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Abstract

Dental pulp stem cells (DPSCs) are a promising source of cells for numerous and varied regenerative
medicine applications. Their natural function in the production of odontoblasts to create reparative
dentin support applications in dentistry in the regeneration of tooth structures. However, they are
also being investigated for the repair of tissues outside of the tooth. The ease of isolation of DPSCs
from discarded or removed teeth offers a promising source of autologous cells, and their similarities
with bone marrow stromal cells (BMSCs) suggest applications in musculoskeletal regenerative medi-
cine. DPSCs are derived from the neural crest and, therefore, have a different developmental origin to
BMSCs. These differences from BMSCs in origin and phenotype are being exploited in neurological and
other applications. This review briefly highlights the source and functions of DPSCs and then focuses
on in vivo applications across the breadth of regenerative medicine. © 2014 The Authors. Journal of

Tissue Engineering and Regenerative Medicine published by John Wiley & Sons, Ltd.
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1. Physiology of dental pulp and cell
function

Tooth development occurs through inductive signalling
between oral epithelial and ectomesenchymal cells, both
originating from migrating neural crest cells. These inter-
actions create an outer layer of enamel, formed by epithe-
lial cell-derived ameloblasts (Shi et al., 2005). Enamel
covers the tooth crown, exposed in the oral cavity and ce-
mentum, a thin layer of bone-like tissue covers the tooth
root surface. Underlying these hard tissues is an inner
layer of vital mineralized dentin, synthesized by odonto-
blasts, and finally the pulp core. The dental pulp contains
connective tissue, mesenchymal cells, neural fibres, blood
vessels and lymphatics (Liu et al., 2006) and its main
functions are to produce dentin and maintain the biologi-
cal and physiological vitality of the dentin. Blood vessels
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and nerve bundles enter the dental pulp through the api-
cal foramen and provide nutrition and a responsive sen-
Sory nervous system.

This complex structure provides rigidity and stability;
however, teeth remain vulnerable to damage caused by
mechanical trauma, chemicals, cancer and bacterial infec-
tions. Unlike bone, which can remodel and repair, teeth
do not readily undergo complete regeneration and demon-
strate limited reparative processes (Shi et al., 2005). After
the crown is formed, ameloblasts undergo programmed
cell death and lose the ability to repair enamel in vivo. Al-
though odontoblasts cannot repair dentin in vivo, their
progenitor or stem cells are capable of migrating into the
dentin surface and differentiating into odontoblasts to
form reparative dentin. Unlike primary dentin, this repara-
tive dentin is poorly organized, with irregular dentinal
tubules embedded in the dentin matrix, but it provides a
protective barrier to the dental pulp (Liu et al., 2006).

The ability to create new odontoblasts throughout life
in response to damage suggested a source of stem cells
within the dental pulp. Gronthos et al. (2000) isolated
and characterized these stem cells and termed them dental
pulp stem cells (DPSCs). These cells showed similarities,
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and important differences, to human bone marrow stromal
cells (BMSCs). Subsequently, Shi and Gronthos (2003)
demonstrated that a majority of DPSCs expressed the
pericyte marker 3G5 compared to a minority expression in
BMSCs. Recently, Karaoz et al. (2011) extended the com-
parison of DPSCs and BMSCs [also defined as bone mar-
row-derived mesenchymal stem cells (BMMSCs)] to
confirm intrinsic neuroglial characteristics of the DPSCs
and differentiation into both neural and vascular endothe-
lial cells in vitro. Mitsiadis et al. (2011) have reviewed the
niche around DPSCs and explored the importance of
Notch signalling in the dentin repair process.

2. Isolation of dental pulp stem cells

The original report of isolation of human DPSCs used im-
pacted third molars as the tissue source (Gronthos et al.,
2000). The pulp was physically removed from the crown
and root and subjected to a collagenase and dispase di-
gest. Single cells in suspension were then generated by
physical straining of the digested tissue. Colony-forming
cells were derived at a high frequency from dental pulp
(22-70 colonies/10* cells plated) compared with the inci-
dence when stromal cells were isolated from bone mar-
row. Kawashima (2012) has published a comprehensive
review of candidate markers of DPSCs and discussed their
neural crest origin; these markers include STRO-1, CD29,
CD44, CD73, CD90, CD105, CD146, CD166 and CD271.

A large body of literature is building that explores alter-
native and improved methods of DPSC isolation and ex-
pansion. Hilkens et al. (2013) compared two methods of
isolation of DPSCs from impacted third molars. They con-
firmed no significant differences in a range of marker ex-
pressions and differentiation potentials for enzymatic
digestion versus cell outgrowth from intact tissue.

The type of tooth to be used in isolation has been in-
tensely investigated. Impacted third molars were used in
the original studies reported above, but exfoliated decidu-
ous (‘baby’) teeth could be an excellent source of cells for
banking (Kawashima, 2012). Stem cells derived from
exfoliated deciduous teeth are known as SHEDs. The im-
portance of precisely naming cells based on source is em-
phasized by Kerkis and Caplan (2012), who reported that
three populations of cells could be isolated from decidu-
ous tooth pulp. Govindasamy et al. (2012) compared
DPSCs isolation from permanent and extracted deciduous
teeth. They reported higher proliferation rates in the cells
from deciduous teeth (termed SCDs, to differentiate the
name from cells derived from exfoliated teeth) compared
to cells from permanent teeth. In addition, numerous plu-
ripotent markers were higher, as were neuroectodermal
markers. Huang et al. (2008a) reported DPSCs isolation
from supernumerary teeth.

As DPSC technologies head towards clinical use, there
is a need to modify culture and expansion processes. For
example, the use of bovine serum can be problematic in
clinical cell therapy. Ferro et al. (2012) have shown that
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bovine serum can be replaced by a chemically defined me-
dium containing low percentages of human serum. The
human serum could be derived from autologous or heter-
ologous sources.

A potential problem with the use of DPSCs is the small
number of cells available for isolation, due to the small
size of the pulp (especially for exfoliated deciduous
teeth). Generating sufficient cells for clinical application
would require multiple passages that might reduce the
potency of the cultured cells. Lizier et al. (2012) demon-
strated that DPSCs could be cultured for 6 months with-
out changes in morphology or the expression of stem
cell markers. This raises the prospect that these cells can
be expanded to high numbers and used in multiple regen-
erative medicine applications.

A final issue to consider in the isolation and expansion
of DPSCs for clinical use is the ability to cryopreserve teeth
prior to isolation. Cryopreservation would allow the bank-
ing of teeth in anticipation of the need for DPSCs at some
time in the future (Woods et al., 2009; Zhang et al., 2006)
and Lee et al. (2010) reported no changes in cell viability
and stem cell markers as a result of cryopreservation using
controlled cooling rates but no cryopreservant.

3. Regenerative medicine applications
of dental pulp cells

3.1. Dental pulp regeneration
3.1.1. Early studies

Maintenance of dental pulp function is critical for the ho-
meostasis of teeth; loss of dental pulp is often followed by
tooth fracture and/or periapical disease and, finally, loss
of teeth. When dental pulp is infected it is difficult for
the immune system to eradicate the infection, due to lack
of blood supply to the pulp. Partially removing the
infected pulp, termed partial pulpectomy, has proved to
be ineffective, as infecting organizms may be left behind
(Huang et al., 2009a, 2009b). Thus infection of adult pulp
by trauma or caries often necessitates root canal therapy,
in which the entire pulp is removed and the pulp cavity
disinfected and filled with an artificial material. Biological
alternatives to root canal therapy have inspired regenera-
tive endodontics, whereby the diseased or necrotic pulp
tissues are removed and replaced with regenerated pulp
tissue, capable of revitalizing teeth (Sun et al., 2011).
For recent reviews of dental pulp regeneration, the reader
is referred to a number of excellent papers (Sloan and
Smith, 2007; Sun et al., 2011; Huang, 2011; Nakashima
and Iohara, 2011).

Whilst the volume of mature pulp tissue is very small
(ca. 10-100 pl) it is a difficult task to engineer and regener-
ate this tissue, due to its anatomical location, unique micro-
structure with different cell types and complex innervations,
specific location of dentin and the highly organized struc-
ture of dentinal tubules (Huang et al., 2009a, 2009b).
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Although dental pulp tissue engineering was investigated
in the late 1990s (Mooney et al., 1996; Bohl et al., 1998),
it was the identification of dental pulp stem cells capable
of generating dentin that rendered dentin pulp regenera-
tion possible (Gronthos et al., 2000).

Human DPSCs were transplanted in conjunction with
hydroxyapatite/tricalcium phosphate (HA/TCP) powder
into immunocompromised mice. After 6 weeks DPSCs gen-
erated a dentin-like structure lining the surfaces of the
HA/TCP particles, comprised of a highly ordered collage-
nous matrix deposited perpendicular to the odontoblast-
like layer (Gronthos et al., 2000). The aligned odonto-
blast-like cells expressed the dentin-specific protein DSPP
and extended as tubular structures within newly gener-
ated dentin. The collagen matrix mimicked the structure
of primary dentin with ordered perpendicular fibres,
rather than reparative dentin, which usually consists of a
disorganized matrix. In addition, the DPSC transplants
contained a fibrous tissue containing blood vessels, similar
to the arrangement found in the dentin—pulp complex in
normal human teeth. To assess the self-renewal character-
istics of DPSCs, Gronthos et al. (2002) re-isolated stromal-
like cells from the 3 month-old primary DPSC transplants.
After in vitro expansion, human cells were re-transplanted
into immunocompromised mice. These secondary trans-
plants produced human alu-positive odontoblasts within
a dentin—pulp-like complex containing organized collagen
fibres, thus showing that the human DPSCs were able to
self-renew in vivo.

In these early studies, transplantation of expanded
DPSCs formed a dentin—pulp complex and transplantation
of expanded bone marrow mesenchymal stem cells
(BMMSCs) formed ectopic bone. The tissue regeneration
capability of BMMSCs and DPSCs was further examined
by transplantation using human dentin as a carrier (Batouli
et al., 2003). Although BMMSCs failed to form mineralized
tissue on the surface of dentin or a pulp-like connective
tissue, DPSCs generated a reparative dentin-like structure
directly on the surface of human dentin, indicating the
possibility of using DPSCs in tooth repair.

This isolation and characterization of dental pulp stem
cells, combined with increased understanding of tooth de-
velopment, has led to two major strategies in tooth tissue
engineering: in vivo transplantation of stem cells and
in vitro culture of stem cells on biodegradable scaffolds
and subsequent transplantation in vivo (Galler et al.,
2011). Both strategies have found application in pulp re-
generation utilizing DPSCs.

3.1.2. In situ pulp regeneration

A number of studies have indicated that the DPSCs may
be used to regenerate partially lost pulp and dentin.
Nakashima’s group were able to demonstrate partial
regeneration of pulp using porcine pulp cells, cultured as a
three-dimensional (3D) pellet (Iohara et al., 2004). The ex-
pression of dentin sialophosphoprotein (DSPP) confirmed
the differentiation of DPSCs into odontoblasts. Additionally,
autogenous transplantation of a bone morphogenetic
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protein-2 (BMP-2) treated pellet culture onto the ampu-
tated pulp of a dog stimulated reparative dentin formation.
Similar results were achieved with a 3D pellet culture system
of pulp cells electrotransfected with growth/differentiation
factor 11 (Gdf11) (Nakashima and Akamine, 2005).

Iohara et al. (2006) continued their investigations of
dental pulp regeneration by isolating a side population
(SP) of cells from dental pulp based on the efflux of
fluorescent dye Hoechst 33342. These SP cells, derived
from porcine dental pulp, differentiated into odontoblasts
in response to BMP-2. Furthermore, autogenous trans-
plantation of BMP-2-treated canine SP cells induced
osteodentin formation in surgically created defects on am-
putated canine dental pulp Two further fractions of SP
cells were isolated from canine dental pulp: CD317/
CD146~ and CD31"/CD146™ SP cells were separately cul-
tured as pellets with collagen type I and collagen type III
and autogenously transplanted into amputated pulps
(Iohara et al., 2009). Pulp-derived CD31 /CD146~ SP
cells induced a strong vasculogenic response; cells differ-
entiated into odontoblasts only at the periphery of dentin
and thus produced a physiologically normal regenerated
pulp tissue.

Complete pulp regeneration with neurogenesis and
vasculogenesis occurred in an adult canine model of
pulpectomy with autogenous transplantation of pulp
CD105™" SP cells with stromal cell-derived factor-1 (SDE-1)
(Iohara et al., 2011). Side population CD105™ cells formed
pulp-like tissue by day 14 when transplanted with SDF-1
and induced complete apical closure, whereas transplanta-
tion of CD105™ cells alone or SDF-1 alone yielded less pulp.
This seminal work by Nakashima’s group was the first
demonstration of complete in situ pulp regeneration.

A recent study from this group has compared the
biological characteristics and regenerative potentials of
dental pulp, bone marrow and adipose stem cells taken
from the same individual (Ishizaka et al., 2012). In this
investigation SP cells were further sub-fractionated into
CD31™ cells, previously shown to stimulate angiogenesis/
vasculogenesis in vitro and in vivo (Iohara et al., 2008).
The differential potentials of pulp regeneration of the
three SP fractions were determined using an in vivo model
previously described (Huang, 2011), whereby the three
CD31™ SP populations were injected into porcine tooth
root fragments prior to transplantation into immunocom-
promised mice. Whilst pulp-like tissue was observed after
transplantation of all three SP fractions, the total volume
of regenerated tissue was significantly higher with the
dental pulp SP and the density of vasculature and innerva-
tions was also higher (Ishizaka et al., 2012).

Nakashima’s group have established a potential cell ther-
apy for pulp regeneration harnessing autologous DPSCs,
CD31~ SP cells or CD105™ cells together with SDF-1 in a
canine pulpitis model. However, the safety and efficacy of
labelling CD31 ™ SP cells may be a barrier to clinical transla-
tion of this work. To overcome this, Iohara et al. (2013) de-
veloped a method to obtain human DPSCs from dental pulp
based on good manufacturing practice (GMP) guidelines.
Transplantation of GMP DPSCs with granulocyte-colony
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stimulating factor (G-CSF) in a canine pulpectomy model
regenerated pulp tissue. G-CSF enhanced pulp regeneration
and appeared to create a favourable environment for migra-
tion of cells, inhibition of apoptosis, suppression of inflam-
mation and induction of angiogenesis and neurogenesis.
Similar to the approach of Nakashima’s group, Zheng
et al. (2012) investigated direct pulp capping on the pulp
chamber roof in a porcine model. Autologous porcine DPSCs
were combined with a g-tricalcium phosphate (8-TCP) scaf-
fold. Regenerated dentin and restoration of the defect was
obtained after 16weeks, demonstrating the capacity of
transplantation of DPSCs for in situ dentin regeneration.

3.1.3. De novo pulp regeneration

When the entire pulp tissue is lost, regeneration requires
the de novo creation of pulp. In order to create functional
pulp for clinical application, several issues must be consid-
ered: first, regenerated pulp tissue must be vascularized,
even through the blood supply occurs only from the apical
foramen; second, newly differentiated odontoblasts should
form on the existing dentinal wall of the root canal space;
and finally, new dentin must be produced by the differenti-
ated odontoblasts on the existing dentin (Huang, 2009; Sun
et al., 2011). A number of research groups have attempted
to engineer pulp tissue replacements similar in physiology
to normal pulp tissue that have the potential to be used in
regenerative endodontic procedures.

Prescott et al. (2008) experimented with the tissue en-
gineering triad of stem cells, scaffold and growth factor.
They measured the effectiveness of DPSCs in conjunction
with a collagen scaffold and dentin matrix protein 1
(DMP1) to form dental pulp-like tissue in a subcutaneous
transplantation in mice. Mineral trioxide aggregate, com-
monly used for perforation repair, was used as the control
repair material. Organization of newly derived pulp tissue
was only observed in the group containing all triad com-
ponents. Further to this, Alsanea et al. (2011) utilized
the same combination of DPSCs, DMP1 and a collagen
scaffold in a simulated perforation model. The presence
of DMP1 promoted the differentiation of DPSCs within
the collagen scaffold into odontoblast-like cells capable
of forming a highly cellular, vascularized matrix. Previous
work, however, has raised concerns regarding the use of
collagen in pulp regeneration: Huang et al. found that
in vitro culture of human DPSCs within collagen gels
caused severe gel contraction (Huang et al., 2006).

Material platforms for dental pulp engineering have in-
cluded other hydrogels, natural and synthetic polymers
and bioceramics (Galler et al., 2011). The suitability of
different materials has been evaluated by in vitro assess-
ment, e.g.Gebhardt et al. (2009) explored cell survival
and degradation within three types of tissue-engineering
scaffolds. DPSCs and periodontal ligament stem cells
(PLSCs) were seeded on synthetic open cell polylactic acid
(polymer) scaffolds, bovine collagen scaffolds and calcium
phosphate bioceramic scaffolds, with optimal cell survival
occurring in the polymer and collagen scaffolds. In a similar
study, Kim et al. (2009) examined the attachment, growth
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and differentiation of human DPSCs on three naturally
occurring scaffolds: collagen, gelatin and chitosan. Whilst
DPSCs attached and proliferated rapidly on both gelatin
and collagen, a mineralized extracellular matrix was only
observed with collagen. Galler et al. (2011) investigated
PEGylated fibrin as a suitable scaffold and evaluated the
proliferation and differentiation of DPSCs, PLSCs and stem
cells from human exfoliated deciduous teeth (SHEDs) in
this matrix. Differences in cellular morphology, ECM pro-
duction and mineral deposition were observed between cell
types; DPSCs appeared elongated and fibroblast-like, pro-
duced little collagen and showed some increased expres-
sion of DSPP and DMP-1. Other researchers have also
considered material based in vitro odontogenic differentia-
tion of hDPSCs: Nam et al. (2011) indicated that calcium
phosphate (CaP) porous granules may induce odontogenic
differentiation and demonstrated upregulation of DSPP
and DMP-1, increased secretion of dentin sialoprotein
(DSP) and increased mineralization. More recently, Qu
and Liu (2013) fabricated nano-fibrous gelatin-silica bioac-
tive glass (NF-gelatin—SBG) hybrid scaffolds that mimicked
the nano-structured architecture and chemical composition
of natural dental ECM for in vitro differentiation of hDPSCs.
Expression of marker genes for odontogenic differentiation
(Col1, ALP, OCN, DSPP and DMP-1) was significantly higher
in the NF-gelatin—-SBG scaffolds compared to the NF-gelatin
group, with enhanced ECM secretion and mineral deposi-
tion in the SBG hybrid group.

In contrast to in situ pulp regeneration, much of the re-
search surrounding in vivo de novo regeneration has focused
on the capacity of DPSCs to form dentin rather than a whole
regenerated pulp (Kawashima, 2012). For example, al-
though the Jansen group were able to form well-vascularized
DSPP-expressing tissue in a subcutaneous mice model, they
questioned the practical utilization of DPSCs. since little hard
tissue was formed (Zhang et al., 2006). The Jansen group
sought to improve this by utilizing STRO-1-selected DPSCs
(Yang et al., 2009a, 2009b). Abundant hard tissue was
formed after subcutaneous implantation of rat STRO-1-
selected DPSCs on a ceramic carrier; the addition of BMP-2
further accelerated odontoblastic differentiation of DPSCs
(Yang et al., 2009b). Furthermore, BMP-2 transfection of
DPSCs produced a more effective induction toward the
odontoblast phenotype and abundant mineralized tissue
(Yang et al., 2009a). Yet, despite the upregulation of den-
tin-specific proteins (DSPP and DMP-1), the hard tissue
formed was bone like in appearance and morphology. Miner-
alized tissue formation also occurred when hDPSCs were cul-
tured with simvastatin or BMP-2 for 7 days and then mixed
with HA/TCP power and transplanted subcutaneously into
immunocompromised mice (Okamoto et al., 2009). How-
ever, simvastatin significantly increased DSPP expression
in DPSCs compared to BMP-2.

The Ma group also examined odontogenic differentia-
tion of hDPSCs, with the material platform of nanofibrous
(NF)-poly(i-lactic acid) (PLLA) scaffolds in vitro and
in vivo (Wang et al., 2010, 2011). Combined treatment of
dexamethasone and BMP-7 had a pronounced effect:
odontogenic differentiation and hard tissue formation
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increased and the tissue itself was more organized, with
collagen and calcium depositions located at the walls
of the scaffold pores and pulp-like tissue observed in
the middle of the pores. A comparison of differently
architectured scaffolds demonstrated that nano-fibrous
scaffolds provided a better extracellular microenviron-
ment for odontogenic differentiation of DPSCs compared
to solid walled scaffolds, with upregulation of osteocalcin
(OCN) and DSPP and increased mineralization (Wang
et al., 2011). However, despite the DSP positive staining
and hard tissue formation, the tissue formed did not re-
semble tubular dentin tissue. In contrast to this, El-Blackly
et al. (2008) formed osteodentin-like structures as well as
tubular bilayered structures of vertically aligned tubules
resembling dentin from isolated dental pulp stem cells
from rabbit teeth. DPSCs were seeded onto poly(lactic-
co-glycolic acid) polymer scaffolds and transplanted sub-
cutaneously into rabbits.

Seminal work by Nor’s group engineered dental pulp
constructs by seeding a PLLA scaffold within a tooth slice
model with SHEDs (Cordeiro et al., 2008). The acellular
tooth matrix contained endogenous morphogenetic sig-
nals and, when transplanted into immunodeficient mice,
the resultant tissue presented architecture and cellularity
that resembled physiological dental pulp. Following on
from this, the Nor group investigated the effect of dentin,
present in the tooth slice model, and different scaffold
porogens upon the differentiation of hDPSCs into odonto-
blasts (Demarco et al., 2010), A similar result was obtained
with hDPSCs as with SHEDs, whereby the morphogenetic
cues from the tooth slice influenced differentiation; addi-
tionally, a tissue with morphology resembling normal den-
tal pulp was observed inside the tooth slice/scaffold.

Concurrent to this, Huang et al. (2009a, 2009b) dem-
onstrated de novo synthesis of vascularized human pulp/
dentin-like tissues in an emptied human root canal space,
5-6mm deep, with an end opening of only ~2.5mm.
Stem cells from apical papilla (SCAP) were combined
with DPSCs, seeded onto poly (DL-lactic acid-co-glycolic
acid) (PLGA) scaffolds and then inserted into the canal
space of root fragments. These tooth constructs were then
subcutaneously implanted into severe combined immuno-
deficient mice (Huang et al., 2010). A pulp-like tissue with
well-established vascularity filled the entire root canal
space. Additionally, a continuous layer of dentin-like tissue
was deposited onto the canal wall and appeared to be
produced by a layer of newly formed odontoblast-like
cells expressing DSP, alkaline phosphatase (ALP), bone
sialoprotein (BSP) and CD105 (Huang et al., 2009a, 2009b).

Recently, Kodonas et al. (2012) utilized a similar root
fragment model and seeded porcine DPSCs onto collagen
or PLGA scaffolds prior to immersing the cells/scaffold into
root canals. These constructs were then implanted into the
jawbones of adult minipigs. After 10 weeks, newly formed
organic matrix of tubular pre-dentin form was deposited
on the root canal walls and columnar polarized cells
were adjacent to this matrix. Although the large opening
(> 2mm) of the canal wall was sufficient for vasculariza-
tion in the study by Huang et al. (2010), in this work
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necrotic tissue was observed at the central area of some im-
plants (Kodonas et al., 2012). This underscores the impor-
tance of vascularization in regenerated pulp tissue, since
the blood supply can only come from the apical foramen.

The survival of rat DPSCs in a vascularized chamber
was investigated by Thompson’s group, who adapted an
arteriovenous loop (AVL) and vascular pedicle tissue-
engineering chamber model in order to study dental pulp
tissue generation in vivo (Srisuwan et al., 2012a). DPSCs
were mixed with collagen scaffolds, with or without
slow-release bone morphogenetic protein 4 (BMP-4) gela-
tin microparticles and fibroblast growth factor 2 (FGF2);
constructs were transplanted into a vascularized chamber
in the rat groin. Signalling molecules were provided by
use of either a dentin cylinder, to mimic the rigid structure
of a tooth, or by dentin fragments incorporated into the
collagen matrix inside the chamber. The use of dentin
fragments produced healthy vascularized tissue after
8weeks, with surviving DPSCs observed around the
dentin fragments. Further to this, Srisuwan et al. (2012a)
utilized a collagen 1 hydrogel scaffold with gelatin micro-
particles conjugated with FGF2, vascular endothelial
growth factor (VEGF) and platelet-derived growth factor
(PDGF) and rat DPSCs. A pulpless tooth chamber was
filled with the collagen/gelatin/DPSCs combination and
either placed into a hole created in the femoral cortex or
into its own socket, respectively (Srisuwan et al., 2012a).
Interestingly, tooth revascularization and tissue genera-
tion only occurred in the allogeneic femur group, demon-
strating the importance of a direct vascular supply.

Whilst the vascularization studies (Srisuwan et al.,
2012a, 2012b) provide important lessons for tissue gener-
ation, it is the work of N6r and Huang’s groups (Cordeiro
et al., 2008; Demarco et al., 2010; Huang et al., 2010) that
most clearly indicate the path required for de novo regen-
eration: molecular cues from a dentin environment,
whether it be a tooth slice model, root fragment or root
canal, are essential for the creation of physiologically rel-
evant dentin—pulp tissue (Cordeiro et al., 2008; Huang
et al., 2009a, 2009b; Demarco et al., 2010). This has re-
cently been demonstrated by the odontogenic differentia-
tion of hDPSCs and periodontal ligament cells when
cultured on a decellularized extracellular matrix scaffold
(Ravindran et al., 2014). DPSCs were cultured in a colla-
gen/chitosan hydrogel for 2weeks; the cells were then
lysed and DNA digested to produce an ECM-embedded
collagen/chitosan scaffold. Characterization of the ECM
scaffold showed that it contained a rich source of matrix
proteins, matrix metalloproteases and growth factors, ca-
pable of delivering molecular cues. Subcutaneous implan-
tation of these ECM scaffolds containing DPSCs showed
the formation of dental pulp-like tissue with cells express-
ing DSP and dentin phosphophoryn (DPP).

3.2. Tooth reconstruction

As our understanding of tooth formation, the stem cell
niche and regenerative mechanisms extends, it may be
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possible to generate a method to biologically replace lost
teeth. A functional biological replacement tooth must
include generation of a root and periodontal ligament
with nerve and blood supplies. The crown, although the
most visible part of the tooth, is actually less important
in terms of regeneration, since replacement of crowns
with synthetic functioning options is possible (Volponi
et al., 2010).

Mammalian teeth develop by a series of interactions
between embryonic oral epithelial cells and neural crest-
derived mesenchyme, with the epithelium providing the
initial instructional signals to the mesenchyme at the
beginning of tooth development. (Tucker and Sharpe,
2004; Zhang et al., 2005). In order to bioengineer a tooth
from non-embryonic cells, one of the cell populations,
either epithelial or mesenchymal, must be able to provide
the inductive signals to the other. In vitro embryonic tooth
primordia have been generated from adult stem cells
combined with instructive embryonic oral epithelium
(Ohazama et al., 2004), adult epithelial cells combined
with embryonic tooth inducing mesenchyme (Angelova
Volponi et al., 2013) or by the development of tooth germ
models utilizing harvested cells from tooth buds com-
bined with materials (Zhang et al., 2009). Both the
Sharpe (Ohazama et al., 2004) and Tsuji (Ikeda et al.,
2009) groups have demonstrated that embryonic tooth
primordia can develop into complete teeth, following
transplantation in the adult oral cavity, and after suffi-
cient time will form roots and erupt.

Since adult DPSCs are derived from neural crest, they
are a potential replacement for embryonic mesenchyme
in the generation of tooth primordia; however, this appli-
cation has not yet been demonstrated. Hung et al. (2011)
were able to utilize DPSCs to form tooth-like structures in
rabbit alveolar sockets but there was no visible tooth erup-
tion in any of the graft sites. Yu et al. (2012) demon-
strated that DPSCs pellet reassociated with adult rat
apical bud cells formed crown-like structures in vivo
containing distinct regions of enamel, dentin, pre-dentin
and both ameloblast and odontoblast layers. Until re-
cently, no root-like structures had been produced using
DPSC-based regeneration (Yan et al., 2010a); the latter
authors have postulated that the future lies in using iPS
cells from autologous DPSCs isolated from a patient’s
own dental pulp. The iPS cells could generate dental epi-
thelial cells, with embryonic-like properties, that could be
recombined with the autologous DPCSs and transplanted
to form a tooth. For biological tooth formation to be a via-
ble alternative to dental implants, adult sources of human
epithelial and mesenchymal cells must be indentified and
obtained in sufficient quantities (Angelova Volponi et al.,
2013). The use of induced pluripotent stem cells (iPS cells)
from DPSCs may indeed provide a future solution to this
problem.

In the interim, regeneration of mineralized tooth roots
has become a practical goal. Previously, a tooth root-like
structure with periodontal-ligament (PDL) like tissue
was formed in a HA/TCP cylinder loaded with stem cells
from apical papilla (SCAP) and PDL stem/progenitor cells
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(Sonoyama et al., 2006). A recent study, however, has
shown the utility of DPSCs to produce putative dentin/
cementum, PDL and alveolar bone complex (Lee et al.,
2014). 3D layer-by-layer fabrication of a multiphase
scaffold enabled precise control of microarchitecture in
different regions in conjunction with spatiotemporal
delivery of three recombinant human proteins. DPSCs
were stimulated by bioactive cues and produced type I
collagen fibres that inserted into a DSPP™ mineralized
matrix on one side and a BSP™ bone-like tissue on another
side (Lee et al., 2014).

3.3. Bone tissue engineering

Dental stem cells are a potential source for bone tissue en-
gineering. A new c-kit"/CD34" population of DPSCs were
selected from dental pulp, expanded and cultured (Laino
et al., 2005). This stem cell population, referred to as stro-
mal bone producing DPSCs (SBP/DPSCs), differentiated
into CD44"/Runx2* osteoblast precursors and subse-
quently into osteoblasts with the addition of 20% fetal bo-
vine serum (FBS). In vitro osteogenic culture for 50 days
produced a fibrous bone-like tissue composed of a densely
mineralized matrix. In vivo transplantation of DPSCs into
immunocompromised rats generated fibrous lamellar
bone tissues containing osteocytes.

The osteogenic differentiation capacity of DPSCS has
been well demonstrated in vitro and in vivo, with strong
alkaline phosphatase results (Lindroos et al., 2008) and
expression of bone-specific markers within newly formed
bone (d’Aquino et al., 2007, 2008). The osteogenic capac-
ity of DPSCs has led to their use in combination with 3D
polymeric scaffolds to produce bone-like hard tissues. In
attempting to engineer de novo pulp regeneration, well-
mineralized hard tissue, with distinct concentric lamellae
and partially developed bone marrow-like haematopoietic
tissue, was formed during subcutaneous implantation of
rat STRO-1-selected DPSCs with a 3D porous HA/TCP car-
rier (Yang et al., 2009b). Both the addition (Yang et al.,
2009b) and transfection (Yang et al., 2009a) of BMP-2
enhanced the production of mineralized tissue. A similar
effect was observed by Ikeda et al. (2010), whereby
in vitro culture of DPSCs with recombinant human BMP-2
(rthBMP-2) caused prominent osteo-inducibility of DPSCs,
which in turn generated abundant bone-like tissues in vivo.

Osteogenic differentiation of DPSCs has occurred in
conjunction with other material platforms: DPSCs were
cultured in vitro on different titanium surfaces and differ-
entiated into osteoblasts, and produced bone on laser-
sintered surfaces (Mangano et al., 2010). More recently,
DPSCs were pre-differentiated into osteoblast-like cells
and seeded onto collagen-hydroxyapatite-poly(L-lactide-
co-g-caprolactone) (Col1-HA-PLCL) composite scaffolds
(Akkouch et al., 2014). The composite scaffold promoted
adhesion, proliferation and differentiation of the osteoblast-
like cells, with ECM mineralization occurring throughout
the scaffold. More recently, Kanafi et al. (2013b) investigated
the feasibility of immobilizing DPSCs within alginate
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microspheres and investigated the osteogenic differentia-
tion potential in vitro. Enhanced mineralization, protein
secretion and an upregulated osteo-related gene profile
resulted from immobilization and, interestingly, immobili-
zation triggered osteogenic differentiation of DPSCs with-
out the use of induction factors in the medium.

There have been several promising in vivo studies of
bone repair using DPSCs. Building on from their work re-
vealing the capability of DPSCs to form woven bone
in vitro (Laino et al., 2006) and well-vascularized lamellar
bone in vivo (d’Aquino et al., 2007), Papaccio’s group
demonstrated that autologous DPSCs seeded onto colla-
gen sponge scaffolds could be used to repair alveolar de-
fects (d’Aquino et al., 2009). The autografts repaired
alveolar bone defects of the mandible produced after ex-
traction of impacted third molars; the quality and quantity
of bone regeneration was optimal, resulting in an effective
therapeutic strategy.

Yamada et al. (2010) investigated canine DPSCs within
an osseointegration study. This served as a model for bone
augmentation that may be required in atrophic areas prior
to receiving dental implants for the restoration of normal
mastication. Further to this, DPSCs were implanted with
platelet-rich plasma (PRP) into bone defects in the canine
mandible (Yamada et al., 2011). Histological observations
showed well-formed mature bone, positive for osteocalcin
and containing neovascularization. These studies further
indicate the potential of DPSCs for bone regeneration in
oral maxillofacial surgery and craniofacial anomalies.

Recent work has also provided the potential utility of
DPSCs in regeneration of critical-sized bone defects. Rat
DPSCs were utilized in a rat calvarial critical defect model
in conjunction with a granular deproteinized bovine bone
(GDPB) or f-TCP scaffold (Annibali et al., 2014). In this
preliminary data, a tendency to increase the bone mineral
density was observed when DPSCs were implanted in the
GDPB scaffold. Maraldi et al. (2013) also utilized DPSCs
in a rat calvarial critical-sized defect model. Human DPSC
seeded collagen sponges showed almost complete bridg-
ing of the defect by 8 weeks.

Regulation of DPSC differentiation is crucial for clinical
use in cell therapies and regenerative medicine. The topo-
graphical design of biomaterials may be optimized to
achieve this. The interaction of surface topographical
parameters upon attachment, morphology, proliferation
and osteogenic differentiation of DPSCs was recently
undertaken (Kolind et al., 2014), with alterations in pillar
topography resulting in enhanced mineralization.

3.4. Other applications in cell therapies
3.4.1. Neurology

Due to the low incidence of adult neural stem cells (NSCs)
and issues with harvesting, the use of other stem cell
types with neural potential may be required to achieve
neuroregeneration. Although BMMSCs have been assessed
as candidates for neuronal therapy (Lindvall et al., 2004),
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efficiency of differentiation and accessibility may limit their
use. Stem cells isolated from dental pulp may be an alterna-
tive, since they show expression of embryonic stem cell
(ESC) pluripotency markers, such as Oct-4, Nanog, SSEA-4
and TRA-1-60 (Kerkis et al, 2006), and also display
multipotency markers indicating chondrogenic and osteo-
genic tissue formation and spontaneous neural differentia-
tion (Kim et al.,, 2012). Research into the generation of
neural lineage cells from dental stem cells has shown that
DPSCs express various neural markers upon stimulation
with neural differentiation medium; many studies have been
performed to establish effective culture strategies to pro-
mote neurosphere formation and neural induction (Nosrat
et al., 2004; Takeyasu et al., 2006; Govindasamy et al.,
2010; Janebodin et al., 2011; Kiraly et al., 2011; Karaoz
et al., 2011). A comprehensive examination of culture strat-
egies was recently reported (Young et al., 2013). The molec-
ular regulation of DPSC differentiation has also been
investigated by Ge et al. (2013), who examined the role of
the distal c-terminus of voltage-gated L-type Ca®>" channel
in orientating DPSCs differentiation toward the neuronal
phenotype.

In addition to studies of in vitro differentiation, re-
searchers have attempted to regenerate nerve tissue uti-
lizing transplantation of DPSCs. Arthur et al. (2008)
postulated that adult stem cell populations derived from
the neural crest would possess a predisposition for neuro-
nal differentiation and repair. Ex vivo expanded hDPSCs
responded to neuronal induction both in vitro and
in vivo, acquired a neuronal morphology and expressed
gene and protein neuronal-specific markers. In addition,
given appropriate environmental cues, DPSCs influenced
endogenous recruitment of neural stem cells (Huang
et al., 2008b) and generated neurospheres (Sasaki et al.,
2008a). Further to this, Arthur et al. (2009) investigated
stem cell-mediated neuroplasticity in a receptive host ner-
vous system. An avian embryonic model system was
adapted to investigate axon guidance in vivo after trans-
plantation of hDPSCs. Transplanted hDPSCs altered pat-
terns of axonal migration and may also assist in the
homing of endogenous neural stem cells to the site of
transplantation.

Although undertaken with dental pulp cells (DPCs)
rather than DPSCs, seminal work by Nosrat et al. (2001)
demonstrated that dental pulp-derived cell grafting pro-
moted survival of injured motor neurons in a rat model
of spinal cord injury. In addition, DPCs from both rats
and humans produced and secreted neurotrophic factors,
including nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF) and glial cell line-derived
neurotrophic factor (GDNF) (Nosrat et al., 2004) and
these promoted the survival of sensory and domaminergic
neurons. In a separate study, DPCs exerted a neuroprotective
effect in in vitro models of Alzheimer’s and Parkinson’s dis-
ease (Apel et al., 2009). The ability to produce and secrete
growth factors is of prime importance, since these factors
may induce the differentiation of endogenous cell types into
those cells required at the place of injury or elicit secretion of
other neurotrophic factors from endogenous cells to improve
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tissue regeneration (Martens et al., 2013). This was observed
in a study by de Almeida et al. (2011), whereby transplan-
tation of human dental pulp cells (hDPCs) into the centre
of a spinal cord lesion in mice produced larger areas of
white matter preservation and better tissue organization.
It was postulated that the secretion of neurotrophic factors
may have led to stimulation of collateral sprouting, which
can enhance functional outcomes. Correspondingly posi-
tive results were obtained with transplantation of hDPSCs
into a rat model of spinal cord injury (Sakai et al., 2012). A
recent review of applications of DPSCS and SHEDs
in spinal cord injury models has shown that the microenvi-
ronment of transplanted stem cells affects their capacity
for differentiation; an injured spinal cord contains
high levels of pro-inflammatory mediators which may acti-
vate the oligodendrocyte-specific differentiation cascade
(Yamamoto et al., 2014).

Dental pulp cells have also been proposed as a treat-
ment for peripheral nerve injury (Sasaki et al., 2008b,
2011). Initially, dental pulp cells were transplanted into
collagen gels and infused within a silicon tube, which
was positioned within a 7mm gap in the buccal branch
of rat facial nerve. The dental pulp cells formed blood ves-
sels and myelinating tissue and contributed to the promo-
tion of normal nerve regeneration. In a subsequent study,
a degradable poly(DL-lactide-co-glycolide) (PLGA) tube
was developed to avoid the need for a potential second
operation to remove the silicon tube. The PLGA tubes
were resorbed in vivo and nerve regeneration was ob-
served 2 months after the transplantation. Although this
work was undertaken with dental pulp cells as a whole,
rather than DPSCs, it illustrates the potential of DPCSs
in neuronal regeneration.

A recent study assessed the therapeutic benefit of
implanted rat DPSCs into the vitreous body of the eye
after a surgically induced optic nerve crush injury (Mead
et al., 2013); DPSCs promoted neurotrophic-mediated
survival of rat ganglion cells and axon regeneration.

In addition to central nervous system (CNS), optic and
peripheral nerve injuries, stem cell therapy has been pro-
posed for treatment of stroke. In stroke, occlusion of a
cerebral artery leads to ischaemia in a restricted region
of the CNS (Nakashima et al., 2009). It has previously
been shown that transplanting differentiated neural stem
cells isolated from dental pulp improved motor disability
and reduced infarct volume (Yang et al., 2012). Therapeu-
tic translation of DPSCs to stroke treatment has recently
been tested in a rodent cerebral ischaemic model
(Nakashima et al., 2009; Sugiyama et al., 2011; Leong
et al., 2012). Transplantation of porcine CD31 /CD146
SP cells accelerated neovascularization of the ischaemic
zone and enhanced neuronal regeneration (Nakashima
et al., 2009). In a further study, transplanted porcine
CD317/CD146™ SP cells migrated to the peri-infarct area,
released neurotrophic factors and promoted migration
and differentiation of neural progenitor cells in the
subventricular zone (Sugiyama et al., 2011).

Similarly, intracerebral transplantation of hDPSCs 24 h
after focal cerebral ischaemia in a rodent model resulted
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in significant improvement in forelimb sensorimotor func-
tion. Improvements to function appeared to be mediated by
DPSC-dependent paracrine effects (Leong et al., 2012),
similar to those observed in the treatment of spinal cord
injuries with hDPCs (de Almeida et al., 2011). This study
provides preclinical evidence of the unique therapeutic
potential of hDPSCs to stimulate and modulate local
repair response.

3.4.2. Angiogenesis and vasculogenesis

Stem cells and endothelial progenitor cells (EPCs) can be
utilized to stimulate vasculogenesis as a potential treat-
ment for ischaemic disease (Isner et al., 1999). Corre-
spondingly therapeutic benefits of injection of bone
marrow- or adipose-derived MSCs after myocardial infarc-
tion (MI) and other heart diseases have also been
reported (Dai et al., 2005, Wollert and Drexler 2005).
Several studies have investigated the potential of DPSCs
and sub-fractions of DPSCs as modes of treatment for MI
and ischaemia (Gandia et al., 2008; Iohara et al., 2008;
Nakashima et al., 2009).

Gandia et al. (2008) investigated the potential of
hDPSCs as treatment of induced MI in a rat model. Hu-
man DPSCs were able to repair the infarcted myocardium,
with an observed increase in number of vessels and reduc-
tion of infarct size; this was likely due to secretion of para-
crine factors, such as VEGF.

A highly vasculogenic side population of cells was
isolated from porcine dental pulp (Iohara et al., 2008).
The CD317/CD146" SP expressed CD34 and VEGFR2 at
similar levels to that expressed by EPCs and formed
extensive networks of cords and tube-like structures on
Matrigel, demonstrating neovascularization ability. Local
transplantation of this subfraction in a mouse hind-limb
ischaemia model resulted in successful engraftment and
increase in blood flow including high density of capillary
formation. Similar successful engraftment was achieved
with CD105" SP cells (Nakashima et al., 2009). More re-
cently, Bronckaers et al. (2013) demonstrated that hDPSCs
induced paracrine-mediated angiogenesis. Human DPSCs
produced high amounts of angiogenic molecules, stimu-
lated endothelial cell migration by activation of the P13I-
AKT and MEK-ERK pathways and significantly induced
the formation of blood vessels in a chicken chorioallantoic
membrane model. This study provides evidence of the
suitability of DPSCs for treatment of pathologies corre-
lated with inadequate angiogenesis such as stroke and
myocardial infarction.

3.4.3. Endocrinology

Cell therapy treatments for liver disease require effective
stem-cell derived hepatocytes. DPSCs have been differen-
tiated to produce hepatocyte-like cells (HLCs) (Ishkitiev
et al., 2012) with acquired hepatocyte functions, such as
glycogen storage and urea production (Patil et al., 2014).
Recently, hepatic differentiation of hDPSCs was under-
taken using cryopreserved dental pulp tissue from teeth
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with disease (Chen et al., 2013). Differentiated cells pos-
sessed a polygonal shape and normal karyotype and
expressed hepatic metabolic function genes and liver-
specific genes. Glycogen storage and urea production
results indicated that the differentiated hDPSCs were
functionally close to normal HLCs (Chen et al., 2013).
Although research into hepatic differentiation of DPSCs
is at an early stage, the use of cryopreserved tissue to gen-
erate HLCs provides a promising alternative for the treat-
ment of liver diseases.

Diabetes is a degenerative disease in which the autoim-
mune destruction of pancreatic p-cells or decreased
insulin sensitivity leads to persistent hyperglycaemia.
Conventional insulin-based treatments of diabetes have
many limitations. Replenishing the lost insulin-producing
cells (IPCs), either by islet transplantation or by differen-
tiated stem cells, is a preferred approach for the treatment
of diabetes (Bhonde et al., 2013). The potential of DPSCs
to differentiate into pancreatic cell lineage resembling
islet-like cell aggregates (ICAs) has been explored, with
the result that in vitro ICAs glucose-dependently released
insulin and C-peptide (Govindasamy et al., 2011). Human
DPSCs under appropriate stimuli have also been shown to
express genes related to pancreatic f-cell development
and function, including insulin and pancreatic and duode-
nal homebox-1 (Carnevale et al., 2013). Recently, the
physiological relevance of this technology was demon-
strated with the generation of islet-like cell clusters (ICCs)
from DPSCs and SHEDs (Kanafi et al., 2013a). ICCs from
SHEDs reversed hyperglycaemia in experimental diabetic
mice and demonstrated that dental pulp can provide an
autologous stem cell therapy that could be used for diabe-
tes (Kanafi et al., 2013a).

3.4.4. IPS cells from dental pulp stem cells

Recently, Yan et al. (2010b) reprogrammed human DPSCs
into iPS cells using the four factors Lin28, Nanog, Oct4
and Sox2 or c-Myc, KIf4, Oct4 and Sox2. The iPS hDPSCs
exhibited hES morphology, expressed hES markers and
formed embryoid bodies in vitro and teratomas in vivo,
containing tissues of all three germ layers. Following on
from this, Oda et al. (2010) demonstrated iPS generation
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of DPSCs by retroviral transduction with Oct3/4, Sox2
and Klf4 without the need for Myc or Lin28. Both these
studies showed that DPSCs obtained from human third
molars, generally considered clinical waste, are a valu-
able source for iPS cells. This was further evidenced by
the study of Tamaoki et al. (2010), which demonstrated
the suitability of DPCs as a source of iPS cell banks.
Recently, two non-oncogenic factors, Oct4 and Sox9,
were used to generate potential substrates for endothelial
progenitor cells (EPCs) from hDPCs (Yoo et al., 2013).
The 2F hDPC-hiPSCs differentiated into multipotent
CD34" EPCs capable of differentiating into functional en-
dothelial and smooth muscle cells, with well-documented
therapeutic effects in mouse models of hind-limb ischaemia
and myocardial infarction (Yoo et al., 2013). This study
demonstrates the promising potential of dental pulp-
derived cells, including DPSCs, for future therapeutic
applications utilizing iPS cells.

4. Concluding remarks

Human dental pulp offers a fascinating source of adult stem
cells. The developmental pathway that generates DPSCs
results in a cell type that can contribute to the regeneration
of numerous tissue types. Potentially, DPSCs could be easy
to bank from teeth that are lost naturally during childhood
or removed surgically due to impaction. A large body of
literature is building to support the clinical use of DPSCs
in dentistry, orthopaedics and other applications.
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