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Abstract:

Objectives: Here, a brief overview of the state-of-the-science in dentistry, oromaxillofacial diseases especially
oral cancers is given and discussion of possible implications of the stem cell hypothesis to the treatment and
management part is focussed.

Material and Methods: The authors used ‘‘PUBMED’’ to find relevant literature written in English and
published from the discovery of stem cells until today. A combination of keywords was used as the search terms

e.g., “stem cells”, “‘tissue engineering’’, ‘‘approaches’’, “‘strategies’’ ‘‘dentistry’’, ‘‘regemerative dentistry”’,
“oral surgery’’, “‘oral & maxillofacial surgery’’, ‘‘craniofacial stem cells’’ and ‘‘head & neck cancer stem
cells”.

Results: Stem cells have self-renewal abilities and are capable of differentiating into multiple cell lineages;
hence a promising candidate for cell-based tissue engineering. Adult Stem cells derived from bone marrow
(BMSCs) are most commonly used for bone regeneration purposes. Stem cells can be useful in the regeneration
of bone and to correct large craniofacial defects due to cyst enucleation, tumor resection, and trauma. The
closure of a bone defect is commonly carried out with the transfer of tissue, which have disadvantages like, not
able to restore the unique function of the lost part, donor site morbidity, accompanied by scarring, infection and
loss of function. Stem cells in oromaxillofacial region can replace this technique by having no such
disadvantage.

Conclusions: The future dentistry will be more of regenerative based, where patients own cells can be used to
treat diseases. Stem cell therapy has got a paramount role as a future treatment modality in dentistry. Stem cells
should be differentiated to the appropriate cell types before they can be used clinically, otherwise it might lead
to deleterious effects. Future tissues like tissue engineered bone grafts, engineered joints and cranial sutures
can be developed with stem cell therapy. A team of professionals including stem cell biologists, molecular
biologists, geneticists and clinicians with knowledge of oral and maxillofacial disorders is needed to develop the
field of craniofacial tissue engineering.
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. Introduction

A stem cell is defined as an unspecialized cell that can continuously produce unaltered daughters and
has the ability to generate cells with different and more restricted properties. Stem cells can divide either
symmetrically or asymmetrically. Asymmetric divisions keep the number of stem cells unaltered and are
responsible for the generation of cells with different properties. These cells can either multiply (progenitors or
transit amplifying cells) or be committed to terminal differentiation. Progenitors and transit amplifying cells
have a limited lifespan and therefore can only reconstitute a tissue for a short period of time when transplanted.
In contrast, stem cells are self-renewing and thus can generate any tissue for a lifetime. This is a key property
for a successful therapy.

Sources of stem cells in dentistry

There are two primary sources of stem cells: adult stem cells and embryonic stem (ES) cells. In
addition to these stem cells, which are naturally present in the human body, induced pluripotent stem (iPS) cells
have been recently generated artificially via genetic manipulation of somatic cells [1]. ES cells and iPS cells are
collectively referred to as pluripotent stem cells because they can develop into all types of cells from all three
germinal layers. In contrast, most adult stem cells are multipotent, i.e., they can only differentiate into a limited
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number of cell types. Following are the different types of stem cells under consideration for applications in
dentistry in terms of their clinical availability.

a) Adult stem cells

Adult stem cells are also called somatic stem cells or postnatal stem cells, and they are found in many
tissues and organs. Although very few of these cells are present in adult tissues, they undergo self-renewal and
differentiation to maintain healthy tissues and repair injured tissues. Recent stem cell studies in the dental field
have identified many adult stem cell sources in the oral and maxillofacial region. Many types of adult stem cells
reside in several mesenchymal tissues, and these cells are collectively referred to as mesenchymal stem cells or
multi-potent mesenchymal stromal cells (MSCs).

(i) Introduction to MSCs

In cell culture, MSCs can be identified and isolated based on their adherence to tissue-culture-treated
plastic. MSCs are among the most promising adult stem cells for clinical applications; they were originally
found in the bone marrow, but similar subsets of MSCs have also been isolated from many other adult tissues,
including skin, adipose tissue and various dental tissues [2,3]. In 2006, the International Society for Cellular
Therapy (ISCT) proposed minimal criteria to define human multipotent MSCs; notably, the ISCT termed MSCs
as mesenchymal stromal cells, regardless of the tissue from which they are isolated [4]. According to the ISCT
criteria, MSCs must be adherent to tissue-culture-treated plastic when maintained in standard culture conditions.
Finally, MSCs must be able to differentiate to osteoblasts, adipocytes and chondroblasts in vitro [5].

(i) Bone marrow-derived MSCs (BMSCs)

Adult bone marrow contains rare multipotent progenitor cells that are generally termed BMSCs.
Despite their heterogeneity, BMSCs possess a high replicative capacity and have the capacity to differentiate
into various connective tissues cell types. In addition, BMSCs robustly form bone in vivo, which makes them an
appropriate stem cell source for bone regeneration therapy [6].

- BMSCs from the iliac crest

BMSCs from the iliac crest have been extensively studied and demonstrated to differentiate along
osteogenic, chondrogenic, adipogenic, myogenic or non-mesenchymal neurogenic lineages [7]. The bone
marrow of the iliac crest is the most documented cell source for MSCs in regenerative medicine, possibly
because it is routinely collected for bone marrow transplantation for leukemia treatment. Because of their great
potential for bone regeneration [6], BMSCs from the human iliac crest may be applicable to bone tissue
engineering irrespective of the age of the patient [8].

- BMSCs from orofacial bones.

Although the iliac crest has served as the primary source of BMSCs to date, human BMSCs can also be
isolated from orofacial (maxilla and mandible) bone marrow aspirates obtained during dental surgical
procedures such as dental implant treatment, wisdom tooth extraction, extirpation of cysts and orthodontic
osteotomy. Orofacial bone-derived BMSCs can be obtained not only from younger patients but also from
relatively aged individuals, and the age of the donor seems to have little effect on the BMSC gene expression
pattern [9].

Indeed, it is well documented that the orofacial BMSCs are phenotypically and functionally different
from iliac crest BMSCs. lgarashi et al.2007 reported that orofacial BMSCs have a discrete differentiation
potential with distinct expression patterns for several MSC marker genes compared with tibia-, femur-derived
BMSCs[10]. These properties of orofacial BMSCs may provide an advantage for orofacial bone regeneration.

(iii) Dental tissue-derived stem cells

To date, two types of adult stem cells have been characterized in dental tissues, i.e., epithelial stem
cells and MSC-like cells. An adult epithelial stem cell niche in teeth was first demonstrated by Harada H et
al.,1999 via organ culture of the apical end of the mouse incisor[11]. The niche is located in the cervical loop of
the tooth apex and possibly contains dental epithelial stem cells, which can notably differentiate into enamel-
producing ameloblast. Although the epithelial stem cell niche is useful for analyses of the fate decision of stem
cells in tooth development, no information is available for dental epithelial stem cells in humans. This niche
may be specific to rodents because their incisors differ from all human teeth in that they erupt continuously
throughout the life of the animal.

MSC-like cells have also been identified in the ‘‘developing’’ dental tissues, such as the dental follicle,
dental mesenchyme and apical papilla. The dental follicle, which is a dental sac that contains the developing
tooth and differentiates into the periodontal ligament, contains dental follicle stem cells (DFSCs) with the ability
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to regenerate periodontal tissues [12]. Stem cells from the apical papilla (SCAP) were found in the papilla tissue
in the apical part of the roots of developing teeth [13]. Compared with DPSCs, SCAP demonstrate better
proliferation in vitro and better regeneration of the dentin matrix when transplanted in immunocompromised
mice. These findings suggest that ‘‘developing’’ dental tissues may provide a better source for immature stem
cells than ‘‘developed’” dental tissues. However, these cells are heterogeneous with various differentiation
states, as they include true ‘‘stem’” cells, progenitor cells and possibly fibroblasts [14,15]. Therefore, it is
necessary to effectively classify and purify these cells to prevent unexpected clinical results.

(iv) Oral mucosa-derived stem cells

The oral mucosa is composed of stratified squamous epithelium and underlying connective tissue
consisting of the lamina propria, which is a zone of well-vascularized tissue, and the submucosa, which may
contain minor salivary glands, adipose tissue, neurovascular bundles and lymphatic tissues depending on the site
[16]. To date, two different types of human adult stem cells have been identified in the oral mucosa. One is the
oral epithelial progenitor/stem cells, which are a subpopulation of small oral keratinocytes (smaller than 40 mm)
[17]. Although these cells seem to be unipotential stem cells, i.e., they can only develop into epithelial cells,
they possess clonogenicity and the ability to regenerate a highly stratified and well-organized oral mucosal graft
ex vivo, which suggests that they may be useful for intra-oral grafting [18].

The inherent stemness of gingival cells may therefore partly explain the high reprogramming efficiency
of gingiva-derived fibroblastic cell populations during iPS cell generation [19]. The multipotency of
GMSCs/OMSCs and their ease of isolation, clinical abundance and rapid ex vivo expansion provide a great
advantage as a stem cell source for potential clinical applications.

(v) Periosteum-derived stem/progenitor cells

The periosteum is a specialized connective tissue that covers the outer surface of bone tissue. The
osteogenic capacity of the periosteum of long bones, and the periosteum membrane was found to form a
mineralized extracellular matrix under the appropriate in vitro conditions. De Bari et al.,2006 demonstrated that
single-cell-derived clonal populations of adult human periosteal cells possess mesenchymal multipotency, as
they differentiate to osteoblast, chondrocyte, adipocyte and skeletal myocyte lineages in vitro and in vivo.
Therefore expanded periosteum-derived cells could be useful for functional tissue engineering, especially for
bone regeneration [20].

Periosteal grafts have been shown to induce cortical bone formation, whereas bone marrow grafting
induced cancellous bone formation with a bone marrow-like structure in a rat calvarial defect model [21], which
implies that the source of the transplanted cells can influence the structural properties of the regenerated bone.
The robust osteogenic potential of periosteum-derived cells has inspired dentists to use the periosteum for
orofacial bone regeneration. Therefore, the periosteum is a source of stem/progenitor cells for bone
regeneration, particularly for large defects.

(vi) Salivary gland-derived stem cells

Patients afflicted with head and neck cancer who receive radiotherapy suffer from an irreversible
impairment of salivary gland function that result in xerostomia and a compromised quality of life. Therefore,
stem cells in the adult salivary gland are expected to be useful for autologous transplantation therapy in the
context of tissue engineered-salivary glands or direct cell therapy. Lombaert et al., 2008 reported that an in vitro
floating sphere culture method could be used to isolate a specific population of cells expressing stem cell
markers from dissociated mouse submandibular glands [22]. These cell populations could differentiate into
salivary gland duct cells as well as mucin- and amylase-producing acinar cells in vitro. These reports suggest
that the salivary gland is a promising stem cell source for future therapies targeting irradiated head and neck
cancer patients. However, primary cultures of dispersed cells will always contain a number of cells with
different origins, such as parenchymal cells, stromal cells and blood vessel cells, which makes it difficult to
select salivary gland stem cells. Indeed, Gorjup et al., 2009 isolated primitive MSC-like cells from the human
salivary gland, but possibly from stromal tissue, which expressed embryonic and adult stem cell markers and
could be guided to differentiate into adipogenic, osteogenic and chondrogenic cells [23]. To obtain a genuine
stem cell population that can be considered to be a true stem cell for the salivary gland, it is necessary to select
cells carrying a specific marker or labelled with induced reporter proteins.

(vii)Adipose tissue-derived stem cells (ASCs)

Adipose tissue is an abundant source of MSCs and has been extensively studied in the field of
regenerative medicine as a stem cell source. Adipose-derived MSCs can be readily harvested via lipectomy or
from lipoaspirate from areas such as the chin, upper arms, abdomen, hips, buttocks and thighs in large numbers
with low donor-site morbidity [24], as liposuction is one of the most common cosmetic procedures. Pieri et al.,
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2010 demonstrated that the transplantation of autologous ASCs with an inorganic bovine bone scaffold (Bio-
Oss1) enhanced new bone formation and implant osseointegration following vertical bone augmentation of the
calvarial bone of rabbits, which suggests that ASCs may be useful for vertical alveolar bone augmentation for
implant treatment [25].

Hung et al., 2011 demonstrated that ASCs implants were able to grow self-assembled new teeth
containing dentin, periodontal ligament and alveolar bone in adult rabbit extraction sockets with a high success
rate [26]. Further studies on the isolation, characterization and application of ASCs to enhance their efficacy for
bone and periodontal regeneration will provide a definitive protocol for the use of waste fat tissues in future
clinical applications.

b) Pluripotent stem cells

Pluripotency is defined as the capacity of individual cells to generate all lineages of the mature
organism in response to signals from the embryo or cell culture environment [27]. Because of their intrinsic
pluripotency and unlimited self-renewal, dental applications of pluripotent stem cells are expected to primarily
involve basic research on developmental biology, drug testing and regenerative therapies. Therefore, the
differentiation of pluripotent cells towards clinically useful oral lineages is primary focus in dental research.

(i) EScells

ES cells are produced by culturing cells collected from the undifferentiated inner cell mass of the
blastocyst, which represents an early stage of embryonic development after fertilization (Thomson JA et al.,
1998). This embryonic origin is the major reason that ethical and moral questions are associated with the use of
human ES cells [29]. ES cells are expected to provide an in vitro model system and transplantation substrate for
animal models to study the controlled differentiation of pluripotent stem cells into specific lineages of oral
tissues and organs, such as mucosa, alveolar bone, periodontal tissues and teeth [30]. These approaches can be
useful to obtain a better understanding of oral developmental biology and may lead to future strategies in
regenerative dentistry that meet clinical needs.

(ii) iPS cells

In 2006, Dr. Shinya Yamanaka discovered that normal mouse adult skin fibroblasts can be
reprogrammed to an embryonic state by introducing four genetic factors (Oct3/4, Sox2, KIf4 and c-Myc), and
the resulting cells were termed iPS cells [31]. Just a year after the mouse study was reported, the findings were
replicated in human skin cells [32], which opened the door to generate a patient-specific ES cell equivalent from
autologous somatic cells. This technology is expected to revolutionize medicine because of the capacity of iPS
cells to develop into all tissues/organs and thereby support the emerging field of ‘‘personalized medicine”’,
which uses a patient’s own cells to provide biologically compatible therapies and individually tailored
treatments.

These iPS cells may be of particular importance for developing innovative technologies to regenerate
missing jaw bones, periodontal tissues, salivary glands and lost teeth [33].

Il.  Engineered orofacial tissues

Orofacial structures are very unique in their development and function. Orofacial bones, for example,
are derived from both neural crest and paraxial mesoderm; the skeletal bones however derived from mesoderm.
Furthermore, orofacial bones undergo significant stress and strain produced from different muscles of
mastication and respond differently to growth factors and mechanical stimuli [34]. Furthermore, oro-facial
tissues have limited and variable capacity for regeneration. Unlike alveolar bones, cementum has a very slow
regenerative capacity. Unlike enamel, dentine can regenerate. As it is encased in dentine and has limited apical
blood supply, the pulp has a limited capacity for regeneration [35].

(i) Dentine-pulp complex

The regeneration of the dentine-pulp complex, obtained with pulp capping materials (e.g., calcium
hydroxide, mineral trioxide aggregates, Biodentine), has been correlated with the stimulation of differentiation
of the pulp progenitor cells into odontoblast-like cells [36] or secretion of TGF-b1 which plays a key role in
angiogenesis, recruitment of progenitor cells, cell differentiation and finally mineralisation of the injured area.
Stem cell therapy has been attempted for regeneration of the dentine-pulp complex. Dental tissues are a very
rich source of stem cells. Examples of these tissues include e.g., pulp, apical papilla, human retained or
exofoliated deciduous teeth, oral mucosa and gingiva. Growth factors [e.g., fibroblast growth factor basic
(FGF), transforming growth factor bl (TGF-bl) and endothelial growth factor (EGF)] have been also included
within the scaffolds to modulate the function of stem cells [37].
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(if) Periodontium

Tissue regeneration of the periodontium is no longer considered solely as an experimental approach,
and significant progress has been made these past 10-15 years with respect to the development of biodegradable
scaffold materials. Today’s concepts of matrix-and scaffold-based tissue engineering involve the combination of
a scaffold with cells and/or biomolecules that promote the repair and/or regeneration of such tissues. More
recently, regenerative therapies have considered whole tissue architecture, the ultimate goal aimed at the
creation of scaffolds that create a temporary 3D matrix upon which cells and tissues can grow exclusively in
vitro and/or in vivo. The advances made by targeting particular families of growth factors and other signalling
molecules at both the protein and gene levels has led to promising results.

(iii) Bioengineered teeth

Tooth development, odontogenesis, is a complex process involving a series of reciprocal epithelial—
mesenchymal interactions and coordination between the crown and the root with its associated periodontium
[38]. Accordingly, cells dissociated from epithelium and mesenchymal tissues of prenatal or postnatal tooth
germ were used to reconstitute a ‘‘bioengineered tooth germ’’ in vitro. Transplantation of bioengineered tooth
germ into the oral environment or an organ culture has been then attempted to produce a whole tooth [39].
Using prenatal tooth germ cells showed higher tendency for tooth formation with proper crown shape than
postnatal tooth germ cells [40]. Again, the effect of the source and age of tooth bud on the innate regenerative
capacity of the isolated cells as well as the effect of scaffolds on cell behaviour required more investigations.

(iv) Skin, oral mucosa, facial muscles and salivary glands

Tissue engineering made extensive progress in the area of skin regeneration and recently several skin
substitute products (epidermal, dermal or composite) are now commercially available. The pioneering work
started by the observation of entire keratinising colonies from in vitro cultured epidermal keratinocytes. The
formation of keratinocytes sheets was then followed using autogenic or allogenic epidermal cells. The
keratinocytes sheet has the ability for renewal throughout the patient’s lifetime and can undergo organisation
and differentiation after grafting.

Due to the similarity between skin and oral mucosa, the development of engineered oral mucosa
followed the same protocol i.e., started with the development of epithelial sheet, then composite oral mucosal
equivalents either by seeding oral keratinocytes on three-dimensional cell seeded scaffold. Furthermore, both
skin and mucosal substitutes can be used interchangeably. Recently, the tissue engineered oral mucosa has been
further improved for either intraoral or extraoral use [41].

Various tissue engineering strategies have been currently researched for regeneration of facial muscles.
Implantation of myoblasts seeded collagen constructs was also effective in promoting volume preservation
and/or tongue reconstruction. Injection of platelet-rich plasma, growth factors and stem cell-based strategy has
been also employed. The use of these biological therapies however requires a standardised, safe use in the clinic
and careful understanding of the mechanisms involved in the survival, proliferation and differentiation of stem
cells and in muscle regeneration as a whole [42].

Treatment of salivary glands’ hypofunction following irradiation in head and neck area is only limited
to the administration of saliva substitutes and sialogogues that require frequent administration. Tissue
engineering provides a biological substitute to impaired salivary glands. The main challenge however is to
culture the human salivary gland cells as they are highly differentiated and difficult to expand in vitro. Selective
functionalisation of degradable scaffold with chitosan and/or laminin provide chemical signals that support
proliferation of epithelial cells and promoted the apicobasal polarity, required for directional secretion by
secretary cells [43].

(v) Bone and temporomandibular joints

Application of autogenic periosteal cells-seeded polymer fleeces to augment the floor of the maxillary
sinus before implants insertion showed encouraging results from both radiographical and histological
examinations [44]. For irregular defects, injectable composites could be useful for stem cell-based bone
engineering. Autogenic growth factors-rich plasma in combination with inorganic bone (Bio-Ossl) has been
also employed clinically in sinus floor elevation; this treatment was effective in forming new vascularised bone
[45].

Temporomandibular joint (TMJ) is one of the most difficult tissues to treat due to the limited blood
supply and hence limited capacity for self-repair. The articular cartilage of TMJ has a surface layer of
fibrocartilaginous and deep layer of hyaline-like hypertrophic zone with a thin intermediate proliferative zone.
For regeneration of this unique cartilage, cell therapy comes first and injectable smart hydrogels could be
employed to transfer cells [46]. As known, the autogenic cells are the gold standard cell source used for tissue
regeneration, but it would be very difficult to harvest cells from the diseased TMJ.
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Regarding the TMJ disc, acellular porcine-derived ECM was effective as inductive template for
reconstruction of TMJ disc when implanted in vivo for 6 months and it has been assumed that this bioscaffold
represents an off-the-shelf solution for engineering of TMJ disc [47]. Regarding the cellular component, adipose
stem cells (ADSCs) could be a potential cell source for TMJ engineering. The approaches employed to
overcome the challenge of TMJ engineering have been varied from cell injection therapy to the use of synthetic
or natural scaffolds as well as relying to some extent on biological modulators; each with varying degree of
success.
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