? In the body there are many different types of cells, each specialized for a
specific distinct function. These cells are committed to a specific lineage and function, for
example cardiomyocytes in the heart, chondrocytes in cartilage, and osteoblasts in bone.
Immature progenitor cells called stem cells are not lineage specific. Stem cells have the ability
to differentiate into many different kinds of cells. Differentiation is the process by which an
unspecialized parent or progenitor cell gives rise to a specialized daughter cell; this process
occurs in stages with the cell becoming increasingly specialized with each step. At
fertilization, a zygote is formed containing totipotent stem cells which can differentiate into
any cell type. After a few days, the blastocyst develops with an outer layer and inner cell
mass. Cells from the inner cell mass are pluripotent stem cells and can become cells from all of
the germ layers (ectoderm, mesoderm, endoderm). As the embryo continues to develop, the
cells become increasingly specialized and begin to commit to specific cell lineages (as seen in
Figure 1 below). Cells committed to a specific cell type and function lose their stemness;
however, a population of undifferentiated stem cells remains amongst the differentiated cells.
These adult stem cells can be harvested from various tissues in the body and then cultured in-
vitro. Under specific culture conditions, those undifferentiated cells can be directed towards
specific lineages, providing us with a potentially limitless supply of tissue.



12

Bone Regeneration

Ectloderm- Chuter Layer

Pigoent Merve Skin
Call Call Call

Fertilized Egg
9
v

Totipotent Stem Cell

&
¥

Blastocyst containing
Pluripotent Stem Cells

{

4

¥

Pluripotent Stem Cells

Isolated from Inner Call Mass

Cardiac
Muscle

v

A b e
2000

Skeletal Bome Kidney Hed Blood
Muscle Tissue Tubule Call

T

Erdoderm- Inner Layer

R

Thyroid Lung Pancreas
Call Call Call

Fig. 1. Stem cell differentiation diagram

There are two parameters used to assess the tissue engineering potential of stem cells:
proliferation rate and differentiation potential. The cells” proliferation rate is the speed at
which the cells divide. The cell differentiation potential determines whether the cell line is
capable of developing into specific lineages, in this case osteogenic. These components are
critical, because if cells are not expanding at a specific rate and are not differentiating
towards the lineage desired, the engineered tissue will not mirror the characteristics of
native tissue and serve the desired function.

2. Bone properties

2.1 Bone composition

Bone is a multifunctional organ that plays many important roles in the body, such as
providing protection and structure (shape) among others. Despite its relatively simple outer
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appearance, bone is not a solid homogenous tissue. Bone is made up of solid material with
spaces between its hard elements. The outer smooth portion of the bone is compact or
cortical bone (80% of bone), and the inner spongy part of the bone is trabecular bone (20% of
bone). Furthermore, within those regions are different types of cells making up the cellular
structure of the bone itself: osteoblasts, osteocytes, and osteoclasts. Osteoblasts are bone
forming cells and are the direct descendants of osteoprogenitor cells (Kneser et al., 2006;
Buckwalter & Hunziker, 1996; Heinegard & Oldberg, 1989). They produce a protein mixture
called osteoid which mineralizes to form solid bone, and produce alkaline phosphatase
(ALP), a key enzyme in bone mineralization. Osteocytes are descendants of osteoblasts
which migrate into the bone matrix forming lacunae spaces. Osteocytes are responsible for
bone formation, matrix maintenance, and calcium homeostasis. Osteoclasts are the bone’s
absorption cells. These are the cells that are responsible for bone remodeling and the overall
decrease in bone mineral density (Shier et al., 2002). Bone is a connective tissue which
provides structural support and protects the vital organs while allowing for movement.
Bone is composed of a type I collagen matrix embedded with calcium, phosphorous,
sodium, magnesium and other ions necessary for homeostasis in the body. The extracellular
components of bone (organic matrix and minerals) combine to strengthen the bone, giving it
the ability to withstand mechanical stresses.

2.2 Bone formation and maturation in vivo

Within the body there are two main mechanisms of bone formation and growth,
intramembranous ossification for flat bones and endochondral ossification for long bones. In
intramembranous ossification, connective tissue occupies the place of the future bone and is
slowly replaced as ossification centers develop, calcification occurs, and the trabeculae
forms. In endochondral ossification, also referred to as intracartilaginous ossification, a
cartilage model template structure is used on which the primary and secondary ossification
centers are established. When bone is finished forming, remnant articular cartilage often
remains on the end of the bones. Although induced tissue engineering differs from either
pathway, in vitro osteogenic differentiation more accurately mirrors the intramembranous
ossification process.

2.3 Bone repair

Following injury, a healing cascade is triggered to restore the tissue’s original state. This
healing cascade occurs in three phases: inflammatory, repair, and remodeling (as seen in
Figure 2). Briefly, the inflammatory phase results in hematoma formation as fibroblasts and
cells from the inflammatory cascade (macrophages, monocytes, lymphocytes etc.) migrate
into the injury site (hours to days). In the repair phase, collagen fibers and mineralized
osteoid combine to form a soft callus around the injury site (4-6 weeks). As the callus ossifies
it forms a disorganized structure known as woven bone. During the remodeling phase the
disorganized woven bone is replaced by highly organized sheets of parallel collagen fibers
called lamellar bone. This restructuring occurs in response to mechanical stresses signaled to
the osteocytes and subsequently osteoclasts and osteoblasts (Kneser et al., 2006; Probst &
Spiegel, 1997). The repair mechanism continues to change the bone properties through
constant remodeling via bone deposition and resorption (Kneser et al., 2006; Kalfas, 2001).
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Bone tissue can be damaged due to injury or disease. Following a traumatic event, fractured
bones can be aligned by a physician, and the damaged area can heal and repair. However,
bones that are damaged due to disease are not as successful at self-restoration as bones set
by a physician and do not have the ability to repair and remodel properly.

Clotting factors

Cell death

Macrophages

1. Hematoma Formation 2. Inflammatory Response 3. Granulation Tissue Formation

Lamellar Bone

Woven Bone

4. Callus Formation 6. Remodeling

Fig. 2. Bone repair mechanism

2.4 Current treatments for damaged bone
2.4.1 Bone grafts

Bone grafts are used to enhance bone healing in specific injury zones. There are a number
of factors to take into consideration when selecting a bone graft, such as
osteoinductiveness, osteoconductiveness, mechanical stability, quality of transplantable
bone, and preservation techniques, as well as implantation site considerations such as
local disease and biomechanical properties (Khan, et al., 2005). Osteoconductive grafts
function as a scaffold for native bone cells adjacent to the graft to migrate into and form
new bone. Osteoinductive grafts serve to actively stimulate progenitor cells to
differentiate into osteoblasts. A graft can be considered osteogenic if it already contains
osteoblasts. The main types of grafts currently being utilized are autografts, allografts,
xenografts, and synthetic grafts.

Conventionally, autografts are the most effective grafts since they are harvested from the
patient’s own body, usually from the iliac crest, fibula, ribs, or mandible. Although using
the patient’s own bone reduces the risk of rejection and disease transfer, it also increases
pain, since the donor graft must be harvested surgically. In addition to the risk of infection
from harvesting the patient’'s own bone, the process can be extremely painful, and as with
all surgeries, there is always the risk of complications. Autografts are osteoconductive,
osteoinductive, and osteogenic, which is what makes them the ideal choice (Burchardt,
1983). However, the amount of bone available for autografts is limited and the procedure
creates a secondary healing site.
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Allografts, on the other hand, are also natural human bone grafts, but unlike autografts
which are harvested from the patient’s own body, allografts are harvested from an external
donor. Although the allograft eliminates the need for an additional surgery on the recipient,
they also do not have the immunogenic properties of the autograft, and the risk of rejection
increases (Mankin et al., 2005). Depending on how the allograft was harvested, stored, and
treated, it will have osteoconductive properties, but may or may not have osteoinductive
properties, and will not have any osteogenic properties (Mankin et al., 2005). For example,
freeze-drying samples reduces antigenicity while maintaining biomechanical properties.

Xenografts are grafts that are harvested from another species and are stripped down to just
their calcium matrix. These grafts are osteoconductive but not osteoinductive or osteogenic.
Due to their limited surface properties, synthetic grafts are a preferred alternative.

Synthetic grafts are artificial bone grafts that can be made of biologically active materials such
as ceramics, bioglasses, or even calcium sulphate. These grafts can be functionalized with
growth factors to increase their osteoconductive and osteoinductive abilities. Along those
lines, engineering a replacement bone tissue from the patients’ own autologous stem cells
seems to be a more practical solution. An explanation of various biomaterials that are used to
make synthetic grafts will be explained later in the scaffolds section of the chapter (Section 5).

2.4.2 Bone bracing

In some cases damaged bones are incapable of properly repairing and remodelling;
therefore, additional steps such as utilizing bone bracing can be taken to aid the
reconstruction. These approaches include both surgical and non-surgical methods of
immobilizing the injured region allowing bone repair to begin.

Non-surgical alternatives such as external casts and bracing are viable alternatives in cases
with fracture displacements less than 2mm. This is the preferable method for bone healing,
as it is non-invasive and minimizes risk of infection. Regenerative tissue engineering is not
required in these cases and may not be applicable for these cases.

Surgical approaches, such as open reduction internal fixation in which bones are set and
held in place by nails, screws, or plates to guide and facilitate the healing process.
Unfortunately, as with an surgical option, there is an increased risk of infection; however,
surgical approaches are necessary in fracture displacements exceeding 2mm. In cases where
surgery is required, regenerative tissue engineering may provide the materials necessary for
creating bone in these voids, reducing healing time and increasing bone strength. Usually
these fixation devices are metals, which provide immediate mechanical support; however,
metals have poor integration into the bone and can cause re-injury and implant failure over
time, therefore, alternative approaches are being investigated.

2.4.3 Biomaterials and alternative approaches

In some cases, bones that are damaged are unable to repair and remodel properly and
additional steps can be taken to aid the reconstruction, such as utilizing bone cements. In
other cases, joint replacement surgery is needed to repair areas where the cartilage has been
destroyed and the bones are exposed. When this occurs, a prosthetic joint is drilled into the
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bone and can either be cemented in with a polymer bone cement or left un-cemented.
Traditionally, acrylate-based bone cements have been used for their high mechanical
stability (Muh, et al., 2002; Lewis, 1997). When the bone is cemented in place, the recovery
time is much quicker than when left un-cemented. On the other hand, when left un-
cemented, the natural bone can grow into the porous surfaces of the implant, making it
stronger over time. This means that the implant is less likely to fail, which would require an
additional surgery. Therefore, osteoinductive alternative, such as calcium phosphate and
apatite-based bone cements, have been investigated. Although osteoinductivity is increased,
these cements are also biodegradable, therefore, their mechanical strength decreases over
time (Cassidy, et al., 2003; Zijderveld et al., 2005).

In regenerative tissue engineering, living cells and biocompatible scaffolds are combined
to generate biologic substitutes capable of sustaining themselves and mimicking
functional native bone. This is accomplished by incorporating osteoinductive and
osteoconductive molecules into the scaffold, as explained in the scaffolds section of the
chapter (Section 5).

3. Bone tissue engineering with stem cells

Cells are the basic functional and structural unit in the body. All cells in the body have the
same primary DNA sequence; however, changes in phenotypic expression result in cells
with a variety of shapes and sizes which correlate to the function of each cell. This diversity
comes at a cost; in general, once a cell has differentiated into a specific lineage, it cannot
revert back to its primordial state (exceptions, ex: cancer and induced pluripotent stem
cells). Stem cells, however, are undifferentiated cells (a characteristic referred to as
stemness). These cells have not committed to any specific lineage and can give rise to a
variety of specialized cell types depending on their plasticity. A cell’s plasticity is its ability
or inability to differentiate into any of the germ layers (ectoderm, mesoderm, endoderm)
based on culture conditions.

In general, differentiated cells have a limited number of population doublings over the
course of a person’s life (approximately 80-90 times) (Fox, 2001). During telophase of
mitosis, the telomere region of the chromosomes lose some of the DNA sequences,
approximately 50-100 base pairs (Fox, 2001). Stem cells (as well as germinal cells and cancer
cells) produce telomerase, an enzyme which duplicates the telomere DNA; therefore, stem
cells are capable of dividing and self-renewal for long periods of time and are often referred
to as immortal. Furthermore, when stem cells divide, they can undergo either symmetric
division, producing two daughter stem cells identical to the parent cell, or by asymmetric
division, producing one daughter stem cell and one daughter progenitor cell.

Stem cell biology has become an important topic in regenerative tissue engineering,
specifically the use of multipotent mesenchymal stem cells (MSCs). Although embryonic
stem cells are considered the gold standard in stem cell research, bone-marrow derived
mesenchymal stem cells (BM-MSCs) are the most researched postnatal stem cells.
Multipotent postnatal stem cells have been isolated from numerous tissues throughout the
body such as bone marrow, adipose tissue, muscle, dental tissue, umbilical cord, etc.
(Campagnoli et al., 2001; Zuk et al., 2001; Gronthos et al., 2000; Miura, et al., 2003; Seo, et al.,
2004; Schugar, et al., 2009; Young, et al., 2001).These stem cells are capable of differentiating
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into a variety of cell lineages, including bone. Therefore, transplanting a patient’s own stem
cells may be a potential treatment for repairing bone defects. This chapter details progress
made to date in the osteogenic differentiation potential of these cell lines and their potential
use in repairing bone defects.

3.1 Embryonic stem cells

At fertilization, a zygote is formed that contains totipotent cells which are cells with the
ability to form any of the 200+ cell types in the body and the cells of the placenta. After four
days (about 40-150 cells), the blastocyst develops. The blastocyst is identifiable by the
development of the outer trophoblastic layer and inner cell mass (ICM). The outer layer of
cells becomes the placenta and other tissues necessary for fetal development and survival.
The inner cell mass forms the fetus and contains pluripotent cells that go on to form all the
tissues in the human body. The use of pluripotent embryonic stem cells in regenerative
therapies is an attractive option with the ability to give rise to tissues from the three germ
layers, including the mesodermal lineages such as bone.

Both totipotent and pluripotent (blastocyst) embryonic stem cells (ESCs) (Figure 1) are
considered the gold standard in stem cells; however, controversy and debate surround
ESCs. Despite the ethical debate, clinical benefits from ESCs could be numerous, but more
work is needed before they can be used for clinical applications. In addition to the ethical
considerations, additional concerns for using ESCs include the potential for teratoma
formation when implanted in vivo.

3.1.1 Fetal stem cells

Fetal stem cells are cells obtained from an unborn fetus when the fetus has developed
enough that cellular extraction does not cause fetal death. These cells are pluripotent and
responsible for the development of all tissues before birth. Unlike ESCs, fetal stem cells can
be obtained without completely destroying the embryo, allowing the fetus to develop into a
full-term baby (Biswas & Hutchins, 2007). However, the effect of removing cells during fetal
development is unknown, and fetal stem cells have many of the same ethical considerations
as ESCs. These pluripotent cells can undergo osteogenic differentiation, making them a
valid source for regenerative bone tissue engineering.

3.2 Bone marrow-derived mesenchymal stem cells

BM-MSCs are a heterogeneous population of multipotent cells. BM-MSCs are capable of
differentiating into multiple lineages in vitro including the osteogenic lineage. BM-MSCs are
a popular source of autologous adult stem cells, because they are readily available.
However, the extraction procedure is extremely painful and invasive. In addition to their
differentiation potential, BM-MSCs can be used directly to positively influence the repair
mechanism and healing of cardiac tissue following a myocardial infarction (Amado, et al.,
2005). Impressively, this is accomplished with BM-MSCs from living donor tissue, and the
BM-MSCs inherent immunogenic characteristics limit the recipient’'s immune response to
the foreign cells. This makes BM-MSCs a great source for regenerative tissue engineering
applications, because they can be extracted, expanded, and banked, making them readily
available when they are needed.



18 Bone Regeneration

3.3 Umbilical cord blood stem cells

Umbilical cord blood (UCB) stem cells are cells found in the umbilical cord blood of a
newborn baby, and they share the newborn’s genetic material. UCB cells can be obtained
with higher cell yields and without the pain and morbidity associated with BM-MSC
acquisition (G. Huang et al., 2009). These cells are multiotent, hematopoietic stem cells and
can differentiate into various cell lines including the osteogenic lineage (Liu, et al., 2011). In
addition to their differentiation potential, UCB cells can be used directly to successfully treat
leukemia, lymphoma, myelodysplasia, apalstic anemia, hemoglobinpathies, metabolic
diseases, and immunodeficiencies (Brunstein et al., 2007; Ballen, et al., 2008). UCB cells have
similar morphologic and immunophenotypic properties to BM-MSCs (Kern et al., 2006);
however, UCBs form fewer colonies than BM-MSCs, and UCB cells form have a high
proliferative capacity (G. Huang et al., 2009), perhaps due to their age and harvest location.
Until recently, umbilical cords were discarded at birth, so most individuals have lost their
source for autologous UCB cells. Now, parents are given the option of donating their
newborn’s UCB cells to public storage banks or saving them in a private bank for
autologous or family member use.

3.4 Stem cells from dental tissues

Physiological similarities between dental-tissue and bone make dental-derived progenitor
cells a logical source of stem cells for osteogenic differentiation. Cells from dental tissues are
called ectomesenchyme cells, because they are remnant tissues derived from the cranial
neural crest. Cranial neural crest cells are capable of differentiating into bone, cartilage, and
ligament during embryonic development; therefore, cells derived from them possess similar
abilities (Chai, et al., 2000; Huysseune & Thesleff, 2004; Le Douarin et al., 2004).

3.4.1 Stem cells from human exfoliated deciduous teeth

SHED (stem cells from human exfoliated deciduous teeth) are multipotent stem cells
isolated from the remnant pulp of deciduous (baby) teeth (Miura, et al., 2003). Similar to the
umbilical cord, deciduous teeth offer the opportunity for painlessly obtaining primordial
cells that would otherwise have been thrown away. SHED proliferate faster than BM-MSCs,
can undergo osteogenic differentiation, and express ESC markers (Kerkis, et al., 2006; Miura,
et al., 2003). Furthermore, SHED appear to have osteoinductive properties, meaning they
induce new bone formation by recruiting osteogenic host cells into an osteoinductive
template (Miura, et al., 2003). This approach is already being used to repair critical-size
calvarial defects in mice (Seo, et al., 2007).

3.4.2 Dental pulp stem cells

Similar to SHED, dental pulp stem cells (DPSCs) are heterogeneous populations of cells
isolated from the human dental pulp of mature teeth. Within a colony of these multipotent
cells, various cell morphologies are expressed. DPSCs proliferate faster than BM-MSCs but not
as fast as SHED (Miura, et al., 2003) and are capable of differentiating into various lineages
including osteogenic (Laino, et al., 2005). Interestingly, DPSCs cultured on dentin differentiate
into odontoblast-like cells (Batouli, et al., 2003), suggesting that DPSCs are pre-differentiated
towards soft tissue repair or even bone tissue interfaces, but not osteogenesis.
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3.4.3 Periodontal ligament stem cells

Heterogeneous populations of multipotent stem cells (PDLSCs) have also been extracted
from the periodontal ligament, a descendant of the cranial neural crest. PDLs express
several ESC markers and have an upregulated telomerase activity, suggesting similar
differentiation abilities to ESCs (C. Huang et al., 2009). Similar to other dental tissues,
PDLSCs are capable of undergoing osteogenic differentiation and express osteogenic
characteristics (Seo, et al., 2004; Gay et al., 2007; Isaka, et al., 2001; C. Huang et al., 2009).
Furthermore, PDLSCs that are implanted in periodontal injuries regenerated a periodontal
ligament-like tissue while aiding in the bone regeneration itself (Seo, et al., 2004). This
suggests that they would be a viable source for regenerative bone tissue engineering.

3.5 Adipose tissue-derived stem cells

Adipose tissue-derived stem cells (ASCs) are multipotent cells located in fat that can
differentiate into various cell lines including the osteogenic lineage (Levi & Longaker, 2011;
Wagner, et al., 2005). ASCs can be isolated from the lipoaspirate usually discarded from
liposuction treatments. ASCs have been shown to not only undergo osteogenesis, but have
actually been used to heal critical-size defects in mice (Cowan, et al., 2004). Furthermore,
ASCs promote angiogenesis (new blood vessel formation), which can be crucial for
engineered scaffolds to properly integrate with native tissue (Schroeder & Mosheiff, 2011;
KimY., etal., 2007).

3.6 Induced pluripotent stem cells

As mentioned before, adult stem cells can be harvested from various tissues in the body and
then, under specific culture conditions, directed towards specific lineages, thereby
providing us with a potentially limitless supply of tissue. In general, ESCs are considered to
be the gold standard in stem cell research due to their true pluripotency, and all other stem
cells are measured in comparison. However, there are many ethical issues surrounding
ESCs, most notably their source and the debate of whether or not the method used for the
isolation of ESCs is murder. These ethical dilemmas and political restrictions on ESC use led
researchers to investigate methods of reverting differentiated somatic cells back into their
primordial pluripotent state. These reverted cells are called induced pluripotent stem (iPS)
cells.

One of the earliest techniques for creating iPS cells was by retrovirus transduction of specific
transcription factors to promote ESC-like characteristics and ultimately create a line of
pluripotent adult stem cells (Yu, et al., 2007; Takahashi, et al., 2007; Takahashi & Yamanaka,
2006; Meissner et al., 2007; Okita et al., 2007). Once the iPS cells are generated, they are
evaluated for ESC characteristics by RT-PCR, Western blot, telomerase detection, genomic
sequencing, and immunohistochemistry. Most retrovirus transduction techniques use
transcription factors that are naturally found up-regulated in ESCs. Once cells expressing ESC
characteristics are identified (transcription factor transduction has a relatively low yield), the
iPS cells’ stemness must be evaluated, and the cells are tested for population clonogenicity,
immortality, and pluripotency. Clonogenicity and immortality are evaluated by allowing the
iPS cells to undergo significant population doublings. Next, the cells pluripotency is evaluated
through in vitro culture and in vivo, and the cells are evaluated on their ability to differentiate
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into cells representing each of the germ layers. iPS cells represent a unique source for
pluripotent adult stem cells which can serve as a source for generating patient-specific tissue
for regenerative tissue engineering applications, such as repairing bone defects.

Unfortunately, many of the techniques that are used to induce the cells back into the
pluripotent state have an extremely low yield, making the process both inefficient and
costly. Furthermore, those same techniques use factors (such as viral vectors to transduce
genes) which are not FDA approved. With those considerations in mind, research continues
on traditional stem cells as well as iPS cells.

3.7 Evaluating potency

When selecting stem cells for regenerative tissue engineering applications, it is important to
select cells that are capable of undergoing the necessary differentiation. To evaluate the
potency of the cells, a variety of tests are performed, and specific factors are identified.

As mentioned before, telomerase activity in ESCs and some adult stem cells correlates
with those cells ability to divide indefinitely (Heins, et al., 2004; Biswas & Hutchins, 2007).
As cells begin to differentiate into specialized cell lines, telomerase levels decrease and
ultimately disappear. Therefore, the presence of telomerase is a good benchmark for
evaluating the primordial state of a cell and is often found in cells with the most potency
potential (totipotent and pluripotent cells) (Heins, et al., 2004; Thomason & Marshall,
1998a; Biswas & Hutchins, 2007; Odorico et al., 2001).

Another method of evaluating potency is to allow the cells to grow in culture without
passaging. When the cells become confluent, contact inhibition allows for spontaneous
differentiation, and the stem cells will randomly divide into various lineages, thereby
establishing their ability to form cells from specific germ layers, from which potency can be
determined (Heins, et al., 2004; Itskovitz-Eldor, et al., 2000). Similarly, cells that are grown in
3-D cell suspensions form aggregates of differentiated cells called embryoid bodies.
Continued culture of these embryoid bodies results in the formation of various germ layer
derivatives (Itskovitz-Eldor, et al., 2000).

Furthermore, teratoma formation can be used to determine a cell’s potency. Teratoma
formation occurs when undifferentiated stem cells are injected into severe combined
immunodeficient (SCID) mice, and the cells form tumors consisting of a variety of cell types
(Heins, et al., 2004; Thomson, et al., 1998b; Park, et al., 2003; Knoepfler, 2009).

Finally, specific surface marker expression has been identified for undifferentiated and
differentiated tissue. Antigen analysis can reveal a cell’s primordial state, suggesting its
potency (Amit & Itskovitz-Eldor, 2002; Knowles et al., 1978; Biswas & Hutchins, 2007;
Lebkowski, et al., 2001).

4. Media formulations for osteogenic differentiation

All cells in our body contain the exact same DNA sequence of genes; however, the genes
that are activated depend on the function of each cell. Most cell types have genes that are
specific to that cell type (due to its unique functionality). These genes are responsible for
coding specific proteins that are necessary to retain cell function. When cells are changed
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from stem cells (no specific function) into osteoblasts (cells that make our bones), genes that
are specific to bone are activated. When a gene is activated, RNA is synthesized
(transcription), and corresponding proteins are produced (translation).

In culture, cells can be propagated or differentiated based on the culture media. Transplanted
cells that have been pre-differentiated in vitro into the osteogenic lineage form bone-like
tissues better than undifferentiated transplanted cells (Cowan, et al., 2005; Conjero, et al., 2006).
Currently, there are two treatments that are being used in osteogenic differentiation,
dexamethasone (DEX) and retinoic acid (RA) (Ogston et al.,, 2002). In addition, there are
osteoinductive molecules that can be added to enhance bone formation such as bone
morphogenic protein (BMP) and platelet derived growth factor. The exact intra-cellular
mechanism through which these treatments stimulate osteogenic differentiation is unknown.

4.1 Dexamethasone

DEX is a synthetic glucocorticoid. Osteogenic differentiation occurs when stem cells are
treated with DEX (Bielby et al., 2004; Pittenger, et al., 1999; C. Huang et al., 2009; Zuk, et al.,
2001; Young;, et al., 2001), resulting in mineral deposits when grown in monolayer (Gronthos
et al., 2000; Miura, et al., 2003; Seo, et al., 2004). However, the efficiency of the DEX
treatment varies depending on the initial cell source (Chadipiralla, et al., 2010). The exact
intra-cellular mechanism through which dexamethasone treatments stimulate osteogenic
differentiation is unknown.

4.2 Retinoic acid

RA is an oxidized form of Vitamin A. RA was first used to up-regulate osteoblast
differentiation and proliferation with great success (Song, et al., 2005; Kawaguchi et al., 2005;
Skillington et al., 2002; Choong et al., 1993), then later used to induce osteogenic stem cell
differentiation (Malladi et al., 2006; San Miguel, et al., 1998). The exact intra-cellular
mechanism through which retinoic acid treatments stimulate osteogenic differentiation is
unknown.

4.3 Bone morphogenic protein

BMP is a crucial protein in the osteoconductive process (Einhorn, 2003; Dimitriou, et al.,
2005; Kain & Einhorn, 2005; Govender, et al., 2002). There are many variations of BMP, each
with its own functionality; BMP-2 and BMP-7 have been shown to be crucial for bone
maintenance. BMP-2 and RA have been shown to accelerate bone formation and osteoclast
recruitment in vivo (Cowan, et al., 2005).

4.4 Platelet derived growth factor

Bone platelet derived growth factor is a dose-dependent bone formation enhancer
(Thorwarth et al., 2006).

5. Scaffolds

For regenerative tissue engineering, cells can be expanded and differentiated in monolayer
but must be delivered to the body in a 3-D scaffold. When designing a 3-D scaffold, it is
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important to take into account several key design elements such as the mechanical,
chemical, and physiological properties of the scaffold, the environment it will be placed in,
and the type of tissue it needs to support (Vacanti & Vacanti, 2000). The scaffold must have
the correct surface chemistry and structure for optimizing the cell-scaffold interaction. In
this case, the cells must be able to adhere to and proliferate on the scaffold. The scaffold
must be biocompatible with the cells that it will support, in this case stem cells, and it must
be biocompatible with the environment where it will eventually be placed in the body
Additionally, the scaffold needs to have pores large enough for the cells to reside within it
without being dislodged (pore size), and it needs to have well interconnected pores so
nutrients can diffuse to the cells (porosity/interconnectivity). Mechanical strength is
necessary for creating structurally sound replacement bone. However, the ideal scaffold
would degrade as the new tissue formed. Many factors can cause polymers to break down
through hydrolysis and enzymatic cleavage. Furthermore, some scaffolds are functionalized
to release key agents in the healing cascade. Unfortunately, the ideal scaffold has not yet
been identified, as a multitude of factors must be considered. The best scaffold for
regenerative tissue engineering will vary depending on the type of injury, type of repair,
and the final desired outcome.

5.1 Extracellular matrix substitutes

In-vivo, cells are suspended in a 3D scaffold called the extracellular matrix (ECM), which
provides the cells with both the mechanical support and nutrients necessary for their survival.
For optimal modeling of in-vivo conditions, scaffolds consisting of hydroxyapatite, naturally
found in the ECM, have been investigated; unfortunately (Vial, 2008; Mastrogiacomo, et al.,
2005; Salgado et al., 2004), these scaffolds have low mechanical stability.

5.2 Natural polymers

Alternatively, natural polymers such as collagen, fibrinogen, chitosan, etc. have been
investigated. Natural polymers are a popular choice, because they are biodegradable,
bioactive, elicit a minimal immune response, and can be chemically versatile (Vial, 2008).
Furthermore, researchers have shown that these polymers can be mineralized (Salgado et
al., 2004), further mimicking the natural conditions of bone. Oftentimes, natural polymers
can be formed by combining two components, thereby crosslinking the polymer to form a
gel. In this case, the crosslinking agent and the cells could be injected into a bone healing site
arthroscopically, thereby reducing the risk of infection from traditional open surgery.

5.3 Synthetic polymers

In addition, synthetic polymers can also be utilized to form a 3-D scaffold through various
techniques such as fiber bonding, emulsion freeze drying, solvent casting/ particulate
leaching, high-pressure processing, gas foaming/ particle leaching, thermally induced phase
separation, electrospinning, and rapid prototyping (Chung & Park, 2007; Tsang & Bhatia,
2004). Each is useful in forming a viable scaffold; however, the ideal scaffold must
ultimately be selected based on the final desired outcome of the tissue repair. Ultimately, no
synthetic manufactured scaffold is a perfect replacement for natural bone grafts.
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5.4 Organ printing

Organ printing is a branch of regenerative medicine in which 3D living tissues are
constructed from single cells printed with a thermo-reversible gel. Mironov et al (Mironov et
al.,, 2003) define organ printing as ‘a rapid prototyping computer-aided 3D printing
technology, based on using layer by layer deposition of cell and/or cell aggregates into a 3D
gel with sequential maturation of the printed construct into perfused and vascularized
living tissue or organ.” Organ printing takes place in 3 distinct phases: preprocessing,
processing, and postprocessing. In preprocessing, a computer model of the tissue is
constructed based on deficiencies observed via MRI or CT-scans. The processing is the
actual layer by layer printing (placement) of cells in the 3D environment. The
postprocessing consists of tissue perfusion, directing tissue maturation, and, finally
biomechanical conditioning. If successful, organ printing may prove to be a valuable
alternative form of regenerative medicine with a significantly decreased tissue maturation
period compared to traditional tissue engineering approaches.

6. In vitro studies of bone tissue engineering - bioreactor design

It has been demonstrated that a combination of biochemical agents and mechanical forces
can be used to accelerate the production of a desired phenotype (Freed, et al., 2006).
Mechanotransduction refers to the biochemical cascade that converts a mechanical stimulus
into chemical activity; in other words, the application of mechanical stress can guide stem
cells to undergo guided differentiation (Haudenschild et al., 2009; Wang & Thampatty,
2008). However, the application of mechanical stresses cannot be arbitrary, rather
biomechanical models must be established to mimic in-vivo force patterns in an in-vitro
bioreactor (Burdick & Vunjak-Novakovic, 2009; Butler, et al., 2008). The most important
consideration in bioreactor design is mimicking in-vivo conditions, thereby mechanically
conditioning tissue before it is transplanted into the body.

6.1 Mechanical strain

Bone specifically requires mechanical stimulation to maintain its strength. Astronauts who
spend extended periods of time in space experience severe bone mineral loss due to the zero
gravity conditions (Sikavitsas et al., 2001). Mechanical strain can be applied directly by
compressing, stretching, or bending cell/scaffold constructs. Compressive bioreactors have
been shown to increase both proteoglycan and matrix deposition by MSCs (Burger et al.,
1992; Wartella & Wayne, 2009). Uniaxial stretching of human osteoblastics cells has been
shown to increase cell proliferation and increase gene expression of ALP, osteocalcin (OCN),
osteopontin (OPN), and collagen type I (Coll) (Ignatius, et al., 2004; Ignatius, et al., 2005).
On the other hand, cyclic stretching results in only increased proliferation (Neidlinger-Wilke
et al., 1994). With MSCs, 4-point bending bioreactors can increase ALP activity levels,
increase mineralized matrix production, and increase gene expression of ALP and OPN
(Mauney, et al., 2004).

6.2 Hydrodynamic shear stress

In addition to mechanical stimulation, another important consideration is nutrient supply;
cells placed in a bioreactor must have access to fresh nutrients from media, as well as a
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means for removal of cellular waste (Rauh et al., 2011). Hydrodynamic shear stresses can
be applied via spinner flask, rotation, or perfusion bioreactors: For spinner flask bioreactor
systems, convective forces are applied by a stirrer which moves the media around the
cell/scaffold construct. Studies using MSCs in spinner flasks have shown increased
cellular proliferation, increased ALP activity levels, and increased gene expression of ALP,
OPN, BSP, and Coll (Kim H. , et al.,, 2007; Meinel, et al., 2004a; Mygind, et al., 2007;
Stiehler, et al., 2009). Rotating bioreactor systems use laminar flow by rotating a vessel
along the horizontal surface to create shear stress. Human ASCs and BM-MSCs have
shown an increase in cellular proliferation and respective increases in ALP activity and
OCN activity when cultured in rotating bioreactors (Diederichs, et al., 2009; Pound et al.,
2007). Furthermore, additional testing in rats also shows an increase in cellular
distribution and extracellular matrix formation (Goldstein et al., 2001; Qiu et al., 1999).
Finally, perfusion driven bioreactors address nutrient diffusion deficiencies by providing
fresh media and creating fluid shear stress. Perfusion bioreactors increase cellular
proliferation and distribution and cell viability in the center of cell/ scaffold constructs
(Bernhardt et al., 2008; Frohlich, et al., 2010; Grayson, et al., 2008; Jagodzinski, et al., 2008;
Meinel, et al., 2004b; Rauh et al., 2011).

7. In vivo study of bone tissue engineering

Currently, there is no consensus on the best clinical model for engineered bone tissue.
Comparable to how transplanted cells that have been pre-differentiated in vitro form bone-
like tissues better than undifferentiated transplanted cells (Cowan, et al., 2005; Conjero, et
al., 2006), engineered bone tissue that has been allowed to develop and mature in vitro
promotes better bone healing after implantation than cell/ scaffold constructs that were not
cultivated (Meinel, et al., 2004a; Meinel, et al., 2004b; Frohlich, et al., 2008). To assess the
osteogenic potential of a cell/ scaffold construct, human cellular constructs were implanted
subcutaneously in immunodeficient mice. Under these conditions, cells can develop into
bone tissue in vivo (Kuznetsov, et al., 1997). Engineered bone tissue constructs have been
used to repair load bearing and non-load bearing critical-size defects in various rodent
models (Ohgushi et al., 1989; Puelacher et al., 1996; Bruder, et al., 1998a). Naturally critical-
sized defects exhibit incomplete repair due to limited number of autologous stem cells
available for use in the repair process. Research on larger animal models such as sheep and
dogs has shown repair of critical-sized defects was enhanced by the use of stem cells in
engineered bone tissue (Bruder et al., 1998b; He, et al., 2007; Kon, et al., 2000; Petite, et al.,
2000; Shang, et al., 2001; Viateau, et al., 2007).

8. Conclusions and future directions

Regenerative tissue engineering addresses the discrepancy between the available
transplantable donor tissue and the need. There are many choices for both cells and
scaffolds, and the best combination will vary depending on the type of injury, type of repair,
and the final desired outcome. Stem cells are an ideal cell source for bone regenerative tissue
engineering applications, because they are capable of self- renewal, are undifferentiated, and
can give rise to specialized tissue like bone. As our understanding of these cells improves,
new engineering approaches (such as the 3D organ printer) will be developed to optimize
the production of functional tissues.
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1. Introduction

Bone tissue engineering using various cell sources and materials has become an intriguing
field, aimed at solving the problem of treatment of numerous clinical indications requiring
regeneration of damaged or deficitary bone.

During the Paleozoic period, evolution produced the skeleton. This 500 million-year-old
creation has the capacity for regeneration, a term which until recently has been reserved to
new tissue and organs formation as in hydra, planarians or salamanders (Braddock et al.,
2001). The regeneration of bone (or the stimulation of bone production) is often required to
treat loss of bone tissue brought about by trauma, osteonecrosis and tumors. Among the 6
millions fractures occurring every year in the United States, 5-10% are classified
unfavorable, requiring further treatment due to compromised healing (Praemer et al., 1992).
The clinical and socioeconomic challenge of treatments of bone defects is staggering. For
example, the number of total joint arthroplasties (TJAs) and revision surgeries in the US has
increased from 700,000 in 1998 to over 1.1 million in 2005. Medical expenses relating to
fracture, reattachment, and replacement of hip and knee joint was estimated to be over $20
billion (USD) in 2003, and predicted to increase to over $74 (USD) billion by the year 2015.
Similar trend is observed in spinal arthrodesis (reviewed in Porter et al, 2009).

Bone tissue provides mechanical stability to the skeleton, which is needed for load bearing,
locomotion and protection of internal organs. Furthermore, bone serves as a mineral
reservoir and has the capacity rapidly to mobilize mineral stores if needed for homeostasis
of the calcium blood level (Kneser et al., 2006).

The functional integrity of bone tissue is maintained by three main different cell types:
osteoblasts, osteocytes and osteoclasts, which are embedded in a highly complex matrix
consisting of a mineralized (hydroxyapatite) and a non-mineralized component. The non-
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mineralized organic part contains mainly collagens (approx. 95%), the remaining organic
component of 5% is composed of glycoproteins, proteoglycans and other numerous non-
collagenous proteins (Meyer and Wiesmann, 2006).

Bone development and bone regeneration are complexly regulated processes that involve a
plethora of different growth and transcription factors, which coordinate the interaction of
cells and matrix in response to external or internal stimuli (Kneser et al., 2006). Bone
metabolism involves the resorption of existing bone by osteoclasts and the subsequent
formation of a new bone matrix by osteoblasts. These activities are essential for bone
remodeling, regeneration and repair (DeLong et al., 2007).

Various sources of cells (periosteal cells, cortical cells, cells derived from the surrounding
soft tissues, and marrow cells) and signals that set up these fields are responsible for the
features of the repair tissue. The primary tissue source of cells that form repair tissue is
believed to be from the periosteum. Other cells that contribute to or repair tissue formation
appear to be derived from the adjacent cortical and cancellous bone. Mesenchymal stem
cells, assumed to be derived from either the surrounding muscle tissue or the marrow space,
are a third source of cells that participate in the formation of new bone. Cells synthesize a
network of collagnenous and non-collagenous proteins. The final stage of bone repair and
regeneration is the establishment of mineralized, mechanically competent tissue. Collagens,
as the major constituent of the extracellular matrix network, are of major importance in the
formation of a mineralized matrix. (Nakahara ef al., 1990; Meyer and Wiesmann, 2006)

The healing potential of bone is sufficient to restore simple fractures, which are generally
treated by standard conservative or surgical therapy. However, in some cases, reparative
osteogenesis does not result in structural and functional recovery of the bone (Logeart-
Avramoglou et al., 2005). Extended bone defects following trauma or cancer resection or
non-unions of fractures may require more sophisticated treatment. In these cases, bone
grafting procedures, segmental bone transport, distraction osteogenesis or biomaterials are
applied for reconstruction (Meyer and Wiesmann, 2006). The repair of bone defects in
reconstructive surgery is subject to significant limitations, including donor site morbidity,
limited supply of autograft, risk of infection and immune rejection of allograft, and poor
osteogenic effect of synthetic bone substitutes (Logeart-Avramoglou et al., 2005). In addition,
bridging of a large bone defect by callus distraction requires a long time and usually an
external fixator, both very inconvenient for patients. Regardless of the technique used, the
percentage of failure is considerable. Bone repair is therefore the subject of intensive
investigation in reconstructive surgery.

2. Treatment of bone defects

The reconstruction of large bone defects is an important clinical problem and none of the
approaches thus far have proved completely effective. Since there are major limitations
when treating “problematic” bone tissue defects according to standard protocols, there is a
great need for the development of new approaches for reparative osteogenesis. There are a
number of clinical indications, such as non-unions, benign bone lesions, parodontal bone
lesions, traumatic injuries, which could benefit from advances made during the past decade
in bone cell therapies and tissue engineering. Cell therapies involve the use of any kind of
cells to repair damaged or destroyed bone cells or tissues, and are unique in that the active
component consists of living cells.
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One of the biggest cell therapy areas is tissue engineering, defined by Langer and Vacanti
(1993) as an interdisciplinary field that applies the principles of engineering and the life
sciences to the development of biological substitutes that restore, maintain or improve tissue
function. Tissue can be engineered 1) in vivo - by stimulating the body's own regeneration
response with the appropriate biomaterial, or 2) ex vivo - cells can be expanded in culture,
attached to a scaffold and then reimplanted into the host. Depending on the source, cells
may be heterologous (different species), allogeneic (same species, different individual) or
autologous (same individual). Autologous cells are preferred because they will not evoke an
immunologic response and the deleterious side effects of immunosuppressive agents can
thus be avoided. In addition, the potential risks of pathogen transfer are also eliminated
(Hipp and Atala, 2004).

When engineering bone tissue substitutes, mechanical stability, osteoconductivity,
osteoinductivity, osteogenicity and ease of handling have to be well balanced in order
properly to meet clinical needs (Kneser et al., 2006). According to Muschler and co-workers
(2004), there are four types of cell-based tissue engineering: (1) local targeting of connective
tissue progenitors where new tissue is needed, (2) transplanting autogenous connective
tissue progenitors to augment the local population, (3) transplanting culture expanded or
modified connective tissue progenitors and (4) transplanting fully formed tissue.

Osteogenic cells are an integral part of any bone tissue engineering strategy. These cells are
either transplanted along with the appropriate scaffolds into the bone defects or attracted
from the host by osteoinductive factors (Kneser et al., 2006). The affectors of bone
remodeling, regeneration and fracture repair in an adult organism are the cellular
components. Various types of osteogenic cells, including bone marrow mesenchymal stem
cells (BMSC) (Frank et al., 2002; Meinel et al., 2004; Meinel et al., 2005), adipose-derived stem
cells (ASC) (Lendeckel et al., 2004; Peterson et al., 2005) mesenchymal cells of the periosteum
(Hutmacher and Sittinger, 2003; Schimming and Schmelzeisen, 2004, Turhani ef al., 2005)
and alveolar bone derived osteoblasts (AO) (Xiao et al., 2003; Zhu et al., 2006) have been
studied for bone reconstruction. Pluripotent mesenchymal stem cells are present in many
adult tissues, although they are most abundant in bone marrow (Pittenger et al., 1999) and
adipose tissue (Zuk et al., 2001). In vitro, BMSC are rapidly adherent, clonogenic and capable
of extended proliferation (Bianco et al., 2001). Isolation and expansion efficiency, stability of
osteoblastic phenotype, in vivo bone formation capacity and long-term safety are essential
requirements that must be met by any type of osteogenic cell for successful clinical
application. Serum-free culture conditions or culture medium supplemented with
autologous serum are preferable for cell expansion in vitro (Kneser et al., 2006).

Nevertheless, it has still not yet been determined which type of osteogenic cell is most
suitable for engineering bone tissue. At the moment, BMSC seem to be the best candidate for
cell therapy to regenerate injured skeletal tissues, owing to their ease of isolation, expansion
and multilineage potential. These cells can be induced to differentiate into chondrocytes or
osteoblasts when subjected to specific environmental factors (Jorgensen et al., 2004). Proof-
in-principle for bone tissue engineering using BMSC has been demonstrated in various
animal models (for review see Cancedda et al., 2003); in addition, 7 human clinical studies
had been conducted by 2010 (Chatterjea et al., 2010). However, several studies have also
shown ASC and AO to be appropriate cell sources for bone regeneration (Zuk et al., 2001;
Cowan et al., 2004; Hattori et al., 2006; Frohlich et al., 2010; Turhani et al., 2005; Malicev et al.,
2008).
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Bone tissue engineering requires not only living cells but also the use of scaffolds, which
serve as a three-dimensional environment for the cells. Scaffolds for engineering bone
should satisfy a number of criteria. According to Logeart-Avramoglou et al. (2005), such
matrices should be: (i) biocompatible (non-immunogenic and non-toxic); (ii) absorbable
(with rates of resorption commensurate with those of bone formation); (iii) preferably
radiolucent (to allow the new bone to be distinguished radiographically from the
implant); (iv) osteoconductive; (v) easy to manufacture and sterilize; and (vi) easy to
handle in the operating theater, preferably without preparatory procedures (in order to
limit the risk of infection). Three-dimensional scaffolds for bone tissue regeneration
require an internal microarchitecture, specifically highly porous interconnected structures
and a large surface-to-volume ratio, to promote cell in-growth and cell distribution
throughout the matrix (Logeart-Avramoglou et al., 2005). Pore sizes in the range of 200-
900 um have performed most satisfactorily in these applications because, in addition to
osteoprogenitor cells, they also enable endothelial cells to migrate into the matrix and
develop the vascular beds necessary to nourish the newly formed tissue (Logeart-
Avramoglou et al., 2005). Particle size, shape and surface roughness affect cellular
adhesion, proliferation and phenotype. Specifically, cells are sensitive and responsive to
the chemistry, topography and surface energy of the material substrates with which they
interact. In this respect, the type, amount and conformation of specific proteins that
adsorb onto material surfaces, subsequently modulate cell functions (Boyan et al., 1996).
Calcium based ceramics undergo dissolution and precipitation at their surfaces. These
events lead to the formation of a carbonate-containing hydroxyapatite layer, which
promotes the attachment of bone forming cells (i.e., osteoconductivity) (Ohgushi ef al.,
1999). Tricalcium phosphate (TCP) and hydroxyapatite (HA) are therefore most
commonly used as a scaffold in bone tissue engineering. In addition, these two materials
are commercially available from various producers (DeLong et al., 2007) and well accepted
in clinical practice as synthetic substitutes (or bone fillers).

In order to evaluate where is a niche for autologous cell therapy in medical practice, an
overview of other established treatments is necessary.

2.1 Estabished treatments of bone defects

Orthopaedic trauma surgery requires the regular use of bone grafts to help provide timely
healing of muscoskeletal injuries. The “perfect” bone graft has properties categorized as:
osteoconductive, osteoinductive and osteogenic (De Long et al., 2007). Osteoconduction is
the property of a matrix that supports the attachment of bone-forming cells for subsequent
bone formation. Osteoinduction is a process that supports the mitogenesis of
undifferentiated cells, leading to the formation of osteoprogenitor cells that form new bone.
The terms “osteogenic” and , osteogenesis” may be reserved for the ability to generate or
the generation of bone by bone-forming cells.

2.1.1 Bone grafts and substitutes

Today, autologous bone grafting is the gold standard for osteogenic replacement in osseous
defects (DeLong et al., 2007). Autologous bone grafts reliably fill substance deficits and
induce bone tissue formation at the defect site following transplantation. These grafts
exhibit some initial stability, depending on donor site, size, shape and quality (Kneser et al.,
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2006). However, the clinical use of autologous osseous transplants is limited by a
considerable donor site morbidity, which increases with the amount of harvested bone.
Bleeding, hematoma, infection and chronic pain are common complications of bone graft
harvest (Ebraheim ef al., 2001). In addition, when the bone defect is large, there may not be
enough autologous bone tissue to harvest. Processed allogeneic or xenogenic bone grafts are
also commonly used for repair of osseous defects when autologous transplantation is not
appropriate (Gazdag et al., 1995). Although the initial properties of allogeneic or xenogenic
grafts resemble those of autologous bone, the lack of osteogenicity is a limitation even when
osteoinductive factors are preserved during processing. For specific indications,
vascularized bone grafts from various locations, including fibula, scapula, iliac crest and
others, are taken and transplanted into given bone defects (Ozaki et. al., 1997).

2.1.2 Synthetic bone substitutes

Degradable and non-degradable implant materials can be divided into synthetically
produced metals and metallic alloys, ceramics, polymers and composites or modified
natural materials (Mayer and Wiesmann, 2006). Whereas non-resorbable materials such as
steel or titanium alloys are commonly used for prosthetic devices, resorbable substitute
materials are currently being investigated for their use in bone and cartilage replacement
therapies (Mayer and Wiesmann, 2006). Acrylate-based bone cements provide high
mechanical stability after polymerization (Lewis, 1997). They are widely used for fixation
of total joint prosthesis, vertebroplasty and for craniofacial bone defects. However,
despite sophisticated modes of application, they do not possess osteogenic or
osteoinductive properties and are slowly resorbed, if at all. Within the last two decades,
many other biogenic and synthetic materials have been evaluated for their use as bone
substitutes. Calcium phosphate- and apatite-based bone cements (porous composites and
the most widespread ceramics used for bone reconstruction), as well as other types of
biomaterials have been clinically applied for the treatment of fractures and bone defects
(Jupiter et al., 1997). Depending on their chemical composition and porosity, they are
osteoconductive, biodegradable and are integrated into given bone defects (Kneser et al.,
2006).

2.2 Advanced approaches to treating bone defects
2.2.1 Osteoinductive substances

Although osteoinductive substances are clinically applied for the reconstruction of bone
defects or for acceleration of fracture healing, only small numbers of patients have been
treated and application modes and indications are not yet completely standardized. Platelet
rich plasma contains, in addition to platelet derived growth factor (PDGF), a variety of
different growth factors, depending on the processing and application modes andit
enhances bone formation in experimental and clinical settings (Thornwarth et al., 2006).
Demineralized bone matrix (DBM) is prepared from allogeneic or xenogenic bone and is
commercially available for clinical application in various formulations (Maddox et al., 2000).
Its osteoinductive potential is highly variable and depends not only on the donor but also on
the processing protocols. DBM is commonly used in combination with other types of
biomaterials. Bone morphogenetic proteins (BMPs) have been identified as the most relevant
osteoinductive factor in demineralized bone matrix (Reddi et al., 1998).
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2.2.2 Allogenic bone tissue engineering products used in clinical practice and trials

The first registered tissue engineered bone product is called Osteocel, launched in the USA
in July 2005 by Osiris Therapeutics Inc. It was the first product containing viable allogenic
adult stem cells to be offered for the repair, replacement or reconstruction of bone defects.
Osteocel promotes bone regeneration and is used to treat spinal defects or hard-to-heal
fractures, in which the bone is shattered or pieces are missing. The producer declares this
product to be the first bone matrix product to provide all three bone growth properties:
osteoconduction, osteoinduction, and osteogenesis.

Osteocel is made from mesenchymal stem cells, which are mixed with spongy bone material
obtained from human donors or cadavers. Because the cells are not manipulated (only
harvested, processed and stored for later use, much like organs used for transplant),
Osteocel is classified by the Food and Drug Administration (FDA) as a tissue transplant, not
as a drug or a medical device. This product did not therefore have to go through the
multiyear testing and approval process, which would most likely be be required for other
stem cell products being developed.. Osteocel is an allogeneic tissue engineered product,
exhibiting low immunogenicity and no activation of lymphocytes T in mixed leukocyte
reaction testing in vitro. Osteocel grafts have been used since 2005 in over 30,000 procedures,
with no reported adverse events.

Trinity™ by Blackstone Medical Inc. is another allograft substance that has recently begun
to be used. Trinity BMSC are pre-immunodepleted and therefore do not stimulate local T-
cell proliferation but instead are activated to act as osteoblasts and to stimulate bone
formation. This local response can accelerate healing, earlier weight-bearing, healing and
filling of bone voids in patients that have had excision of bony masses. In previous animal
models, the use of BMSC has been shown to increase bone healing in critical sized defects.
Trinity is currently approved by the FDA for use in trauma and bone defects within the
spine, and has not shown any significant adverse effects compared with standard bone
substitute products.

2.2.3 Autologous cell treatment approaches to bone defects

A widely accepted approach is the use of autologous cells for bone regeneration, which are
frequently prepared as in-hospital procedures or produced only for the local market.

According to Chatterjea ef al. (2010), 7 human clinical studies have so far been conducted
based on the use of BMSC.

In 2001, BioTissue Technologies AG launched a product called BioSeed®-Oral Bone, using
periosteum samples as a source of cells with osteogenic potential. BioSeed®-Oral Bone is a
3D jawbone graft used to reconstruct the jaw bone, for example in sinus lift operations or
lower jaw augmentation.

Aastrom Biosciences in the USA has produced bone regeneration products for the treatment
of osteonecrosis of the femoral head (called the ON-CORE trial) and a product for the
treatment of severe non-union fractures (i.e., atrophic non-unions), both of which are in
Clinical Phase III of development. Bone Repair Cells (BRCs) were derived from a small
sample of the patient's bone marrow that is processed using Aastrom's Tissue Repair Cell
(TRC) Technology to generate larger numbers of stem and early progenitor cells with
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enhanced therapeutic potential. In the study, patients underwent standard open reduction
and internal fixation surgery, in which BRCs were applied directly to the fracture site,
together with an allograft bone matrix, to promote local bone regeneration. After the
treatment with BRCs, patients with non-union tibia, humerus or femur fractures that had
previously failed to heal after one or more “standard” medical procedures showed an
overall healing rate of 91% after one year. The positive results from this study, together with
early clinical data reported from osteonecrosis patients, further support the broad
application of the proprietary TRC Technology in the field of orthopedics.

There have been several clinical reports about the treatment of critical-sized long bone
defects with tissue engineering products using BMSC and scaffolds (Quarto et al., 2001,
Orozco et al., 2005).

Some ongoing clinical trials are testing the treatment of non-union fractures and bone cysts
by autologous mesenchymal stem cell percutaneous grafting as a minimally invasive
implantation procedure (ClinicalTrials.gov Identifier: NCT01429012; NCT01206179;
NCT01207193; NCT00916981; NCT00916981).

3. Testing different approaches for the production of autologous tissue
engineered bone constructs

Aspects that need to be considered in planning a cell therapy/tissue engineering approach
are:

- biological: cells to express adequate cell phenotype to produce bone tissue

- tissue engineering: scaffold that allows cell survival, is biodegradable, non-
immunogenic, possesses appropriate biomechanical properties and is easy to handle

- surgical: adaption to the size and shape of the injury, a good clinical outcome could be
expected upon the appropriate selection of clinical indications

Since 2005, we have been working on several bone tissue engineering projects employing
various osteogenic cells:

¢ Engineering bone grafts using AO and rotating bioreactor - in vitro study
¢ Engineering bone grafts using BMSC- in vitro study

¢ Engineering bone grafts using ASC and perfusion culture - in vitro study

e  Vascularization of tissue engineered bone grafts - in vitro study

e  BMSC based bone grafts for the repair of long bone defects - clinical project
e Treatment of paradontal diseases with AO - clinical project

3.1 In vitro investigation of osteogenic potential of different cell sources

Various cell source, namely AO, BMSC, and ASCwere investigated in relation to different
targeted clinical indications. The basic proof of osteogenic activity is mineralization of the
extracellular matrix, which was found in all three investigated cell types. Additionally,
specific gene expression and alkaline phosphatase activity was analyzed.

While AO were investigated to treat small volume defects in periodontal intrabony defects,
both BMSC and ASC can be obtained in sufficient number from bone marrow aspirate or
liposuction and proliferated enough to treat high volume bone defects (up to 50 cm3) and
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were studied in relation to the treatment of more extensive, e.g., long bone defects
(pseudoarthrosis).

ASC and BMSC were tested for the expression of mesenchymal stem cell markers and for
their capacity for mineralization after osteogenic differentiation. All tested cells expressed
markers of mesenchymal stem cells DG73, CD90 and CD105 and were negative for CD34,
which is a marker of hematopoietic cells (Table 1). All tested cell types were also positive for
mineralization, which occurred in cultures of alveolar osteoblasts after 1-2 weeks of
cultivation in osteogenic medium and in cultures of both mesenchymal stem cell types after
2-3 weeks of cultivation in osteogenic medium (Fig. 1). The intensity of matrix
mineralization, however, significantly varied among cell cultures from different donors.

Marker
Sample CD 105 CD 90 CD73 CD34
BMSC 30 + +++ +++ —
BMSC 31 + +++ +++ —
BMSC 35 + +++ +++ -
ASC 01 (P3) + +++ +++ -
ASC 02 (P3) ++ +++ +++ —
ASC 03 (P3) + +++ +++
ASC 04 (P6) +++ +++ +++ —

Table 1. Expression of mesenchymal stem cell markers by BMSC and ASC

T '1-4_‘" g : o ] .
Fig. 1. Mineralization of the matrix is occurring in cultures of AO (A), BMSC (B) and ASC
(C) after induction of osteogenic differentiation (upper line: culture in normal medium,

bottom line: cultures in osteogenic medium). Von Kossa staining. (photos were taken at a

magnification of 100x).

3.1.1 Engineering bone grafts using Alveolar Osteoblasts (AO) and a rotating
bioreactor

AO can be isolated from alveolar bone tissue that is normally discarded prior to treatment of
periodontal diseases. The use of alveolar bone tissue as a cell source for periodontal
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indications therefore represents no additional harm to the patient and is thus considered to
be the optimal cell source for this application.

The aim of this study was to engineer bone grafts using AO for treating bone degeneration
in periodontal diseases.

After harvesting a piece (approx. 40 mm?) of maxillar or mandibular alveolar bone, primary
explant culture and subsequently cell cultures of the first passage were established (Fig. 2).

Fig. 2. Primary explant culture (left) and the first passage (right) of AO cells for the
treatment of periodontitis (photos were taken at magnification 100x).

Expanded AO with proven osteogenic potential were loaded onto macroporous
hydroxyapatite granules together with fibrin glue, which enabled the formation of solid
grafts (Fig. 3), and cultured in medium supplemented with osteogenic differentiation factors
for up to three weeks in a rotating bioreactor. Light and scanning electron microscopic
examinations of the cell-seeded constructs showed a uniform cell distribution, as well as cell
attachment and growth into the interior region of the hydroxyapatite granules (Fig. 4). Cells
in tissue constructs exhibited growth patterns of enhanced proliferation during the first two
weeks of cultivation, followed by a decrease in cell numbers.

Fig. 3. Bone tissue engineered graft for the treatment of periodontal intrabony defects,
macroscopic view of the graft.
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Fig. 4. AO growing over the hydroxyapatite granules of the scaffold one week after graft
formation A: scanning electron microscopy, B: stereomicroscope (cells stained with MTT)

The osteogenic potential of the cells was tested by observation of the mineralisation capacity
and analysis of gene expression of three important marker genes for osteogenesis: alkaline
phoshatase, osteopontin and osteocalcin. Alkaline phosphatase activity was higher at three
weeks in all cultures in osteogenic medium than in the control medium. Gene expression
levels exhibited patterns of osteogenic differentiation (Mali¢ev et al., 2008).

We showed that bone-like constructs with viable cells exhibiting differentiated osteogenic
phenotype can be prepared by cultivation of AO on hydroxyapatite granules.

3.1.2 Engineering bone grafts using Bone Marrow derived Stem Cells (BMSC)

Bone Marrow derived Stem Cells (BMSC) - also termed mesenchymal stem cells (MSC) or
multipotent adult progenitor cells (MAPC) - are progenitors of skeletal tissue components
such as bone, cartilage, muscle, the hematopoiesis-supporting stroma and adipocytes
(Pittenger et al., 1999; Flanagan et al., 2001). The development of methods for isolation,
expansion and controlled differentiation of BMSC offers possibilities of using these cells as
an integral component of various clinical applications of tissue engineering, especially in
reparative osteogenesis.

The aim of this study was to engineer bone grafts using BMSC for treating long bone defects
in patients with pseudoartrosis.

After harvesting bone marrow from the iliac crest (approx. 30 ml), mononuclear cells were
separated by gradient centrifugation and seeded in primary culture. Non-adherent cells
were washed out after 24 hours and adherent cells were expanded and passaged to obtain a
sufficient number of cells.

Osteogenic differentiation was carried out in confluent monolayer cultures of the second
passage, which was confirmed by positive von Kossa staining (calcium deposits) and
staining for the enhanced presence of alkaline phosphatase (Fig. 5). In addition, higher gene
expression levels of bone sialoprotein II, osteopontin and BMP2 were determined in BMSC
after osteogenic differentiation compared to control BMSC.

Porous TCP granules were used as a scaffold. The cells were seeded directly onto the
granules to achieve an approximate total of 1 x 10¢ cells per 1 mL of the tissue engineering
bone construct. The granules were “glued” by inducing fibrin clot formation with the
addition of thrombin (Fig. 6). Cell viability in the tissue bone construct was confirmed by
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MTT staining. Light microscopy examination of the cell-seeded constructs showed a
uniform distribution of viable cells (Fig. 7).

o e
.

Fig. 5. Second passage of BMSC after 18 days in basal growth medium (A,B) and in
osteogenic medium (C,D), respectively. The cells were subsequently stained for calcium
deposits according to von Kossa (A,C) and for alkaline phosphatase (B,D) (photos were
taken at magnification 100x).

Fig. 6. Preparation of bone implant composed by BMSC after osteogenic differentiation, TCP
granules and fibrin glue.

Fig. 7. BMSC after osteogenic differentiation and seeding onto the granules of TCP and
staining with MTT, showing an equal distribution of cells in the graft (stereomicroscope,
photos were taken at magnification 20x).
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3.1.3 Engineering bone grafts using Adipose-derived Stem Cells (ASC) in a perfusion
bioreactor

ASC are an attractive cell source for autologous bone tissue engineering, due to their easy
accessibility and abundance, as well as their potential for osteogenic differentiation (Zuk et
al., 2001). In combination with scaffolds with mechanical properties similar to native bone,
they could enable engineering of bone grafts for treating load-bearing sites.

The aim of this study was to engineer bone grafts using ASC on decellularized bone
scaffolds and to evaluate the effects of long term perfusion culture conditions (enabling
efficient cell nutrition and gas exchange) on the quality (cell distribution and bone matrix
formation) of bone grafts. Perfusion culture has already been proved to be beneficial for
BMSC based grafts in terms of cell distribution and bone matrix deposition (Gomes et al.,
2003; Grayson et al., 2008).

Human ASC were isolated from lipoaspirates of three different donors, characterized and
expanded up to the 3rd passage. The osteogenic potential of ASC was tested using von Kossa
and Alizarin Red staining. For the perfusion study, cells were seeded on decellularized
bovine trabecular bone scaffolds (4 mm & x 4 mm) and subsequently cultured in two
different medias (control and osteogenic), in static culture and perfusion bioreactors (Fig. 9).
Four experimental groups were formed: (i) control-static, (ii) control-perfused, (iii) osteo-
static and (iv) osteo-perfused. After 5 weeks, constructs were evaluated for cell viability
(live/dead assay), DNA content (PicoGreen), cell distribution (4'-6-diamidino-2-
phenylindole - DAPI), collagen (Trichrome), osteopontin and sialoprotein
(immunohistochemistry).

ASC from three different donors showed that osteogenic culture conditions resulted in
strong mineral deposition, as confirmed by von Kossa and Alizarin Red staining.
Additionally, these data show a significant donor-to-donor variability in the osteogenesis of
ASC (Fig 8).

During cultivation of ASC grafts, the DNA content increased in all experimental groups and
was generally higher under osteogenic than under control conditions. Histological analysis
demonstrated that grafts cultured in osteogenic medium contained more total collagen,
bone sialoprotein and osteopontin than matching controls. Additionally, under static culture
conditions, cell growth and matrix deposition were located mostly at the construct
periphery, while perfused constructs exhibited a more even cell and matrix distribution
throughout the scaffold volume (Figs. 10 and 11).

In summary, a combination of ASC as cell source, decellularized bone as scaffold and
perfused culture conditions in combination with osteo-inductive supplements, provides a
promising approach to obtaining high quality tissue engineered bone grafts. Furthermore,
cultivation of ASC in a perfusion bioreactor improves cell and bone matrix distribution
within the graft and therefore assures a superior cultivation environment to static culture,
especially for larger grafts and for longer periods of time. However, for the successful
application of ASC based bone grafts in clinical settings, the donor-to-donor variability in
the osteogenic potential of ASC needs to be considered. (Frohlich et al., 2010)
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Fig. 8. Osteogenic potential of ASC. ASC of three donors (B, C, D) were cultured under
either control or osteogenic medium for various time lengths and were stained with Alizarin
Red (red) and von Kossa (black). (Frohlich et al., 2010)

Channel

Fig. 9. Perfusion bioreactor used in the study. The region indicated by a white rectangle in A
is shown schematically in panel B. Medium flows throughout the scaffold, as indicated by
arrows (B). (Frohlich et al., 2010)

Fig. 10. Long term cultivation of ASC grafts in static and perfused culture. Live/dead
staining of the central part of the cultured grafts under perfused (A) and static (B)
conditions. Collagen (C, D) (blue) and osteopontin (E, F) (brown) deposition within the
scaffold is more abundant and more uniformly distributed under perfused conditions (C, E)
than under static culture (D, F). The scale bar is 0.5 mm. (Frohlich et al., 2010)
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Fig. 11. Cell distribution within the ASC bone grafts. Constructs were stained with DAPI to
visualize cell distribution (cell nuclei shown in white). Seeding resulted in an even initial
distribution of cells throughout the scaffold (A). After 5 weeks of static culture, cells were
found mostly in the outer regions of the constructs (indicated by arrows) (B). After 5 weeks
of culture with medium perfusion, cells were more evenly distributed throughout the
construct volume (indicated by arrows) (C). The scale bar is 0.5mm. (Frohlich et al., 2010)

3.2 Vascularization of tissue engineered bone grafts

Vascularization is of critical importance for the integration and survival of larger engineered
bone grafts on implantation, since it ensures efficient gas and nutrition exchange with all
cells within the tissue.

There are several approaches being utilized in order to vascularize bone grafts, and
generally one or a combination of three major principles can be followed (Fig. 12). In vivo
pre-vascularization employs the implantation of the bone grafts into environments rich in
vascular supply (subcutaneous, intramuscular or intraperitoneal sites), where the constructs
can be invaded with new vascular networks at their surfaces. However, transplantation to
the site of interest is impossible without damaging the initial vascular network.
Vascularization of an implanted graft can also be accelerated by the utilization of angiogenic
factors. Growth factors, such as VEGF, PDGF and FGF, play a crucial role in angiogenesis
(Jain et al., 2003). Incorporation of these factors into scaffolds and control of their local
release rate and delivery regime is one possibility for accelerating vascular in-growth in vivo.
Another way of achieving vascularization of tissue engineered bone grafts is co-culturing
endothelial and osteogenic cells into bone constructs engineered in vitro - the so called in
vitro prevascularization approach. Endothelial cells have the potential to form new vessels
within the scaffolds, with the potential to anastomose with the host vasculature when
implanted in vivo. Moreover, endothelial cells not only contribute to forming the vasculature
to deliver nutrients to the bone but are also important in terms of interaction with and
differentiation of osteoprogenitor cells (Rouwkema et al., 2006; Unger et al., 2007). Adult
endothelial cells can be used as a source of endothelial cells, but recently, adult
mesenchymal stem cells have also been shown to have the potential to differentiate toward
the endothelial lineage (Miranville et al, 2004; Valarmathi et al.,, 2008). (Reviewed in
Frohlich et al., 2008).

In addition to endothelial cells, smooth muscle cells or pericytes are also necessary for
forming a functional vasculature. We exploited the vasculogenic potential of ASC and
showed that ASC spontaneously, as well as in induced cultures, formed up to 1 mm long
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endothelial structures. In the same manner, ASC had the potential for smooth muscle
phenotype (Fig. 13). (Frohlich et al., 2009) Since they have all the necessary types of cells -
osteogenic (Fig. 8, Fig. 9) and vascular (Fig. 13), ASC seem to be an ideal source of cells for
engineering autologous vascularized bone grafts. However, optimal culture conditions for
the co-existence of various cell types still need to be determined.

BMSC have also been tested for their smooth muscle and endothelial phenotype. BMSC
expressed a smooth- muscle actin characteristic of smooth muscle cells (Fig. 14), but did not
form endothelial structures, as seen with ASC (data not shown).

In Vive Pre- GF- Induced In Vivo In Vitra Pre-

Vascularization Vasularization Vascularization
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Fig. 12. Approaches to vascularizing engineered bone scaffolds. Left: The arterio-venous
(AV) loop as an example of an in vivo approach for pre-vascularizing scaffolds. Center: One
cell-free approach is to immobilize angiogenic growth factors (AGF) and osteogenic growth
factors (OGF) in scaffolds and directly implant into the site of interest. In this method, the
growth-factors induce migration of angiogenic and osteo-progenitor cells and provide them
with the stimuli for neo-vessel formation and osteogenic differentiation. Right: The cell-
based, tissue-engineering approach utilizes osteogenic cells (OC) and endothelial cells (EC)
in a three-dimensional co-culture. (Frohlich et al., 2008)
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control induced

Fig. 13. ASC as a cell source for vascularization of bone constructs. ASC formed up to 1 mm
long CD31 positive endothelial structures (green) with the close proximity of surrounding
cells (blue stained nuclei) when cultured in stromal (control) medium (A). ASC also formed
endothelial structures in endothelial medium but the structures were less numerous and
without the specific pattern of surrounding cells (B). After induction with smooth muscle
medium, the number of a smooth-muscle actin positive cells (green) increased (D) in
comparison to the control medium (C). The scale bar is 200 pm. (Frohlich et al., 2009)

Fig. 14. BMSC of 3rd passage were induced to differentiate into the smooth muscle
phenotype. Positive staining for a smooth-muscle actin was evident in the control medium
(A) and was further enhanced by exposing the cells to induction medium (B). The scale bar is
200 um.
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3.3 Clinical projects for bone regeneration

The first concept (Section 3.1.1.) - employing osteoblasts of cancellous alveolar bone loaded
onto the HA granules - has been developed to treat periodontal diseases (BoneArt™-A). The
second approach (Section 3.1.2.) - employing bone marrow derived mesenchymal stem cells
(BMSCs) differentiated into osteoblasts and loaded onto the TCP granules - has been
developed to treat long bone defects (BoneArt™-S). In both cases, the principle is similar
(Fig. 15): cells are isolated and proliferated from autologous tissue harvested from patients.
Using a criopreservation step, we can adapt to the time of predicted implantation. When
cells are proliferated to the desired number, they are seeded on scaffold material. Induction
of differentiation can be added to the protocol before or after bone graft preparation. The
bone graft can either be implanted immediately or submitted to conditions that stimulate
osteogenesis prior to implantation. Grafts need to be tested according to the quality control
(QC) protocol, ensuring the safety and efficiency of the product.
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Fig. 15. Principle of bone tissue engineering for clinical application.

3.3.1 Autologous Alveolar Osteoblasts (AO) for the treatment of paradontosis

Periodontal diseases (periodontitis) is a chronic, infectious, inflammatory disease that affects
the dental attachment apparatus - i.e. the tissues that support and anchor the teeth to the
jaw; these include the cementum, periodontal ligament ans alveolar bone. If left untreated,
periodontal disease may result in complete destruction of the alveolar bone as well as the
othe supporting tissues. (Lin ef al., 2008).

The possibility of enhancing bone regeneration by implanting alveolar osteoblasts (AO) in
combination with an appropriate scaffold is of clinical interest, particularly in reconstructive
maxillofacial surgery and periodontology (Lin et al., 2008). In the research project, the
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concept was tested that artificial matrices, seeded with cells of osteogenic potential, may be
implanted into sites where osseous damage has occurred, which could lead to significant
osseous regeneration.

Firstly, the growth and differentiation of alveolar bone cells in tissue-engineered constructs
and in monolayer cultures, as a basis for developing procedures for routine preparation of
bone-like tissue constructs, were compared (Malicev et al., 2008).

Autologous constructs as described above (Section 3.1.1) were prepared to treat six patients
with aggressive periodontitis by an implantation of a cell-based alkaline phosphatase
approach. The operative implantation procedures were carried out without any
complications and no side effects were detected that could be assigned to the tissue
engineered construct. The newly forming bone is clearly seen in X-rays 3 months after
implantation (Fig. 16). Clinical evaluation at 6 months and 12 months after implantation
showed a significantly higher gain of clinical attachment in cases in which cellularized grafts
were implanted in comparison with the control group (implantation of the scaffold alone)
(Fig. 17).

after 3 months

Fig. 16. X-ray of implanted site before and 3 months after treatment. Arrows indicate the
limit of bone tissue.

In the first observation period after implantation, there was a significantly higher gain of
clinical attachment in sites at which cells were added, compared to sites at which only
material was implanted, while no difference is observed in the second period. Overall, in
cases in which cells were implanted together with biomaterial, the bone regeneration
process was faster and more efficient.

This clinical project confirmed the positive effect of autologous cell therapy for bone
regeneration.
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Fig. 17. Gain of clinical attachment measured up to 6 months after implantation (GCAL 0-6)
and gain of clinical attachment in the period from first measurement to second
measurement up to 18 months after implantation.

3.3.2 Autologous Bone Mesenchymal Stem Cells (BMSC) for the treatment of large
long bone defects

A project to evaluate the concept of bone tissue engineering for the treatment of severe long
bone defects was carried out using autologous BMSC differentiated into osteoblasts as a cell
source and a TCP scaffold in combination with fibrin glue (Figs. 5-7). The bone marrow was
harvested from the patient’s posterior iliac crest. BMSC were isolated and expanded to the
desired number according to Pittinger ef al., (1999) with some modifications as described in
3.1.2 (Kreci¢ Stres et al., 2007). Expanded cells with proven osteogenic potential were loaded
onto macroporous TCP granules together with fibrin glue, which enabled the formation of
solid grafts (Fig. 6). An outline of the procedure for the preparation of tissue engineered
bone graft is shown in Figure 18.

The tissue engineered bone construct was surgically implanted to fill gaps in the long bone
of patients, mainly for the treatment of pseudoarthrosis in the femur or tibia.

Six patients with a history of multiple failing surgical revisions were treated according to the
described procedure (Fig. 19A). None of the patients had any side affects connected with the
treatment procedure. Preliminary results were promising since they suggested ossification
of the bone defects on X-ray (Fig. 19 B,C). Scintigraphy (**mTc DPD) also showed evident
perfusion and osteoblast activity in the implanted site. At the intermediate observation (5-14
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Fig. 18. An outline of the procedure for the preparation of tissue engineered bone graft
BoneArt™ for long bone defect treatment from autologous BMSC as carried out in Educell

Ltd.

months after implantation), bone bridging or callus formation was observed in 4 out of 6
patients and 3 patients were allowed full weight bearing of the treated leg.

However, the final evaluation of the clinical outcome did not

show the expected results.

Factors that probably contributed to the failure of these treatments were:

- the extensive volume of the missing tissue (up to 50 ml), which hindered perfusion of

the graft as it was designed

- damaged/inadequate surrounding tissue (fibrotic tissue after burns...)

- septic events prior to cell implantation

Due to the small number of patients included in our study, as well as their clinical history,

we cannot reach general conclusions about how useful a cell
could be in the treatment of non-unions.

based treatment approach

Several clinical reports do show successful results of implantation of tissue engineering bone
tissues although, especially in large defects, in which a tissue engineering approach is

expected to help after other treatments have failed, probably

more advanced treatment

concepts, considering also perfusion and vascularisation of the tissue, should be developed.
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Fig. 19. Clinical application of tissue engineered bone graft. A: implantation of the graft, B:
X-ray immediately after implantation, granulation of the TCP in a graft is visible, C: X-ray 6
months after implantation, the formation of new bone can be observed on the proximal part
of the tibia, however complete bone filling was not achieved and a defect remained on the
distal part of the non-union

4. Conclusion

Despite the high regeneration capacity of bone tissue, surgical procedures used in reparative
osteogenesis do not consistantly result in structural and functional recovery. This state is
associated with the disintegration or insufficiency of cambial cells in bone tissue and
osteogenic deficiency. Cell based therapies are a new therapeutic approaches in regenerative
medicine and using autologous cells is a promising strategy for bone regeneration.

We tested the three of the most studied and relevant sources of osteogenic cells: osteoblasts
(from alveolar bone), bone marrow derived stem cells (BMSC) and adipose derived stem
cells (ASC). We showed that all three cell sources posses adequate proliferation capacity for
potential tissue engineering applications and their differentiation capacity was also proven
by testing mineralisation of the extracellular matrix as well as gene expression, specific for
osteogenic differentiation.

However, clinical application of a tissue engineering approach is not reflecting the
enormous effort in research and preclinical development that has been invested so far -
there is still a severe, unmet need for technologies that will facilitate bone tissue
regeneration.

Our clinical projects indicate a positive effect of cell based therapies for the treatment of
bone defects; in the case of alveolar bone tissue as well as in the case of long bone defects.
However, there are limitations in the technology, especially in the treatment of large defects.

Extensive research on tissue vascularization might help cell and tissue engineering
technologies become more prospective in bone regeneration. From this aspect, the vascular
potential of mesenchymal stem cells seems to indicate a promising area for further bone
tissue vascularization research.

Although basic research on osteogenic differentiation potentials of stem and other
osteogenic cells is crucial for understanding the bone tissue engineering area, and promises
great potential for its use in clinics, only experience from clinical applications will give
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relevant information and final answers regarding the usefulness of cell and tissue
engineered products for various clinical indications.
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1. Introduction

Bone regeneration procedures aim at recapitulating optimal wound healing where tissue
components are restored to the form and function required for tissue and organ homeostasis
(Zohar &Tenenbaum 2005; Bueno &Glowacki 2009; Dimitriou et al. 2011). Examples of ideal
bone regeneration include the healing of a healthy tooth extraction socket or a simple bone
fracture. This is not the case in non-union fractures, or extensive damage as a result of
tumour removal or bone subjected to chemotherapy, where the overall wound healing
ability may be compromised (Dimitriou et al. 2011). Bone is a specialized connective tissue
consisting of osteoblasts, osteocytes and osteoclasts embedded in a mineralized matrix
capable of remodelling, renewing and load bearing. Optimal bone regenerative therapy will
enhance mineralized tissue wound healing through enrichment of the wound/bone defect
with a matrix scaffold to support the wound, cells that will give rise to osteoprogenitors and
inducer molecules, such as growth factors to amplify activity of cells or events responsible
for bone formation. New regenerative approaches may include a combination of these
factors in part or as a whole. The temporal, spatial activity and maturation of these three
components (i.e. cells, matrix and inducer molecules) during bone regeneration has to be a
coordinated and integrative process. Delayed, reduced or lack of activity of any of these
components may result in repair and not regeneration of a remodelling functional bone. Cell
therapy is compared to the gold standard of autogenous bone marrow grafting, which is
considered to be enriched with mesenchymal stem cells, osteoprogenitors and inducer
molecules; marrow grafting usually offers predicative regenerative approach. Matrix grafting
has to offer mechanical support for the regenerative process to interact with the differentiating
osteoprogenitor cells and provide the conditions for the cells to deposit host bone matrix.
Grafted inducer molecules need to interact with both the developed matrix and differentiating
osteoprogenitors to assure bone matrix deposition and mineralization (Figure 1).

Our earlier studies focused on the isolation and differentiation of bone stem cells,
osteoinductive cytokines and matrix development and maturation. The spatial and temporal
sequence of matrix molecules expression used to sort stem-like cells population, single
application of bone morphogenetic protein-7 (BMP7) induced differentiation of these cells to
osteoblasts (Zohar et al. 1997a; Zohar et al. 1998; Zohar et al. 1997b). For bone cells to
differentiate or for the bone matrix to mature and mineralize, cross talk between matrix and
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cells is required to activate bone transcription factors associated with signaling pathways
and osteogenic protein expression. Communication between matrix and osteoprogenitor
cells is crucial to form a mature, weight-bearing bone. This communication is mediated
through secreted growth factors, matrix or matrix associated molecules and activated
receptors on the differentiating bone cells.
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Fig. 1. Wound healing in bone regeneration follows a temporal sequence of ideal healing
where a clean wound start healing through bleeding, clot formation and recruitment of
mesenchymal stem cells which will differentiated to bone forming cells. The successful
differentiation of mesenchymal stem cells to osteoblasts dependent of the temporal and
spatial recruitment and expression of cells, matrix and bone related mediators. Matrix
would form through adequate blood supply, stable clot formation and deposition of bone
matrix that will mineralize. Osteoblasts and osteocytes will differentiate with matrix
maturation and will secret mediators and bone specific proteins.

Various animal wound models in number of animal species are used to asses regenerative
approaches include rodents, rabbits, sheep, goats, cats, dogs and primates (Gomes
&Fernandes 2011; Intini et al. 2007; Kim et al. 2007; Artzi et. al 2003 a,b; Meinig 2002 ;
Lemperle et al. 1998). New experimental approaches attempt to regenerate critical-size
defects in the affected bone that won't heal without therapeutic intervention. Comparing
results between animal models is challenging due to different wound models, different
bones used, healing rate, unique animal physiology, whether or not the bone is weight
bearing and a variety of protocols. Mice are the animals of choice for transgenic analyses for
the significance of the permanent present or absence of one or two molecules (Kim et al.
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2007; Masaki &Ide 2007). Large animal models on the other hand are preferred for a slower
healing process resembling human physiology; however due to the high cost, control of
animals and lower sample number, their use is more limited. The tibia or femur are usually
used for the fracture model in a load-bearing area and the calvaria may be used for critical size
bony defects in a non-loaded area (Alberius &Gordh 1996; Au et al. 2007; Landry et al. 1996).

Regenerative regimens usually focuses on one of the main components of the missing
mineralized tissue: matrix, cells or inducer molecules. While expression patterns were
identified for cell differentiation and matrix maturation, ongoing interactions during healing
through receptors and signal molecules determines whether the outcome is repair or full
regeneration. Thus, evaluating these interactions and the ability of the host wound area to
support the process is a major determinant of regeneration. This chapter will focus on the
importance of signaling between matrix and bone cells and how growth factors or inducer
molecules can mediate this interaction and lead to the regeneration of bone tissue.

2. Bone wound healing

Bone wound healing in primates may involve formation of cartilaginous template, leading
to endochondral ossification and/or intramembranous ossification (Dimitriou et al. 2011 ;
Javed et al. 2011). Both processes require the commitment of adult stem cells toward bone-
forming or osteoprogenitor cells (Figure 1). It is well recognized that adult bone contains a
reservoir of mesenchymal stem cells responsible for physiological remodelling of bone and
reconstruction during wound healing (Awad et al. 1999; Pittenger et al. 1999). Notably,
mesenchymal stem cells are multipotential and capable of differentiation not only to bone
forming cells but also to chondrocytes, adipocytes or fibroblasts, as shown in vitro and in
vivo studies (Ghilzon et al. 1999; Owen 1988). Commitment of mesenchymal stem cells is
thought to be irreversible, and thus signals during the early stages of the wound healing
where mesenchymal stem cells differentiation to osteoprogenitors occurs is crucial for bone
regenerative process. The ability to induce mesenchymal stem cells to express osteoblastic
markers is dependent on transcription of bone-related genes activated by specific signalling,
such as wingless-type MMTV integration site (Wnt) family which control osteoblasts
differentiation (Hoeppner et al. 2009; Secreto et al. 2009). Important mediators in these
pathways activated by Wnt will be the Runx2 (Cbfal) and Osterix transcription factors.
These proteins control expression and repression of genes that will direct the commitment of
mesenchymal stem cells toward osteoblasts (Liu, W. et al. 2001). Runx2-deficient mice
exhibit neonatal lethality due to absence of bone. In the absence of Runx2 there will be no
osteoblast differentiation or ossification. Haploinsufficiency of Runx2 in humans results in
cleidocranial dysplasia, a disease characterized by abnormal bone development, formation
and decreased bone density (Notoya et al. 2004; Post et al. 2008; Xiao et al. 2004). Cytokines
derived from the TGFpP superfamily, such as BMP-4, induce the expression of these
transcription factors and thus bone-specific proteins such as alkaline phosphatase (AP),
collagen I, bone sialoprotein (BSP), osteocalcin(OCN), osteopontin (OPN), integrin and
TGFpB receptors. The expression of these markers serves to ascertain osteoblastic
differentiation and evaluate the progression of bone formation. Unfortunately, at present,
clear markers to identify and isolate mesenchymal stem cells or osteoprogenitors are not
available and the lack of hematopoietic stem cells markers, as well as cellular morphological
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characteristics, such as undeveloped cytoplasmic structure, are the only reliable criteria for
osteoprogenitors (Belmokhtar et al. 2011; Bernardo et al. 2011; Vater et al. 2011).

Following differentiation of osteoprogenitor cells, a stage of the committed cells
proliferation and growth cell cycle changes, accompanied by regulation of proliferation-
related genes, such as histones, c-myc and c-fos being upregulated; secretion of matrix
proteins, such as collagen I, II, III; alkaline phosphatase; fibronectin (Figure 1); as well as
cytokines like FGF-2, TGF and BMBs members (Augello &De Bari 2010). Osteoprogenitors
mature to secretory osteoblasts with a reduction in mitotic activity and formation of
collagenous extracellular matrix (ECM) enriched with bone-specific proteins such as AP,
OCN, BSP and OPN. Osteoblasts also secrete osteoprotegerin (OPG) a member of the TNF
superfamily to reduce osteoclastic bone resorption by binding with the receptor activator of
NF-kappaB ligand (RANKL) (Takahashi et al. 1999). Osteoblasts express receptors to
mediate connections between ECM and cells; this connection is primarily mediated through
integrins, which will attach to the ECM and intracellular will activate the actin cytoskeleton,
initiating cellular signal transduction of proteins such as mitogen-activated protein kinase
(MAP kinase) and the SMAD pathway (Blair et al. 2008; Komori 2011). Decrease in matrix
formation precedes deposition of hydroxyapatite crystals in the mature collagen organized
in a quarter-staggered pattern with 68nm gaps to house hydroxyapatite crystals, which
accumulate on the collagen fibers within them and flattening of the active osteoblasts, which
may undergo apoptosis or become trapped in the mineralized matrix as osteocytes
(Kogianni &Noble 2007).

3. Bone regenerative therapy - Present approaches

There are multiple approaches and various grafting materials available for bone
regenerative therapy. The noble regenerative objective is the same for all suggested
approaches: living, functional, remodelling bone! Different studies evaluating the success of
fracture regeneration or repair estimate the failure rate as 10% or more. Common factors in
failure are: lack of vascularity, improper correction, delayed union, non-union and revision
surgery (Jones et al. 2000; Lee et al. 2004; Osti et al. ; Parker et al. 2011; Smith, T. O. et al.
2009). The tibia is the most common bone to fracture in children and adults. Corrections that
exhibit non-union complications present greater challenge to regenerative therapy (Garrison
et al. 2011; Mashru et al. 2005). Other than fixation of fructure, there are also non-invasive
approaches used to improve healing, such as electromagnetic field or ultrasound
stimulations (Griffin et al. 2011). Distraction osteogenesis is another approach which
encourages bone formation through gradual distraction of defect surfaces, requires long
treatment, sensitive technique and prolonged healing for the patient; it also serves as a
burden to the health system (Heo et al. 2008). Autologous bone marrow grafting is the most
predictable approach to achieve regeneration. Bone can be harvested from the iliac crest of
the pelvis, or alternatively, reamers can be used to harvest the intramedullary canal of long
bones (Hak &Pittman 2010; Valimaki &Aro 2006). If a larger volume of grafts required,
allograft or biomaterials are sometimes used in conjunction with autograft.

Present descriptors of grafting materials other than their source (i.e. allograft, autogenous,
alloplast, cancellous, cortical), refer to grafts as being capable of osteoconduction,
osteoinduction, mechanical support, cell exclusion, cement and filler. Regeneration of bone
is a very clear outcome, and unless osteoblast differentiation taking place, new bone matrix
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deposition and interaction between the two during de novo bone formation and
remodelling, no real regeneration could occur. The assumption that placing an allograft that
may contain BMP’s, collagen matrix or an even high number of mesenchymal stem cells will
result in regeneration in every case cannot be true. Without receptive wound environment
where osteoprogenitors have signals for differentiation and deposition of new bone matrix,
healing by fibrous or cartilage or adipose tissues may occur. Thus, using terminology like
osteoconduction and osteoinduction would only suggest of the potential of regenerative
approach or material, but it is not necessarily predictive of the desired outcome in specific
host, specific wound, and specific surgical approach. The clinical results suggest variability
of wound healing (Garrison et al. 2011).

Since most new bone graft or regenerative product is first tested for its biological activity,
rather than focusing on osteoinduction and osteoconduction, this chapter classifies present
grafts by their contribution to one of the major missing components of the missing bone:
cells, matrix, and mediators (Figure 1). To evaluate the present state of bone regenerative
therapy, it is worthwhile to see how each approach can contribute to the restoration of one
of these three components.

4. Matrix grafting

Matrix serves as an organized framework for bone as a tissue and organ, offering
mechanical support, and facilitate preservation of form and adaptive protection to internal
organs through ongoing remodelling (Grabowski 2009; Scott et al. 2008). Osteogenic cells,
like most other matrix-associated cells, cannot survive or differentiate without adhesion to
their matrix (Popov et al. 2011). Thus, the importance of bone matrix in addition to acting as
mechanical scaffold, is to mediate the biological activities of bone cells and signals that
maintain homeostasis, remodelling and ability for wound healing. The mature mineralized
bone matrix is composed of ~20% organic components, primarily collagens I, IIl and V and
less than 5% noncollagenous proteins. The latter consists of proteoglycans, such as versican,
decorin, and hyaluronan, adhesions molecules such as fibronectin and vitronectin, and
specialized proteins like OCN, BSP, OPN and cytokines (Nagata et al. 1991). The collagen
fibrils structure house the hydroxyapatite crystals which tend to be oriented in the same
direction as the collagen fibrils. The collagen network also mediates adhesion to cells
primarily through integrin receptors connected to collagen or the associated non-
collagenous proteins. A mineralized bone matrix not only increases the mechanical strength
of the bone but also act as reservoir for specialized proteins and cytokines, such as BMP’s.

Matrix proteins mediate not only maturation and mineralization of bone matrix, but also
bone cell differentiation and signalling. Bone cell differentiation is detected through the
differential expression of matrix molecules such as collagen OPN, BSP, AP and OCN.
Expression of AP, collagen I and OPN are considered an early markers, while BSP, OCN
and a second peak of OPN are considered a late mineralization associated marker (Aronow
et al. 1990; Binderman et al. 2011; Lynch, M. P. et al. 1995).Our studies of OPN expression,
which is not restricted to bone, but can be used as a useful marker for early and late
differentiation of osteogenic cells. We isolated a population of small cells that do not express
OPN, AP, collagen I and that are enriched with stromal stem cells capable of generating
bone, fat and cartilage (Zohar et al. 1998; Zohar et al. 1997b). We have isolated BMP-
responsive cells, which will undergo chondrogenic differentiation with continuous
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stimulation of BMP-7 or osteogenic differentiation with single dose (Zohar et al. 1998). Thus,
evaluating the expression of matrix proteins can help determine the status of mesenchymal
stem cells differentiation.

4.1 Matrix-based grafts can be autologous, allogeneic or biomaterials

Autologous bone grafts, such as the marrow graft, marrow aspirates, will contain
cancellous and/or cortical or blocks such as vascularised Graft and will carry cells, matrix
and potentially inductive molecules (Friedrich et al. 2009; Sotereanos et al. 1997). A
vascularised graft will carry blood vessels to enrich the wound with nutrients and soluble
mediators, which may support or inhibit bone formation and carry periosteum enriched
with osteoprogenitor cells. There is less necrosis of grafted material during healing and
vascularised grafts are thought to be a very reliable option for reconstructing non-union or
osteonecrosis defects (Friedrich et al. 2009; Gaskill et al. 2009; Sotereanos et al. 1997). The
difficulty with all autogenous grafts is the quantity and morbidity, such as non-stress
fracture for donor sites (Friedrich et al. 2009). The cancellous or cortical block graft may
carry cells and cytokines, and their quantity and effectiveness is related to the age and state
of the donor area. Cortical block graft will contain the least amount of cells and mediators
and considered to function primarily as scaffolding which is more susceptible to infection
and necrosis.

In allogeneic bone matrix grafts, cadaver bone is a common source of allograft. To generate a
safe allograft, the bone is subjected to irradiation or freeze-drying and is thus devoid of any
cellular components (Nguyen et al. 2007). Allografts are prepared as particulate, morselized
or block, with mineralized or demineralized bone particles that are easy to shape and mold.
Demineralized bone matrix serves as a natural matrix as well as decellularized matrices that
could derive from dura or intestine of various animals (Costain &Crawford 2009; Kligman et
al. 2003; Mroz et al. 2006). Allografts have very limited, if any, biological activity and serve
primarily as osteoconductive and mechanical support. The main advantage is ample supply
(Hamer et al. 1996). Reports of infection transfer, matrix alteration during processing and
limited remodelling of the grafted bone reduce the likelihood of full regeneration (Nguyen
et al. 2007) unless combined with autologous bone (Matejovsky et al. 2006) to add
osteoprogenitors and mediators that can append biological activity to the dead bone
particles.

Matrix proteins-based polymers are very popular, as are collagen, fibrin, hyaluronic acid,
fibronectin and BSP. These proteins are delivered as membranes, sponges, gels,
demineralized bone particles, small intestinal submucosa, dura or even urinary bladder
(Chajra et al. 2008; Smith, I. O. et al. 2009; von der Mark et al. 2010). The problem with
generating these polymers is fairly low solubility; the organic purified polymers is costly
and hard to extract, purify and stabilize; risk of immunogenicity; and variations based on
the batch.

Biomaterials and synthetic bone substitutes are currently used as fillers and/or scaffolds for
the missing bone structure (Gosain et al. 2009; Healy et al. 1999; Shekaran &Garcia 2010 ;
Wojtowicz et al. 2010). The design and fabrication of matrix-based regenerative materials is
aimed at restoring the natural bone matrix properties as a whole or in part. Reconstruction
of missing bone using matrices involves the planning of macrostructures as well as
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microstructure of the engineered matrix (Cholewa-Kowalska et al. 2009; Huang &Miao 2007;
Vater et al. 2009). Macrostructures to fill and adapt to the space to assure sufficient quantity
and/or provide mechanical support for the surrounding tissue or cells carried.
Microstructures of micron or nanotechnology designs of particles or pores are used to
encourage cell adhesion, colonization and absorption of proteins or required molecules. An
ideal scaffold will have highly interconnected macroporosity to allow host bone tissue and
blood vessels to grow into the scaffold (Healy et al. 1999). Popular building blocks are
hydroxyapatite (HA), calcium phosphates (CP), tricalcium phosphate (TCP) and bioactive
glasses (Behnamghader et al. 2008; Muschler et al. 1996; Valimaki &Aro 2006). They form a
carbonated apatite layer when grafted, which is very similar to bone mineral; this will
attract attachment of collagen fibres and eventually should be replaced by host tissue,
mineralized matrix and cells. Other scaffolds consist of combinations of poly (lactic-co-
glycolic acid) (PLGA), alginate and chitosan (Huang &Miao 2007; Jose et al. 2009; Liu, X. et
al. 2009; Mishra et al. 2009; Renghini et al. 2009). These polymers can also be used to carry
cytokines for controlled release at the wound and/or to carry mesenchymal stem cells.
Different studies use different mixtures of these materials or different preparation protocols.
The requirement for most preparations is to offer bioactivity and mechanical support.
Bioactivity of the scaffold is measured by the number of host cells attached to its surface and
interaction with the material to transform them into functional osteoblasts. The mineralized
bone matrix will appose directly onto the surface of the material which ideally will have the
ability to degrade over time (Holy et al. 2000). It is important that the material will degrade
at a rate that allows the newly formed tissue to gradually replace the scaffold, both as a
mechanical structure and in terms of space occupied. Finally, and this is where most current
materials fail, the material needs mechanical properties that allow the device to be
implanted without losing mechanical properties, still allowing sufficient loading of the
newly formed tissue (Au et al. 2007; Smit et al. 2010). As of yet, no one has reported a
material that fulfills all these requirements. The new scaffolds, usually termed composite
scaffolds, maybe coated with proteins to increase cell adhesion, carry cells or cytokines with
sustained release (Ameer et al. 2002; Bueno &Glowacki 2009; Gupta et al. 2011 ; Nie et al.
2008).

Bioactivity of biomaterial can be modified through chemical and physical alterations.
Nanotechnology approaches try to mimic cell surface properties through approaches such
as controlling space between ligands connected to biomaterials (Smith, I. O. et al. 2009).
Using the proper spacing will enable, for example, integrin receptor clustering to enable
propagation of signals through ligation. Another line of research focuses on molecules that
work in synergy with receptors to promote cell adhesion and differentiation; for example,
fibronectin, laminin and BSP contain heparan sulphate binding domains that interact with
molecules on the cell surface in conjunction to integrin binding. Thus, using cell membrane
molecule, such as syndecan which has three sites of heparan sulphate, would augment
ligation of fibronectin or RGD sequence by integrin receptors (Whiteford et al. 2007; Yamada
et al. 2010).

5. Cellular grafting

Cellular grafting for bone regeneration is a rapidly developing area. This approach had been
used for many years through autologous bone grafting, which contains high numbers of
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bone-committed cells in marrow aspirates, or in bone particles or blocks containing cells
embedded in their own matrix (Hak &Pittman 2010; Papakostidis et al. 2008; Tiedeman et al.
1995). The objective of new approaches is to obtain an unlimited amount of adult stem cells,
comparing new cellular sources to the gold standard of autogenous bone marrow stromal
cell, which are considered to be enriched with osteoprogenitors. Notably, the frequency of
osteoprogenitors in young rodent marrow is about 0.0005% (Falla et al. 1993) and up to 0.3%
in fetal periosteal tissues. Adult marrow shows a reduction of these precursor cells in
number and quality (Stolzing et al. 2008). We have used single cell flow cytometric sorting
to isolate osteoprogenitors from fetal rodent periosteal tissues. These cells when plated and
stimulated exhibit high proliferative capacity and enhanced osteogenic potential. Notably,
these cells consisted of only a very small fraction of the fetal bone tissues. Thus, even in
young fetal tissues osteoprogenitors consist of only a very small fraction of bone tissue and
usually reside in a well-protected niche. Moreover, during seeding, grafting and transfer of
cells to the wounded area there is loss of cells through apoptosis or cytotoxic effects of
mediators in the wound area (Giannoni et al. 2009). Regeneration efforts focus on the ability
to deliver mesenchymal stem cells to the wound, which will differentiate to the osteoblastic
lineage. Differentiation requires the commitment of mesenchymal stem cells to osteoblasts,
exhibiting bone-specific gene expression. Osteoblast-specific gene expression is a fairly clear
analysis of proteins like AP, OPN, BSP, OCN that are selectively expressed in bone. For the
mesenchymal stem cells to form new bone and regenerate the wound, cells need to attach,
proliferate, differentiate and survive. Mesenchymal stem cells from marrow seem to be the
most predictable source for osteoprogenitor cells and a safe autologous grafting.
Unfortunately, bone marrow stromal cell consists of heterogenous population that are
subject to age changes; not only does their number deplete, but also their quality and ability
to generate new bone is reduced (Benayahu 2000; Stolzing et al. 2008; Zhou et al. 2008).
Thus, in the aging population where bone wound healing is compromised, harvesting
autologous sufficient number of mesenchymal stem cells from marrow may not be that
predictable.

Other sources for bone forming cells could be the umbilical cord, peripheral blood,
adipose tissue, dental pulp or periodontium (Goodwin et al. 2001; Honda et al. 2011; Rhee
et al. 2010; Yamamoto et al. 2007). Human embryonic stem (hES) cells also being
considered as an option due to their fast growth and the fact that these cells, if kept as
undifferentiated cell lines, are pluripotential and capable of differentiating to many tissue
types under the right conditions (Bahadur et al. 2011; Lerou &Daley 2005). The hES has
the advantage of unlimited supply, minimal immune response and no need for a second
surgical site (Watt &Hogan 2000). Ethical dilemmas, as well as work needed to control
their growth in the targeted tissue, seem to be the main concerns limiting their use.
Animal experimentations results are inconsistent and complexed by grafted cell death,
formation of teratomas and tumours have been observed (Blum &Benvenisty 2008;
Brederlau et al. 2006).

Autologous mesenchymal stem cells derived from bone marrow is still the preferred cellular
source and iliac crest harvesting is the most common source. The simple approach could be
through bone marrow aspirates or the harvest of cancellous bone enriched in
osteoprogenitors. These cells can sometimes go through in vitro expansion before being
loaded onto a scaffold or other carrier (Bernardo et al. 2011; Caplan &Correa 2011; Kuo et al.
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2011). Gene therapy for insertion or activation of selected genes through transfection or
electroporation is often attempted on mesenchymal stem cells (Stender et al. 2007). Due to
the morbidity associated with marrow mesenchymal stem cells harvesting, need for a
second surgical site, limited amounts of grafting material and lack of mechanical stability in
extensive defects composites of mesenchymal stem cells with non-autologous grafting
materials are frequently used (Caplan et al. 1997; Dimitriou et al. 2011).

The question is if delivery of bone marrow stromal cell containing stem cells to different
wounds will assure a predictable and consistent outcome. Mesenchymal stem cells
differentiation, proliferation and survival is dependent on their surrounding matrix, signals
to express receptors and secrete signaling molecules. Large size defects with a potentially
compromised host may offer a local environment that is not supportive or even inhibitory
for bone formation. For example, it has been shown that disruption of integrin activity in
mesenchymal stem cells will result in cell death and lack of differentiation (Popov et al.
2011). Various combinations have been prepared in an attempt to find a predictable and
consistent graft (Schofer et al. 2011). Notably, at present, even if the number of mesenchymal
stem cells is high, without the right matrix and cytokine’s support bone differentiation and
maturation may not occur.

6. Inducer molecules

The ability of demineralized bone matrix to induce bone formation in the subcutaneous sites
of rodents, as reported by Dr. Urist, revolutionized our approach to bone therapy and
studies of bone regeneration (Urist 1965; Urist et al. 1967). These studies demonstrated that
the non-mineralized fraction of the bone stores molecules that can derive osteogenic
differentiation and initiate bone formation in ectopic sites. Factors such as BMP’s consist of
only a very small fraction of the bone matrix and cannot be purified from bone for scientific
or clinical use; however, these factors were cloned and prepared as recombinant molecules
or peptides with very potent biological activity (Reddi &Cunningham 1993; Sampath et al.
1992). Inducer molecules can be delivered in a carrier or integrated into expression vehicles
through ex vivo transfer to grafted cells, or infected through viruses that will target the
tissues; these approaches fall under the category of gene therapy (Table 1)(Franceschi et al.
2000; Mason et al. 1998). Transient transfection and conditional expression approaches
achieved in mice and other animals, thorough adeno and lentiviral, as well as non-viral,
approaches such as electroporation (Franceschi et al. 2000; Holstein et al. 2009; Kawai et al.
2006). Gene delivery approaches being used in an ex vivo and in vivo gene delivery can also
be utilized in humans to deliver genes to marrow stromal cells (Belmokhtar et al. 2011; Chen
et al. 2011). Expression control modifications at embryo through transgenic animals or
conditional modifications which, dependent on the initiator or temporary gene alteration in
adult animals, assist in determining the relative importance of cell, matrix or inducer
molecules to mineralized tissue healing. Gene therapy is still not available for regular
clinical use, due to inability to assure target of specific cells only and adequate control over
the gene transfer transcription, translation and expression in a temporal and spatial manner
that will support bone regeneration. Other issues limiting clinical use are concern of viral
vectors, control on the expression, immune response and potential for other non-controlled
mutations. Moreover, The applications of gene transfer and control in human is not always
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as efficient or predictable as shown in rodents or primates in animal experiment models
(Gomes &Fernandes 2011; Sharma et al. 2011).

Matrix grafting Cellular grafting Inducer molecules Techniques
Vascularised Graft mesenchymal stem | (bone morphogenetic | Gene therapy-
cells -bone marrow | proteins (BMPs transfection,
aspirate Transduction
Matrix molecules- Cancellous graft- platelet-derived Recombinant
Collagen, fibrin, iliac, distal femur, growth proteins
hyaluronic acid, proximal or distal factor-PDGEF,
BSP,OPN tibia Fibroblast growth
factor, Vascular
Endothelial growth
factor,
Mineral- Other sources of Transforming growth | Peptides
Hydroxyapatite, - adult stem cells- factor’s
Tricalcium peripheral blood
phosphate(TCP), adipose
Polymers- poly ES-Embryonic stem | insulin-like growth Nanotechnology

(lactic-co-glycolic
acid) (PLGA),
alginate and chitosan

cells

factor-1,II

Calcium phosphate or | Umbilical cord endothelial growth Cellular in-vitro
sulphate, glass factor expansion,
ceramics differentiation
induction,
DBM- Demineralised | Dental - follicle, Hormones- Scaffolds- Three-
bone matrix pulp, periodontal parathyroid dimensional
hormone, Growth porous scaffolds,
Hormone coated,
biodegradable
cancellous bone Pepetides- FHRRIKA, | Morcellized

receptors EP2 and
EP4

allograft ENIII 7-10,P15, bone grafting,
DGEA (Asp-Gly-Glu- | freeze-drying
Ala), RGD, PTH 1-34,
and PTH 1-84

Cortical Denosumab-antibody | Purified proteins
to RANKL Membranes,

Mesh

Block graft agonists of the Distraction

prostaglandin osteogenesis

Table 1. Classification of Grafting
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At present, about 20 BMPs have been identified, with about eight having osteogenic effects:
BMP-2, 3, 4, 6,7, 8,12, 14. BMP-7 or OP-1 is the subject of many studies approved for clinical
use and exhibits a very potent osteoinductive effect in vivo and in vitro. BMP-7 effects on
mesenchymal stem cells include increased migration, differentiation and induction of bone
formation through endochondral as well as intramembranous ossification (Giannoudis et al.
2009). Many other cytokines are the subject of ongoing investigations and use such as
platelet-derived growth factor (PDGF), transforming growth factor-p (TGF ), insulin-like
growth factor-I and II (IGF), vascular endothelial growth factor (VEGF), endothelial growth
factor (EGF), parathyroid hormone (PTH), growth hormone (GH) and fibroblast growth
factor (FGF). Some are prepared as synthetic peptides where only the active sequence is
synthesized; often the peptide will be more potent that the whole molecule. Examples of
these peptides include PTH [PTH(1-34); Forteo (or teriparitide) and PTH 1-84, P24 is a 24-
amino acid peptide derived from BMP2 capable of induction of ectopic bone (Lin et al. 2010;
Wau et al. 2008). The growth factors that are approved for clinical use in human and received
the Food and Drug Administration (FDA) approval for bone regeneration are BMP-2, 7 and
PDGEF-BB (Caplan &Correa 2011; Kanakaris et al. 2008; Lynch, S. E. et al. 2006; Mulconrey et
al. 2008). These growth factors will predictably stimulate bone formation, and when
compared to the gold standard of autologous bone grafting, these growth factors meet the
expectations of inducing bone regeneration in a high percentage of the clinical cases
(Garrison et al. 2011). Advantages include ample supply, convenient grafting carriers,
osteoinduction, no need for a second surgical site and no significant immune responses. The
reported concerns are no cellular component, no osteoconduction support, lower
mechanical strength of the newly formed bone, expensive and variability in induction.
These growth factors are carried or released by various materials that may alter their effects
and potency (Nauth et al. 2011). It is beyond the scope of this chapter to describe the
molecular mechanism known for each of these growth factors or the expression of their
receptors and associated signaling pathways. Each of these growth factors is a subject of
numerous clinical trials and reports and suggestions on its most potent use for bone
regeneration. Their effects are dependent on the availability of cells, the expression of the
appropriate receptors and biological half-life at the bone defect.

Bone formation can also be induced by non-growth factor molecules, such as matrix
components or proteins that will encourage mesenchymal stem cells cell adhesion,
migration, proliferation, differentiation and survival (Popov et al. 2011). Matrix
components like collagen will not only induce bone cells directly but also their ability to
bind other potent molecules, such as growth factors, thrombospondin, decorin, biglycan,
OPN, OCN, BSP, fibronectin, vitronectin and hydroxyapatite (Bentley &Tralka 1983; Ber
et al. 1991; Bergmann et al. 1990). Control of expression of receptors to mediate bone
matrix adhesion would be another approach, through antibodies or fragments that will
induce their expression; for example, the Denosumab human monoclonal antibody that
inhibits osteoclastic activity through binding to RANKL and safe even for systemic use
(Miller 2009).

Matrix proteins can be used as purified proteins or synthetic peptides. Purified collagen is
one source of a primary matrix molecule derived from human, bovine or porcine sources
as purified fibrillar collagen or composite with other minerals that can be use to fill
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defects or mixed with other grafts (Gleeson et al. 2011; Muschler et al. 1996; Thula et al.
2011). Proteoglycans, such as hyaluronan, can be purified from the human umbilical cord,
cultures of cells or bacteria. The non-collagenous proteins of the bone, such as OPN, BSP
and OCN, can also be purified and used to coat biomaterials, or mixed with grafting
materials. The use of synthetic peptides as a whole molecule or just active sequence is a
more accurate approach, as it may may be missing post-translational modifications found
on the native purified protein. It would be a cleaner and safer product as far as immune
reactions or carrying impurities for clinical use. Recombinant molecules and synthetic
peptide technologies are becoming more popular as well as more accurate, pure and have
reduced variability in mediating osteogenic cell adhesion and bone formation. RGD
(arginine - glycine - aspartate) is a well-characterized sequence in number of matrix
proteins including fibronectin, OPN, BSP and vitronectin that mediate attachment of
osteogenic cells to integrin receptors (Hsiong et al. 2009; Pallu et al. 2009). RGD will
usually ligate aVp3-integrin, but also avPl, a8p1, avp8, avpé, avp5, and allbp3. RGD
being synthesised as linear as well as cyclic peptide as some studies also suggest that the
cyclic form may offer better presentation that is more potent in inducing osteoblastic
differentiation (Hsiong et al. 2009). Collagen I adheres to bone cells via a2f1 integrin
receptor (Mizuno et al. 2000) through DGEA (Asp-Gly-Glu-Ala) motif. Its recognition
sequences and competition for this association with DGEA peptide could inhibit
osteoblastic differentiation (Takeuchi et al. 1996). Fibronectin fragments FNIII 7-10, a5p1
integrin specific enhanced osteoblastic differentiation in bone marrow stromal cells and
can upregulate adherence to titanium implants (Petrie et al. 2008). P15 is a 15-amino acid
sequence derived from Collagen I, al chain and in clinical use (Gomar et al. 2007;
Pettinicchio et al.). P15 enhances osteoblastic cell adhesion and differentiation to
osteoblasts. Other peptides will be FHRRIKA, derived from the heparin binding site of
BSP, human vitronectin peptide HVP (351-359) and osteopontin-derived peptides (Healy
et al. 1999; von der Mark et al. 2010).

Most of these peptides and growth factors show great promise in in vitro studies and great
potential in human trials and therapy (Bosetti et al. 2007; Nauth et al. 2011; Rose et al. 2004).
Unfortunately, the animal and human analyses seem to exhibit wide variability (Faour et al.
2011; Giannoudis &Dinopoulos 2010; Papakostidis et al. 2008; Shekaran &Garcia 2011). An
important factor in the application of these peptides and growth factors is the delivery
system, as are the biochemical properties of the surrounding matrix and accessibility of the
cells and the relevant receptors for their signaling.

The nature of the biomaterial, the surface to be coated or the carrying polymer, scaffold or
gel will have an impact on the availability of the inducer or the ligand used to attach the
differentiating bone cells. A common problem will be the hydrophobic surfaces of
biomaterials, which will be covered by plasma and absorb abundant proteins such as
albumin. This will make any ligand attached to the biomaterial less accessible, while more
hydrophilic surfaces, such as culture dishes coated with ECM proteins, will encourage cell
adhesions. Nanotechnology used to space ligands, such as RGD, affects cells adhesion,
clustering and increases affinity between ligand and the receptors through both chemical
and physical modifications. These approaches will enable osteoprogenitors to differentiate
and migrate in the desired direction (Hirschfeld-Warneken et al. 2008). Designs aimed at
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creating the right topography of the biomaterial, as well as chemical alteration of serine
residues or energy molecules such as purines that will change the availability of the inducer,
will have impact on the ability of osteoprogenitors to differentiate (Costa et al. 2011; Mager
et al. 2011; Vater et al. 2009).

7. Concluding remarks

The number of bone regeneration tools is growing every day, some but not all of which are
listed above (Table 1). Unfortunately, there is no single tool available that can predictably
match the gold standard of autologous marrow bone grafting. To restore the missing bone
matrix, cells and inducer molecules need to act in a synergistic manner. Indeed, the new
regenerative approaches are based on composite grafting, including matrix replacement,
mesenchymal stem cells and inducer molecules. Most composites grafts focus on merging
osteoconductive scaffolds with osteoinductive agents, such as BMP, or with cells (Bueno
&Glowacki 2009; Lin et al.2010). Nanotechnology improves matrix characteristics for cell
adherence, survival and differentiation, delivery vehicle for cell, proteins or gene carriers
also improve macro mechanical properties (Shekaran &Garcia 2010; Smith, I. O. et al. 2009;
Zhang et al. 2007). The research of forming a scaffold with organic and non-organic parts,
which is mechanically strong, bioresorbable, carries inducer molecules and cells, and will
adhere to the newly forming bone and still be affordable, is challenging. These are hard
objectives to achieve. At present, a composite graft that can match the success of autologous
marrow bone grafting does not exist.

The question is whether our quest for an ideal composite graft that will fit and regenerate
most, if not all, bone wounds in every host is a realistic one. This chapter classified the three
main components needed to restore missing bone tissue and outlined some of the tools and
techniques(Figure 1). It is unlikely that composite grafts will be successful as autogenous
grafting without having individual “custom made composite graft”. We can mix
autogenous marrow aspirates with the scaffold, but still most of the grafted components will
not derive from the host. Host factor variables should dictate our regenerative approach for
supplementing either matrix, cellular and inductive molecules at the right composition to
increase our success. Bony defects are rarely uniform and healing patterns may vary,
especially in human subjects. Other than local factors, host factors such as age, medications
and chronic conditions may impact wound healing in general. Our future ability to design
and adapt our regenerative tools may aid in boosting critical wound healing factors required
in a compromised site or individual.

A different approach is suggested, in which the clinical team will be able to identify the
difficulties associated with particular wounds, such as size, mechanics, blood supply and
whether or not the bone is load bearing. Host factors to be considered include age,
medications and other systemic conditions that may compromise wound healing. Based on
these analyses of the available tools (Table 1), a list will be presented to the lab with
physical, chemical and inductive requirements. An individual composite graft will be
constructed for the wound that will meet and boost the particular requirements of the
specific wound. With advancement of clinical diagnosis and scientific and biotechnological
tools, this approach may be more predictable in achieving bone regeneration.
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1. Introduction

The first report on tissue engineering (TE) dates back to the book of Genesis where “...the
Lord God sent a deep sleep on the man, and took one of the bones from his side while he
was sleeping, joining up the flesh against its place” ( Genesis ). Interestingly and perhaps
inadvertently, the importance of bone as a scaffold in the process of tissue engineering was
acknowledged even in the scriptures. The ultimate goal of TE is to regenerate and replace
structural and functional deficits of tissue, beyond its natural healing capacity. For that
purpose, external regenerative resources including scaffolds, cells and growth/trophic
factors (GF) either alone or in combination are employed (Place et al., 2009; Tanner, 2010;,
Rokn et al., 2011). The general strategy of TE uses undifferentiated cells seeded within a
scaffold which defines the geometry of the replacement tissues, and provides environmental
cues to promote the development of new tissues (Zuk, 2008;,Place et al., 2009; Binderman et
al., 2011.). It is now well understood that the cell-scaffold interaction is a crucial part of TE
and should mimic the interaction between cell surface receptors and the extracellular matrix
(ECM). The ECM, composed of various macromolecules such as proteoglycans, collagens,
laminins, fibronectins and sequestered growth factors, is responsible for regulating cellular
functions including survival, adhesion, proliferation, migration, differentiation, and matrix
deposition (Binderman et al., 2011). Furthermore, it is now widely accepted that bone matrix
and its cellular environment constitute one of the best known niche of adult stem cells both
for hematopoiesis and mesenchymal tissues (Ferrer, et al., 2010). Given the complexity of
living tissue, current approach for TE does not support attempts to recreate tissue ex vivo.
Instead, one should develop synthetic materials that will establish key interactions with cells
and unlock the body’s innate powers of organization and self-repair (Place et al., 2009;
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Binderman et al.,, 2011). This principal of using the body as a “bioreactor” guides our
development strategy for TE of bone (Stevens, et al., 2005).

Autografts and allogenic grafts are routinely used in the clinic. Nevertheless, the morbidity
associated with harvesting of autografts and their limited availability, and the inferior
mechanical properties of allogenic grafts have spurred the search for the optimal artificial
bone substitute material. Numerous artificial bone grafts are commercially available. These
include macroporous bioactive ceramic granules made from calcium sulphate, tricalcium
phosphate (8-TCP), synthetic hydroxyapatite (HA), and biphasic calcium phosphate (a
mixture of TCP and HA) (Hing, 2004; Jones et al., 2010). Although widely used, calcium
sulphate and to a lesser extent TCP, dissolve very rapidly, often resulting in a new defect.
HA on the other hand degrades very slowly, thus impeding the apposition of new bone. In
fact, osteoprogenitor cells in conjunction with scaffold and osteogenic factors were used to
create bone tissue both in vitro and in vivo (Binderman,et al., 2011). These engineered bone
grafts have been shown to posses the capacity for osteogenesis, but also for osteoconduction
and even bioactivity. Ideally, the engineered bone should form a structural and functional
connection with the host bone, also termed as physical connectivity. Unfortunately,
vascularization of engineered bone tissue remains a major obstacle in achieving a clinically
sized bone grafts.

While the physical and chemical requirements for scaffold composition and design for TE of
bone are well defined, our ability to produce them is still limited. Scaffold should be
manufactured from bioactive material that allows attachment of cells to its surface and their
transformation to functional osteoblasts. Its design should contain macropores, 200-500 pm
across, to allow in-growth of bone tissue and blood vessels, and apposition of mineralized
bone matrix directly on the surface of the material (Hing et al.,2004; Zuk, 2008). On the other
hand, biocompatible scaffold are less desirable since they allow formation of bone
arbitrarily. Additionally, scaffold should be constructed from degradable material thus
enabling the newly formed tissue to gradually replace it. Finally, scaffolds should maintain
their mechanical stability and allow loading of the newly formed composite tissue. To the
best of our knowledge, as of yet no such material has been reported to have all these
characteristics.

This paper focuses on a specific rodent model which provides a remarkable tool for the
study of TE of bone in a non-bone ectopic site. A comparative analysis of commercially
available scaffolds is presented. To complement the analysis, clinical biopsies of grafted
sinuses are also shown.

2. Animal studies

Dark Agouti (DA) inbred rats were used to study the bioactive properties of four bone graft
materials (BGM), ranging from weak biocompatability to high bioactivity, namely (a)
Cerabone, inorganic bovine bone treated, manufactured by aap Implantate AG, Dieburg,
Germany, (b) Bio-Oss, mineral of bovine bone, manufactured by Geistlich Pharma AG,
Wolhusen, Germany, (c) NanoBone, synthetic silicium rich hydroxyapatite, manufactured
by Artoss GMBH, Rostock,Germany, and (d) ReproBone, synthetic tricalcium phosphate
and hydroxyapatite (40:60, %) mineral, manufactured by Ceramisys, Sheffield, England; all
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in particulate form. Our model is highly reproducible and has two major advantages: (a)
bone is formed under the osteogenic environment of bone marrow and BGM, in a
subcutaneos site; this way it excludes the direct effects of host bone tissue surroundings, and
(b) new bone is formed within 3 weeks after implantation ( Yaffe et al.,2003; Bahar et al.,
2003; Bahar et al., 2010; Binderman et al., 2011). In brief, the BGM is mixed with freshly
harvested femural marrow (3:1, v/v) of 6-8 weeks old DA rats. The mixture is immediately
implanted into a subcutaneous space prepared by blunt dissection in the thoracic region of
other native DA rat (Figure 1). Three weeks later, animals were euthanized and the
subcutaneous implant was harvested for microradiography and histology.

Fig. 1. Surgical implantation of BGM mixed with fresh marrow at the thoracic site of DA rats.
Three weeks later the BGM implant was removed for microradiography (white arrows, x3).

Our histological evaluation included the following aspects: (i) the ability of the BGM to
recruit osteogenic cells onto its surface, triggering bone deposition directly on the BGM
structure, (ii) the ability of new bone to allow ingrowth of blood vessels and formation of
new marrow, (iii) the recruitment of osteoclasts to resorb BGM. In this manner, a
comparative analysis of commercially available BGM's was performed. Previously, we have
shown histologically that fresh marrow interacting with demineralized bone matrix (DBM)
of DA rats produced an ossicle consisting of a thin cortical bone surrounding numerous
trabecullii which occupied new active marrow tissue (Yaffe et al.,,2003; Bahar et al., 2003;
Bahar et al., 2010; Binderman, 2011). Here, we compared the interaction of BGM's with fresh
marrow that leads to osteogenesis in the thoracic subcutaneous site of DA rats. Moreover,
we evaluated the reaction between the same BGM's in the osteogenic environment of the
human maxillary sinus, on growth and deposition of bone.
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In the present study, microradiography of all implanted BGM's revealed a similar view of
composite including BGM material and mineralized new bone (Fig. 1). In contrast,
histological analysis demonstrated differences between the biocompatible and the
bioactive BGMs as demonstrated in the following figures. Deposition of cell-rich new
bone can be seen in close proximity to the particles of processed bovine bone matrix of
both Cerabone (Figs. 2a and 2b) and Bio-Oss (Figs. 2c and 2d).

Fig. 2. Histological sections of Cerabone (a and b) and Bio-Oss (c and d), 3 weeks after
implantation in DA rats. Black arrows show tight interface of Bio-Oss with bone matrix.

While most of the Cerabone surfaces were separated from the newly formed bone by layers
of connective tissue including blood vessels, fibroblasts and poor matrix, some surfaces of
the Bio-Oss BGM showed an intimate relationship with the new deposited bone, creating a
cement line at their interface (Fig. 2d, arrow). Neither Cerabone nor Bio-Oss demonstrated
active bone marrow or osteoclasts, suggesting poor resorptive properties. Although both
Bio-Oss and Cerabone are composed of the mineral portion of bovine bone (no collagen was
expected to be present) we found residual collagen in demineralized histological sections of
Bio-Oss but not of Cerabone. The possibility exists that bone mineral may protect the
organic material during the process of Bio-Oss preparation. Whether the improved
biocompatability of Bio-Oss in comparison to that of Cerabone, could be attributed to the
presence of bone matrix should be further investigated (Rokn et al.,2011). Nevertheless,
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these findings suggest that Bio-Oss and Cerabone are biocompatible rather than bioactive
and that they have poor resorbable qualities.

NanoBone which is composed of hydroxyapatite enriched by silicium (24 %) is considered to
be bioactive (Gotz et al., 2008, Jones, et al.,2010). In our DA rat system, deposition of bone
was seen in intimate association and engulfing the surfaces of the Nanobone particles,
indicating high bioactivity (Fig. 3).

Fig. 3. Histological sections of NanoBone BGM 3 weeks after implantation. 3a shows
connectivity of interfaces between bone and NanoBone; m=marrow spaces, including
vessels and cells. 3b and 3c shows the bone interfaces with NanoBone by cement line (Black
arrows). B= bone, N= NanoBone BGM,. 3d shows several osteoclasts (OSC) , indicated by
arrows on NanoBone surfaces.

Active bone marrow and many blood vessels surrounded by new bone were also seen in
these histological sections. A structure of bone-BGM-bone continuity and tight connectivity
of mineralized matrices that occured can provide an optimal BGM for implant anchorage
and function. In the demineralized histological sections an organic residue basic material
was present where the NanoBone particles reside. Because NanoBone is strictly mineral, it
seems that the organic material is composed of blood proteins that are absorbed by this
BGM. It was already suggested that blood proteins are absorbed mainly by silicium, thus
allowing attachment of osteognic cells onto them (Jones et al.,2010). Surprisingly, in the case
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of ReproBone that is composed of 40% beta-tricalcium phosphate (68-TCP) and 60%
hydroxyapatite (HA) bone was deposited directly on its surfaces, in a similar fashion
observed in NanoBone bioactive BGM.

e AR A W ' v, " o ..J'! P o RN e e
Fig. 4. Histological sections of ReproBone, 3 weeks after implantation in DA rats. 4a and 4b,
show connectivity of bone and ReproBone througout the section. Newly formed bone is filling
many of the macropores. 4c emphasizes the bone ReproBone interface (arrow), the highly
active marrow and blood vessls, m=marrow, repro=ReproBone residual organic material. 4d
shows very active osteoblasts linning new bone interfacing the BGM (white arrow).

Our observation that organic basic residue is seen in demineralized histological sections of
Reprobone, similar to that seen in NanoBone sections, may suggest that also here
glycoproteins from the blood are strongly absorbed throughout the Reprobone material.
Furthermore, Reprobone but not NanoBone allowed blood vessels ingrowth into
macropores, and new bone-surrounded marrow cells to be deposited on the pores (Fig. 4,
arrow). This ingrowth into macropores is reminiscent of Howship lacunae in normal bone,
and was not seen in other BGM's tested in this study. The presence of osteoclasts on the
surfaces of the NanoBone (Figure 3d, osc) and Reprobone indicate active remodeling and
therefore high degree of bioactivity. These results support the use of Reprobone since it
fulfills the criteria for an excellent BGM, namely, highly bioactive, allows blood vessels and
bone ingrowth into its pores, contains active marrow and undergoes active remodeling
(Figure 4).
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3. Clinical studies

To complement the animal data we present histological sections of BGM-grafted sinus
biopsies taken from patients who underwent sinus lift procedures. All surgical procedures
and biopsies were performed by Dr. Philipe Russe. In brief, under local anesthesia full
thickness flap was elevated to access the anterior wall of the maxillary sinus. Using
piezosugery (piezosurge IIl by Mectron) a bony lid was detached and the Schneiderian
membrane was elevated. BGM was then placed into the sinus and rehydrated with the
plated-rich-fibrin (PRF) exsudate and metronidazole (Fig. 5a). The bony window was placed
back, covered with PRF membranes and the flap was sutured (Fig. 5c). 4-6 months later,
bone core biopsies were taken at the implant site using a trephine (Dentsply Frios 51-4091)
with external and internal diameters of 3.1 and 2 mm, respectively (Figure 5d). Biopsies
were then pushed out gently of the trephine, and taken for histology.

Fig. 5. (a) BGM it seen in sinus immediately after filling (b) Conen beam of sinus filled with
BGM. (c) Opening of Sinus is covered by bone and PRF, before suturing back the mucosa. (d)
The bone core biopsy before implant insertion (4-6 month after grafting sinus with BGM).

The osteogenic potential of the Schneiderian membrane has been previously described
(Srouiji, et al., 2010; Srouji, et al., 2009; Kim, et al., 2009). Histological sections from sinus
grafted with Cerabone (Fig. 6c and 6d) reveal that this although considered biocompatible,
the Cerabone is separated from the newly formed bone by a layers of soft connective tissue.
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Fig. 6. Histological sections of biopsies of Bio-Oss (a and b) and Cerabone (c and d). Here we
can clearly see that the interface between Bio-Oss and new bone is tight in many surfaces
(black arrow in 6b), while Cerabone is separated from bone by soft connective tissue (white
arrow in 6¢).

Thus, the biopsy from the grafted Cerabone showed islands of grafted BGM and islands of
mineralized bone, surrounded by soft connective tissue. In contrast, histological sections
from biopsies of sinus grafted with Bio-Oss demonstrated new osteocyte-rich bone
surrounding the Bio-Oss particles. The particles were separated from bone by few layers of
connective tissue, cells and matrix and many of the Bio-Oss surfaces interphased with bone,
creating a cement line of physical bond between bone and Bio-Oss (Fig. 6d, arrow). Bone
could not be seen in any of the pores of this BGM. In the marrow spaces fat cells and sparse
fibrous tissue, and no osteoclasts could be seen on the surfaces of Bio-Oss. Still, since it is
made of cortical bone, clinicians feel that its bio-mechanical qualities are such that implants
are well anchored and stabilized in the bone and Bio-Oss composite. These findings suggest
that Bio-Oss is highly biocompatible and to some extent bioactive, in agreement with our
animal observations. Biopsies taken from sinuses grafted with NanoBone or ReproBone
presented an integrated mosaic of these BGM's and bone. A physical connectivity of BGM
and bone was seen throughout the sections of both NanoBone and ReproBone. The marrow
spaces were usually rich in blood cells and blood vessels, and both osteoclastic activity and
matrix-producing active osteoblasts were present (Fig. 7).
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Fig. 7. Histological sections of biopsies 4-6 month after grafting in sinuses of humans. 7a and
7b the BGM is NanoBone (NB). 7c and 7d sections from ReproBone (RP).

In both NB and RP sections connectivity of bone and BGM could be seen. Bone marrow (m)
was viable and blood cells were dispersed. Macropores were filled with new bone ,blood
vessel and marrow. Interestingly, bone ingrowth into large pores was seen mostly in
Reprobone sections but not in those of NanoBone. These results are in accord with the animal
data and demonstrate the uniqueness of Reprobone in attracting ingrowth of blood vessels
and bone into many of macropores. Viable marrow was seen in both NanoBone and
ReproBone biopsies, indicating active bone surfaces (Ferrer, et al., 2010). This group (Ferrer,et
al.,2010) proposed that hematopoietic and mesenchymal cells in marrow are much dependent
on active osteoblasts. It seems that both ReproBone and NanoBone support bone formation
that active in producing viable marrow and is can also undergo remodeling by osteoclasts. The
data presented demonstrate the resemblance of Cerabone, Bio-Oss, NanoBone and ReproBone
characteristics in the DA rat model and in human grafted sinuses.

4. Conclusions

In this chapter we presented a remarkable animal model for tissue engineering of bone in a
non-osseous site. This model allows for bone generation in a very efficient and reproducible
manner. Furthermore, it provides an in vivo measuring tool for assessing the
biocompatibility and bioactivity of BGM’s. Hydroxyapatite bone mineral (HA) and its
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calcium phosphate derivatives that lack the organic components of bone are considered
biocompatible BGM’s. They are routinely employed in bone grafting procedures to restore
or fill bone defects. However, if structured to absorb serum components that can attract and
bind active cells from their near environment, then these BGM’s will be converted into
bioactive BGM's. Consequently, the attached cells are expected to express their osteogenic
phenotype and deposit bone directly on BGM's surfaces, and induce new, viable and active
hematopoietic marrow in the new TE bone. Our animal studies and also clinical biopsies
demonstrate that ReproBone is a highly bioactive BGM.

Of interest is our observation that Reprobone when processed as a wet moldable product to
be delivered through syringe (Reprobone Novo), inhibited osteogenesis in our DA rat model
(Fig. 8c and Fig. 8d). Interestingly, another product named Bonit Matrix (DOT Gmbh,
Rostock , Germany) that was shown to be bioactive in our model, but when processed for
delivery by syringe (Ossa Nova), demonstrated only granulation tissue surrounding the
particles but no bone formation (Fig. 8a and 8b). Furthermore, multi-nucleated giant cells
were also seen (Fig. 8d). We assume that these (and other) products that are intended for
syringe delivery have a smaller particle size of less than 50 pm. Condensation of small
particles may change their ability to interact with cells properly.

Fig. 8. Histological sections of BGM's delivered by syringe including Ossa Nova (8a and 8b)
and Repro-Novo (8c and 8d). Both were mixed with bone marrow and implanted in DA
rats. See in both BGM's no bone was visible.
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The process of bone engineering depends on the normal cascade of wound healing which
begins with the inflammatory response. At the same time, the process requires an
immediate interplay between the progenitor cells and the BGM surface. This reaction is
followed by the recruitment, proliferation and differentiation of osteoprogenitor cells,
synthesis of ECM proteins, and angiogenesis.

We have recently demonstrated that as soon as 3-4 days after implantation of DBM and
fresh marrow in DA rats, a significant upregulation of osteoblast and of angiogenic genetic
profile was measured (Bahar, et al., 2007). These findings support our view that very early
after grafting, accurate and tuned interactions between the unique surface of BGM and the
extracellular and cellular environment are crucial in leading the pathway for de-novo
engineering of bone.

It is well accepted that continuity and connectivity of bone trabeculli is essential to the
transmission of functional forces in our body. For example, in osteoporotic patients
spontaneous fractures occur when trabecullii in long bones are resorbed and connectivity is
disrupted. Consequently, forces are transmitted through alternative and vulnerable
pathways that are unable to absorb them. We therefore propose that a clinician should use
BGM's that produce physical connectivity with bone. If the mechanical properties, like
strength and stiffness of the BGM are similar to that of bone, such connectivity of bone-BGM
will provide an excellent biomaterial for implant function. Whether NanoBone or
ReproBone physical properties are in the range of compact bone is plausible.
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1. Introduction
1.1 Tissue engineering

The term tissue engineering was originally coined to denote the construction in the
laboratory of a device containing viable cells and biologic mediators (e.g., growth factors
and adhesins) in a synthetic or biologic matrix, which could be implanted in patients to
facilitate regeneration of particular tissues. The role of tissue oxygenation in wound healing
became the focal point in the 1980s. Tissue oxygenation enhances phagocytic and
bactericidal ability of host immune cells and supports collagen as well as other protein
synthetic events. The importance of growth factors in enhancing wound healing has become
the focus of research in the present day. In addition, a link has been established between
tissue oxygenation and growth factors. Macrophage stimulation causes the release of
angiogenic and other growth factors that support wound healing and resist infection [1]. In
general, tissue engineering combines three key elements, namely scaffolds (collagen, bone
mineral), signaling molecules (growth factors), and cells (osteoblasts, fibroblasts). Tissue
engineering has been redefined presently as the relatively new, highly promising field of
reconstructive biology, which draws on the recent advances in medicine and surgery,
molecular and cellular biology, polymer chemistry, and physiology. These principles of
tissue engineering have found widespread application in several branches of dentistry, such
as periodontics, oral and maxillofacial surgery, and oral implantology. In the field of
implant dentistry, the most frequently encountered problems at the implantation site are
lack of adequate bone and proximity to anatomic structures, such as the maxillary sinus and
the inferior alveolar nerve canal. Advanced surgical procedures that act as an adjunct in
dental implants consist of sinus grafting and guided bone regeneration. These procedures
are quite predictable when proper surgical protocols are established and followed. In this
preliminary study we performed histological analisys using confocal laser scanning
microscopy (CLSM), with the aim of evaluating the differences between graft and newly
formed bone.
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2. Confocal laser scanning microscopy

CLSM is a recent technique that has proved to be a valuable tool in the study of tissue and
cell biology, as well as in the in vivo and in vitro detection of fluorescent markers. CLSM
analysis shows a different fluorescence of different tissues. Specifically, the technique
consists of illuminating the sample with a mono- and/or bi-chromatic punctiform laser
source. The resulting emission energy is detected by a spatially filtered optical system, the
pinhole, which eliminates light signals arising from out-of-focus planes. The possibility of
visualizing each sample at different focal planes (optical sectioning) allows the acquisition of
a series of images which can be then assembled for three-dimensional reconstruction and
analysis [2]. In this study CLSM has been used because is a simple technique and also an
easy way to underline differences between graft and human bone (either pre-existing and
new-formed). The following picture shows how CLSM enhances graft matherial (bovine
hydroxyapatite) compared with native bone. (Fig CLSM_1 and _2)

Fig. CLSM_1. Well-defined difference between graft matherial (dark brown) and newly-
formed bone (yellow) in a case of sinus-lift bone regeneration (CLSM, original magnification
100X).
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Fig. CLSM_2. Specimen of regenerated bone observed by CLSM: the color scale allows to
define several tissues, on the base of different emitting autofluorescence (CLSM; original
magnification 200X).

3. Demineralized Freeze-Dried Bone Allograft (DFDBA) and Freeze-Dried
Bone Allograft (FDBA)

Bone graft materials commonly used for these procedures are demineralized freeze-dried
bone allograft (DFDBA) and freeze-dried bone allograft (FDBA). The osteoinductive
properties of DFDBA have made it the grafting material of choice as compared to FDBA,
xenografts, and alloplasts. However, the osteoinductive potential of DFDBA procured from
different bone banks or from different batches of the same bank may vary highly. The
bioactivity of DFDBA seems to be dependent on the age of the donor; the younger the donor
the more osteoinductive the graft material [3]. This controversy as well as concerns about
disease transmission has pushed clinicians toward using xenografts and alloplastic
materials. Although these materials are biocompatible and are osteoconductive in nature,
clinical outcomes are unpredictable. The problem that arises next is how to improve clinical
outcomes by improving the properties of these grafts.

4. Platelet concentrates

In general, platelet concentrates are blood-derived products used for the prevention and
treatment of hemorrhages due to serious thrombopenia of the central origin. The
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development of platelet concentrates as bioactive surgical additives that are applied
locally to promote wound healing stems from the use of fibrin adhesives. Since 1990,
medical science has recognized several components in blood, which are a part of the
natural healing process; when added to wounded tissues or surgical sites, they have the
potential to accelerate healing. Fibrin glue was originally described in 1970 and is formed
by polymerizing fibrinogen with thrombin and calcium. It was originally prepared using
donor plasma; however, because of the low concentration of fibrinogen in plasma, the
stability and quality of fibrin glue were low. These adhesives can be obtained
autologously from the patient or can be obtained commercially (Tisseel, Baxter
Healthcare). These products are heat-treated, thus immensely reducing, but not entirely
eliminating, the risk of disease transmission. Therefore, the commercially available
adhesives constitute an infinitely small risk of disease transmission. PRP is an autologous
modification of fibrin glue, which has been described and used in various applications
with apparent clinical success. PRP obtained from autologous blood is used to deliver
growth factors in high concentrations to the site of bone defect or a region requiring
augmentation. [4]

Platelet-rich plasma (PRP) is a platelet concentrate that has been used widely to accelerate
soft-tissue and hard-tissue healing. The preparation of PRP has been described by several
authors. Platelet-rich fibrin (PRF) was first described by Choukroun et al. in France. It has
been referred to as a second-generation platelet concentrate, which has been shown to have
several advantages over traditionally prepared PRP. Its chief advantages include ease of
preparation and lack of biochemical handling of blood, which makes this preparation
strictly autologous.

Platelets isolated from peripheral blood are an autologous source of growth factors. When
platelets in a concentrated form are added to graft materials, a more predictable outcome is
derived. Platelet-rich plasma (PRP) is an easily accessible source of growth factors to
support bone- and soft-tissue healing. It is derived by methods that concentrate autologous
platelets and is added to surgical wounds or grafts and to other injuries in need of
supported or accelerated healing. A blood clot is the center focus of initiating any soft-tissue
healing and bone regeneration. In all natural wounds, a blood clot forms and starts the
healing process. PRP is a simple strategy to concentrate platelets or enrich natural blood
clot, which forms in normal surgical wounds, to initiate a more rapid and complete healing
process. A natural blood clot contains 95% red blood cells, 5% platelets, less than 1% white
blood cells, and numerous amounts of fibrin strands.

A PRP blood clot contains 4% red blood