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To date, the oral cavity has yielded a diverse menagerie of
adult stem cells that includes dental pulp stem cells (DPSCs),
dental follicle stem cells (DFSCs), stem cells from apical
papilla (SCAP), stem cells from human exfoliated deciduous
teeth (SHED), periodontal ligament stem cells (PDLSCs),
and gingival mesenchymal stem cells (GMSCs). These stem
cells have various useful applications in clinical dentistry
that is dental pulp regeneration after root canal treatment,
osseous integration of titanium implants, and maxillofacial
and periodontal regeneration. Stem cells-based approaches in
clinical dentistry are reviewed by D. Hughes and B. Song, as
well as S. Miran et al. within this special issue.

Despite their common embryonic origin from the cranial
neural crest and their similar fibroblastic morphology within
in vitro culture, these dental and oral-derived adult stem
cell populations exhibit much divergent characteristics (i.e.,
differences in their plasticity and proliferative potential) and
express variable cell surface markers and transcription fac-
tors. In this special issue, C.-M.Kang et al. compared the tran-
scriptional profile of human DPSCs and umbilical cord stem
cells (UCSCs) with microarray and qRT-PCR techniques
and found similar expression levels of the various canonical
mesenchymal stem cell markers. However, gene ontology
analyses revealed significant differences in the expression
of genes related to cell proliferation, angiogenesis, immune
responses, growth factor activities, and signal transduction,

between DPSCs and UCSCs, which could indicate divergent
propensity to differentiate into various lineages.

Dental and oral-derived stem cells have a number of
advantages over other more commonly utilized sources of
adult stem cells. Compared to the invasive surgical procedure
required for obtaining mesenchymal stem cells from bone
marrow, these adult stem cells are readily isolated from
biological waste produced during routine dental treatment
(i.e., extraction of impacted third molars and deciduous
teeth). Several studies have reported that dental and oral stem
cells such as SHED possess much more extensive multidif-
ferentiation potential and proliferative capacity compared to
other adult stem cells.This is extensively discussed in a review
on SHED byV. Rosa et al. within this special issue. Evenmore
surprising are reports of the expression of pluripotencymark-
ers such as OCT4, MYC, and SOX2 by some dental and oral-
derived stem cells, which are not usually expressed in most
other adult stem cell types. Expression of thesemarkersmight
be indicative of themore extensive plasticity andmultilineage
differentiation potential of dental and oral-derived stem cells
when compared to other sources of stem cells. In this special
issue, the study of L. Liu et al. reported that these pluripotency
markers were strongly expressed in DPSCs at early passage
numbers but were gradually downregulated with extended
in vitro culture. Subsequently, L. Liu et al. demonstrated that
transgenic expression of the human xerodermapigmentosum
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groupC (XPC) gene through a lentiviral vector couldmitigate
this age-related decline in pluripotency markers expression
by DPSCs.

It is possible that the relatively high baseline expression of
pluripotency markers by dental and oral-derived stem cells
such as DPSCs could render these adult stem cells more
amenable to reprogramming into induced pluripotent stem
cells (iPSCs). This is critically examined and discussed in a
review by J.-H. Lee and S.-J. Seo within this special issue.The
study of H. Okawa et al. utilized iPSCs derived from GMSCs
to fabricate scaffold-free osteoinductive cellular constructs.
Besides the derivation of iPSCs from dental and oral-derived
stem cells, it may also be worthwhile to explore the reverse
approach, which is the derivation of dental and oral adult
stem cell-like lineages from pluripotent stem cells. This may
allow us to recapitulate the developmental pathway of the
various differentiated somatic lineages of the oral cavity, thus
providing us with an extremely useful tool for studying the
underlying genetic and developmental basis of various oral
and maxillofacial disorders. In this special issue, Q. Zhu et al.
reviewed the potential applications of pluripotent stem cell-
derived neural crest stem cells, which resemble the various
adult stem cell niches of the oral cavity.The study of G. Sriram
et al. demonstrated that human embryonic stem cell-derived
fibroblasts could be utilized as an alternative to GMSCs for
studying the innate immune response to pathogens related to
periodontitis (periodontopathogens).

In view of the various promising biomedical applications
of dental and oral-derived stem cells, we have organized this
special issue as a platform to highlight some of the recent
developments and cutting-edge research in this field. It is
hoped that the comprehensive reviews and research articles
presented in this special issue would stimulate greater interest
amongst the scientific community to pursue this field of
research, as well as facilitating the translation of research data
into clinical therapy.

Boon Chin Heng
Chengfei Zhang
Xuliang Deng

Yin Xiao
Alessandra Pisciotta

Fahad Kidwai
Thimios A. Mitsiadis
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Neural crest stem cells (NCSCs) represent a transient and multipotent cell population that contributes to numerous anatomical
structures such as peripheral nervous system, teeth, and cornea. NCSC maldevelopment is related to various human diseases
including pigmentation abnormalities, disorders affecting autonomic nervous system, andmalformations of teeth, eyes, and hearts.
As human pluripotent stem cells including human embryonic stem cells (hESCs) and human induced pluripotent stem cells
(hiPSCs) can serve as an unlimited cell source to generate NCSCs, hESC/hiPSC-derived NCSCs can be a valuable tool to study
the underlying mechanisms of NCSC-associated diseases, which paves the way for future therapies for these abnormalities. In
addition, hESC/hiPSC-derived NCSCs with the capability of differentiating to various cell types are highly promising for clinical
organ repair and regeneration. In this review, we first discuss NCSC generation methods from human pluripotent stem cells
and differentiation mechanism of NCSCs. Then we focus on the clinical application potential of hESC/hiPSC-derived NCSCs on
peripheral nerve injuries, corneal blindness, tooth regeneration, pathological melanogenesis, Hirschsprung disease, and cardiac
repair and regeneration.

1. Neural Crest Stem Cells

Neural crest stem cells (NCSCs), known as “a fourth germ
layer” [1], represent a transient and multipotent cell pop-
ulation that contribute to numerous anatomical structures
including peripheral nervous system (PNS), fat tissue, cranio-
facial skeleton, and cornea [2–4]. NCSCs emerge at the neural
plate border between the surface ectoderm and neural ecto-
derm and migrate extensively to populate diverse derivatives
throughout the body [5]. NCSC developmental deficiencies
are related to various human diseases including anomalies in
facial bone, disorders affecting autonomic nervous system,
and malformations of teeth, eyes, and hearts [6]. Previous
studies showed that NCSCs were multipotent not only in
vivo [7–9] but also in vitro [10–12]. Because of their mul-
tipotent property and developmental significance, NCSCs,
which could be isolated from the embryo or generated from

human pluripotent stem cells, have great clinical application
potential in tissue engineering, drug screening [13–15], and
cell therapies for human disease. As it is difficult to obtain
NCSCs directly from the embryonic tissue, exploring the
alternative sources of NCSCs has become the focus of many
scientists.

1.1. Strategies for NCSC Differentiation from hESCs/hiPSCs.
Lots of studies (listed in Table 1) have shown that NCSCs
and their lineages could be derived from human pluripotent
stem cells including human embryonic stem cells (hESCs)
and human induced pluripotent stem cells (hiPSCs) [16–22].
In 2005, Pomp et al. [16] first reported the generation of
NCSCs from hESCs by coculture with mouse stromal PA6
cells, but only a few molecular NCSC markers were tested.
In 2007, Lee and his colleagues [17] showed that NCSCs
could be derived from hESCs by coculture with stromal cells
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(MS-5). Identification of NCSCs was confirmed bymolecular
and clonal analysis, followed by terminal differentiation
into peripheral neurons, Schwann cells, and mesenchymal
lineages.The in vivo transplantationwas implemented in both
chicken embryos and adult mice to confirmNCSC identity as
well. Notably, NCSCs generated in this study possessed self-
renewal capacity for several passages, which is similar to the
result presented by Jiang’s group [18]. In 2009, Hotta et al.
[19] developed an efficient method to produce migrating
NCSCs from hESCs by using rock inhibitor in the coculture
system, and these hESCs-derived NCSCs could differentiate
into enteric neurons in the explants of embryonic mouse
gut. However, the coculture systems in above studies will
result in a mixed population hindering NCSC clinical use.
In 2010, one feeder-free system was established by Lee G
and his colleagues [20] to generate NCSCs from both hESCs
and hiPSCs with definedmedium containing Noggin (a BMP
inhibitor) and SB431542 (a TGF-𝛽 inhibitor), which brought
a big breakthrough to this area although the population
yield was low. In 2011, Menendez et al. [21]achieved a high
enrichment of NCSCs from human pluripotent stem cells
(hESCs and hiPSCs) in a feeder-free culture system by the
inhibition of activin A/nodal pathway combined with Wnt
pathway activation. It was demonstrated that the NCSCs
generated in this studywere capable of forming a great variety
of cell types, such as peripheral neurons and mesenchymal
stem cells (MSCs). The in vivo developmental potential of
these NCSCs was confirmed by the transplantation into
chicken embryos. This one-step protocol not only is efficient,
but also generates NCSCs with stable self-renewal capacity
for over 30 passages. Liu et al. [22] established a protocol that
could get NCSCs from hESC/hiPSC in 14 days, and Schwann
cells with in vitromyelination ability that differentiated from
NCSCs were first observed in this study. These strategies will
facilitate the process of NCSC researches and pave the way for
clinical applications of NCSCs.

1.2. Differentiation Mechanism of NCSCs. NCSCs are regar-
ded as a valuable cell source for numerous potential cell-
based therapies because of their multipotent potential. How-
ever, NCSC therapies are currently at the initial stage;
understanding the mechanism of generating neural crest-
derived lineages from NCSCs is the first but critical step
for future clinical use. As the fate decisions of NCSCs are
dependent upon signals in the microenvironment [23–25],
a given neural crest-derived lineage, such as melanocytes,
can be generated from NCSCs with specific factors which
either selectively favor NCSC differentiation into a particular
lineage or induce NCSCs to a specific cell fate at the expense
of other developmental fates [26].

In enteric nervous system (ENS), glial-derived neu-
rotrophic factor (GDNF) is critical for neurogenesis because
it promotes the differentiation and survival of NCSCs, while
endothelin 3 (ET3) prevents NCSC from differentiating into
postmitotic neurons [27]. On the other hand, the develop-
ment of the melanocytic lineage is favored by stem cell factor
(SCF) and ET3 [25, 28]. It has been proved that transforming
growth factor beta 1 (TGF𝛽1) stimulates smooth muscle dif-
ferentiation from NCSCs [29]. Consistent with this finding,

some in vivo studies show that conditional inactivation of
TGF𝛽 signaling in NCSCs could cause cardiovascular defects
with the absence of smooth muscle cells, skull defects, and
developmental eye disorders [30–32]. What is more, activa-
tion ofWnt/𝛽-catenin signaling in NCSCs was demonstrated
to promote sensory neurogenesis [33], and inactivation of this
pathway could also result in loss of the melanocyte lineage
[34].

Although lots of other factors still remain to be identified,
NCSCs under particular culture conditions can differentiate
into the expected neural crest-derived lineages, such as
neurons and melanocytes, for therapeutic application.

2. Clinical Applications of NCSCs

Great success has been achieved in the field of cell-based ther-
apies and organ reconstructions with utilization of adult stem
cells including MSCs [35] and in particular adipose-derived
stem cells [36]. MSCs as the typical stem cells for clinical
research are present in many organs and tissues including
bone marrow, skin, fat, and umbilical cord, and they can
differentiate into adipocytes, osteoblasts, and chondrocytes
[35, 37]. In comparison with MSCs, the quantity of NCSCs
that can be isolated from adults is relatively rare [38], but they
possess a much broader developmental potential including
differentiation into MSCs, which is only topped by ESCs
[26]. The discovery of easily accessible sources for NCSC
isolation from adult tissues, such as skin and dental pup [38],
is of great importance for NCSC clinical application, as it
meets the requirement for low invasive isolation procedures.
For example, Pisciotta et al. [39] demonstrated that one
subpopulation of human dental pulp stem cells possessed
characteristics similar to NCSCs including multilineage dif-
ferentiation potential. These NCSC sources are available
throughout adulthood, but NCSCs isolated from adults are
still rare and display more restricted multipotency and self-
renewal capacity compared to their embryonic counterparts
[38]. To tackle such problems, hESCs/hiPSCs are often used
as an unlimited cell source to generate NCSCs for their
clinical use since it is not feasible to isolate endogenous
embryonic population directly. MSCs as the regenerative
cells have already been used in lots of clinical trials [40],
while the potential clinical applications of NCSCs from
human pluripotent cells are still in its infancy now. In spite
of some ethical or safety concerns, hESC/hiPSC-derived
NCSCs will have wider clinical applications than other stem
cell populations including MSCs with further researches
because of their astonishing multipotentiality. In addition,
hiPSC-derived NCSCs open a door to overcome potential
histocompatibility issues during the transplantation. Here,
some potential clinical applications of hESC/hiPSC-derived
NCSCs are listed in Figure 1 including regeneration and
reconstruction of different tissues and new treatments for
NCSC-related diseases.

2.1. Peripheral Nerve Injuries. Damage to peripheral nerves
primarily caused by traumatic injury or surgical manipula-
tion is very common. Peripheral nerve injuries ranging from
mild (some nerve deficits) to severe (loss of major function)
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Clinical applications of NCSCs

Peripheral nerve injuries

Corneal blindness

Tooth regeneration

Pathological melanogenesis

Cardiac repair and regeneration

Hirschsprung disease

Figure 1: A summary of NCSC clinical applications.

can significantly compromise the quality of patients’ life [41].
It was reported that more than 50,000 repair procedures
for peripheral nerves were performed in 1995. However, the
actual number of peripheral nerve injuries probably exceeded
this figure, as not all peripheral nerve damage could be
repaired [42]. Despite novel surgical techniques and modern
treatment, functional and structural restoration of peripheral
nerves remains a great challenge. Therefore, there is a need
to improve the clinical outcomes of peripheral nerve repair.
Stem cell-based therapies with tissue-engineered scaffolds
are now being developed to accelerate the regeneration of
peripheral nerve injuries [43, 44].

It is known that, for peripheral nerve repair, one func-
tional engineered construct involves four central compo-
nents including support cells, a scaffold supporting axonal
migration, the extracellular matrix, and growth factors [42].
Although the underlying mechanisms for regeneration of the
injured peripheral nerves remain unclear, NCSCs can be used
as a promising stem cell type for peripheral nerve repair.
This finding is supported by a study of Vasyliev et al. [44],
which reported that after implantation of neural crest-derived
multipotent stem cells into the transected region of mice,
the intensity of nerve regeneration in this injured region was
increased compared with that in mice without transplanta-
tion. This work indicated that NCSCs possess a pronounced
biological property to promote nerve repair by differentiating
into Schwann cells that are indispensable in peripheral nerve
regeneration, as Schwann cells not only provide a support
for axon migration but also secrete neurotrophic factors to
promote nerve growth [42, 45]. Severe skin injuries always
come with damage to peripheral nerves, so innervated 3D
skin reconstructions could be developed as optimal skin
substitutes for the patients to restore neurological function.
Sensory neurons in skin models could not only potentially
restore the sensibility of the skin [46], but also accelerate
keratinocyte reepithelialization through secreting the neu-
ropeptide substance P [47]. Asmature neurons are difficult to
obtain fromhumanbodies anddonot proliferate significantly
both in vitro and in vivo, hESC/hiPSC-derivedNCSCs, which
can provide a large number of peripheral neurons for the
innervated dermal substitutes, have great clinical significance
for human skin transplantation.

Since NCSCs can differentiate into Schwann cells and
neurons for peripheral nerve regeneration, cellular therapies
based on hESC/hiPSC-derived NCSCs will be attractive
candidates to repair peripheral nerve injuries.

2.2. Corneal Blindness. The cornea is a transparent organ
which not only protects the eyeball from insults, but also
transmits visible light to produce images on the retina. The
cornea is comprised of five main layers, including the out-
ermost corneal epithelium, Bowman’s layer, the keratocyte-
populated corneal stroma, Descemet’s membrane, and the
inner corneal endothelium [48]. The corneal stroma that
constitutes around 90% of the cornea’s thickness is formed by
a transparent extracellular matrix, which is uniquely secreted
by keratocytes [49]. Surgical or accidental injuries to corneal
stroma will lead to corneal scarring or even corneal blindness
because of fibrotic deposit in stroma. In addition, the corneal
endothelium, which consists of hexagonal corneal endothe-
lial cells (CECs), is physiologically the most significant
barrier in cornea, as it plays an obligatory role in regulating
corneal hydration andmaintaining corneal transparency and
thickness [50, 51]. Corneal endothelial dysfunction caused
by infection or trauma will disturb the pumping function of
corneal endothelium and further cause corneal edema and
even visual blindness [51].

Millions of people in the world are affected by corneal
blindness, and currently the surgical cornea transplantation
is the only effective approach to restore corneal function and
clarity. But this therapy is still with well-known limitations,
such as surgical complications, graft failure, and shortage of
qualified donor cornea [52]. Since the donor corneal tissues
are in a short supply, it is critical to develop alternative
approaches to restore vision instead of keratoplasty. Although
tissue-engineered corneal equivalents have been explored,
there are serious drawbacks in their application such as strong
inflammatory responses and unsatisfactory tissue regenera-
tion [53]. Recently, stem cell therapy as another alternative
technique to restore corneal transparency and function has
attracted more and more attention [4, 53–55].

It is known that both corneal keratocytes and CECs
are derived from NCSCs [3, 4, 56]. Therefore, NCSC-based
cell therapy would ideally be used to produce autologous
corneal equivalents without immune rejection. Hertsenberg
and Funderburgh [57] used a two-step method to generate
keratocytes from hESCs by initial differentiation into NCSCs
and subsequent induction toward corneal keratocytes. In
addition, Ju et al. [4] proved the feasibility of differentiating
rodent NCSCs into functional CECs, and the effect of CECs
was confirmed by transplanting them to the rat model with
corneal endothelium deficiency. Histological examination
showed that these polygonal CECs formed a monolayer to
cover the Descemet’s membrane in rats, which is consistent
with results of confocal microscopy. In 2015, Chen et al.
[58] induced mouse ESCs and iPSCs into CECs by direct-
ing mouse pluripotent stem cells into NCSCs at first and
subsequently toward CECs, which were characterized by
morphology, immunocytochemistry (ICC), and quantitative
PCR (QPCR). Moreover, McCabe and his colleagues [59]
developed one protocol to generate CECs from hESCs via
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NCSCs by defined factors. Microarray analysis revealed that
the CECs from hESC-derivedNCSCs showed close similarity
to primary adult human CECs.

In conclusion, it is now possible to generate corneal kera-
tocytes or CECs from hESC/hiPSC-derived NCSCs in a two-
step process in vitro, which provides promising opportunities
to develop suitable corneal alternatives for corneal blindness
treatment instead of donor cornea.

2.3. Tooth Regeneration. Teeth, the hardest tissues in the
human body, are comprised of enamel, dentin, pulp, cemen-
tum, and periodontal ligament. Teeth have diverse func-
tions including chewing, pronunciation, and aesthetics, so
tooth loss has negatively physical and emotional impacts
on patients, which deteriorates their psychosocial well-being
and self-esteem [60–62]. Currently, many seniors are at risk
for tooth loss with advancing age. The prevalence of congen-
itally missing teeth (CMT) may also increase because of the
changes in evolution and the improvement in diagnostic tools
and criteria [63, 64].

The current treatments for tooth loss or absence typically
involve dental implants or dentures made from synthetic bio-
materials. However, there are many complications associated
with denture therapy including denture-related oral ulcers
and stomatitis [65]. The application of prosthetic implants
may also result in implant failures and complications, which
are mainly attributable to bacterial infection, impaired heal-
ing, and overload [66]. To overcome these issues, candidate
approaches have been explored. Considerable progress has
been made currently in the field of bioengineered rodent
tooth replacement [67–70] that suggests the great potential
about human tooth regeneration. One of the main barriers in
this field is to search for a suitable and stable cell source for
regenerating human teeth.

Mammalian teeth development is controlled by two
types of cells: ectodermal epithelial cells, which give rise to
ameloblasts, and NCSCs, which contribute to most of the
dental tissues including dentin matrix, dental pulp, cemen-
tum, and periodontal ligament [71–73]. In 2008, Xu’s lab [74]
indicated that cranial neural crest cells were capable of in vitro
odontogenesis with adult extracellular matrix. These cranial
neural crest-derived odontoblast-like cells were characterized
by morphology, alkaline phosphatase activity, expression of
odontoblast markers, and formation of mineralized nodules.
Recently, Seki et al. [75] reported one method to induce
mouse iPSC-derived neural crest like cells (iNCLCs) into
odontoblast-like cells by gene transfection of bone morpho-
genetic protein 4 (Bmp4) and Pax9. In addition, it was notable
that there was no teratoma formation when iNCLCs and
transfected iNCLCs were injected subcutaneously in mice.
These results suggest that NCSCs derived from pluripotent
stem cells could be a safe and unlimited cell source to
generate odontoblasts for tooth regeneration. Moreover, it
was shown that cementoblast-like cells were generated from
cranial neural crest cells in vitro when treated with dental
follicle cell conditioned media [76]. Due to the vital role that
NCSCs play in tooth development,more andmore efforts will
be invested into the differentiation of dental tissue-forming
cells from hESC/hiPSC-derived NCSCs in the future.

In summary, hESC/hiPSC-derived NCSCs in combina-
tion with ectodermal epithelial cells are considered as an
optimal and promising cell source for the whole tooth
regeneration. Thus, the regeneration of human teeth would
become feasible in the near future by using hESC/hiPSC-
derived NCSCs.

2.4. Pathological Melanogenesis. In vertebrates, melanocytes
derived from NCSCs are melanin-producing cells. Human
melanocytes, which are primarily located in the hair follicles
and skin, not only are essential for skin and hair pigmen-
tation, but also protect the skin from ultraviolet irradiation
[77]. It is notoriously known that the abnormal melanocytes
are related to awide range of severe diseases including vitiligo,
albinism, and melanoma [78, 79]. Vitiligo characterized by
the depigmentation of the skin and hair is a worldwide
common pigmentary disorder and may significantly affect
the patients’ self-esteem and life satisfaction [80]. As one
of the deadliest aggressive skin cancers known for its high
metastasis ability, melanoma is getting more prevalent over
the past several decades [79, 81–83]. To address these issues,
it is crucial to understand melanocyte development and
function. However, the detailed function and developmental
mechanisms of humanmelanocytes are still absent at present
because of the difficulties in obtaining sufficient melanocytes
for research models. In addition, the shortage of melanocytes
also limits their clinical applications for melanocyte-related
diseases including cell transplantation and drug screening.
Therefore, it is important to explore efficient ways to generate
melanocytes that could be not only used for laboratory
researches, but also used as a cell source for clinical thera-
peutics.

Several groups are now actively investigating the melano-
cyte differentiation techniques that may provide a stable cell
source for melanocyte researches. Shakhova and Sommer
[84] have established a differentiation approach to generate
melanocytes from embryonic NCSCs in 10 days by the
addition of a cocktail of specific growth factors such as ET-3
andmouse SCF.Their study showed that after 10-day differen-
tiation, the majority of NCSCs presented a melanocytic phe-
notype indicating the in vitro differentiation ability of NCSCs
into melanocytes. In 2011, Kawakami lab [85] developed a
method to induce hiPSCs into human melanocytes in vitro
through an intermediate phase of NCSCs. Several weeks after
differentiation, establishedmelanocytemarkers were positive
in these hiPSC-derived-melanocytes, and melanosome for-
mation could be detected as well. The effectiveness of this in
vitro differentiation system was further confirmed by DNA
microarray, which showed a high-level similarity of global
gene expression between these pigment cells and normal
human foreskin-derived epidermal melanocyte. Nissan et al.
[86] also supported the in vitro availability of human pluripo-
tent stem cells committed to the melanocytes via neural
crest stage. Moreover, human melanocytes derived in this
study exhibit both phenotypical and functional character-
istics of their adult counterparts. Recently, Mica and col-
leagues [87] established a stepwise differentiation strategy to
obtain functional melanocytes from human pluripotent stem
cells by initial NCSC induction, followed by specification
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of melanoblasts and eventual differentiation into mature
pigmented cells. Besides the analysis of gene and protein
expression, electron microscopy revealed that lots of pig-
mented melanosomes were present in the melanocytes gen-
erated with this protocol. Intriguingly, an organotypic skin
model was established to characterize the function of these
melanocytes, which were found to be home to the correct
location in the basement membrane zone. The above pro-
tocols for melanocyte generation allow the identification of
factors regulating the melanocyte development and function.
The possible genetic and cellular mechanisms involved in
pathological melanogenesis could also be characterized by
comparing the melanocytes generated from these protocols
with the melanocytes from normal population and patients
with pigment cell disorders. Based on this researchmodel, it is
possible to predict the incidence or prevalence ofmelanocyte-
related diseases in population in the future.

Access to an unlimited melanocytes resource may also
contribute to cell-based therapies for hypopigmentation dis-
orders and therapeutic drug screening for melanocyte rele-
vant diseases. Melanocyte transplantation has been experi-
mentally used as an adjunct cell therapy for vitiligo for years
[88]. As early as 1987, Lerner et al. [89] reported the impla-
ntation of autologous cultured humanmelanocytes.They first
isolated melanocytes from the normally pigmented skin of
the patient with piebaldism and then expanded these nor-
mal melanocytes in culture, followed by transplanting them
into the hypopigmented skin area of this patient. Six month
later, excellent repigmentationwas noticed in the grafted area.
Melanocytes generated from hESC/hiPSC-derived NCSCs
thus can be used as novel approaches to provide enough graf-
ting material for the patients with hypopigmentation disor-
ders. In addition, the unlimited cell source of melanocytes
represents a potential tool for drug testing in melanocyte-
related diseases. Mica et al. [87] offered an insight into
genetic pigmentation defect models and demonstrated that
melanocytes derived from special iPSC of patients with Her-
mansky-Pudlak syndrome and Chediak-Higashi syndrome
were capable of reflecting the biological nature of these
pigmentation disorders. Such disease-specific melanocytes
can be particularly used to identify potential drugs that can
reverse pigmentation disorders and correct relevant function.
Therefore, it sets a stage for exploring candidate drugs for
potential therapeutic intervention.

Taken together, hESC/hiPSC-derived NCSCs have been
proved as a useful tool to produce a large number of human
melanocytes for basic research, clinical treatment, and drug
discovery. Recent advances in the differentiation of melano-
cytes fromhESC/hiPSC-derivedNCSCs have offered exciting
opportunities to investigate the developmental mechanisms
of human melanocytes with specific phenotypes in normal
and pathological conditions. These finding can now provide
novel platforms for a broad range of clinical applications,
including pathological melanogenesis modeling, potential
cell therapies, and therapeutic drug testing. Finally, the clini-
cal application of melanocytes generated from hESC/hiPSC-
derivedNCSCswill benefitmillions of patients suffering from
various melanocyte-associated disorders.

2.5. Cardiac Repair and Regeneration. As the first functional
organ developed in mammalian, the heart provides sufficient
oxygen and nutrients for embryogenesis. Although the heart
originates from mesoderm, NCSCs are crucial for the heart
development [90]. As a subpopulation of cranial neural crest
cells, cardiac neural crest cells (CNCCs) participate in cardiac
valve formation and cardiac parasympathetic innervation.
The septation of the outflow tract in heart also critically
depends on the development of CNCCs [91, 92].

Notably, defects of CNCCs will lead to various congenital
heart diseases such as tetralogy of Fallot, CHARGE syn-
drome, Noonan syndrome, and double outlet right ventricle
[93, 94].Whereas these heartmalformations are rare, they are
always life threatening for patients.Therefore, it is imperative
to explore potential therapies for these specific defects.
NCSCs derived from hESC/hiPSC can serve as a model to
investigate the dynamics of relevant congenital heart diseases
and subsequently find ways to prevent or correct them.

Furthermore, hESC/hiPSC-derived NCSCs are capable
of providing a pool of important cardiac progenitor cells
for human heart repair and regeneration. In mammalian,
CNCCs reside in the heart as dormant multipotent stem
cells after migration, which can give rise to various cell types
involved in cardiogenesis including aortic smooth muscle
cells, glia cells, and neurons [95]. In 2008, El-Helou et al.
[96] demonstrated that the nestin-expressing cells isolated
from infarcted hearts were derived from neural crest. To
investigate the biological function of theses nestin-positive
cells in the infarct regions, this subpopulation was fluores-
cently labelled and subsequently injected into the hearts of
rats with myocardial infarction. This in vivo transplantation
model showed that the injected cells were detected exclusively
in the injured area and contributed to the cardiovascular
structure formation. Recently, a study by Tamura et al.
[97] revealed that the adrenergic cells from NCSCs were
increased after heterotopic cardiac transplantation in mice,
whichwas tightly coupled to the activation of intrinsic cardiac
adrenergic function in transplanted murine hearts. NCSCs
thus are essential for neonatal and adult cardiac regeneration
in human. Stem cell therapies based on hESC/hiPSC-derived
NCSCs offer an exciting prospect for clinical heart repair after
diseases or injuries.

Differentiation protocols that drive hESC/hiPSC-derived
NCSCs to particular cardiac progenitors provide not only
a valuable tool to promote the healing process following
heart injuries, but also a potential cell source participating
in human heart regeneration. What is more, hESC/hiPSC-
derived NCSCs can be used as a suitable model for uncover-
ing the underlying mechanisms of NCSC-associated congen-
ital heart diseases as well as developing clinical treatments for
these cardiac malformations.

2.6. Hirschsprung Disease. Hirschsprung disease (HSCR)
that occurs in approximately 1 in 5000 newborns is a common
intestinal mobility disorder characterized by the absence
of enteric ganglion cells in distal regions of the colon. As
a life-threatening disease of pediatrics, HSCR can lead to
tonic contraction of aganglionic bowel, intestinal blockage,
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and even fatal dilation of the colon (megacolon) [98]. Sur-
gical operation to remove the aganglionic segment of the
colon is currently used for children with HSCR. However,
gastrointestinal dysfunction of the remaining digestive tract
persists in the patients subjected to this life-saving treatment
[99]. Furthermore, patients suffering from total colonic
aganglionosis (TCA) usually undergo lots of complications,
and reoperation is often required [100]. Due to the limited
therapeutic strategies for HSCR at present, it is necessary
to develop novel and efficient drug-based and cell-based
therapies for the patients with HSCR.

HSCR is caused by defects in the development of ENS that
is derived from vagal and sacral neural crest [15, 101]. Given
the ability of NCSCs to form ENS, NCSCs could not only be
a useful tool to studymechanisms underlying HSCR, but also
provide feasible alternative treatments for HSCR. In 2003,
Iwashita and his colleagues [102] found that compared to
whole-fetus RNA, genes implicated in HSCR showed higher
expression levels in gutNCSCs, andmutations in theseHSCR
genes could result in severe ENS defects by affecting gut
NCSC function.This result indicated that HSCR is associated
with defects in the function of NCSCs. NCSCs generated
from hESC/hiPSC can serve as a stable cell source to study
the cellular andmolecularmechanisms ofHSCR. In addition,
hESC/hiPSC-derived NCSCs as stem cell transplants are
capable of repopulating the ENS for HSCR. In 2009, Hotta
et al. [19] showed that hESCs-derived neural crest like cells
could differentiate into enteric neurons after transplanting
them into mouse gut tissue. A recent report illustrated that
enteric neural crest (ENC) precursors derived from hESCs
possess the ability to repopulate the colon in the host and
rescue themortality ofHSCRmice [15].What ismore,mutant
ENC precursors from human pluripotent stem cells can be
utilized as a platform to perform candidate drug screening.
Since null mutations in the genes encoding endothelin-3-
endothelin receptor B (EDNRB) are responsible for a subset
of HSCR patients [103], Fattahi et al. [15] used hESCs-derived
EDNRB−/− ENC precursors as a HSCR model to screen and
identify compounds that could rescue the migration defects
associated with HSCR.

Many challenges need to be overcome before apply-
ing hESC/hiPSC-derived-NCSCs into HSCR clinical trials;
nonetheless, cell-based and drug-based therapies for HSCR
by using hESC/hiPSC-derived-NCSCs remain a promising
prospect.

3. Conclusions and Discussion

NCSCs are a multipotent cell population with the capacity
to differentiate into a diverse array of cell types. There are
many congenital diseases associated with maldevelopment of
NCSCs, some of which are even life-threatening. As human
pluripotent stem cells can serve as an unlimited and stable cell
source to generate NCSCs, hESC/hiPSC-derived NCSCs will
be a powerful tool to study the underlying causes of relevant
diseases and explore new therapies to prevent or correct
them. In addition, hESC/hiPSC-derived NCSCs provide a
pool of various cells, which are large enough for a wide range
of clinical organ repair and regeneration.

For future NCSC clinical research, the safety issue of
NCSCs seems to be a chief problem to consider due to the
versatile but dangerous nature of NCSCs. The study of Seki
et al. [75] showed that no teratoma was formed after iNCLC
transplantation into mice suggesting the safety of NCSCs
derived from pluripotent stem cells. This is in line with the
previous report of Wang et al. [104], which indicated that
hiPSC-derived NCSCs could be directly utilized for tissue
engineering because no teratoma formation was discovered
in rats following the transplantation of NCSCs for up to one
year. However, the possibilities for hESC/hiPSC-derived
NCSC deviant differentiation into unwanted neural crest-
derived lineages after in vivo transplantation must be evalu-
ated thoroughly before their clinical applications. The in vivo
differentiation fate ofNCSCs largely depends on themicroen-
vironment encountered, and there are diverse tumors of
neural crest origin including malignant melanoma and neu-
rofibromatosis [105]. It was found that the maintenance
or activation of NCSC genetic program was an important
pathogenic feature of Ewing sarcoma family tumors (ESFT),
which are a group of aggressive tumors occurring in bones
and soft tissues, because the results of gene expression pro-
filing showed ESFT were genetically closely associated with
NCSCs [106]. Since the application of NCSCs might result in
various neural rest-derived cancers, such as neuroblastoma
[107, 108] and clear cell sarcoma [109], potential risk of
NCSCs should be seriously taken into account before NCSC
clinical therapy. Although obstacles such as safety and techni-
cal complexities have to be addressed before extensive clinical
application, hESC/hiPSC-derived NCSC-based therapies are
highly promising. Due to the importance of NCSCs, more
efforts will be invested in this field to benefit all humanity.
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[93] S. Gessert and M. Kühl, “The multiple phases and faces of
Wnt signaling during cardiac differentiation and development,”
Circulation Research, vol. 107, no. 2, pp. 186–199, 2010.

[94] A. Keyte and M. R. Hutson, “The neural crest in cardiac
congenital anomalies,” Differentiation, vol. 84, no. 1, pp. 25–40,
2012.

[95] Y. Tomita, K. Matsumura, Y. Wakamatsu et al., “Cardiac neural
crest cells contribute to the dormant multipotent stem cell in
the mammalian heart,”The Journal of Cell Biology, vol. 170, no.
7, pp. 1135–1146, 2005.

[96] V. El-Helou, P. C. Beguin, J. Assimakopoulos et al., “The rat
heart contains a neural stem cell population; role in sympathetic
sprouting and angiogenesis,” Journal of Molecular and Cellular
Cardiology, vol. 45, no. 5, pp. 694–702, 2008.

[97] Y. Tamura, M. Sano, H. Nakamura et al., “Neural crest-derived
resident cardiac cells contribute to the restoration of adrener-
gic function of transplanted heart in rodent,” Cardiovascular
Research, vol. 109, no. 3, pp. 350–357, 2016.

[98] T. A. Heanue and V. Pachnis, “Enteric nervous system develop-
ment and Hirschsprung’s disease: advances in genetic and stem
cell studies,”Nature Reviews Neuroscience, vol. 8, no. 6, pp. 466–
479, 2007.

[99] C. Di Lorenzo, G. F. Solzi, A. F. Flores, L. Schwankovsky, and
P. E. Hyman, “Colonic motility after surgery for Hirschsprung’s
disease,” The American Journal of Gastroenterology, vol. 95, no.
7, pp. 1759–1764, 2000.

[100] A. Bischoff, M. A. Levitt, and A. Peña, “Total colonic agan-
glionosis: a surgical challenge. How to avoid complications?”
Pediatric Surgery International, vol. 27, no. 10, pp. 1047–1052,
2011.

[101] J. I. Lake and R. O. Heuckeroth, “Enteric nervous system
development:migration, differentiation, and disease,”American
Journal of Physiology—Gastrointestinal and Liver Physiology,
vol. 305, no. 1, pp. G1–G24, 2013.

[102] T. Iwashita, G. M. Kruger, R. Pardal, M. J. Kiel, and S. J.
Morrison, “Hirschsprung disease is linked to defects in neural
crest stem cell function,” Science, vol. 301, no. 5635, pp. 972–976,
2003.

[103] A. Chakravarti, “Endothelin receptor-mediated signaling in
Hirschsprung disease,” Human Molecular Genetics, vol. 5, no.
3, pp. 303–307, 1996.

[104] A. Wang, Z. Tang, I.-H. Park et al., “Induced pluripotent stem
cells for neural tissue engineering,” Biomaterials, vol. 32, no. 22,
pp. 5023–5032, 2011.

[105] L. H. Maguire, A. R. Thomas, and A. M. Goldstein, “Tumors of
the neural crest: common themes in development and cancer,”
Developmental Dynamics, vol. 244, no. 3, pp. 311–322, 2015.

[106] C. von Levetzow, X. Jiang, Y. Gwye et al., “Modeling initiation
of ewing sarcoma in human neural crest cells,” PLoS ONE, vol.
6, no. 4, article e19305, 2011.



Stem Cells International 11

[107] M. Jiang, J. Stanke, and J. M. Lahti, “The connections between
neural crest development and neuroblastoma,” Current Topics
in Developmental Biology, vol. 94, pp. 77–127, 2011.

[108] N.-K. V. Cheung and M. A. Dyer, “Neuroblastoma: develop-
mental biology, cancer genomics and immunotherapy,” Nature
Reviews Cancer, vol. 13, no. 6, pp. 397–411, 2013.

[109] K. Yamada, T. Ohno, H. Aoki et al., “EWS/ATF1 expression
induces sarcomas from neural crest-derived cells in mice,” The
Journal of Clinical Investigation, vol. 123, no. 2, pp. 600–610,
2013.



Review Article
Innovative Dental Stem Cell-Based Research Approaches:
The Future of Dentistry

Shayee Miran, Thimios A. Mitsiadis, and Pierfrancesco Pagella

Orofacial Development and Regeneration, Institute of Oral Biology, Centre for Dental Medicine,
University of Zurich, 8032 Zurich, Switzerland

Correspondence should be addressed to Pierfrancesco Pagella; pierfrancesco.pagella@zzm.uzh.ch

Received 11 April 2016; Revised 15 June 2016; Accepted 12 July 2016

Academic Editor: Bernard A. J. Roelen

Copyright © 2016 Shayee Miran et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Over the past decade, the dental field has benefited from recent findings in stem cell biology and tissue engineering that led to
the elaboration of novel ideas and concepts for the regeneration of dental tissues or entire new teeth. In particular, stem cell-based
regenerative approaches are extremely promising since they aim at the full restoration of lost or damaged tissues, ensuring thus
their functionality. These therapeutic approaches are already applied with success in clinics for the regeneration of other organs
and consist of manipulation of stem cells and their administration to patients. Stem cells have the potential to self-renew and
to give rise to a variety of cell types that ensure tissue repair and regeneration throughout life. During the last decades, several
adult stem cell populations have been isolated from dental and periodontal tissues, characterized, and tested for their potential
applications in regenerative dentistry. Here we briefly present the various stem cell-based treatment approaches and strategies that
could be translated in dental practice and revolutionize dentistry.

1. Introduction

Repair of dental pulp and periodontium remains an immense
clinical challenge since human teeth have a very limited
capacity to regenerate [1]. Current therapeutic interventions
in dentistry are based on sophisticated biomaterials and
implants with still questionable efficacy and durability [2–5].
Moreover, these therapies do not always allow the appropriate
physiological function of the tooth organ. Therefore, there is
an enormous unmet need for innovative methods enabling a
balance between new dental tissue formation and unaltered
physiological functions of the tooth organ [6, 7].

In order to reconstruct such natural structures we need
to have a deep knowledge of the cellular and molecular
events linked to odontogenesis. Classical experiments have
shown that teeth form as a result of sequential and reciprocal
interactions between cells of the oral epithelium and neural
crest-derived mesenchyme [8]. Epithelial cells differentiate
into enamel-forming ameloblasts, while mesenchymal cells
give rise to the dental pulp, the dentin-secreting odontoblasts,
and the periodontal ligament cells that anchor the tooth to

the surrounding alveolar bone [8, 9]. The dental pulp forms
a connective tissue that conveys vascularization and inner-
vation and hosts stem cells that are capable of regenerating
this tissue, as well as the dentin [1]. Sensory nerves from
the trigeminal ganglia (TG) and sympathetic nerves from
the superior cervical ganglia innervate the adult teeth [10–
12]. During odontogenesis, nerve fibers emanate from the TG
project towards the developing tooth germs and progressively
surround them without entering the dental pulp. The first
axons penetrate the dental pulp when odontoblasts differen-
tiate and enamel deposition starts. Dental pulp innervation is
completed soon after tooth eruption into the oral cavity [10],
a process that is concomitant with root growth, cementum
matrix deposition, and periodontium formation [7].

A common issue in dental practice is the infection and
the subsequent extirpation of the dental pulp. Since structures
and cells within the dental pulp provide trophic support,
sensation, and defense against the various pathogens, devi-
talized teeth (e.g., after classical endodontic therapy) are
subject to severe complications that cause tooth fragility and
fracture [13]. It becomes thus evident that the maintenance
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Figure 1: Schematic representation of the main stem cell sources in the human teeth and their differentiation potential in vivo. DPSCs: dental
pulp stem cells, SHEDs: stem cells from human exfoliated deciduous teeth, PDLSCs: periodontal ligament stem cells, and SCAP: stem cells
from the apical part of the papilla.

of dental pulp vitality is of prime importance and therefore
new regenerative approaches have started to be experimented
in endodontic clinics in the last few years [14]. These new
regenerative techniques could also apply in other dental
disciplines, where current treatment options are based on
a constantly increasing number of dental biomaterials and
implants [1–4]. For example, tooth loss caused after severe
traumatic injuries, periodontitis (i.e., a severe inflammation
of the periodontium), advanced carious lesions, age-related
alternations, or cancer [6, 7, 15–19] could be resolved bywhole
new tooth regeneration.

2. Stem Cell-Based Regenerative Dentistry

Regeneration involves the replacement of a pathologic tissue,
as well as the reconstruction of a missing or lost tissue,
by a new one that can ensure its biological function [20].
Regenerative approaches are based on the potential of human
stem cells to self-renew and give rise to a diversity of cell
types under appropriate conditions [21]. Throughout life,
adult stem cells support tissue homeostasis and repair upon
injury [6, 22, 23]. Therefore, adult stem cells from different
tissues have been isolated, characterized, and tested for
their potential applications in regenerative medicine [20].
In particular, mesenchymal stem cells (MSCs) have been
the subject of intense investigation due to their accessibility
and their potential to differentiate towards the chondrogenic,
osteogenic, adipogenic, myogenic, and neurogenic lineages
[24].

Different stem cell populations have been isolated from
human adult teeth (Figure 1).The dental pulp of third molars
is the most common source of dental mesenchymal stem
cells, the so called dental pulp stem cells (DPSCs) [25].
Human DPSCs are able to differentiate into odontoblasts,
osteoblasts, adipocytes, chondrocytes, and other cell types
both in vitro and in vivo [26–28]. Other populations of dental
MSCs (i.e., SHEDs) have been isolated from dental pulp of

exfoliated deciduous teeth and from the apical part of the
papilla (i.e., SCAPs), similar to the DPSCs differentiation
potential [29–31]. Dental MSCs have been also isolated
from the periodontal ligament (i.e., periodontal ligament
stem cells, PDLSCs) that have the capacity to give rise to
cementum/PDL-like tissue in vivo [32, 33].

The behavior and properties of stem cells are strongly
influenced by the surrounding environment, the so-called
stem cell niche [24, 34, 35]. This specific microenvironment
is a combination of cells, extracellular matrix, and growth
factors that is under the influence by mechanical and chem-
ical stresses [24]. Niches maintain and regulate the balance
between stem cell self-renewal and differentiation [35]. In
this context, considerable effort is produced to understand
how the different components of the niches regulate stem
cell function. Among these actors, innervation could play an
important role in the fate and function of stem cells [36–42],
thus affecting regenerative events. For example, recent studies
have shown that parasympathetic nerves regulate progenitor
cells and are necessary for the development and regeneration
of the salivary glands [37, 39]. Similarly, it has been demon-
strated that innervation is essential for the development and
maintenance of taste buds [43–46]. Although the role of
innervation in the initiation, development, and regeneration
of teeth is still highly controversial [34, 47–49], it has been
recently shown that sensory nerves regulate MSCs in mouse
incisors [42].Therefore, it is important to better study the role
of innervation in tooth regeneration and most particularly
its effect in dental stem cell populations. At the same time,
it is of equal importance to ensure proper reinnervation
of the regenerated dental tissues. Vascularization represents
another key aspect of tooth regeneration. The dental pulp is
richly vascularized, and teeth depend on blood supply for
nutrients and oxygen transport. In addition, blood vessels
allow the transport of systemic signals and the recruitment
of inflammatory and other circulatory cells into the niches
that can strongly affect stem cell function [35]. Blood vessels
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Figure 2: Schematic representation of coculture between trigeminal ganglia (TG) and human dental pulp stem cells (hDPSCs) through
microfluidic devices. In this system, both cell types/tissues are cultured in optimal conditions, while allowing the growth of trigeminal ganglia
axons through microgrooves (mg) to innervate the stem cells.

within the pulp are associated with the so-called perivascular
stem cell niches. These niches host MSCs that contribute to
the homeostasis and the regeneration of the dental pulp [42,
50]. The growth of blood vessels and nerves often proceeds
in parallel, sharing the same paths through tissues [51].
Teeth are peculiar organs in the sense that innervation and
vascularization display extremely divergent timing. While
blood vessels are found in the pulp of tooth germs during
early developmental stages, innervation is established only
at late stages of odontogenesis [6, 52]. As both innervation
and vascularization are fundamental for tooth physiology and
pathology, the identification of the mechanisms that regulate
these two processes will be fundamental in the light of partial
(e.g., pulp regeneration) or full tooth regeneration.

Several in vivo and in vitro studies have provided impor-
tant information about the patterns of innervation of dental
tissues in different animal models as well as the main
molecules involved in nerve trophic support, repulsion, and
attraction [10, 53–56]. To date, little information is available
concerning the effects of innervation on human dental stem
cells [57]. Cocultures have been used and constitute a valu-
able method to investigate and manipulate the interactions
between nerve fibers and target tissues of human origin in
a controlled and isolated environment (Figure 2) [57, 58].
The use of these and other state-of-the-art techniques, in
combination with in vivo approaches in animal models, will
allow gaining fundamental knowledge regarding the role
of innervation in stem cell behavior and the mechanisms
that drive tooth reinnervation [6]. To date, only very few
studies investigating the possibility of restoring innervation
in damaged teeth have been conducted [59].

Pulp revascularization is currently used as a method for
its regeneration in not yet fully developed teeth [59]. In
this approach, pulp revascularization is induced by filling
the empty root canal with a blood clot. Although already
in the clinical practice, this method is characterized by low
efficiency and by ectopic mineralization within the pulp [59].
Moreover, a major issue that accompanies these revascular-
ization approaches is the connection with the circulation

system [59]. Tissue engineering approaches that exploit com-
binations of functionalized scaffolds and dental stem cells
are providing promising results, ensuring variable degrees
of pulp regeneration and vascularization in vivo in animal
models [60–62]. In these studies, good vascularization and
connection with the circulatory system were observed, thus
suggesting that such approaches could ensure proper trophic
support to the regenerated dental tissues [60, 61].

3. Clinical Implications: How the Knowledge
Obtained from These Approaches
Could Be Used

Stem cell-based therapies are very promising long-term
alterative in dentistry since they could offer full restora-
tion of dental tissues keeping thus the structural integrity,
physiology, and function of the intact teeth. In vivo studies
in animals have demonstrated the potential of different
tooth stem cells populations for the regeneration of specific
dental tissues, such as dentin, pulp, periodontium, or even
the entire tooth organ [59, 60, 63–66] (Figure 3). These
regenerative approaches that have been successfully tested in
animal models could be also applied to humans. It is obvious
that these treatments will necessitate a sufficient number of
specific stem cell populations that will be transplanted to
damaged and pathological dental sites, alone or together with
scaffolds.

It is worth noting that stem cell-based approaches have
already started to be applied with success in other medical
disciplines [67–70]. In dentistry, several specialties took
advantage of the recent progress in the fields of stem cell
biology and tissue engineering and developed innovative
strategies for restoring the full function and physiology of
specific dental tissues. For example, regenerative endodontics
focuses on reestablishment of dental pulp vitality and new
dentin formation using DPSCs/SCAPs combined with scaf-
folds loaded with bioactive molecules [26, 71–75]. These new
procedures allow the transplanted stem cells to differentiate
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dental pulp

Treatment with
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Tooth is vital
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Figure 3: Schematic representation of different stem cell-based approaches for partial or whole tooth regeneration after pathologies and tooth
loss using transplantation of tooth stem cells combined with scaffolds.The various dental pathologies: (a) carious lesion, (b) necrotic pulp, (c)
periodontitis, and (d) tooth loss. DPSCs, dental pulp stem cells; PDLSCs, periodontal ligament stem cells; SCAP, stem cells from the apical
part of the papilla; DESCs, dental epithelial stem cells; DMSCs, dental mesenchymal stem cells.

into pulp fibroblasts and odontoblasts and progressively fill
the empty pulp chamber after pulpotomy or pulpectomy,
thus allowing root growth in not yet fully developed teeth
[63, 71, 76–78] (Figure 3). Several clinical attempts based on
the bleeding technique and focused in pulp regeneration
have been successfully applied in immature teeth with pulp
necrosis and mature teeth with apical lesions [71, 78–80]. In
this procedure, the blood clot acts as a scaffold that delivers
stem cells into the empty root canal.

Although the use of stem cell-based techniques has
started to be applied in endodontic clinics, these approaches
are still at the animal experimental level for other dental
specialties such as in periodontology. For example, while the
potential of humanPDLSCs or other stem cell populations for
periodontal tissue regeneration has been evidenced in animal
models [81–84], there are not equivalent trials yet in clinics
(Figure 3).

Similarly, although attempts for the regeneration of entire
brand new teeth have been successfully performed the last
few years in small animal models [85, 86] dental implants
still monopolize and offer the therapeutic solution after
tooth loss in clinics. However, it is obvious that the ideal
therapy after tooth loss would be the regeneration of an
entire tooth, and therefore a bigger effort should be produced
towards these revolutionary stem cell-based approaches.
These novel techniques tested in mice have shown that
dental mesenchymal and epithelial stem cells combined with
collagen drops or scaffolds in vitro allows the formation of

tooth germs that thereafter could be transplanted into the
alveolar bone, where the tooth germs will develop, erupt, and
finally become entire functional teeth [85, 86] (Figure 3).The
application of this technique in humans has some limitations.
The biggest challenge is the time needed for human tooth
regeneration, since the whole process of odontogenesis in
humans takes more than 7 years [1, 17]. This may represent a
discouragement for patients looking for a quick replacement
of the missing teeth.

4. Conclusion

Stem cell-based therapies represent the most promising
alternative for successful regeneration of damaged or patho-
logical dental tissues or even the entire tooth following tooth
loss. It is therefore fundamental to understand the exact
mechanisms underlying the potential of the various dental
stem cell populations as well as their behavior after trans-
plantation in ectopic sites. Innervation and vascularization
play fundamental roles in the regulation of stem cell niches
homeostasis, thus affecting the fate and behavior of stem cells
[34, 87]. Therefore, it would be of great interest to further
investigate the role of innervation in these processes. Stem
cell-based approaches are only starting to emerge in dentistry,
and huge challenges and problems such the enamel and entire
tooth regeneration should be overcome. The majority of
the experimental attempts mentioned above were exclusively
performed in small animal models and thus they cannot be
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directly translated into the clinics yet. Nevertheless, stem cell-
based regenerative approaches are the future of dentistry that
will benefit millions of patients worldwide.
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Periodontitis involves complex interplay of bacteria and host immune response resulting in destruction of supporting tissues of the
tooth. Toll-like receptors (TLRs) play a role in recognizing microbial pathogens and eliciting an innate immune response. Recently,
the potential application of multipotent stem cells and pluripotent stem cells including human embryonic stem cells (hESCs) in
periodontal regenerative therapy has been proposed. However, little is known about the impact of periodontopathogens on hESC-
derived progenies. This study investigates the effects of heat-killed periodontopathogens, namely, Porphyromonas gingivalis and
Aggregatibacter actinomycetemcomitans, on TLR and cytokine expression profile of hESC-derived progenies, namely, fibroblasts
(hESC-Fib) and mesenchymal stem cells (hESC-MSCs). Additionally, the serotype-dependent effect of A. actinomycetemcomitans
on hESC-derived progenies was explored. Both hESC-Fib and hESC-MSCs constitutively expressed TLR-2 and TLR-4. hESC-Fib
upon exposure to periodontopathogens displayed upregulation of TLRs and release of cytokines (IL-1𝛽, IL-6, and IL-8). In contrast,
hESC-MSCs were largely nonresponsive to bacterial challenge, especially in terms of cytokine production. Further, exposure of
hESC-Fib to A. actinomycetemcomitans serotype c was associated with higher IL-8 production than serotype b. In contrast, the
hESC-MSCs displayed no serotype-dependent response. Differential response of the two hESC progenies implies a phenotype-
dependent response to periodontopathogens and supports the concept of immunomodulatory properties of MSCs.

1. Introduction

Periodontitis is a chronic inflammatory disease of the tooth
supporting tissues which is accompanied by tissue destruc-
tion, weakening of tooth support, and eventually loss of
tooth [1, 2]. It involves complex interplay of bacteria and
host immune responses that ultimately lead to progressive
destruction of the periodontium [3, 4]. Periodontopathic
Gram-negative bacteria including Porphyromonas gingivalis
(P. gingivalis) and Aggregatibacter actinomycetemcomitans

(A. actinomycetemcomitans) (previously known as Acti-
nobacillus actinomycetemcomitans) have been strongly impli-
cated in periodontitis [5, 6]. Various components of these
periodontopathogens, such as lipopolysaccharides (LPS),
lipoproteins, and fimbriae, interact with the host through
various pattern-recognition receptors [7, 8]. Toll-like recep-
tors (TLRs) are a family of pattern-recognition receptors
evolved to detect various components of pathogens and have
various downstream effects [9]. This involves activation of
intracellular signaling cascade which stimulates transcription
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factors which finally leads to inflammatory cytokine expres-
sion, activation of immune cells, migration of leukocytes,
and osteoclastogenesis [10]. Among the TLRs, TLR-2 and
TLR-4 function as the principal innate sensors for cell wall
components of Gram-negative bacteria in mammals and
are considered crucial in the progress of periodontitis [11,
12]. TLR-2 and TLR-4 stimulation leads to activation of
proinflammatory cytokines and chemokines which initiates
the inflammatory process [13, 14]. Cell wall components of P.
gingivalis and A. actinomycetemcomitans stimulate, via TLR-
2 and TLR-4, the production of proinflammatory cytokines
like interleukins IL-1𝛽 and IL-6 which can induce production
of matrix metalloproteinases and mediate alveolar bone
resorption [15].

The goal of periodontal therapy is to halt the disease
process and promote regeneration of the lost periodontal
tissues. Currently available treatment modalities result in
improved clinical outcomes; however, they are insufficient
to achieve complete periodontal regeneration [16]. Currently,
various biomaterial and/or cell-based approaches for forma-
tion and regeneration of periodontal tissues are explored
(excellently reviewed elsewhere [16–18]). Recently, multipo-
tent stem cells derived from various orodental tissues and
pluripotent stem cells including human embryonic stem cells
(hESCs) have been proposed as a promising source of cells
for such cell-based periodontal regenerative therapies [19–
21]. Previous studies on miniature pigs have shown that local
cellular therapy with autologous and allogeneic periodontal
ligament stem cells (PDL-SCs) is associated with improved
periodontal tissue regeneration [22, 23]. MSCs are proposed
to possess immunomodulatory properties through secretion
of a host of soluble factors and/or direct cell-cell contact.
The immunomodulatory properties of MSCs might offer a
promising approach for periodontal regeneration. However,
precise mechanisms are poorly understood, which limit the
clinical application of MSCs.

hESCs are a potential source of stem cells due to their
ability to self-renew and differentiate into virtually any cell
type of the human body [24, 25]. Further, hESCs could
be utilized to generate unlimited numbers of healthy and
functional fibroblasts and mesenchymal stem cells (MSCs)
that lack prior exposure to periodontopathogens. Recently,
we [26–30] have developed methods to differentiate hESCs
to fibroblasts and mesenchymal stem cells (MSCs). However,
the potential impact of periodontopathogens on these hESC-
derived progenies remains poorly understood. Until now,
little is known about the ability of hESC-derived progenies
to express TLRs for sensing bacterial pathogens and their
influence on cytokine secretory profile. Thus, a better under-
standing of the effects of exposure to periodontopathogens
on TLR and cytokine expression by hESC-derived progenies
could be crucial for their successful application.

In this study, we sought to comparatively investigate
the effects of heat-killed P. gingivalis and A. actinomycetem-
comitans on TLR and cytokine expression profile of human
periodontal ligament fibroblasts (hPLFs) and hESC-derived
progenies, namely, fibroblasts (hESC-Fib) and MSCs (hESC-
MSCs). Further, we investigated the influence of A. actino-
mycetemcomitans serotypes on TLR and cytokine expression

profiles in order to explore strain-dependent effect within the
same bacterial species.

2. Materials and Methods

2.1. Culture of hESCs. In this study, H1-hESCs (WiCell
Research Institute, Madison, WI) were cultured on
mitomycin-C inactivated-murine embryonic fibroblasts
(MEFs) using hESCmedium as described previously [31, 32].
Briefly, the hESC medium consisted of Dulbecco’s modified
Eagle’s medium (DMEM)/Ham’s F12 (1 : 1) supplemented
with 20% Knockout Serum Replacement (KO-SR, Gibco),
1% (vol/vol) nonessential amino acids, 1mM L-glutamine
(Gibco), 4 ng/mL basic fibroblast growth factor (bFGF,
Invitrogen), and 0.1mM 𝛽-mercaptoethanol (Sigma). Media
were changed every other day and passaged every 6-7 days
using 1mg/mL collagenase type IV (Gibco) for 5 minutes,
followed by manual dissociation to small clumps and seeding
onto MEF-seeded plates.

2.2. Differentiation of hESCs to Fibroblast-Like Cells. Fibro-
blast-like cells generated from hESCs are termed hESC-
Fib (hESC-derived fibroblast-like cells) and were generated
by methods described previously [26, 27]. Confluent H1-
hESC colonies were detached from the feeder layer using
collagenase type IV (1mg/mL). Large cell aggregates were
broken up and replated in EB media [DMEM/F12 supple-
mented with 20% KO-SR, 1% (vol/vol) nonessential amino
acids, 1mM L-glutamine, and 0.1mM 𝛽-mercaptoethanol]
in ultralow-attachment plates (Corning). After 24 hours,
the suspended hESC clumps formed free-floating spheroidal
aggregates or embryoid bodies (EBs). The culture medium
was changed every 2 days. After 5 days, EBs were har-
vested and plated onto gelatin-coated plates in fibroblast
medium [DMEM (high glucose) supplemented with 10%
fetal bovine serum (FBS, Biowest), 1mM L-glutamine, and
penicillin/streptomycin (100U/mL and 100mg/mL, resp.)].
After 15 days, the EB outgrowths were subcultured using
TrypLE� Express (Gibco). After three such subcultures, the
EB outgrowths attained homogenous population of spindle-
shaped cells. These cells are termed hESC-Fib and were
designated as passage 0. Passages 5–8 hESC-Fib were used in
all subsequent experiments.

2.3. Differentiation of hESCs to MSC-Like Cells. MSC-like
cells generated from hESCs are termed hESC-MSCs andwere
generated by methods described previously [28, 30]. hESCs
were differentiated to hESC-MSCs using a two-step process
involving EB formation, followed by outgrowth of EBs over
gelatin-coated plates as described above. Briefly, H1-hESCs
colonies were dissociated into small clumps after 15–20 min-
utes of incubationwith 1mg/mL collagenase type IV and then
transferred to ultralow-attachment plates in EB media. After
7 days, EBs were harvested and plated onto gelatin-coated
plates in MSC induction medium [DMEM (low glucose)
supplementedwith 10%FBS, 1mML-glutamine, and 1%peni-
cillin/streptomycin]. After 2 weeks, the EB outgrowths were
subcultured using TrypLE Express. After the 2nd passage,
the cells were maintained in MSC differentiation medium
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(PromoCell).The differentiated hESCs attained homogenous
population of spindle-shaped cells. These are termed hESC-
MSCs and were designated as passage 0. Passages 4–8 hESC-
MSCs were used in all subsequent experiments.

2.4. Culture of Human Periodontal Ligament Fibroblasts.
Pooled primary human periodontal ligament fibroblasts
(hPLFs) were obtained from a commercial source (ScienCell
Research Laboratories) and were cultured as previously
described [33, 34]. Briefly, the hPLFs were cultured in fibro-
blast medium [DMEM (high glucose) supplemented with
10% fetal bovine serum, 1mML-glutamine, and 1%penicillin/
streptomycin]. Passages 4–6 hPLFs were used in all subse-
quent experiments.

2.5. Culture of Periodontopathogens. P. gingivalis (ATCC
W50), A. actinomycetemcomitans serotype b (ATCC 700685,
JP2 clone), and A. actinomycetemcomitans serotype c (ATCC
33384) were obtained from American Type Culture Collec-
tion (ATCC). P. gingivalis was cultured on trypticase soy
agar (TSA) with 5% sheep blood agar (Oxoid) and incubated
at 37∘C in an anaerobic chamber (Don Whitley Scientific)
while A. actinomycetemcomitans was cultured on brain heart
infusion (BHI) agar (Acumedia) and incubated at 37∘C
with 5% CO

2
. Broth cultures of P. gingivalis and A. actino-

mycetemcomitans were prepared by inoculating an isolated
bacterial colony into BHI broth supplemented with yeast
extract (Acumedia), hemin (Sigma), and vitamin K (Sigma)
as previously described [35] and incubated as described
above for 24 hours. Bacterial pellet was washed twice with
sterile phosphate buffered saline (PBS) before resuspending
in sterile water. Heat-killed bacteria (HKB) were prepared by
heating at 60∘C for 30 minutes and aliquots were stored at
−20∘C.

2.6. Bacterial Challenge Assays. The cells (hESC-Fib, hESC-
MSCs, and hPLFs) were seeded in 6/96-well plates and
grown in respective medium for 2 days till they reached a
subconfluent stage. Each well of fibroblasts was subjected to
bacterial challenge (P. gingivalis and two different serotypes
of A. actinomycetemcomitans) with a multiplicity of infection
(MOI) of 1 : 100 (cells : bacteria) and incubated at 37∘C with
5% CO

2
for 24 to 48 hours. Culture wells without bacterial

challenge were used as control. Morphology of the cells was
checked for abnormalities or cell death using phase-contrast
microscopy. The metabolic activity of the cells was assayed
using MTS assay after 24 and 48 hours of bacterial challenge.
For transcript and protein analysis, the cells were challenged
with bacteria for 24 hours. The culture supernatants were
harvested and stored at −80∘C for protein assays. Following
this, the cells were lysed and used for RNA extraction
using RNeasy mini kit (Qiagen) as per the manufacturer’s
instructions.

2.7. Phenotyping of hESC-MSCs. The phenotype of hESC-
MSCs was characterized using flow cytometry and the
following monoclonal antibodies: anti-CD31-APC (Miltenyi
Biotec), anti-CD44-FITC (BD Pharmingen), anti-CD45-
FITC (BD Pharmingen), anti-CD73-APC (Miltenyi Biotec),

anti-CD90-FITC (BD Pharmingen), anti-CD105-PE (eBio-
science), HLA-ABC-APC (BD Pharmingen), and HLA-DR-
FITC (BD Pharmingen). Briefly, the cells were dissociated
and suspended in FACS buffer (1x PBS/0.5% BSA) and
nonspecific binding blocked with FcR blocking agent (Mil-
tenyi Biotec) for 10 minutes at 4∘C. For labeling cell surface
antigens, the cells were incubated with the abovementioned
fluorescent conjugated antibodies for 10minutes at 4∘C. After
antibody labeling, data was acquired using Dako Cytoma-
tion CyAn ADP and analyzed using FlowJo v7.6.5 (Tree
Star).

2.8. Real-Time Reverse Transcriptase Polymerase Chain Reac-
tion (Real-Time RT-PCR). Harvested mRNA was reverse
transcribed using iScript� cDNA synthesis kit (Bio-Rad)
according to the manufacturer’s instructions. Real-time RT-
PCR was performed in triplicate using Fast SYBR Green
PCR master mix (Applied Biosystems) and processed on
StepOnePlus Real-Time PCR System (Applied Biosystems)
as per the manufacturer’s instructions. Briefly, after a 20 sec
activation step at 95∘C, 40 cycles of a two-step PCR were run
which consisted of denaturation at 95∘C for 3 sec, followed by
an annealing and extension step at 60∘C for 30 sec. Further,
the PCR products were subjected to melt curve analysis
to exclude the generation of nonspecific PCR products.
The expression levels of target genes were quantified by
normalization against corresponding endogenous reference
𝛽-ACTIN and expressed as fold change relative to respective
control samples using the ΔΔCT method. For presenting the
constitutive expression of respective genes, relative quantity
was calculated with 𝛽-ACTIN as a reference, by using the
formula 2(−[CTGENE−CT𝛽-𝐴𝐶𝑇𝐼𝑁]). Details of primer sequences
used in this study are presented in Table 1.The results are pre-
sented as mean ± standard deviations of three independent
experiments.

2.9. Cytokine Analysis. Enzyme linked immunosorbent
assays (ELISA) were performed to determine the protein
levels of IL-6 and IL-8 using the respective ELISA kits (R&D
Systems) according to the manufacturer’s protocol. Prior
to the ELISA, the culture supernatants were centrifuged to
pellet the cellular and bacterial remains. The supernatants
were harvested, diluted using dilution buffer supplied with
the kits, and used for the protein estimation. The results
are presented as mean ± standard deviations of three
independent experiments.

2.10. MTS Assay. This assay was used to determine the
metabolic activity of the cells after addition of bacteria.
96-well plates were seeded with the cells and cultured in
respective medium for 24 hours. Subsequently, bacteria
were added to the wells at an MOI of 1 : 100 (cells : bacteria).
Wells without the bacteria served as control. After 24 and 48
hours of bacterial challenge, media were removed, washed
with PBS, and replaced with MTS [(3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium)] reagent (Promega) and incubated at 37∘C as
per the manufacturer’s instructions. Following incubation
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Table 1: Primer sequences used for real-time RT-PCR.

Gene Description Primer sequence Product length

𝛽-ACTIN Actin, beta F: CCAAGGCCAACCGCGAGAAGATGAC
R: AGGGTACATGGTGGTGCCGCCAGAC 587 bp

OCT4 Octamer-binding transcription factor 4;
POU class 5 homeobox 1 (POU5F1)

F: CGTGAAGCTGGAGAAGGAGAAGCTG
R: AAGGGCCGCAGCTTACACATGTTC 247 bp

SOX2 SRY- (sex determining region Y-) Box 9 F: CCGCATGTACAACATGATGG
R: CTTCTTCATGAGCGTCTTGG 370 bp

P4H𝛽 Prolyl- 4-hydroxylase, beta subunit F: GTCTTTGTGGAGTTCTATGCCC
R: GTCATCGTCTTCCTCCATGTCT 338 bp

COL1A1 Collagen type I, alpha-1 F: GAACGCGTGTCAATCCCTTGT
R: GAACGAGGTAGTCTTTCAGCAACA 91 bp

COL3A1 Collagen type III, alpha-1 F: AACACGCAAGGCTGTGAGACT
R: GCCAACGTCCACACCAAATT 88 bp

RUNX2 Runt-related transcription factor 2 F: TGAGAGCCGCTTCTCCAACC
R: GCGGAAGCATTCTGGAAGGA 266 bp

IL-1𝛽 Interleukin-1-beta F: AAGCTGAGGAAGATGCTG
R: ATCTACACTCTCCAGCTG 390 bp

IL-6 Interleukin-6 (interferon, beta 2) F: TGCGTCCGTAGTTTCCTTCT
R: GCCTCAGACATCTCCAGTCC 141 bp

IL-8 Interleukin-8 F: GGTGCAGTTTTGCCAAGGAG
R: TTCCTTGGGGTCCAGACAGA 183 bp

OPG Osteoprotegerin F: GCCTGGCACCAAAGTAAACG
R: TACGAAGCTGCTCGAAGGTG 209 bp

Osterix Osterix, transcription factor Sp7 F: CTCTGGAGTCAGAGTAGGACTGT
R: CAAGGAGCCAGGCAGATGGA 197 bp

TLR-2 Toll-like receptor-2 F: GCCTCTCCAAGGAAGAATCC
R: TCCTGTTGTTGGACAGGTCA 144 bp

TLR-4 Toll-like receptor-4 F: GGCAGCTCTTGGTGGAAGTT
R: ACAAGCACACTGAGGACCGA 136 bp

NANOG — F: TGATTTGTGGGCCTGAAGAAAA
R: GAGGCATCTCAGCAGAAGACA 60 bp

VIMENTIN — F: AGTCCACTGAGTACCGGAGAC
R: CATTTCACGCATCTGGCGTTC 98 bp

for 2 hours, the absorbance was measured at 490 nm using a
microplate reader (Tecan).

2.11. Statistical Analysis. The results are presented as mean ±
standard deviation of three experiments. Statistical differ-
ences were evaluated by a two-tailed 𝑡-test or one-way
ANOVA followed by Tukey’s post hoc test. 𝑝 values <0.05
were considered statistically significant.

3. Results

3.1. Derivation and Characterization of hESC-Fib. To derive
fibroblast-like cells from hESCs, H1-hESCs were differenti-
ated through an EB outgrowth method under high-glucose
culture conditions as previously described by us [26, 27, 32].
Undifferentiated hESCs exhibited compact colony morphol-
ogy with defined borders (Figure 1(a)). After 24 hours of
suspension culture, aggregates of hESC colonies formed EBs
(Figure 1(b)). Adherent culture of EBs over gelatin-coated
plates resulted inmigration of fibroblast-like cells within 48 h
of attachment.Themigrating cells were called EB outgrowths,

which proliferated gradually and reached confluence after
2 weeks of culture (Figure 1(c)). After 3 passages, the
spindle-shaped fibroblast-like cells attained homogeneous
morphology and were termed hESC-Fib (Figure 1(d)). Real-
time RT-PCR analysis of the hESC-Fib demonstrated the
downregulation of pluripotency markers (OCT4, SOX2, and
NANOG) and upregulation of fibroblast-related markers
(COL1A1, COL3A1, P4H𝛽, and VIMENTIN) (Figure 1(e)).
The hESC-Fib had spindle-shaped morphology similar to
that of hPLFs (Figure 1(f)).

3.2. Differentiation and Characterization of hESC-MSCs.
To generate MSC-like cells from hESCs, H1-hESCs were
differentiated through a two-stage EB outgrowth method
under low-glucose conditions as previously described [28,
30]. Briefly, EBs were generated by suspension culture of
aggregates of hESCs (Figures 2(a) and 2(b)). After 10 days
of differentiation under suspension culture, EBs were plated
on gelatin-coated plates (Figure 2(c)). Upon adherent cul-
ture under low-glucose culture conditions, spindle-shaped
cells migrated out from the EBs. These spindle-shaped EB
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Figure 1: Differentiation of hESCs to hESC-Fib. (a–d) The photomicrographs demonstrate the differentiation of hESCs to embryoid bodies,
embryoid body outgrowth, and hESC-Fib under high-glucose differentiation conditions. (e) Characterization of hESC-Fib by real-time
RT-PCR for pluripotency (OCT4, SOX2, and NANOG) and fibroblast-related transcripts (COL1A1, COL3A1, P4H𝛽, and VIMENTIN). (f)
Photomicrograph shows the spindle-shaped hPLFs. Scale bar: 500 𝜇m.

outgrowth cells were subcultured under low-glucose condi-
tions for 2 passages before the cells attained homogeneous
morphology andwere termed hESC-MSCs (Figure 2(d)).The
phenotype and multilineage differentiation ability of these
hESC-MSCs have been characterized and published earlier
[28, 30, 36]. Real-time RT-PCR analysis of the hESC-MSCs
demonstrated the downregulation of transcripts related to
pluripotency (OCT4, SOX2, and NANOG) and upregulation
ofmesenchymal (COL1A1,COL3A1) and osteogenic (RUNX2,
OSTERIX, and OPG) transcripts (Figure 2(e)). Further, flow
cytometry analysis markers of MSCs demonstrated expres-
sion of MSC-associated surface markers CD44 (99.7%),
CD73 (99.7%), CD90 (96.4%), and CD105 (99.6%) and were
negative for CD31 (1%) and CD45 (1%) (Figure 2(f)). Further,
majority of hESC-MSCs (>99%) displayed the expression of
HLA class I molecule HLA-ABC at high levels but lacked
the expression of HLA class II molecule HLA-DR (1%)
(Figure 2(f)).

3.3. Bacterial Challenge Does Not Affect Cellular Morphology
and Viability. Cellular morphology, viability, and prolifera-
tion of hPLFs, hESC-Fib, and hESC-MSCs were assessed by
phase-contrast microscopy and MTS assay after 24 and 48
hours of bacterial challenge. Fibroblast cultures devoid of
bacterial challenge were used as negative control. The mor-
phology of all the three cell types was not affected by exposure
to P. gingivalis and A. actinomycetemcomitans (Figure 3(a)).

Based onMTS assay, hPLFs, hESC-Fib, and hESC-MSCswere
viable andproliferative after 24 and 48 hours of challengewith
all three strains of bacteria (Figure 3(b)).

3.4. Constitutive Expression of TLRs and Cytokines in Fibrob-
lasts and MSCs. The expression profiles of TLRs in hESCs,
fibroblasts, and MSCs were analyzed at mRNA level by real-
time RT-PCR, while the profiles of cytokine expression were
analyzed at transcript and protein levels using real-time RT-
PCR and ELISA. Real-time RT-PCR analysis demonstrated
that hPLFs, hESCs, hESC-Fib, and hESC-MSCs constitu-
tively expressed TLR-2 and TLR-4 (Figure 4(a)). Interest-
ingly, hESCs expressed higher levels of TLR-2 and TLR-4.
The hESC-derived progenies (hESC-Fib and hESC-MSCs)
expressed relatively higher levels of TLR-4 than TLR-2.

Prior to investigation into the effect of bacterial challenge,
basal expression levels of cytokines (IL-1𝛽, IL-6, and IL-8)
in hESCs, hPLFs, hESC-Fib, and hESC-MSCs were quan-
titatively analyzed (Figure 4). Real-time RT-PCR analysis
demonstrated that hESCs and hPLFs expressed low levels of
all the three cytokines. hESC-Fib expressed low levels of IL-
1𝛽 and IL-6 and moderate levels of IL-8. On the contrary,
hESC-MSCs expressed low levels of IL-1𝛽 and IL-6 similar
to hESC-Fib but extremely high levels of IL-8 (Figures 4(b)
and 4(c)). Absolute quantification of IL-6 and IL-8 secretion
using ELISA shows significantly high levels of IL-6 and IL-8
secretion by hESC-MSCs compared to hPLFs and hESC-Fib,
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Figure 2: Differentiation of hESCs to hESC-MSCs. (a–d) The photomicrographs demonstrate the differentiation of hESCs to hESC-MSCs
through embryoid bodies and embryoid body outgrowth under low-glucose differentiation conditions. (e) Characterization of hESC-MSCs by
real-time RT-PCR for pluripotency (OCT4, SOX2, and NANOG) and mesenchymal (COL1A1, COL3A1) and osteogenic (RUNX2, OSTERIX,
and OPG) lineage associated transcripts. (f) Flow cytometry characterization of hESC-MSCs for expression of surface markers. Scale bar in
(a) and (c): 500 𝜇m. Scale bar in (b) and (d): 200 𝜇m.

while there was no significant difference in the cytokine levels
secreted by hPLFs and hESC-Fib (Figure 4(d)).

3.5. Influence of Bacterial Challenge on TLR Expression in
Fibroblasts and MSCs. To investigate the effect of bacterial
challenge on TLR expression, hPLFs, hESC-Fib, and hESC-
MSCs were exposed to heat-killed P. gingivalis and two
different serotypes of A. actinomycetemcomitans at an MOI
of 1 : 100 for 24 hours. Unchallenged cells were used as

negative control. Exposure to the three different Gram-
negative bacteria induced significant upregulation of TLR-
2 expression in all the three cell types (Figure 5(a)). The
fibroblast populations (hPLFs and hESC-Fib) exhibited ∼2-
fold increase in TLR-2 expression upon challenge with all
the three Gram-negative bacteria, while the hESC-MSCs
exhibited 5–7-fold increase inTLR-2 expression under similar
conditions. Further, the three cell types exhibited differential
TLR-4 expression after bacterial challenge. hPLFs exhibited
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Figure 3: Viability and proliferation of hPLFs, hESC-Fib, and hESC-MSCs. (a) Morphology of control and treated groups after 48 hours of
bacterial challenge. (b) Viability and proliferation of cells assessed byMTS assay after exposure to P. gingivalis (Pg) and two different serotypes
of A. actinomycetemcomitans (Aa serotypes b and c) for 24 and 48 hours. Scale bar: 200 𝜇m.

significant upregulation of TLR-4 expression upon exposure
to P. gingivalis only, while in hESC-Fib all the three Gram-
negative bacteria induced TLR-4 upregulation. However,
hESC-MSCs displayed no significant change inTLR-4 expres-
sion upon exposure to all the three Gram-negative bacteria
(Figure 5(b)).

3.6. Bacterial Challenge Induces Cytokine Expression in
Fibroblasts, but Not in hESC-MSCs. Exposure of hPLFs to
Gram-negative bacteria resulted in significant upregulation
of all the three cytokines (IL-1𝛽, IL-6, and IL-8) (Figure 6).

Estimation of the amount of cytokines released into the cul-
turemedia also showed a significant increase in production of
IL-6 and IL-8 upon exposure to the Gram-negative bacteria
(Figure 7). Similarly, exposure of hESC-Fib to Gram-negative
bacteria resulted in significant upregulation of IL-1𝛽, IL-6,
and IL-8 and increased secretion of IL-6 and IL-8 (Figures 6
and 7). In contrast, exposure of hESC-MSCs to P. gingivalis
had no significant effect on the expression of IL-1𝛽, IL-6,
and IL-8. Similarly, exposure of hESC-MSCs to A. actino-
mycetemcomitans induced significant upregulation of IL-1𝛽
but had no effect on IL-6 and significantly downregulated
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Figure 4: Basal expression profiles of TLR and cytokines in hESCs, hPLFs, hESC-Fib, and hESC-MSCs. Basal expression profiles of (a)
TLR-2 and TLR-4 and (b, c) IL-1𝛽, IL-6, and IL-8 among hESCs, hPLFs, hESC-Fib, and hESC-MSCs as analyzed by real-time RT-PCR. The
relative fold induction is relative to the respective transcript levels of 𝛽-actin.The 𝑦-axis in (c) is broken to enable visualization of the relative
expression levels of IL-8 among the different cell types. (d) Basal levels of cytokine production in the culture supernatants (assayed using
ELISA) from hPLFs, hESC-Fib, and hESC-MSCs.The production of IL-6 and IL-8 by hESCs was below detection limits. Values represent the
means ± SD of three experiments (∗𝑝 < 0.05).

IL-8 expression at transcript levels (Figure 6). However,
quantification of cytokine secretion levels showed that all
the three Gram-negative bacteria had no significant effect
on the secretion of IL-6 and IL-8 in hESC-MSCs (Figure 7).
The discrepancy in transcript and protein levels might be
due to the high constitutive expression of cytokines by the
hESC-MSCs. Though the bacterial challenge of hESC-MSCs
is associated with TLR-2 upregulation, there is no effect on
production of cytokines studies. Further studies on other
inflammatory and anti-inflammatory cytokines like TGF𝛽,
TNF-𝛼, IL-10, and nitric oxidemight shedmore light on their
response to bacterial challenge.

Overall, these results indicate the differential expres-
sion of cytokines upon exposure to Gram-negative bacteria
depending on the cell type investigated. Further, the results
highlight the distinct difference in the response of hESC-
MSCs compared to the fibroblast phenotypes and perhaps
support the immunomodulatory properties of MSCs.

3.7. Effect of A. actinomycetemcomitans Serotype on TLR and
Cytokine Expression. The influence ofA. actinomycetemcomi-
tans serotypes on TLR expression was compared in order to
investigate strain-dependent effect within the same bacterial
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Figure 5: Transcript expression profiles of TLR-2 (a) and TLR-4 (b) among hPLFs, hESC-Fib, and hESC-MSCs in response to exposure to
P. gingivalis (Pg) and two different serotypes of A. actinomycetemcomitans (Aa serotypes b and c). The transcript levels were normalized to
the respective 𝛽-actin levels and to the untreated control sample. Values represent the means ± SD of three experiments (∗𝑝 < 0.05 versus
untreated control).

species. The cells were challenged with A. actinomycetem-
comitans serotype b (AaATCC 700685) orA. actinomycetem-
comitans serotype c (Aa ATCC 33384). hPLFs and hESC-
derived progenies displayed no significant difference between
the two Aa strains in activating TLR-2 and TLR-4 expression
(Figure 5).

Interestingly, there were striking differences among the
two serotypes of A. actinomycetemcomitans in cytokine pro-
duction. Aa serotype c induced significant upregulation of
IL-1𝛽, IL-6, and IL-8 compared to Aa serotype b in hPLFs
(Figure 6). Absolute quantification of cytokine production
also revealed significantly higher production of IL-6 and IL-
8 by hPLFs exposed to Aa (serotype c) (Figure 7). Similarly,
exposure of hESC-Fib to Aa serotype c was associated with
significant upregulation and production of IL-8 compared
to Aa serotype b but had no differential effect on IL-1𝛽
and IL-6 expression (Figures 6 and 7). In contrast, the
A. actinomycetemcomitans serotype-dependent variability in
cytokine expression was not observed among hESC-MSCs.
The discrepancy between hPLFs and hESC-Fib in response
to the Aa serotypes might be due to various reasons. Con-
sidering the origin from hESCs, hESC-Fib might still be
immature compared to hPLFs. Secondly, hPLFs could be
primed to bacterial challenge in vivo, while hESC-Fib are

a näıve population of fibroblasts without any prior exposure
to bacteria.

These results indicate that Aa serotype c induces stronger
cytokine expression among fibroblasts compared to Aa
serotype b, while on the contrary hESC-MSCs are largely
nonresponsive to both serotypes of A. actinomycetemcomi-
tans. However, future studies on the effect on other down-
stream pathways need to be validated.

4. Discussion

In the present study, hESC-derived progenies (hESC-Fib and
hESC-MSCs) were obtained through directed differentiation
of hESCs. Then, we investigated the effects of heat-killed
P. gingivalis and A. actinomycetemcomitans on cell viability,
TLRs, and cytokine expression profile of human periodontal
ligament fibroblasts (hPLFs) and hESC-derived progenies,
namely, fibroblasts (hESC-Fib) and MSCs (hESC-MSCs).
The impact of different periodontopathogens on hPLFs and
hESC-derived progenies seems to be dependent on the cell
type and, to a certain extent, the strain of the periodon-
topathogen itself.

Among the three cell types investigated, hESC-MSCs
had distinctly different response to periodontopathogens.
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Figure 6: Transcript expression profiles of cytokines IL-1𝛽 (a), IL-6 (b), and IL-8 (c) among hPLFs, hESC-Fib, and hESC-MSCs in response
to P. gingivalis (Pg) and two different serotypes of A. actinomycetemcomitans (Aa serotypes b and c). The transcript levels were normalized
to the respective 𝛽-actin levels and to the untreated control sample. Values represent the means ± SD of three experiments (∗𝑝 < 0.05 versus
untreated control; #𝑝 < 0.05 versus different serotypes of A. actinomycetemcomitans).

Particularly, hESC-MSCs displayed a low immunogenic pro-
file after exposure to periodontopathogens, featuring absence
of changes in the expression levels of TLR-4 and cytokines
(IL-6 and IL-8). Even though the hESC-MSCs expressed
TLR-2 and TLR-4 constitutively, there was no change in
TLR-inducible cytokines, indicating ineffective downstream
signaling. Fu et al. demonstrated that hESC-MSCs share
similar immunogenicity and immunoresponsive abilities like
bone marrow-derived MSCs, but they exhibit differences in

the expression of immunological markers and response to
inflammatory cytokines suggesting that hESC-MSCs could
be a potential candidate for stem cell therapy in inflammatory
disorders [30].

Challenge of gingival and periodontal fibroblasts with
putative periodontopathogens or their antigenic components
has been reported to upregulate the immunoregulatory
modulators such as IL-1𝛽, IL-6, and IL-8 [37–39]. Dys-
regulated production of these immunoregulatory molecules



Stem Cells International 11

IL-6
(hESC-Fib)

∗

∗
∗

IL-6
(hPLF)

∗

∗

∗

#

IL-6
(hESC-MSC)

IL
-6

 co
nc

en
tr

at
io

n

IL
-6

 co
nc

en
tr

at
io

n

IL
-6

 co
nc

en
tr

at
io

n

0

300

600

900

1200

1500

1800

(p
g/

m
L)

0

150

300

450

600

750

(p
g/

m
L)

0

150

300

450

600

750

(p
g/

m
L)

C
on

tro
l

Pg

A
a

(s
er

o-
b)

A
a

(s
er

o-
c)

C
on

tro
l

Pg

A
a

(s
er

o-
b)

A
a

(s
er

o-
c)

C
on

tro
l

Pg

A
a

(s
er

o-
b)

A
a

(s
er

o-
c)

(a)
IL-8

(hPLF)
∗

∗

#

IL-8
(hESC-Fib)

∗

∗

∗

#

IL-8
(hESC-MSC)

IL
-8

 co
nc

en
tr

at
io

n

IL
-8

 co
nc

en
tr

at
io

n

IL
-8

 co
nc

en
tr

at
io

n

0

1000

2000

3000

4000

5000

(p
g/

m
L)

0

500

1000

1500

2000

2500

3000

(p
g/

m
L)

0

500

1000

1500

2000

2500

3000

(p
g/

m
L)

C
on

tro
l

Pg

A
a

(s
er

o-
b)

A
a

(s
er

o-
c)

C
on

tro
l

Pg

A
a

(s
er

o-
b)

A
a

(s
er

o-
c)

C
on

tro
l

Pg

A
a

(s
er

o-
b)

A
a

(s
er

o-
c)

(b)

Figure 7: IL-6 (a) and IL-8 (b) production in the culture supernatants (assayed using ELISA) from hPLFs, hESC-Fib, and hESC-MSCs in
response to exposure to P. gingivalis (Pg) and two different serotypes of A. actinomycetemcomitans (Aa serotypes b and c). Values represent
the means ± SD of three experiments (∗𝑝 < 0.05 versus untreated control; #𝑝 < 0.05 versus different serotypes of A. actinomycetemcomitans).

in response to periodontopathogen exposure may result
in excessive amplification of immune response and hence
play a crucial role in periodontal tissue destruction [6,
40]. Data in the present study indicate that unchallenged
hPLF, hESC-Fib, and hESC-MSCs maintained in culture
for 24 hours are capable of secreting IL-1𝛽, IL-6, and IL-
8. Interestingly, unchallenged hPLFs and hESC-Fib secrete
low levels of IL-6 and IL-8, while hESC-MSCs secrete high
levels of both cytokines. The present study has shown that
putative periodontopathogens can differentially alter the
magnitude of cytokines production by hPLF, hESC-Fib, and
hESC-MSCs. Upregulation of TLRs and cytokine production
by hPLFs and hESC-Fib in response to P. gingivalis and
A. actinomycetemcomitans exemplifies the ability of these
fibroblasts to respond to and influence the outcome of the
inflammatory response during the progression of periodontal
disease. On the other hand, absence of cytokine response
in hESC-MSCs indicates the differential response of these
cells under bacterial challenge that could alter the progression
of periodontal disease differently. A. actinomycetemcomitans
has been associated with aggressive forms of periodontitis,
and one possible mechanism whereby this pathogen could
contribute to rapid destruction of periodontal tissues is by

stimulating the fibroblasts to produce IL-6 and IL-8 [41].
Cytokines like IL-1𝛼, IL-1𝛽, IL-6, IL-8, and TNF-𝛼 have been
documented to be involved in immune activation, increased
cytotoxic activity, and cytokine-mediated osteoclastic bone
resorption in aggressive forms of periodontitis [10, 42–44].
The absence of stimulatory effects on hESC-MSCs could
positively influence the progression of aggressive periodontal
disease. However, the relevance of high levels of constitutive
expression of cytokines by hESC-MSCs and their role in
cellular therapy warrants further investigation.

TLR and cytokine expression profiles of hESC-Fib and
hESC-MSCs in response to periodontopathogens have not
been described previously. Studies on hESC-derived pro-
genies reported that undifferentiated hESCs, hESC-derived
cardiomyocytes, and endothelial cells (ECs) were nonre-
sponsive to bacterial challenge [45]. Further, ECs derived
from primary adult or fetal vessels and from stem cells like
blood progenitors and induced pluripotent stem cells were
responsive to LPS. In contrast, the ECs derived from hESCs
were not responsive [45, 46]. Though hESC-derived ECs
were found to lack functional TLR-4, they were responsive
to challenge with Gram-negative bacteria through NOD1
pathway [46]. Recent studies on hESC-derived keratinocytes
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have shown that these cells express TLRs and cytokines
through activation of nuclear factor 𝜅B (NF𝜅B) in response
to exposure to P. gingivalis similar to a keratinocyte cell line
[47]. We observed that hESCs, hESC-Fib, and hESC-MSCs
constitutively expressed TLR-2 and TLR-4. In spite of the
origin from the same cell source, the expression of TLRs and
cytokines in response to periodontopathogens is distinctly
different among hESC-Fib and hESC-MSCs. Exposure to
periodontopathogens resulted in upregulation of both TLR-
2 and TLR-4 in hESC-Fib, but only TLR-2 in hESC-MSCs.
Further, bacterial challenge of hESC-Fib was associated with
upregulation of all three cytokines (IL-1𝛽, IL-6, and IL-8)
investigated. On the other hand, bacterial challenge of hESC-
MSCs was associated with upregulation of IL-1𝛽 only.

Considering the fact that both hESC-Fib and hESC-
MSCs have been derived from the same cell source, the
difference in TLR and cytokine expression profiles implied a
phenotype-dependent response to periodontopathogens and
supported the concept of immunomodulatory properties of
MSCs upon bacterial challenge. Studies have shown that the
immunomodulatory property of MSCs seems to depend on
their origin, as differences between bone marrow, adipose
tissue, andWharton’s jelly-derivedMSCswere found recently
[48, 49]. These studies demonstrated the resistance of Whar-
ton’s jelly-derived MSCs to bacterial challenge compared
to other postnatal sources of MSCs. This difference could
be attributed to the primitive nature of Wharton’s jelly-
derived MSCs compared to other postnatal MSCs [48, 50]
and/or expression of nonfunctional TLRs [48]. Similarly,
studies comparing PDL-SCs and bone marrow MSCs (BM-
MSCs) have demonstrated that LPS and/or TNF-𝛼 differ-
entially decreased the osteogenic differentiation ability of
PDLSCs through TLR-4-mediated NF𝜅B [51, 52] and Wnt
[53] signaling pathways. These results suggest a stronger
immunomodulatory profile of BM-MSCs compared to PDL-
SCs which might be due to pathological alterations caused by
inflammatory insults on the latter. hESCs are one of the most
primitive stem cells, and hence hESC-MSCs could also be of
the most primitive state similar to WJ-MSCs. Bacterial chal-
lenge of hPLFs and hESC-Fib results in increased production
of cytokines similar to those reported previously in gingival
and periodontal fibroblasts [38, 54, 55]. hPLFs, hESC-Fib,
and hESC-MSCs constitutively expressed IL-6 and IL-8, and
this production was not upregulated by bacterial challenge
in hESC-MSCs contrary to hPLFs and hESC-Fib. The prim-
itive state of hESC-MSCs and ineffective downstream TLR
signaling could possibly offer lower reactivity to TLR ligands
and superior immunomodulatory profile in the context of
bacterial infections.

Based on the differences in the structure of lipopolysac-
charides, seven different serotypes (a–g) ofA. actinomycetem-
comitans are described [56]. The virulence potential of this
bacterium appears to vary among different serotypes and
certain serotypes/clonal types are associated with aggressive
forms of periodontitis. The distribution patterns of different
serotypes of A. actinomycetemcomitans vary among subjects
of different race, ethnicity, and geographic regions [57].
In general, serotypes a–c are more prevalent among oral
isolates than serotypes d–f. Further, serotype b appears to

be associated with periodontal disease, while serotypes a
and c are associated with periodontal health [56, 57]. In
particular, serotype b JP2 clone is strongly associated with
aggressive periodontitis [58, 59]. Among Asians, serotype c
is more prevalent in periodontitis patients than serotype b,
while among the Caucasians the serotype prevalence is the
opposite [57]. A previous in vitro study using human gingi-
val fibroblasts has demonstrated similar serotype-dependent
differences in cytokine production [37]. A. actinomycetem-
comitans serotypes a and c were less inductive in stimulating
IL-6 production while they were more inductive in IL-8
production compared to serotype b (JP2 clone). All the
three A. actinomycetemcomitans serotypes had no significant
differential effect on IL-1𝛽 synthesis. In this in vitro study, we
observed that A. actinomycetemcomitans serotype c induced
significant upregulation of IL-1𝛽, IL-6, and IL-8 compared
to A. actinomycetemcomitans serotype b in hPLFs. However,
exposure of hESC-Fib to the A. actinomycetemcomitans
serotype c was associated with significant upregulation and
production of IL-8 compared to serotype b but had no dif-
ferential effect on IL-1𝛽 and IL-6 expression. Further, hESC-
MSCs had no differential effect on all the three cytokines.
In addition to the serotype-dependent differences in the
impending bacteria, the response to bacterial challenge seems
to be dependent on the cell type involved in the immune
response process.

Innate immune response to bacterial challenge has dif-
ferent implications for different cell lineages depending on
their role against pathogens. For instance, it is essential for
immune cells and ECs to sense danger signals as a part of
innate immune surveillance. Hence, for cellular therapy with
these cells types as either primary cells or those derived
from stem cells, it would be advantageous for these cells to
express a functional innate immune response to bacterial
challenge [45]. However, for cells like fibroblasts and MSCs
which are not directly involved in immune surveillance,
the insensitivity to bacterial challenge could have alternate
implications. In cellular therapy related applications, in par-
ticular periodontitis, the transplanted cells will encounter
bacterial challenge, hypoxia, and inflammation.The response
of these cells in this microenvironment would be crucial
for both initial survival of the transplanted cells and their
role in tissue regeneration. For instance, lack of TLR-2 and
TLR-4 mediated responses in transplanted cardiomyocytes
is predicted to increase their survival, albeit retaining their
response to inflammatory cytokines in the infarcted heart
[60]. Similarly, in vitro studies have shown that hypoxia
enhances the LPS-induced inflammatory cytokine expression
in human periodontal ligament cells [61, 62]. Hence, the
predominantly nonresponsive behaviour of hESC-MSCs to
bacterial challenge found in this study could be advantageous
for their survival and probably in the longer term for optimal
tissue regeneration.

5. Conclusion

In summary, we have shown for the first time that hESC-
derived progenies have phenotype-dependent response to
bacterial challenge. hESC-Fib respond to bacteria through
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upregulation of TLRs and cytokine release, while hESC-
MSCs are largely nonresponsive in spite of their constitu-
tive TLR expression. Hence, hESC-MSCs are a promising
candidate for modulating immune response in periodontitis
that could influence a superior regenerative potential. Future
studies on the multilineage differentiation capacity of hESC-
MSCs in the presence of bacterial challenge and in vivo trans-
plantation studies are needed to validate their regenerative
potential.
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Stem cells from human exfoliated deciduous teeth (SHED) are highly proliferative pluripotent cells that can be retrieved from
primary teeth. Although SHED are isolated from the dental pulp, their differentiation potential is not limited to odontoblasts only.
In fact, SHED can differentiate into several cell types including neurons, osteoblasts, adipocytes, and endothelial cells. The high
plasticity makes SHED an interesting stem cell model for research in several biomedical areas.This review will discuss key findings
about the characterization and differentiation of SHED into odontoblasts, neurons, and hormone secreting cells (e.g., hepatocytes
and islet-like cell aggregates). The outcomes of the studies presented here support the multipotency of SHED and their potential to
be used for tissue engineering-based therapies.

1. Introduction

Dental pulp is a highly vascularized connective tissue encap-
sulated in mineralized structure formed by enamel, dentin,
and cementum. It is responsible for the homeostasis of the
tooth organ and acts as a sensor to detect unhealthy stimuli
[1].Thedental pulp is a source of different populations of stem
cells, such as dental pulp stem cells (DPSC) in permanent
teeth and stem cells from human exfoliated deciduous teeth
(SHED) [2]. The latter are isolated from primary teeth,
which are one of the only naturally disposable and readily
accessible postnatal human tissues [3]. In fact, SHED can be
isolated even from carious deciduous teeth [4]. Moreover,
there are very limited ethical or legal concerns about the use
of these cells, hence increasing the interest in SHED for tissue
engineering research [3].

SHED were first isolated in 2003 from exfoliated human
deciduous incisors.The characterization of the cells obtained
in that and subsequent studies showed that SHEDpresent pos-
itive expression for a set of embryonic stemcellmarkers (OCT4

and NANOG), stage-specific embryonic antigens (SSEA-3
and SSEA-4), mesenchymal stem cell markers (STRO-1 and
CD146), and tumor recognition antigens (TRA-1-60 and
TRA-1-81) but negative for the expression of hematopoietic
markers such as CD45, CD11b/c, and HLADR [5–8].

Deciduous and permanent teeth are considerably differ-
ent in regard to their development, morphological features,
and physiological processes. Consequently, it is expected
that SHED differ from DPSC with respect to their higher
proliferation rate, sphere-like cell-cluster formation, and dif-
ferentiation capacity [5, 7, 9–14]. For instance, SHED present
higher levels of osteocalcin production and alkaline phos-
phatase activity than DPSC during osteogenic differentiation
[10]. Similarly, after neurogenic stimulation, SHED present
higher expression of 𝛽 III-tubulin, tyrosine hydroxylase,
microtubule-associated protein 2, and nestin compared with
the DPSC [15].

SHED can cross lineage boundaries and differentiate into
several types of cells, such as adipocytes, endothelial cells,
and neurons [7, 12]. SHED can also undergo osteogenic
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Figure 1: Dental pulp tissue engineered by the transplantation of SHED loaded in an injectable scaffold (a) and tooth extracted for orthodontic
reasons (b). Reprinted with permission from [11] (Copyright (2011) John Wiley and Sons).

differentiation and generate bone in vivo, making these cells
an interesting model for bone tissue regeneration [7, 16].
This has been highlighted by a study where SHED mixed
with 𝛽-tricalcium phosphate carrier were able to promote
bone regeneration in jaw defects in swines while the carrier
without cells failed to induce the same [17]. Similarly, SHED
mixed with platelet-rich plasma were able to promote the
formation of vascularized mature bone in defects created in
the mandible of the dogs after 8 weeks [18]. Altogether, these
findings expand the potential of SHED to be used for tissue
engineering-based therapies involving a large number of tissues.

2. SHED for Dental Pulp Tissue Engineering

Despite the introduction of new materials, medicines, and
tools for the clinical management of dental pulp diseases,
the principles of root canal treatment have not evolved
significantly from the disinfection and obturation paradigm.
This well-established approach presents high rates of success
in the daily clinics, but it is merely based on the substitution
of organic tissues with synthetic and, in many cases, inert
materials [11]. This often restricts the completion of root
development in immature teeth [19]. Hence, the development
of clinically approachable techniques that allow the regener-
ation of a functional dental pulp that is capable to deposit
organized and mineralized matrix is of great interest [3, 20].
The shift towards regenerative endodontics can lead to the
rescue of tooth viability and further development of the root
structure.

The first evidence that SHED could be used for dental
pulp tissue regenerationwas presented in the landmark paper
published by Miura et al. in 2003. There, SHED were mixed
with hydroxyapatite/tricalcium phosphate and implanted in
the subcutaneous space of immunocompromisedmice. After
8 weeks, SHED from either single or multiple colonies were
capable to survive andproliferatewithin the scaffold and form
dentin-like tissue [7].

The inherent potential of SHED to induce the formation
of dental pulp in vivo gained momentum later in 2008.
In that year, Cordeiro and collaborators seeded SHED in
biodegradable poly-L-lactic acid-based scaffolds prepared
within human tooth slices of 1mm in thickness that were

subsequently implanted inmice. After four weeks, a pulp-like
tissue with a vascular network was formed in the space once
occupied by the scaffold. In addition, cells lining the dentin
surface morphologically resembled odontoblasts presenting
eccentric polarized position of the nucleus on the basal part
of the cell body and positive protein expression for dentin
sialoprotein (DSP) [21].

The capacity of SHED to differentiate into fully functional
odontoblasts capable of depositing a mineralized structure
comparable to dentin in vivo was observed later. Similar
to the previous study, SHED were seeded within a scaffold
cast in a tooth slice and implanted subcutaneously into the
dorsum of mice. 32 days after implantation, a dental pulp-
like tissue was centripetally formed in the pulp chamber of
the tooth slice. The tissue formed with SHED had a positive
expression for markers of odontoblastic differentiation such
as dentin sialophosphoprotein (DSPP) and dentin matrix
protein 1 (DMP-1). During the experiment, mice received
periodical injections of tetracycline hydrochloride to evince
the deposition of mineralized matrix. Remarkably, well-
defined fluorescent lines originated from the chelation of
calcium ions in the newly deposited dentin offered the
evidence that SHED can differentiate into fully functional
odontoblasts in vivo [12].

The translation of pulp tissue engineering to clinical
setting requires the regeneration of the dental pulp within
the full length of the root canal. SHED were shown to be
capable to attach to the dentin walls and proliferate inside
the root canals in vitro [22]. In 2013, SHED transplanted into
full length root canals with injectable scaffolds were capable
of proliferating within the root canal and express putative
markers of odontoblastic differentiation (DSPP, DMP-1, and
MEPE) after 28 days in vitro. In addition, there was the
generation of a functional dental pulp in full length root
canals in vivo when the roots with SHED were implanted
in the subcutaneous space of mice (Figure 1). Remarkably,
after 28 days from implantation, a human pulp-like tissue
was occupying the majority of the space of the root canal
regardless of the type of injectable scaffold used. The engi-
neered dental pulp was capable of depositing new dentin as
evinced by tetracycline injections at a rate of approximately
10 𝜇m/day [23]. The growth rate observed is within the range
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reported for primary dentin that varies according to the stage
of development and age of the tooth (4 to 15 𝜇m/day) [24].
Though these findings are exciting, they are related to the
ectopic tissue formation. Future studiesmust be performed to
evaluate the capability of SHED to generate functional dental
pulp in the oral environment.

3. SHED for Neuron Tissue Engineering

Neurodegenerative disorders are characterized by the loss or
degeneration of neurons, leading to functional impairment.
Although some of them, such as Parkinson and Alzheimer’s
disease, mainly affect older people, they are not part of the
natural aging process. Parkinson disease affects 9.7 to 13.8 per
100,000 population, while Alzheimer’s disease has become a
major public health concern as the world’s population ages
[25, 26]. In addition to these diseases, there are approximately
five million people living with traumatic brain disability in
the United States alone [27]. Other injuries such as stroke,
peripheral nerve injury, and spinal cord injury also pose
a huge burden to society. Due to the limited regenerative
capacity of the nervous system, stem cell-based therapies have
emerged as therapeutic options. The neural crest-cell origin
of the dental pulp makes SHED an interesting cell model for
neuron tissue regeneration research [28].

SHED under nonneuronal induction conditions express
nestin, glial fibrillary acidic protein (GFAP), doublecortin,
neuronal nuclei (NeuN), and others at both the genetic and
protein levels [7, 8, 29–31]. Although SHED present neuronal
traits in their undifferentiated state, these cells are prone to
undergo neurogenic differentiation both in vitro and in vivo
[7, 32–34]. SHED treatedwith culturemedium supplemented
with epidermal growth factor (EGF) and fibroblast growth
factor (FGF) presented high protein expression of neuronal
markers including 𝛽III-tubulin, glutamic acid decarboxylase
(GAD), and NeuN after four weeks. Nonetheless, there
was no increase in the expression of nestin, GFAP, and
neurofilament M (NFM) [7]. A similar trend was observed
in another study where differentiated SHED showed positive
expression of both glial and neuronal markers after 21 days.
Here, some of the differentiated cells presented deposits of
antimyelin basic protein while the majority of cells displayed
positive expression for neuronal marker 𝛽III-tubulin. In
addition, differentiated SHEDpresented a positive expression
of apolipoprotein E (Apo E), which is present within the glia
surrounding motor and sensory neurons in the peripheral
nervous system. Differentiated cells were also positive for
intermediate filament peripherin and Brn3a [32]. The first
is a protein present in the peripheral nervous system while
the latter is a transcription factor that regulates peripheral
sensory neurons differentiation [32, 35].

The neural developmental potential of SHED in vivo was
demonstrated by Miura and colleagues by injecting SHED
into the dentate gyrus of the hippocampus of mice. The cells
survived in the environment provided and continued to express
neural markers such as NFM for more than ten days [7].

The potential of SHED to undergo neurogenic differenti-
ation in vivo opened avenues for the use of these cells as an
alternative model to treat different neuron-related conditions

like focal cerebral ischemia, spinal cord injuries, Alzheimer’s
disease, and others.

Focal cerebral ischemia occurs when there is not enough
oxygen supply due to limited blood flow to a specific region
of the brain and it may lead to cerebral infarction or ischemic
stroke [36, 37]. SHED can secrete compounds that positively
influence the recovery of this type of lesion. Rats with focal
cerebral ischemia induced by permanent middle cerebral
artery occlusion presented with a significant decrease in
the motor disability score when subjected to intranasal
administration of supernatants from the medium used to
culture SHED compared to Dulbecco’s Modified Eagle’s
Medium (DMEM) or bone marrow stem cells conditioned
DMEMused as controls. Furthermore, there was a significant
decrease in the infarct volume from approximately 140mm3
for DMEM to 50mm3 when SHED conditioned medium
was used. In addition, the animals treated with SHED
conditioned media had more positive signals for neuronal
nucleus, neurofilament H, doublecortin, and rat endothelial
cell antigen in the peri-infarct area when compared with the
DMEM used as a control [38].

A spinal cord injury is a life-disrupting condition that
triggers irreversible loss of motor and sensory functions [39].
It is estimated that up to 500,000 people suffer from spinal
cord injuries per year worldwide and some severe types (e.g.,
C4 or higher lesions) may negatively affect breathing since
the lesion affects the autonomic control system [40]. SHED
have remarkable neuroregenerative activity and can promote
functional recovery after spinal cord injury. Rats that received
SHEDwithin the space created by the complete transection at
the 9th–11th thoracic vertebral levels exhibited higher scores
in the Basso, Beattie, and Bresnahan locomotor rating scale
compared to those transplanted with bone marrow stromal
cells or fibroblasts. The rescue of hind limb locomotor func-
tionwas also higher in the rats that received SHED.These ani-
mals were able to move three joints of hind limb coordinately
and walk, while the treatment with bone marrow stromal
cells allowed only subtle movements of one or two joints.The
improvements observed with SHED can be related to their
differentiation into mature oligodendrocytes that replace lost
cells and regeneration of cleaved axons (Figure 2) [8].

The enhanced regeneration observedwith SHEDnot only
applies to lesions in the central nervous system, but also
was observed in peripheral nerve injuries. It was possible
to promote the regeneration of sciatic nerve defects in rats
by treating the lesions with SHED conditioned media. The
axon density and number of regenerated myelinated fibers
observed in the group treated with SHED conditioned media
were similar to the autograft used as a control [41].

These promising results pertaining to the neuron differ-
entiation potential of SHED in several in vitro settings and
animalmodels increase the interest of using these cells as an al-
ternative for treating different neuronal diseases and injuries.

4. SHED Differentiation towards Hormone
Secreting Cells

In addition to their therapeutic use in dental pulp and
neuroregeneration, SHED also have the potential to be used
in the treatment of hepatic diseases and diabetes.
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(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure 2: Immunohistochemical staining showed that SHED transplanted into transected spinal cord differentiated into mature
oligodendrocytes [8] (Copyright (2012) American Society for Clinical Investigation.)

Organ transplantation may be the choice of treatment
for patients suffering from fatal liver conditions such as
cirrhosis and hepatocellular carcinoma.However, the scarcity
of donors encourages the development of therapeutic alterna-
tives. Recent studies provide evidence that SHED can differ-
entiate into hepatic lineage cells [42–45]. Under proper stim-
ulation, SHEDexpress a set of hepaticmarkers such as hepatic
nuclear factor-4𝛼, 𝛼-fetoprotein, and insulin-like growth
factor-1. Remarkably, 90% of the hepatocytes obtained were
positive for the expression of albumin. In addition, there were
significant increases in the concentration of urea in themedia

and amount of cytoplasmic glycogen storage within the cells
after differentiation [43]. The level of differentiation can be
further enhanced by addition of liquorice or angelica extracts
in the culture medium [46] or by treating with hydrogen
sulfide (H

2
S) [47].The transplantation of SHED into the liver

of mice with fibrosis induced by carbon tetrachloride showed
that the cells can participate in the hepatic recovery via both
direct (tissue replacement) and indirect (antifibrotic and anti-
inflammatory effects) integration [48].

Diabetes is one of the most common chronic endocrinal
diseases associated with destruction and dysfunction of
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pancreatic 𝛽-cells. As SHED can differentiate in vitro into
islet-like cell aggregates (ICA), they emerge as an alternative
towards cell replacement therapy for diabetes [49, 50]. It
has been shown that the SHED-originated ICA can release
insulin andC-peptide in a glucose-dependentmanner in vitro
[49]. The incubation of MIN6 (mouse pancreatic 𝛽-cell line)
with SHED conditioned medium enhanced insulin secretion
in a glucose concentration-dependentmanner [51].Micewith
diabetes induced by streptozotocin which were transplanted
with islet-like cells derived from SHED reversed the diabetes
and restored the normoglycemia after three to four weeks
[50].

5. Conclusion

As SHED can be obtained from naturally “disposable” tissues
without significant morbidity to host and with limited ethical
concern, they present another opportunity for dentistry to
contribute to the development of tissue engineering. Several
studies offer the evidence that SHED can differentiate into
odontoblasts, neurons, hepatocytes, endothelial cells, 𝛽-cells,
and others. This wide variety of cell types creates a plethora
of opportunities for the use of SHED in tissue regeneration
processes. Nonetheless, there is still the need to deepen the
understanding of the mechanisms underlying the differenti-
ation processes before SHED-based therapies can become a
clinical reality.
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Craniofacial reconstruction may be a necessary treatment for those who have been affected by trauma, disease, or pathological
developmental conditions. The use of stem cell therapy and tissue engineering shows massive potential as a future treatment
modality. Currently in the literature, there is a wide variety of published experimental studies utilising the different stem cell
types available and the plethora of available scaffold materials. This review investigates different stem cell sources and their unique
characteristics to suggest an ideal cell source for regeneration of individual craniofacial tissues. At present, understanding and
clinical applications of stem cell therapy remain in their infancy with numerous challenges to overcome. In spite of this, the field
displays immense capacity and will no doubt be utilised in future clinical treatments of craniofacial regeneration.

1. Introduction

The human body is capable of phenomenal repair; however
this process is flawed; the swift production of scar and fibrotic
tissue closes wounds rapidly but prevents proper recovery of
function. Regenerative medicine is a rapidly expanding field
concerned with “the process of creating living, functional
tissues to repair or replace tissue or organ function lost due
to age, disease, damage, or congenital defects” [1]. Attempted
regeneration of physiological structures is concerned with
the use of progenitor and stem cells, tissue engineering, and
scaffolds as well as use of cellular signals [2, 3].

This paper provides a brief introduction to stem cell
therapy before outlining such stem cell based regeneration
of craniofacial tissues, in a tissue type based fashion. The
sections are divided into mineralised tissues, dental tissues,
soft tissues, sensory tissues, and exocrine glands. These
sections are then further divided into subsections discussing
stem cell therapy in regard to each of the individual tissue
types. Following the dialogue of stem cell tissue regeneration
is a brief paragraph conferring the frontier of stem cell
therapy and what upcoming research may discern.

(1) StemCell Source and Type. Stem cells are a cell type capable
of self-renewal and natural or induced differentiation into

multiple mature cell types [4]. Tissue engineering harnesses
these unique characteristics in order to regenerate functional
aesthetic tissues [5]. The stem cell source and characteristics
of the cell are hugely relevant to its ability to regenerate the
tissue of choice. SCs are classified by their differentiation
potential, their tissue, and individual of origin (Table 1).
Classifying stem cells by origin involves firstly defining cells
by the individual they were obtained from and then from
their native tissue.

Choosing a stem cell type for regenerative purposes must
involve careful consideration of source and characteristics in
order to maintain the cells natural propensity and differen-
tiation potential; however setting strict criteria is idealistic
and stem cell selectionmust include factors such as feasibility,
expansion potential, teratogenicity, andmorbidity of harvest.

Adult stem cells are immunosuppressive and can be
obtained with relative ease, however not without their draw-
backs. Adult stem cells are difficult to expand ex vivo and
have limited differentiation abilities [6, 7]. The majority
of craniofacial structures derive from mesenchymal tissues.
Therefore mesenchymal stem cells (MSCs) are of major
interest in regenerating damaged or diseased craniofacial
structures [4]. MSCs can be obtained from a wide variety of
tissues such as bone marrow cultures, adipose tissue, muscle,
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Table 1: Methods of stem cell classification.

Stem cell classification
Method of classification Source Origin Differentiation potential References
1 Autogeneic Embryonic Totipotent

[6]
2 Allogeneic Foetal Pluripotent
3 Xenogeneic Perinatal Multipotent
4 Adult Oligopotent
5 Induced Unipotent

DFPCs
SHED

SCAP

PDLSCs

DPSCs
GMSCs

Figure 1: Illustrated are the separate origins of dental stem cells.

skin, and PDL [8]. MSCs obtained from sites other than
bonemarrow show similar characteristics, for example, ASCs
which possess relatively analogous multipotent characteris-
tics of BM-MSCs but less morbidity from extraction and can
be obtained in much larger quantities leading to less ex vivo
expansion [9].

Mesenchymal stem cells of dental tissues are of neural
crest cell origin and possess particular relevance to regen-
eration of the craniofacial region as they have a shared
embryological origin [1]. Dental stem cells consist of Den-
tal Pulp Stem Cells (DPSCs), Stem Cells from Human
Exfoliated Deciduous (SHED) teeth, Stem Cells from Root
Apical Papilla (SCAP), Periodontal Ligament Stem Cells
(PDLSCs), Dental Follicle Precursor Cells (DFPCs), andGin-
giva Derived Mesenchymal Stem Cells (GMSCs) (Figure 1)
[4, 10].

Dental stem cells have displayed excellent pluripotency
with the ability to differentiate into endodermal,mesodermal,
and ectodermal tissue lineages providing huge regenerative
scope. DPSCs may be harvested relatively noninvasively and
have shown the ability to differentiate into a wide variety
of tissues such as insulin producing pancreatic islet-like
aggregates which may present valuable use in the treatment
of diabetic children. DPSCs have also shown the ability to
differentiate into hepatocyte like cells and to improve cardiac
function in a murine infarct model [10]. Further proof of
the value of dental stem cells in regenerative medicine was
demonstrated by the differentiation of DPSCs into smooth
muscle cells which holds great promise in noninvasive
bladder tissue engineering but may easily be translated to
other tissues such as gastrointestinal or respiratory tracts [11].
Indeed, dental stem cells possess a wide and diverse range of
regenerative possibilities (Table 2).

The differentiation potential of a stem cell type dictates
its applications within the regenerative field. Nonadult stem
cells possess broader differentiation potential relating directly

to more powerful regenerative characteristics [6]. Embryonic
stem cells are totipotent meaning that they have the capacity
to differentiate into embryonic and extraembryonic tissues.
Despite possessing massive regenerative potency, their rel-
evance is limited due to difficulties in accurate manipula-
tion towards a particular cell lineage and by chromosomal
instability of stem cell cultures in vitro. The extended in
vitro culture time of these cell types results in a greater
likelihood of structural chromosomal abnormalities leading
to undesirable consequences in vivo such as teratoma or
teratocarcinoma formation [6, 12]. There are also numerous
ethical and regulatory issues governing the use of embryonic
stem cells [6]. Foetal and perinatal stem cells display limited
expansion and decreased potency compared to embryonic
stem cells; however harvesting such cell types is somewhat
less controversial [6].

To overcome some of the barriers of adult and nonadult
stem cell sources, induced pluripotent stem cells were
developed. These are terminally differentiated somatic cells
which are generated via genetic reprogramming to revert
back to a plastic multipotent cell type. These stem cells
possess unlimited expansion opportunities in vitro and may
differentiate into cells of any tissue type [6]. While studies
have shown iPSCs to be hugely promising, more research
is needed to optimise their reprogramming to prevent an
immune response. Indeed while all stem cell types have
limitations, there is much on-going research on controlling
pathways and cell differentiation behaviour at a molecu-
lar level to improve characteristics which will aid their
regenerative characteristics and reduce their tumourigenicity
[6, 12].

While the harvesting and manipulation of stem cells
have shown intimidating promise in the field of regener-
ative medicine, there may arguably be a more efficacious
method of manipulating the stem cells already present in
the host. Intrinsically controlling stem cells through the
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Table 2: The different types of dental stem cells and their potential applications in regenerative medicine are displayed.

Dental stem
cells Potential applications References

DPSCs Dentine-pulp regeneration, PDL regeneration, and nonoral tissue regeneration, for example,
bladder tissue engineering [4, 10, 85]

SHEDs Dentine-pulp regeneration, craniofacial bone regeneration, neural tissue regeneration, and
nonoral tissue regeneration, for example, hepatocyte-like cells [10, 35, 93]

SCAPs Dentine/bone regeneration, continued root formation, and bioroot engineering [10]
PDLSCs Periodontal regeneration [10, 62–64]
DFPCs Tooth root regeneration [10]
GMSCs Wound healing and immunomodulatory therapies for inflammatory disease [10]

use of local growth factor delivery and planned control of
signalling pathways allows for increased native stem cell
migration and improved healing times without the need
for invasive harvesting procedures. The use of growth fac-
tors and other small molecules can optimise the healing
process through early activation of repair mechanisms and
suppression of harmful inflammatory or immune responses
[13, 14]. Optimising native stem cell populations occurs
through intelligent growth factor manipulation directing cell
homing and guiding the stem cell niche [13, 14]. Cell homing
consists of supplying factors at the correct time to support
proliferation, differentiation, and migration of SCs with the
aim of improving endogenous stem cell movement to the
injury site. Another technique is the targeting of the stem
cell’smicroenvironmentwith direct delivery of growth factors
resulting in increased SC motility, division, and maturation
rates [13, 14].While thesemethodsmay present less treatment
morbidity, they may be limited by decreased native stem cell
populations, therefore supporting the idea of a combination
therapy approach in order to obtain the most effective
treatment results.

(2) Harnessing Scaffolds and Biomaterials to Improve the
Regenerative Capacity of Stem Cells. The actions of cells
are entirely dependent on their surrounding cells and their
extracellular matrix. Cell-ECM interactions govern migra-
tion, proliferation, adhesion, and even gene regulation. The
use of scaffolds and biomaterials in tissue engineering and
regenerative medicine allows us to influence cells in such a
way as to increase their regenerative capabilities. Through
biomaterial manipulation to effectively mimic the specific
ECMproperties, it is possible to synergistically drive stem cell
fate towards a desired lineage. Intelligent biomaterial design
should aim to closely mimic the microenvironment of its
desired physiological niche in order for stem cells to deduce
the instructive effect of the biomaterial and hence follow its
desired cell lineage. Stem cells will detect the specificmaterial
properties of a biomaterial and code for specific biochemical
signals affecting its regenerative properties and ultimate
fate [15]. Therefore scaffold properties such as topography,
chemistry, porosity, material choice, and biocompatibility
hugely affect biomaterials regenerative capabilities.

Currently it is widely accepted that the cell-substrate
interface is the gateway through which cell lineage is decided

upon. Biomaterials harness this gateway through altering
topography and chemical structure to direct stem cell adhe-
sion, migration, differentiation, and proliferation. Material
surface topography may be altered via various methods to
provide the micro- or nanotopographical surface roughness
and distribution desired to direct cell lineage. Studies have
shown stem cells to align and orientate themselves depending
on topography [16]. Surface topography may also be altered
through various coatings such as laminin or polylysine
mimicking the architecture of the basementmembrane to aid
in terminal differentiation of stem cells. Surface coatings also
allow for a combined approach utilising materials of suitable
mechanical properties to be layered with a biomaterial of
suitable chemical properties. The surface area of the cell-
substrate interface is directly affected by the relative porosity
of a material. A highly porous communicating geometry
will allow for cellular penetration into the scaffold, uniform
distribution, and angiogenesis [15, 16]. Pore manipulation is
hugely important in scaffold design as it allows communica-
tion to the native tissues. Effective pore design should allow
for cellular migration, neovascularisation, and the diffusion
of substrates and nutrients to fuel stem cell activity.

The biocompatibility of a scaffold material is essential
to its function and successful application [17]. It is critical
that scaffold implantation causesminimal biological response
which may upset the artificial stem cell niche and hence
hinder the regenerative process. Biocompatible scaffolds
must also effectively mimic host tissues in order to allow
native cellular activity and signalling without interruption.
For obvious reasons long-term presence of a scaffold is
hardly ideal; therefore degradability of biomaterials is a highly
attractive characteristic. Scaffold degradation must be a con-
trolled process, occurring at a defined known pace matching
tissue growth rates, while releasing nontoxic products that are
safelymetabolised without causing any form of inflammatory
response [15, 18]. As the degradation rate of many polymeric
scaffold materials is well understood, it is possible to entrap
molecules into the biomaterial so that they may be passively
released at the required site at a defined rate. This property
has huge applications for stem cell therapy as it allows for
modulated drug delivery systems and the incorporation of
specific growth factors to target specific stem cell lineages
[19].This intelligent incorporation of bioactivemolecules into
scaffolds presentsmany advantages such as increasing control
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over regeneration as well as increasing the functionality
and strength of the final tissue [20]. Growth factors can be
sequestered into scaffolds by two main techniques, chemical
attachment or physical encapsulation [20]. Each of these two
techniques allows for a localised interaction between the
desired cells and the entrapped growth factors to influence
differentiation for the targeted expansion of a specific stem
cell lineage [20].

There is an ever increasing array and variety of scaffolds
being invented and innovated upon.Themajority of scaffolds
used in tissue engineering and regenerative medicine tend to
be polymer based as they can form strong rigid structures but
eventually degrade intomonomers whichwill bemetabolised
or excreted. Polymers can also be modified by the addition of
substances related to the particular tissue being regenerated.
An example of this is the addition of hydroxyapatite and
tricalcium phosphate to form a tough composite/polymer
hybrid scaffold intended for bone regeneration [18]. This
substance has improved biocompatibility and buffers the
acidic pH during resorption which would otherwise inhibit
the healing process [18]. However this is just an example and
there is a wide array of scaffold materials and fabrication
techniques available and being experimented upon, each
possessing its own unique characteristics and advantages.
Therefore evaluation of scaffold type for tissue regeneration
may best be performed depending on the discrete clinical
requirements.

2. Stem Cell Based Regeneration of
Mineralised Craniofacial Tissue

2.1. Stem Cell Based Skeletal Tissue Engineering and Activa-
tion of Endogenous Healing through PEMF. Trauma, ablative
surgeries, or congenital deformations can result in reduced
or missing bone. Regeneration of this bone is essential
for proper soft tissue regeneration, muscle function, and
restoration of the facial appearance. Severe damage to the
craniofacial bones not only causes physiological pain but
also may lead to emotional and psychological damage. The
need for craniofacial bone regeneration not only is an ethical
requirement but also is emerging as a hugely remunerative
market with around $390million US dollars spent on cranio-
facial bone trauma in the US alone in the year 2010 [21].

Current treatments of craniofacial bone defects involve
bone grafts and “distraction” techniques. There are several
types of bone grafts available: autogenous, allogenic, and
alloplastic [21]. Autogenous and allogenic bone grafts are
associated with superior osteoconductive properties but are
associated with morbidity of donor site and increased infec-
tion rates. There is much research currently on alloplastic
grafts/scaffolds which consist of forming a synthetic bone-
like matrix which can be produced with the necessary
structural, chemical, and physical qualities cost-effectively
and in abundance. However current materials currently lack
the high levels of integration seen in biological grafts [21].

Distraction osteogenesis (DO) is implicated in the treat-
ment of many congenital craniofacial syndromes resulting
in hard tissue defects such as “maxillofacial microsomia,
micrognathia, and temporomandibular joint ankylosis” and

“midface hypoplasia, maxillary deficiency, zygomatic defi-
ciency craniosynostosis, cleft lip and palate (CLP), and
transverse discrepancies” [22].The technique has been shown
to restore aesthetics in defects; however complications occur
in “upwards of 35%,” formed bone is 40% weaker, and there
is a high morbidity associated with the procedure [1, 4, 23].
The limited outcome obtained by such a procedure highlights
the current potential for regenerative techniques to improve
procedures by lowering patient morbidity and raising the
overall efficacy of the treatment.

Combination techniques utilising stem cells and proven
classical techniques possess potential in bone regeneration
following radiotherapywhich can induce degradation of bone
and hinders wound healing [24]. A study carried out by
Deshpande et al. shows that the BMSC/XRT/DO-treated
animals demonstrated a statistically significant increase in
the Y, UL, and FL in comparison to the XRT/DO group
of 1,009%, 1,679%, and 5,396%, respectively. While this is a
statistically significant improvement it must be noted that it
was noticeably less than the control nonirradiated mandibles
which underwent DO without the use of BMSCs [24].

While using stem cells with current techniques has shown
promise, there is still a high morbidity associated with pro-
cedures such as distraction osteogenesis. Therefore the use of
scaffolds seeded with growth factors and SCs to rapidly repair
skeletal defects is highly anticipated [25]. Scaffolds come in a
variety of forms and act as osteoinductive tissue engineered
extracellular matrix which supports the initial growth and
development of regenerating bone during osteogenesis [25].

Such an example of using stem cell therapy to amelio-
rate skeletal defects was carried out by Farré-Guasch et al.
They suggested using a 1-step surgical maxillary sinus floor
elevation to allow for dental implants in the treatment of
maxillary atrophy. This treatment aims to decrease expense
and the need for additional surgical intervention which
would increase morbidity. This technique involves liposuc-
tion to obtain a stromal vascular fraction of adipose stem
cells (ASCs) and relevant growth factors (BMP-2) which
are then seeded onto a calcium phosphate ceramic scaffold
which is then injected into the osseous defect.This technique
could provide a viable, more efficient method of treating the
increasing prevalence of maxillary atrophy [26].

Stem cell usage has enormous potential to improve cur-
rent treatment of congenital craniofacial defects such cleft lips
and palates, craniosynostosis, Treacher Collins syndrome,
and Pierre-Robin syndrome. Cleft lips/CLP represent ∼50%
of all craniofacial congenital defects, each case requiring
complicated treatments from a multidisciplinary team. Indi-
viduals afflicted by clefts exhibit decreased alveolar bone
growth and decreased sagittal maxillary growth [27]. Com-
mon treatment of this defect involves maxillary advancement
and alveolar bone grafting; however these treatments while
effective have their disadvantages. Additionally the use of
scaffolds or alloplastic grafts is normally unsuitable for
treatments in growing children as fixed appliances do not
evolve with the surrounding growing tissues [27].

Reconstructing craniomaxillofacial hard tissue defects
is an extremely challenging objective; therefore inclusion
of stem cell therapy to aid treatment outcome is entirely
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necessary. Using ASCs and in some cases supplemental BMP-
2, Sándor et al. sought to reconstruct cases of severe frontal
sinus infection in need of obliteration, cranial defects in
need of a cranioplasty, andmandibular defects resulting from
recurrent ameloblastomas in need of resection and chronic
nasal septum perforations [28]. Many of the cases have had
previous conventional treatments which were regarded as
unsuccessful.The patients who underwent frontal sinus treat-
ment displayed no recurrent infection and “remarkable” bone
formation and remained asymptomatic. Treatment of the
cranial and mandibular defect cases was successful without
presenting any complications. Two of the 3mandibular defect
patients then opted for implants which were successfully
osseointegrated and managed in masticatory loading [28].
This study relatively uniquely also examined the cell markers
of their adipose aspirated to ensure it was of mesenchymal
origin and not of haematopoietic and angiogenic origin.
This ensured a high commitment to forming tissues of
a mesenchymal origin (i.e., bone) and may have been a
controlling factor in these studies [28].

While the following techniques have all shown posi-
tive impacts on healing there is still morbidity associated
with undertaking an invasive surgical approach to encour-
age healing. An interesting technique which is becoming
increasingly accepted in mainstream medicine is the use
of low-frequency pulsed electromagnetic fields (PEMFs).
This treatment option is attractive as it is noninvasive and
painless; PEMFs work through creating an electrical field of
1–100mV/cm to induce bone and vascular growth through
increased native growth factor expression [29]. Controversial
variable results have been obtained regarding the use of
PEMFs on bone regeneration; however recent results are
beginning to show that PEMF treatment is becoming a viable,
effective, and feasible treatment option [30].

The feasibility of this treatment combined with the
elimination of infection risk certifies PEMF as an extremely
attractive craniofacial treatment option to reduce healing
times, support the reconstruction of critical sized osseous
defects, and so forth [31]. Experimentation was carried out
using a high frequency PEMF to stimulate the differentiation
of immortal osteoprogenitor cells from the calvaria of CD1
mice in vitro. While the underlying mechanisms behind
PEMF enhanced bone regeneration are not entirely clear,
this study has been able to show a correlation between the
use of high frequency PEMF and a time related increase in
various different osteogenic promoters. The use of immortal
mice calvarial cells illustrates how PEMF may become a
potential treatment option for craniofacial bone regeneration
as embryological origin did not appear to be a changing factor
[31]. However more research is required on in vivo animal
models for more conclusive results to be drawn.

Current treatment of mandibular factures involves sur-
gical intervention or interdental wiring. Both practices are
associated with high morbidity; therefore the use of PEMF
is ideal to reduce fracture healing time and the associated
morbidity. Abdelrahim et al. investigated the clinical effects of
PEMF on mandible fracture healing. Fractures were reduced
and maxillomandibular fixation was carried out using arch
bars and surgical wiring. PEMF was found to significantly

increase bone density, reduce resorption, and decrease pain
intensity [32]. This study highlights how PEMF could be
a very viable treatment option for improving healing rates
in craniofacial fractures. However this study falls short on
a number of levels such as a small patient group, patients
suffering from postoperative infection, and patients under-
going incomplete treatment. Larger treatment groups and
more randomised control trials are needed to truly analyse
its effectiveness and feasibility [32].

The installation of dental implants can be a complicated
morbid procedure especially in cases complicated by disease
or low bone levels; therefore there is much interest in
methods of improving the osseointegration of implants. Due
to PEMFs promotive effect on osteogenesis and osteogenic
differentiation and the efficacy of its use on the mandible,
Wang et al. set out to determinewhether PEMFcould result in
the increased osseointegration of different types of titanium
dental implants. The experimental PEMF group displayed
improvements in the following areas: protein adsorption, cell
adhesion, cell proliferation, cell morphology, ALP activity,
and ECM mineralisation. Analysis of gene expression shows
that PEMF has a stimulatory effect on the expression of
all osteogenesis related genes [33]. This experiment shows
PEMF to be a powerful tool, capable of greatly enhancing
biocompatibility and osseointegration in vitro through cel-
lular manipulation and gene regulation. Wang et al. discuss
the fact that this increase in compatibility could be due to
the PEMF changing the electrical potential of the implant
surface which could possibly affect polarisation of the cell
membrane enhancing adsorption [33]. The results of this
study suggest that PEMF could be a potential accomplice to
dental implant treatment where poor integration may be of
concern; however further in vivo experimentation is needed
to evaluate efficacy.

The discussed studies using MSCs and PEMF have
shown encouraging results. Experimental studies are now
also beginning to investigate the use of dental stem cells in
repairing osseous defects with extremely promising initial
results. Moshaverinia et al. reported that SHED and DPSCs
had equal results to MSCs when attempting to regenerate a
significantmandibular osseous defect in a caninemodel. Also
suggested were comparable immunosuppressive activity of
the dental stem cells and the fact that paediatric SHED from
offspring could be used in treatment of parental defects [34].
Other dental stem cell sources such as PDLSCs and GMSCs
present with excellent accessibility but have been shown to
possess poor osteogenic capacity compared to BM-MSCs
[35]. Consequently future studies aiming to use dental stem
cells to accelerate craniofacial skeletal regeneration should
concentrate on the use of DPSCs due to easy accessibility
and strong osteogenic properties [36, 37]. However research
is required to determine whether DPSCs possess enough
osteogenic potential to warrant their use over BM-MSCs.

2.2. Stem Cell Based Joint Regeneration, a Possibility Worth
Investigating? The reconstruction of craniofacial mineralised
tissues is not just limited to bone but may also have appli-
cations in osteochondral defects. One such area in need of
regenerative solutions is the TMJ. TMJ disorders cover a wide
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range of conditions occurring with a high incidence rate with
75% of the population showing one or more signs of joint
dysfunction and 33% of the population possessing at least one
symptom such as joint pain [38]. Native healing of the TMJ
is reduced due to poor vascularisation linked to diminished
healing, hypocellularity, and decreased progenitor cell pop-
ulations. The high prevalence and associated high morbidity
of TMJ disorders strike the need for regenerative treatment
options [38, 39]. However treatment of TMJ disorders is com-
plicated by several factors such as lack of explicit causation,
the close integration of tissues, prevention of adhesion of
structures, and finally the ability for a regenerated structure to
sustain substantialmasticatory and kinetic stresses [4, 38, 39].

Similarly to bone regeneration, most experimental stud-
ies have concentrated on the use of mesenchymal stem cells
to regenerate the osseous structures of the TMJ. Re’Em
et al. developed a MSC seeded bilayer hydrogel system con-
taining osteoinductive BMP-4 and chondroinductive TGF-
𝛽1 in respective layers to implant in New Zealand white
rabbits [40]. MSCs displayed the ability to differentiate into
osteoblasts and chondrocytes in their respective hydrogel
layers which then developed into separate distinguishable
tissues. The creation of a multilayered TMJ-like construct is
a step towards functional TMJ regeneration; however, much
more research is required before mechanically satisfactory
constructs could be successfully placed in vivo [40, 41].

Using a similar model to Re’Em et al.’s, an in vivo
model of a dental stem cell seeded hydrogel system was
successfully carried out using GMSCs and PDLSCs in an
in vivo mouse model to stimulate ectopic chondrogenic
regeneration. The GMSCs and PDLSCs were encapsulated in
a TGF-𝛽1 ligand before being seeded into the RGD coupled
alginate which was then implanted into the dorsal surface
of beige nude mice [42]. Analysis revealed differentiation
into cells morphologically similar to chondrocytes and the
endogenous release of chondrogenic growth factors, BMP-4
and FGF-2 resulting in the deposition of cartilage-like tissues
containing proteoglycan and collagen type II. PDLSCs were
noted as having even higher production of collagen type II
than BM-MSCs, therefore providing support to the notion
that stem cells of a neural crest origin may be preferential
candidates for TMJ regeneration [42].

However regeneration of the TMJ is not solely concerned
with the mineralised structures of the joint. The TMJ is
composed of multiple tissue types all interacting to allow
movement of the bicondylar hinge. One of these components
is the meniscus or disc which acts to reduce friction and
provide cushioning between the mandible and the articu-
lar fossa. In TMJ defects this disc is commonly displaced
and/or damaged. Current treatments of TMJ discs involve
removal and placement of artificial prostheses; however a
review carried out by Hagandora and Almarza dismisses the
placement of artificial TMJ claiming few long-term benefits,
the possibility for further degeneration, and failure to treat
joint dysfunction. Tissue engineering techniques have the
potential to become a more suitable solution for repair of
TMJ defect and regeneration of the damaged TMJ [43].
One of the initial regenerative attempts using stem cells was
carried out using TMJ derived synovial stem cells seeded

onto a fibrin/chitosan scaffold hybrid implanted into nude
mice. The experimental construct displayed improved cell
adhesion and proliferation as well as increased expression of
GAGs and collagen type 1 [44]. This pilot study suggests a
potential treatment model for TMJ disc perforation; however
more animalmodels are needed to discover themost effective
scaffolds and stem cell choices.

Future studies should concentrate on exploiting a stem
cell type with both chondrogenic and osteogenic properties
which can be held in an engineered construct containing
molecules to direct stem cell fate towards the desired linage
in a spatial arrangement such as the study carried out by
Re’Em et al. Dental stem cells have been shown to possess
both chondrogenic and osteogenic properties and future
research may reveal them as an attractive stem cell source
for TMJ reconstruction [11, 42]. Certain challenges must be
overcome before such therapies have any clinical applications
such as the fact that guaranteeing constructs can sustain the
substantial mechanical and kinetic forces generated during
functioning and the ability to facilitate natural remodelling
of the joint postoperatively [4].

3. Potential Applications of Stem Cell
Therapy in Dentistry

3.1. Tooth Regeneration, the Ultimate Goal of Dental Science.
Teeth play a pivotal role in the oral cavity affecting all major
oral functions. Any loss of teeth can affect an individual’s diet,
social habits, psychological health, communication skills,
and so forth. Cases where violent trauma or oral neoplasm
excision has occurred are in great need of a suitable tooth
regenerative strategy. Also in severe need of a regenerative
strategy are patients suffering from congenital defects such
as amelogenesis, ectodermal dysplasia, and Rieger syndrome
[45]. Tooth regeneration presents similar challenges to that
of bone regeneration such as the need to sustain considerable
forces. However, to properly recreate a functional tooth, there
is the additional challenge of regenerating multiple hard and
soft tissues in harmony. While challenging, regeneration of
dental structures is a necessary progression from current
treatments which are imperfect and unequal to that of the
natural tooth. Common restorative procedures have high
failure rates which result in a continual cycle of further
tooth destruction. These treatments may also have per-
sonal requirements which are commonly unavailable such as
unsuitable bone levels for dental implants.

An interesting yet ambitious method of tooth regenera-
tion was developed by Sonoyama et al. In their study they
built up a bioroot formed of apical papilla stem cells seeded
into the HA-TCP complex coated in a “Gelfoam” containing
PDLSCswhichwas then implanted into a lower incisor socket
of a mini pig [46]. After 8 weeks the bioroot had formed
cementum and Sharpey’s fibres attachment; finally after 3
months, a porcelain crown was fitted to the bioroot [46].
While the crown showed sufficient strength to support crown
and carry out normal masticatory function, it still did not
possess the loading strength of a comparable natural tooth
and their method of cell delivery has low clinical potential
due to costs [46, 47]. However the employment of multiple
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stem cell types to regenerate their propensive structures may
be necessary in future studies to acquire a model with clinical
suitability.

Kim et al. attempted a more feasible method using cell
homing to regenerate humanmandibular molars in Sprague-
Dawley rats. This was carried out by implanting a 3D printed
PCL-HA scaffold with microchannels seeded with BMP-7
and SDF-1 into the dorsum of the rats. BMP-7 was chosen
for its ability to encourage mineralisation, while SDF-1 was
selected for its ability to bind to the chemokine receptor
CXCR-4 which is present on endothelial cells and bone
marrow SCs/progenitors [47, 48]. This study significantly
generated alveolar bone, pulp, cementum, PDL, and dentine,
resembling tissues which were richly vascularised, and it
proved that cell homing could be a viable future method of
tooth regeneration [47, 48].

Despite Sonoyama et al. andKim et al. showing successful
tissue regeneration, they failed to mimic the complex natural
tooth tissue composition and structure. Oshima et al. sought
to overcome this by bioengineering a molar tooth germ.
The construct would consist of epithelial and mesenchymal
components placed in a plastic size control device to implant
in the subrenal capsule of a mouse where it would progress
and develop [49]. Once established the bioengineered tooth
unitwas implanted into an extensive alveolar defect generated
in the lower molar region of a mouse where it possessed
proper occlusion. Surface hardness of the bioengineered
tooth tissueswas comparable to that of a normalmousemolar
[49]. Experimental orthodontic procedures demonstrated
alveolar remodelling with the presence of osteoblasts and
osteoclasts on the respective tensive and compressive sides
indicating proper PDL integration. Successful integration of
the bioengineered toothwas shown through the development
of nerves and blood vessels to the pulpal region and some
regeneration of the alveolar bone defect [49].

Oshima et al.’s work illustrates a potential viable model
for whole tooth regeneration. The integration and effective-
ness of this model could potentially be further increased
by developing a method of tooth germ development in a
supersaturated environment and the incorporation of growth
factors to improve alveolar bone regeneration. It is essential
that alveolar bone regeneration remains closely associated
with tooth regeneration as the future clinical uses of tooth
regeneration will remain adjunctive to treatment of peri-
odontal disease.

Honda et al. also attempted to overcome the challenges of
whole tooth regeneration using a unique scaffold construct
and cell seeding. Postnatal epithelial enamel organ cells
and mesenchymal dental papilla cells were obtained from a
porcine developing 3rdmolar tooth in early crown formation
[50]. The experimental construct was formed by seeding
the mesenchymal cells onto a collagen sponge scaffold and
then later seeding the high density epithelial cells atop the
mesenchymal cells to allow for direct cell-cell interactions
[50]. After implantation into immunocompromised rats,
tooth germ structures were apparent in all implants with
odontoblast and ameloblast-like cells secreting enamel- and
dentine-like structures. The concept of this study was aiming
to illustrate that, with sufficient cell-cell communication,

tooth shape and tooth number can be controlled without the
need for complex signalling factors or intervention. These
cell-cell interactions are thought to be responsible for the
increased rate at which the regenerated tooth developed [50].

This study illustrates the need to further investigate
macro- and micromolecular signalling mechanisms between
these tissues in order to maximise both the efficiency and
structure of the final product. Furthermore future studies
should also aim to develop intelligent scaffolds incorporating
growth factors to encourage cell lineage towards its desired
fate while controlling for the appropriate amount ofminerali-
sation in each tissue type. Growth factor incorporation seems
to be a necessity for whole tooth regeneration due the varied
tissues and complex nature of signalling involved.

Regeneration of the whole tooth is important where
teeth are missing or damaged beyond repair. However in
many cases only parts of the tooth are damaged such as in
trauma, caries, and pulpitis, and efforts must be made to
develop regenerative strategies for treatment applicable to
these defects. The tooth and in particular the dentine-pulp
complex possess natural regenerative reactions when placed
under threat such as the recruitment of progenitor cells, that
is, the formation of reparative dentine and remineralisation.
Even current techniques such as the use of calcium hydroxide
in pulp-capping are related to reparative dentinogenesis.
While the tooth possesses an intrinsic protective ability to
defend itself against attack, it is often insufficient. Therefore
with further elucidation of the chemotactic driving signals,
it may be possible to therapeutically exploit and manipulate
this mechanism to provide an efficient clinical treatment
option [51]. Another possibility which was discussed was the
harvesting of adult dental stem cells from locations elsewhere
in the body and having them differentiate into odontoblast-
like cells to direct dentine bridge formation [52].

While the dental pulp complex has some innate regen-
erative capabilities, enamel does not due to the loss of
its formative cell, the ameloblast, upon eruption. Current
restorative treatments involve the use of engineeredmaterials.
These materials possess similar but inferior mechanical and
physical characteristics resulting in inadequate longevity.
Regenerative techniques could potentially one day provide
us with “biobonded” enamel/dentine inlays and eliminate
the need for secondary restorations. New clinical techniques
could culture epithelial cell rests of Malassez in the aim of
differentiating them into ameloblasts, which could produce
sound enamel when deposited onto an appropriate scaffold
[52].

Using cells from a newborn mouse enamel organ and
ameloblast-like cells, Huang et al. sought to use stem cells
to develop enamel-like structure. These cells were cultured
onto “a branched peptide amphiphile containing the RGD
peptide epitope” to facilitate stronger adhesion and due
to its ability to self-assembly into nanofibres [52, 53]. The
peptide amphiphile and cell cultures were then aggregated
and implanted into the enamel organ of a mouse incisor [53].
Analysis of the in vivo and in vitro experiments carried out
revealed expression of enamel matrix proteins such as amelo-
genin, differentiation of enamel organ cells into ameloblasts,
and increased mineral deposition (only confirmed in vitro)
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[52, 53]. This study provides further support to the use of
dental stem cells for enamel regeneration. However despite
laboratory successes, there is still huge amounts of research
needed before regenerated enamel could ever possess feasible
clinical potential.

3.2. Stem Cell Based Regeneration of Oral Mucosa. The oral
mucosa and periodontal tissues have extraordinary abilities
of self-regeneration, much higher than that of comparable
tissue such as that of the skin. This is thought to be due
to the unique populations of progenitor and stem cells
that exist within its make-up [54]. Oral mucosa possesses
extremely good healing capabilities with reduced scar for-
mation and accelerated healing time due to decreased levels
of inflammatory cells and cytokines, as well as a decrease in
the ratio of TGF𝛽-1 : TGF𝛽-3. While oral mucosa possesses
good regenerative characteristics, there is need for new
regenerative techniques. Current treatments such as skin
grafting have noted morbidities including oral hair growth
and excessive keratinisation, and with increasing rates of oral
cancer and a growing population with increased periodontal
disease susceptibility, there is a definite need for regenerative
treatments concerning oral tissues [55].

One of the primary concerns in regenerative medicine
when attempting to regenerate functional tissue is where and
how to obtain a suitable stem cell population. In the case
of oral mucosa, Davies et al. found there to be an easily
isolatable population of progenitor cells of neural crest cell
origin within the lamina propria of the oral mucosa [54].The
isolation of such a population holds huge potential for the
future of oral mucosa regeneration and indeed regeneration
within the whole craniofacial region. The isolate population
was observed to be multipotent and capable of generating
both mesenchymal and ectodermal cell lineages. Further
research could lead to the generation of a new common
source of progenitor cell isolation due to the cell’s high
proliferative rate in vitro, the lower amount of regulatory
issues concerning adult sources of stem cells, and the low
morbidity of obtaining said cells [54]. Miyoshi et al. sought
to take a different approach to developing an oral mucosal
stem cell population. In their study they presented the case of
using oral fibroblasts over dermal fibroblasts as an alternative
cell population for producing iPSCs. Their research proved
that oral fibroblasts could be easily translated into iPSCs
with less harvestingmorbidity and improved harvest location
healing [56]. Garzón et al. have suggested a potential method
of oral mucosal regeneration using WJ-MSCs seeded atop
a stroma containing fibrin and oral mucosa fibroblasts to
induce epithelial differentiation. This construct was then
grafted onto a 2.5 cm2 skin excision on the dorsal surface of
immunodeficient athymic mice. Analysis revealed the pres-
ence of epithelial keratinocytes and well-structured defined
epithelial layers consisting of basal, spinosum, granulosum,
and corneum cell layers. Indeed this displays a credible
treatment option for clinical use in patients with the need for
large areas of oral mucosal regeneration [57].

3.3. Stem Cell Applications in Treatment of Periodontal
Conditions. Periodontal disease is a chronic inflammatory

condition of the periodontium leading to periodontal tissue
destruction and a loss of attachment between the tissues
and the tooth. Loss of alveolar bone, cementum, gingiva,
and the periodontal ligament result in gingival recession,
increased dental sensitivity, and if left uncontrolled, eventual
premature tooth loss. According to the adult dental health
survey of 2009, 66% of the UK population over the age of 55
display some loss of periodontal attachment. Recent studies
have suggested that chronic inflammation of the periodontal
tissues is associated with a number of systemic diseases such
as diabetes, cardiovascular disease, respiratory disease, and
preterm low birth weight [58–61]. Current strategies mainly
employ preventative practices to cease disease progression
and the treatment approaches used clinically have variable
results withminor clinical improvements. Hynes et al. carried
out a thorough review of studies using stem cells in peri-
odontal regeneration covering BM-MSCs, DPSCs, PDLSCs,
SCAP, periapical follicular stem cells, and stem cells from
deciduous teeth.While several stem cell types displayed some
regenerative capacity, unsurprisingly PDLSCs displayed the
greatest capacity for periodontal tissue regeneration with
multiple studies reporting regeneration of alveolar bone,
cementum, and Sharpey’s fibres of the periodontal ligament
[62–64]. Hynes et al. discuss the numerous clinical issues
needed to overcome before clinical translation can arise such
as improved understanding of cell processes and the need
for “large-scale preparation facilities.” While these issues still
persist, Hynes et al. discuss a method for overcoming the
issues involved with accessibility and proliferation in culture
via differentiating iPSCs into MSC-like cells. MSC-like cells
were able to demonstrate significantly increased mineralised
tissue regeneration and the formation of PDL-like tissue in
a rat periodontal defect model; however the study did not
mention whether the cells contributed to the regeneration of
cementum [65].

While using the fenestration type model in laboratory
rats is useful in evaluating and comparing the most effective
possible treatment type, there is a need for more safe clinical
experimentation in humans with periodontal disease such as
that carried out by Feng et al. Autologous periodontal cell
progenitors (PDLPs) obtained from extracted third molars
were seeded into hydroxyapatite and were implanted into
16 deep intrabony defects of pocket depth ≥6mm in 3
male patients. Each patient showed considerably significant
clinical benefit from the procedure with no inflammation in
the treatment area. Analysis of PDLPs compared to PDLSCs
revealed many of the same stem cell properties; however
PDLPs have slightly reduced osteogenic differentiation capa-
bilities. There is a clear need for a well-performed clinical
trial with greater patient numbers utilising PDLSCs to truly
determine the potential viability of this treatment method
[66].

4. Soft Tissue Regeneration

4.1. Stem Cell Use in Cosmetic Dermal Regeneration. Skin
plays a crucial role in regulating body temperature, protection
against infection, synthesising vitamin D, sensation and
appearance, and so forth. Damage to skin of the craniofacial



Stem Cells International 9

region can occur through a number of means, for example,
burns, extensive trauma, and tumours. Defects of the facial
appearance can be damaging psychologically as well as
physiologically as it is our most identifiable feature which
is integral to effective communication. While the skin has
rapid repair mechanisms, the healed product, a fibrous CT
scar loses function, aesthetics, and any lost appendages do
not regenerate [67]. The best most currently used method of
treatment is autologous skin grafts; however the procedure
experiences setbacks such as availability and morbidity of
donor site and scar contracture [1]. Larger procedures suffer
frommore severe flaws such as the need formultiple surgeries
and grafts resulting in noticeable deformities [1].

There is much research on using biocompatible synthetic
and natural polymers in the replacement of autologous skin
grafts [68, 69]. These new forms of dressings have enormous
possibilities in regeneration as they possess the ability to
be seeded with stem cells, growth factors, and skin cells
such as keratinocytes and fibroblasts [68]. Studies carried out
with the use of stem cells within a dermal substitute have
claimed improvements in angiogenesis, collagen synthesis,
and healing time while also showing a decrease in fibrosis
[69]. However there are not yet any studies carried out to
produce a dermal substitute capable of replacing skin grafting
technology [1].

Current skin regenerative technique aims to reduce scar
formation; however with the use of stem cell and regenerative
technology it may one day be possible to simply avoid scar
formation. Jackson et al. discuss the use of MSCs in inhibit-
ing scar formation and their many interactions/properties
which positively influence cutaneous regeneration. Despite
the obvious characteristics such as direct differentiation into
dermal cell types, MSCs have the ability to immunomodulate
T-cell and macrophage activity, reducing inflammation and
promoting fibroregulation.MSCs are also understood to pro-
duce antifibrotic factors while enhancing dermal fibroblast
function promoting the formation of natural extracellular
matrix and a tissue similar to its surroundings [70].

Sabapathy et al. aimed to demonstrate the ability of mes-
enchymal stem cells to attenuate cutaneous scarring via the
use of extraembryonic MSCs obtained from umbilical Whar-
ton’s jelly (WJ-MSCs). The stem cells were then seeded onto
a decellularised portion of amniotic membrane which was
sutured onto the surface of a 1 cm2 full skin excisionwound in
black SCID mice. WJ-MSCs were found to have significantly
increased immunomodulating capabilities in the presence
of proinflammatory compounds compared to typical BM-
MSCs. It is thought that the increased immunomodulatory
mechanisms of the WJ-MSCs are used to augment “Scar-
Free Wound Healing with Hair Growth.” WJ-MSCs and
the decellularised amniotic membrane were also found to
have improved mechanical properties [71]. This method of
preventing scar formation displays impressive results without
any morbid cell harvesting methods.

Recently discovered are leucine-rich repeat-containing
G-protein coupled receptors (LGR) which are present as
transmembrane markers found in stem cells throughout
all epithelial tissues. The recent discovery of this marker
allows for cell isolation and the utilisation of such cells in

the regeneration of epithelial tissue with insufficient stem
cell population [72]. Lough et al. aimed to demonstrate the
regenerative capabilities of these cells through delivering
LGR-6+ cells underneath 3mm2 burn wounds in a mouse
model. Analysis of LRG stem cells effects on gene expression
reveals an increase in the release of factors such as VEGF,
EGF, and other factors related to tissue regeneration [72].
The release of these factors increase angiogenesis, thereby
increasing wound healing time. Analysis reveals that despite
trauma and the process of wound healing the LGR-6+ cells
were still viable therefore lending the idea that the cells have
potential healing much larger defects than the 3mm2 defects
created in this study; however future research will need to
confirm this. Uniquely attributed to LGR stem cells is their
ability to regenerate hair follicles.This characteristic is highly
valuable in regeneration of craniofacial skin due to the desire
to regenerate the aesthetics of the face including facial hair
[72].

The market for the rejuvenation of skin is a huge one and
currently there are many products on the market with huge
amounts being spent on research. Regenerative medicine
is mostly concerned with regeneration of the function and
aesthetics of tissues following disease and trauma; however
with aging, many tissues have a marked decrease in function
and in the case of skin and lose their aesthetic properties.
Therefore we cannot discredit the possibilities of regenerative
medicine in rejuvenation of skin and all its other less
clinical and more commercial possibilities. A study by Harn
et al. tested the use of peripheral blood stem cells (PBSCs)
treated with granulocyte stimulating colony factor (GCSF) to
rejuvenate the skin of Lanyu pigs [73]. Analysis revealed that
the PBSCsmigrated to dermal tissues and increased synthesis
of hyaluronic acid, collagen 𝛽1-integrins, and elastin. This
increase in synthesis of these dermal tissue components has
corresponding effects on its structure such as decreased skin
thickness, reduced wrinkles, and increased suppleness [73].
The results of this study are promising but are limited by the
small sample size and the short analysis time which did not
allow for any long-term analysis.

To define an ideal stem cell population for dermal
regeneration is complicated by the nature and the severity of
the injury requiring treatment. Autologous adult stem cells
may not possess the expansion capabilities to provide an
adequate quantity of cells whereas culturing extraembryonic
stem cells may not be feasible for smaller injuries. Therefore
allogeneic extraembryonic stem cell therapy may present
an ideal stem cell source for widespread burn injuries due
to increased immunomodulatory capacity and increased
proliferation properties [74, 75], while smaller injuries may
benefit from therapy using autologousASCswhichwould not
have to rely on tissue banking but would also benefit from
immunomodulatory properties.

4.2. Regeneration of Fat to Reshape the Face. While replacing
skin and ensuring minimal fibrosis are essential for proper
facial appearance and form, fat plays a substantial role in
aesthetics providing contour and volume to the face. Defects
in facial fat and contour can be due to a wide variety of causes
such as trauma, disease, or surgery. Currently, treatment of
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defects such as lipodystrophy involves fat grafting which has
proven to be a very effective, long-term treatment. While
this tissue is easily harvested and abundant it suffers from
relatively high rates of resorption after surgery depending on
technique [1]. Zhu et al. were able to show that the addition of
adipose derived regenerative cells can double graft retention
and improve quality and angiogenesis [76].

Similar results were found in a study by Koh et al. In this
study 5 patients received ASCs and microfat grafts while the
other 5 patients (the control group) received only microfat
grafts. All patients in the study suffered from Parry-Romberg
disease which causes progressive hemifacial atrophy. Postop-
eratively results weremeasured using a 3D camera and 3DCT
scans. Treatment for all groups was successful with the ASC
groups demonstrating significantly less resorption after graft.
This difference is statistically significant and results in amuch
better graft retention resulting in better aesthetics and amore
efficacious treatment [77].

Adipose stem cellsmay also demonstrate increased reten-
tion when used in adipose transplantation for cosmetic
reasons. Tanikawa et al. aimed to restore proper contour and
volume to 18 patients with craniofacial microsomia using
aspirated fat tissue supplemented with stromal adipose cells.
The stromal adipose cells contain “multiple types of stem and
regenerative cells” which is thought to compensate for the
lower number of such cells present in the aspirated fat when
compared to the integral undisturbed tissue [78]. Cellular
and clinical analysis as well as radiographic assessment of
preoperative and postoperative tissue volume and thickness
was used to determine significance with the experimental
group showing significantly better retention and volume than
the control group. It has been suggested byTanikawa et al. that
the addition of stromal adipose cells contains multiple regen-
erative cell types allowing for better integration, improved
quality, and increasing both angiogenesis and preadipocyte
differentiation [78]. The study also found the cost of adding
the stromal adipose cells to be entirely feasible. The only
limitation to the study was the high dropout rate; however
the remaining patients were found to have no complaints one
year postoperatively.

Several studies have displayed significant success with
improving graft retention via ASCs incorporation; however
a review by Kokai et al. discusses several other studies which
were unable to find any significant differences in appearance
or patient satisfaction [76–79]. However it was mentioned
that this may be due to differences in cell dose efficacy
or in the treatment and refinement of the ASCs prior to
implantation.The review also suggests the use ofmore animal
studies with immune competent animals to determine the
possible immune interactions between the recipient host and
the lipoaspirate [79]. In summary, the use of adipose derived
MSCs may be a wonderful supplement to conventional fat
grafting but prospective research is needed to define its
efficacy.

4.3. Muscle Regeneration and Possible Myogenic SCs. Mus-
cular tissue has many essential visible functions in the
craniofacial region. Its basic function is the production of
contractile forces and elicitingmovement.This basic function

has a wide variety of uses: providing facial expression,
mastication, speech, sight, respiration, swallowing, andmany
more. These activities are essential to a good quality of life;
therefore regeneration of craniofacial muscle would make an
outstanding impact in our treatment of Bell’s palsy, neoplastic
resection, craniofacial trauma, hemifacial atrophy, Moebius,
and congenital deformities [1].

One common problem in many craniofacial abnormali-
ties, particularly cleft lip/palate reconstruction, is recreating
the normal functional capacity of the oral cavity (includ-
ing swallowing, speech, and sucking) due to fibrosis and
poormuscle presence leading to velopharyngeal dysfunction.
Therefore muscle regeneration of the oral cavity, lips, and
palate is imperative to ensure complete functionality and
improve the patient’s quality of life. Currently a suitable
animal model using Sprague-Daley rats for regenerating
palatal muscle following cleft palate has to be outlined but no
current studies have yet been published [80]. Once studies
begin to form they must overcome several key barriers such
as the following:

(1) Poor intrinsic regenerative capacity of palatal mus-
culature poor muscle function of existing palatal
musculature due to disorganisation and lowmyofibre
count.

(2) Fibrosis resulting from surgical intervention impair-
ing and sort of muscle regeneration.

Stem cells seem like an ideal solution to overcoming these
barriers due to their ability to immunomodulate, their stim-
ulation of endogenous healing, and their promotion of fibro-
regulation.

Currently there is much research into the use of different
types of SCs to regenerate muscle, each possessing differing
characteristics (Table 3).

The discussion of which stem cell type is ideally situ-
ated for muscle regeneration similar to other tissues is a
complicated and multifaceted one. The optimal choice of
cell, scaffold, and delivery method has yet to be definitively
discovered, as each method presents with various unique
characteristics.

Clinical trials utilising a promising stem cell choice,
mesoangioblasts, and the supposed most effective method
of stem cell delivery have shown disappointing results [81,
82]. However recent developments are beginning to reveal
light at the end of the tunnel. Through reprogramming
mesoangioblasts to become iPSCs, Quattrocelli hoped that
the cells would safely maintain their myogenic propensity
while presenting all the obvious advantages of iPSCs. In order
to determine whether the myogenic preference would affect
the cells regenerative ability, cells were then differentiated into
mesodermal lineages. Regenerative aptitude was examined
using canine and murine cells in a dystrophic murine model
as well as human cells in vitro. Analysis revealed that the
cells showed the ability to regenerate skeletal striated muscle
with engrafting of both slow and fast twitch muscle types.
These cells also demonstrated successful correction of a
muscular dystrophy murine model with in vivo regeneration
of striatalmuscle, contraction force, and function comparable
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Table 3: This table shows potential SCs for use in muscle regeneration and their positive and negative characteristics.

Stem cell Advantages Disadvantages References

Embryonic stem cells
(ESCs)

(i) Have been shown to improve muscle
function in vivo
(ii) Pluripotent

(i) Research limited by regulations
(ii) Need presence of box genes (Pax-7)

Induced pluripotent stem
cells (IPSCs)

(i) Less regulations
(ii) Pluripotent

(i) More study needed to ensure that
there is no tumorigenic potential

Satellite cells (i) Express Pax-7
(ii) Self-proliferating

(i) Difficult to isolate
(ii) Damaged by in vitro culture

Muscle derived stem cells
(MDSCs) (i) Osteogenic and adipogenic [81, 117]

MSCs (i) High ability to differentiate
(ii) Modulate inflammation

(i) Need more research before in vivo
studies

Muscle derived CD133+
stem cells

(i) Formed myosin heavy chain
(characteristic of craniofacial muscle)
(ii) Safe and feasible

(i) Myogenesis in vitro requires
additional cell cultures

Mesoangioblasts (i) Angiogenic
(ii) Easy expansion in vitro (i) Require factors to improve migration

to a control model. In vitro experimentation using human
cells also exhibited a similar propensity for myogenesis
[83].

Other methods of overcoming the dystrophic mouse
model have also been discussed such as combined ther-
apy utilising stem cell and gene therapy to achieve some
exceptional results. Fibroblasts from dystrophic mice were
reprogrammed to iPSCs which were then supplemented with
microutrophin gene. Myogenic potential was induced by
supplementation of Pax-3 and Pax-7. Following transplan-
tation, utrophin positive myofibres and partial restoration
of the dystrophin glycoprotein complex were observed and
repopulation of the stem cell niche was recorded. Through
the successful combination of gene and stem cell therapy
systemic delivery of utrophin was confirmed resulting in
markedly improved muscle function [84]. This study shows
that many novel solutions exist for muscle regeneration and
much further research is needed. Such models could be
translated to the craniofacial region to provide a wide variety
of potentially exciting future treatment options.

While the regeneration of striated muscle is critical for
future craniofacial regenerative treatments, smooth muscle
regeneration could present value towards vascular repair
and reconstruction of the iris and ciliary muscles of the
eyes. Contrary to the previous studies mentioned, Song
et al. sought to regenerate smooth muscle utilising cells
from the craniofacial region. DPSCs were induced to form
bladder smooth muscle cells using a conditioned medium
and TGF-𝛽1. Effective differentiation was achieved with
the transformed cells demonstrating morphological change
indicative of smoothmuscle cells alongwith the expression of
smoothmusclemarkers such as𝛼-SMA, desmin,myosin, and
calponin [85].While this study concentrated onDPSCuse for
bladder tissue engineering, they highlighted that the cocul-
turemethod has the capacity to guideMSCs towards vascular
smoothmuscle cells and striatedmuscle cells. Both the neural
crest cell origin of DPSCs and the previous successes seen
by this coculture method suggest that this technique could
possess clinical application in the craniofacial region.

In order for muscle regeneration to develop into a clinical
treatment, numerous obstacles must be climbed. All current
stem cell choices for regeneration are limited by certain
complications such as poor expansion (satellite cells), safety
(iPS cells), and a current lack of literature on the topic (dental
stem cells). For dynamic tissues such asmuscle tissue, scaffold
design is paramount for acquiring themaximum regenerative
potential from stem cell therapy. Currently required are new
generations of scaffolds and biomaterials which intelligently
amplify cell activity at a necessary location while engaging
with the host response and native ECM to direct repair.
Innovative materials combined with a greater understanding
and improved manipulation of myogenic stem cells should
provide future trials with amuch greater likelihood of success
[86].

4.4. Stem Cell Based Regeneration of Neuronal Tissues. The
craniofacial nervous system is incredibly complex innervat-
ing multiple discrete tissues and carrying a vast array of
intricate efferent sensory information to the CNS. Damage
to any of the cranial nerves from congenital, idiopathic,
or traumatic means can cause significant morbidities and
loss of facial function. Structures which lose innervation
have the tendency to rapidly atrophy; consequently prompt
regenerative techniques could hold promise reducing tissue
atrophy as well as improving function. The standard proce-
dure now consists of autologous nerve grafts, which present
the complications of nerve sacrifice somewhere else in the
body [87].

Similarly to many tissues the exact ideal stem cell type
for neural regeneration has not yet been discovered. Com-
parison of the neural regenerative capacity of MSCs, ASCs,
and Schwann cells in fibrin nerve conduits in the sciatic
nerve of Sprague-Dawley rats revealed that each enhances
regeneration over the control as expected. However Schwann
cells outperformedMSCs andASCs, which was thought to be
due to the release of neural bioactive factors. Unfortunately
Schwann cells present numerous clinical difficulties such as
culturing in vitro and the need for a biopsy/nerve sacrifice
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which limits their clinical applications until further cell
manipulation is possible [87].

Many studies attempting neural regeneration have begun
incorporating neurotrophic growth factors to enhance bioac-
tive integration and regeneration. Hernández-Cortés et al.
incorporated vasoactive intestinal peptide (VIP) as it has a
wide range of functions such as vasodilation, immunomod-
ulation, and neuroprotection and previous studies by Rayan
et al. and Zhang et al. were able to demonstrate that VIP
when delivered locally to a transected sciatic nerve was able
to increase remyelination and increase the rate of axonal
regeneration [88–90]. ASCs obtained from Balb/Cmice were
implanted with a lentiviral VIP vector forming ASC-VIP
cells possessing typical MSC characteristics while also being
capable of sustained VIP production greater than synthetic
counterparts. The cell suspension was then implanted into
D1-lactic-𝜀-caprolactone conduits which were subsequently
implanted into the 10mm sciatic nerve defect. Functional
assessment of the ASC-VIP seeded conduit showed sig-
nificantly improved recovery with substantially significant
nerve regeneration and improved myelination. This increase
in nerve regeneration is thought to explain the concurrent
reduced muscle fibre loss in the experimental group [88].
Despite this study showing promising nerve regeneration,
there were no coinciding effects on the targeted muscles and
this was due to misdirection of regenerating nerve fibres and
concurrent innervation of functionally incorrect muscles.

Other growth factors have also shown promise in aiding
neural regeneration. Fibroblast-growth factor (FGF) has been
shown to stimulate proliferation of glial cells and fibroblasts
as well as stimulating angiogenesis [91, 92]. By morphing
mouse iPSCs into primary and successive secondary neu-
rospheres, Ikeda et al. aimed to develop and harvest glial
progenitors. The secondary neurospheres were then seeded
onto a nerve conduit formed of polylactic acid with poly
𝜀-caprolactone incorporated interiorly. Human recombinant
bFGF was then incorporated into gelatin microspheres to
provide a slow release drug delivery system.C57BL6mice had
5mm artificial defects created in the sciatic nerve which were
bridged using the experimental neurosphere/bFGF seeded
conduits [91]. Motor recovery and analysis of neurofilament
positive axons revealed autografting performed significantly
better than the experimental group. However sensory testing
and analysis of S-100 positive axons revealed compara-
ble results [91]. While results comparable to autografting
demonstrate another promising method of peripheral nerve
regeneration, Ikeda et al. stated that the mechanisms of
regeneration are unclear meaning that further elucidation
of its methods is necessary to potentially allow for further
manipulation and improvements as needed.

The use of dental stem cells was considered through
the use of SHED cells seeded onto a “poly(e-caprolactone)/
gelatin nanofibrous nerve guide” to repair a 10mm artificial
sciatic nerve defect in Wistar rats [93]. The scaffold used in
this study was formed through electrospinning nanofibres of
PCL/gel compound to create a high surface area to volume
ratio allowing for improved cell adhesion. Analysis of func-
tional motor and sensory recovery as well as axonal regen-
eration revealed greater improvement in the experimental

group over any of the control groups. Histological analysis
revealed increased presence of neural cell markers and a
decreased expression of stem cell markers indicating that the
SHED were entirely capable of transitioning into neural stem
cells. The neural crest origin of dental stem cells is thought
to provide them with additional in vivo neural propensity
[93].

Dental pulp is known to contain both Schwann cells and
stem cells and therefore may possess many ideal properties
for nerve regeneration [94]. Sasaki et al. sought to explore the
regenerative properties of dental pulp cells in a craniofacial
setting.They designed amodel using dental pulp cells (DPCs)
suspended in a collagen gel which was infused into a 10mm
silicone tube. Nerve dissection was carried out producing a
bilateral 7mm gap in the buccal division of the facial nerve.
The resected stumps were then sutured into the tube and after
the designated time period the implanted tube was excised to
allow for analysis [94, 95].

Tubulation of dental pulp cells was to confer functional
myelinated axonal growth, improve recovery times, and pro-
ducemeasurable promotive levels of important neural growth
factors such as NGF, BDNF, and GDNF. This comparably
simple procedure showed that dental pulp cells have great
potential in neural regeneration, with bothDPSCs and dental
pulp derived Schwann and endothelial cells detected [94].
In later experimentation Sasaki sought to exclusively utilise
DPCs in the same model and carry out electrophysiological
and functional analysis. Analysis of facial palsy at the end
of the study revealed no significant differences between the
DPC and autograft group. Investigation of action potentials
revealed consistent electrophysiological results comparable
to autografting. Tubulation shows some promise as an effec-
tive therapy as evidenced by the studies discussed; however
conductive resorbable hybrid or biological polymer hybrids
are necessary in order to facilitate a one-step surgical proce-
dure [95].

A fascinating approach was utilised by Saito et al. where
they opted to manipulate the stem cell through culture to
form a 3D construct without the need for external mate-
rials. They performed thorough enzymatic extraction and
purification of skeletal-muscle stem cells (SK-mSCs) while
maintaining maximal cellular contacts. The resulting SK-
mSC sheets were then centrifuged to form a 3D pellet. Saito
et al. also opted to evaluate the pellets to regenerate a facial
resection model, consisting of a “large facial nerve-blood
vessel network deficit” encompassing both the buccal and
zygomatic branches of the facial nerve [96]. The engrafted
construct bridged the defect regenerating functioning myeli-
nated axons along with supportive cell types. SK-mSCs were
also found to have an angiogenic propensity generating
smoothmuscle cells and endothelial cells. Physiological nerve
bridging without specific guidance was believed to be due to
the spatial release of neurotrophic factors by resected stumps
during early SK-mSC differentiation [96]. This regenerative
model seems to hold huge promise in cases of craniofacial
cancers. Wide tumour resections in the head and neck
region are associated with marked decrease in quality of life;
therefore any early promising studies targeting multitissue
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defects in the craniofacial area are vital and should be
progressed upon.

Tissue regeneration must always occur in a controlled
directional fashion; nowhere is this more uniquely evident
than in neural regeneration. Future scaffold design and
tissue engineering efforts need to concentrate on inductive
strategies for improved directional proliferation over criti-
cal sized defects. Currently evidenced in the literature are
several extremely promising stem cell sources with excellent
neurogenic propensity. Dental stem cells are no exception
to this group, displaying excellent neurogenic potential, low
morbidity of harvest, and neuroprotective effects. DPSCs
have shown significant aptitude, displaying the ability to
ameliorate awide variety of neural defect locations such as the
optic nerve, spinal cord, and central nervous system [97–99].
Such widespread applications only act to further highlight
their promise in this field.

5. Stem Cell Therapy for Sensory Regeneration

5.1. Early Steps in Taste Regeneration. Most loss in taste is due
to neurological damage to the lingual and glossopharyngeal
nerve; however certain conditions can also damage the taste
buds leading to ageusia. Loss of taste and indeed any sense
comes with certain loss of life quality. A study carried out by
Takeda et al. discovered the taste bud progenitor cell which
was identified by expression of the Lgr5 receptor; they then
demonstrated that this type of cell could give rise to taste
buds on the anterior and posterior sections of the tongue
and demonstrated the cell’s ability to regenerate posterior
taste buds after CN-IX transection [100]. While this may be a
promising discovery, this is the first reported regeneration of
taste buds and more research is needed to quantify the value
of this report.

5.2. Stem Cell Based Regeneration of Corneal and Retinal
Tissues. Possibly themost damaging sense to lose is sight.The
cornea is themost exposed part of the eye and it ismost prone
to injury from thermal or chemical trauma. If the limbus
of the cornea is damage, there is significant epithelialisation
which leads to stromal scarring and corneal opacity. A study
by Rama et al. collected autologous limbal stem cells (LSCs)
from the uninjured contralateral eyes of burn patients. Their
results showed that LSCs can restore a transparent cornea
with visual acuity in burn patients. However the efficacy
of this treatment is dependent on % p63 bright cells as
patients with received cultures with >3% p63 cells had a 78%
success rate while those with cultures of <3% p63 cells had a
success rate of less than 11% [101]. Therefore perhaps future
studies should consider methods of optimising the culture
and expansion conditions of limbal stem cells to isolate a
suitable concentrate p63 expressing cells.

Another trial investigating corneal regeneration opted
to utilise oral mucosal sheets in corneal reconstruction.
Nishida et al. discuss how oral mucosa expresses keratin 3
similarly to the cornea; the excision of such tissue presents
very low morbidity and the transplantation of autologous
tissue avoids immunity complications in conditions such as
Stevens-Johnson syndrome and ocular pemphigoid. Each of

these qualities combined with an elevated native epithelial
stem and progenitor cell population make it an attractive
tissue choice. The oral mucosal tissue was cultured to trans-
form into autologous epithelial cell sheets preimplantation.
Transplanted oral epithelial cell sheets integrated into the
corneal tissues well, becoming transparent and smooth.
Visual acuity was described as improving “remarkably” and
therewere no postoperative complications.This trial seems to
have presented a very suitable noninvasive, viable treatment
for reconstructing the ocular surface [102].

Irreversible blindness may also be caused by photorecep-
tor loss in retinal disease. The retina proves to be difficult
to provide regenerative care for as stem cell therapy had
proved relatively ineffective. MacLaren et al. were able to
demonstrate that an adult retina can integrate with rod
photoreceptor progenitor cells expressingNrl [103]. From this
Pearson et al. developed a potential treatment strategy to
improve vision via photoreceptor transplantation. Nrl-GFP+
rod precursors were extracted from postnatal mice which
were then transplanted into a-transducin rod negative Gnat1
mice. Following integration of the rod precursors, analysis
of vision revealed that the Nrl-GFP1 transplantation group
was photosensitive with improved visual acuity and displayed
visually guided behaviour. While in the early stages, this
treatment holds huge potential in the future treatment of
retinal disease [104].

Current research is beginning to recognise stem cell
markers which identify promising stem cell and transit-
amplifying populations for regeneration of ocular tissues.
Current treatments for severe corneal damage involve trans-
plantation which require donor tissue and suffer relatively
high risks of rejections. Treatment options are similarly
lacking for retinal diseases. There is an obvious apparent
need for efficient conventional treatment for such ophthalmic
conditions and early research shows that stem cell therapy has
the potential to deliver. Interestingly Nishida et al. were able
to demonstrate that dental stem cells may hold regenerative
capabilities in ocular tissues. This relatively simple treatment
model displayed high efficacy and with further development
could present some really attractive results.

6. Regeneration of Exocrine Glands

In the craniofacial region exocrine glands such as the lacrimal
or salivary glands carry out essential secretory functions.
Loss or absence of function of these glands is associated
with lower life quality and numerous difficulties. Exocrine
glands are vulnerable to the damaging effects of radio-
therapy but can also be damaged via trauma, disease, or
congenital abnormality. Current treatments to restore the
loss of secretion associated with gland hypofunction involve
the use of artificial substitutes or stimulants (muscarinic
receptor agonists) both of which may be costly and/or have
undesirable side effects [105, 106].

6.1. Stem Cell Therapy to Improve Salivary Function. Salivary
gland reconstruction may be needed due to trauma, radio-
therapy, and tumour excision. Conditions such as xerostomia
or Sjögrens syndromes are associated with considerable
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morbidity such as an increased caries incidence, difficulty
in mastication, speech, and swallowing as well as burn-
ing mouth syndrome. Current treatments are noncura-
tive. Nanduri et al. transplanted cells carrying the pos-
sible stem/progenitor markers, “c-kit, CD133, CD49f, and
CD24,” into irradiated mice’s salivary glands [105]. The mice
transplanted with CD133 and c-kit displayed a significant
increase in salivary output when compared to the control
irradiated mice [105]. While this study showed promise in
using a local stem cell population to improve salivary output,
there exist some flaws. Radiotherapy can damage progenitor
cell populations, preventing the harvesting of autogenous
stem cell populations. This study could provide methods
of providing treatment options for cases of salivary gland
hypofunction caused by factors other than radiotherapy but
may not possess much clinical feasibility.

A study that may possess greater efficacy was that car-
ried out by Lim et al. which utilised the multipotency of
ASCs. They set out to explore whether systemic delivery
of xenogeneic ASCs can mitigate the deleterious effects of
irradiated salivary glands in an animal model. ASCs were
obtained from cultured surplus banked stem cells. ASCs
were then injected into the tail vein of the control and
the irradiated C3H female mice immediately after radiation.
Salivary output in the ASC group was shown to have a
statistically significant improvement on control irradiated
group. This improvement in the ASC group was also seen
at a molecular level with statistically significant rises in both
mucin and amylase production over the control irradiated
group. Analysis of the number of TUNEL-positive apoptotic
cells at 4 weeks revealed that ASCs have a significant effect
as to reducing tissue damage [107]. Analysis also revealed
that the human ASCs were capable of transdifferentiating
in salivary gland cells. However it was agreed by Lim et al.
that the improvement in salivary gland function was most
likely due to the paracrine signalling effects of bioactive
factors released from the ASCs and not due to their direct
transdifferentiation [106]. More conclusive animal models
need to be developed and more efficient methods of cell
delivery need to be established for more effective results to
be obtained.

Early studymodels utilising stem cell therapy have shown
promise and more recent studies attempting to generate a
bioengineered salivary gland from isolated epithelial and
mesenchymal stem cells display significant salivary flow and
recovery of dry-mouth symptoms [108]. Our current research
has not displayed any procedures using dental stem cells in
salivary gland regeneration yet.This is surprising due to their
ease of access and shared craniofacial origin; hopefully future
studies will opt to include dental stem cells.

6.2. Lacrimal Gland Regeneration. The lacrimal gland is
an essential component to complete vision. The lacrimal
gland produces a serous secretion to maintain the tear film,
manage the transparency of the cornea, and ensure that
superior quality images are transmitted to the retina [95].
Similar to the salivary glands any disturbance to the lacrimal
gland function termed “dry eye syndrome” can have some
severe chronic effects causing discomfort and eventual loss

of visual acuity [109]. Current treatments remain supportive
and noncurative, consisting mostly of long-term frequent
administration of lubricating eye drops. More advanced
treatments such as autotransplantation of salivary glands
are also showing inadequate success. Analogous to salivary
glands, lacrimal glands are commonly damaged or disrupted
via radiotherapy, trauma, systemic conditions, and so forth.
Regenerative medicine may be able to provide a supportive
treatment option to restore function [109].

Hirayama et al. proposed a more complete treatment
consisting of a bioengineered lacrimal gland germ to restore
function in lacrimal gland defect mice. The bioengineered
lacrimal gland germwas fabricated through obtaining ED16.5
mice lacrimal gland germs and then separating the germ
into respective epithelial and mesenchymal cell types. These
cell types were then reconstituted into the appropriate germ
morphology using a method of 3D cell manipulation. The
extraorbital (as opposed to the intraorbital) lacrimal gland
was excised in 7-week-old mice and the bioengineered
lacrimal gland was inserted and connected to the original
duct via a polyglycolic acid monofilament [110]. Histological
analysis revealed correct 3D shaping with innervation follow-
ing transplantation. Analysis of tear secretion after adminis-
tration of pilocarpine revealed that the bioengineered mouse
group showed no significant statistical difference in secretion
rates to a controlmouse. Analysis of tear components showed
that the bioengineered lacrimal gland was entirely capable
of producing appropriate tear proteins. Analysis of the
corneal surface too showed that the bioengineered graft mice
matched the control mice, proving that the bioengineered
lacrimal gland model is capable of ensuring a healthy ocular
surface.This study demonstrated an experimental model and
treatmentwhich could have potential as a surgicalmethod for
the treatment of dry eye disease. While this method provided
correct physiological function, it is limited by its success rate
of engraftment, its feasibility, and the invasiveness of the
procedure [110].While a long way from clinical trials, current
studies into lacrimal gland and organ regeneration present
hopeful results and stem cell therapy could provide many
future treatment modalities.

7. Frontier of Stem Cell Therapy,
What Does the Future Hold?

The future of stem cell therapy in the craniofacial medicine is
bright and optimistic with huge opportunities for improve-
ment and a vast array of upcoming possibilities. In future
years to come, further research will reveal new approaches
towards regeneration while expanding our knowledge of
the current field, hopefully allowing for exceptional clin-
ical results. Our developing comprehension of signalling
pathways, cell manipulation, and stem cell characteristics
may allow us to circumvent current treatment morbidities
and discover methods of ameliorating conditions considered
incurable. Most current studies on animal models evaluate a
single promotive stem cell type in healing. Future studiesmay
be able to proceed with multiple cell types and manipulate a
wide variety of introduced and native factors over extended
periods of time to create the ideal signalling network for
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optimum regeneration. However before breakthroughs like
this are made it is essential that the action of these molecules
inside signalling pathways be fully comprehended to ensure
that there are no potential negative side effects. Future
research into growth factors must also overlap with tissue
engineering and evolving scaffold design so that drug kinetics
can be more efficiently controlled and monitored. Despite
the current shortcomings, it seems without doubt that small
promotive factors will partake in the future of regenerative
medicine [111].

Stem cell exploration is revealing an exciting tomorrow
where grievous traumatic injuries can be treated safely with
no loss of function or aesthetics. Huge breakthroughs have
been made in the field in the past decade particularly with
the generation of iPSCs from adult human somatic cells
types [112, 113]. The reprogramming of adult human cells
into various different stem and progenitor cell types has huge
implications in the field of stem cell therapy as it solves
many long-term problems related to other stem cell types.
As iPSCs are patient specific, they are not burdened by
immunological defences unlike stem cells from allogenic or
xenogenic sources. iPSCs are also benefited by their potential
abundance and versatility as they can be harvested easily
and cheaply to develop into a wide variety of different tissue
cell types [112, 113]. This ability to differentiate to several
different tissue types is ideal for craniofacial reconstruction as
there is a wide variety of tissue types in need of regeneration
following such a procedure. Research into iPSCs is still only
scratching the surface; future experimentation and research
should reveal enhanced results and their potential will no
doubt continue to be exploited and expanded [113].

The generation of iPSCs was only possible through the
mechanisms of gene therapy, an equally promising tool in the
field of craniofacial regeneration. Aside from reprogramming
somatic cells into stem cells, gene therapy has numerous other
possibilities in the field of regenerative medicine.

(1) Head and neck cancers: research into gene therapy
has resulted in the formation of oncolytic viruses
which specifically target replicating tumour cells to
induce cell death and a corresponding decline in
tumour size. While this form of treatment may not
be directly involved with the reconstructive process,
it could have a definite impact on the scale of recon-
struction/regeneration needed [114].

(2) Mineralised tissue regeneration: gene therapy re-
search has revealed some fruition in mineralised tis-
sue regeneration through controlled spatial activation
of osteogenic genes and the resulting upregulated
proteins. This method of growth factor and protein
delivery can greatly increase regeneration especially
when combined with other regenerative techniques
such as the introduction of stem cells [4, 114].

(3) Salivary gland function: following ablative radio-
therapy, certain medications, and so forth, salivary
glands often cease to function properly. Using gene
therapy, aquaporins can be introduced into the ductal
epithelial cells allowing for increased fluidmovement.
Human clinical trials using this therapy have been

found to be promising, with subjective improvements
in xerostomia and relieved symptoms [114, 115].

Although large-scale craniofacial reconstruction is not cur-
rently benefitted by gene therapy, its applications of con-
trolled protein production and tissue repair coordination
make it an invaluable tool in the advancement of regeneration
and will present as an adjunctive therapy to stem cell based
treatments [114].

Even the development and advancement of available
technologies are allowing us to produce scaffolds and
other tissue engineering materials with superb biocom-
patibility and mechanical properties. Future biomaterials
and scaffold designs are assured to increasingly mimic
the extracellular matrix and further engage and enhance
stem cell activity providing yet another boost to this
field.

This is a brief view of some of the most promising
methods, techniques, or materials set to improve and expand
the field of stem cell therapy. The future for stem cell
therapy is not only bright in terms of upcoming treatment
options for clinicians. New laws and regulations regarding
stem cells and gene therapy approaches are allowing for
new avenues of research. This sort of government back-
ing along with financial interest from the private sector
will ensure continued prosperity in the research of new
treatments. Research is even being carried out on the fea-
sibility of current regenerative techniques showing huge
private marker backing [116]. Research into regenerative
medicine is now also reaching the phases of clinical trials
in many cases which will hopefully result in the introduc-
tion of new effective regenerative treatments in the near
future.

8. Conclusion

Throughout this paper, there have beenmany demonstrations
of the ground-breaking research, studies, and trials into
future and potential stem cell treatments applications for
a wide range of conditions, injuries, and defects. Areas of
stem cell research show possible promising treatments in
regard to nearly every craniofacial structure. Table 4 presents
a summary of the especially promising stem cell types
presented in this paper.

Dental stem cells are an upcoming source of stem cells in
regenerativemedicine. Current evidence shows a broad range
of promising evidence in regenerating craniofacial tissues.
Their use has shown significant improvement in function and
healing rate and they are associated with much lower rates of
harvest morbidity and postoperative discomfort. Ultimately
future research will determine definitive uses of dental stem
cells within the field of stem cell therapy; however it seems
that their future is optimistic.
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Table 4: This table presents a general summary of target tissues or organs in need of superior regenerative solutions and the corresponding
stem cell types evidenced with feasible regenerative potential.

Tissue/tissues to be
regenerated

Promising stem cell sources to be used in isolation
or conjunction References

Bone BM-MSCs, ASCs, DPSCs, SHED

[24, 26, 34, 36, 37, 40, 42, 44, 46, 49, 50, 54, 56, 62–
65, 71–73, 78, 81, 83–85, 91, 93, 94, 96, 101–104, 106, 117]

Cartilage PDLSCs, BM-MSCs, TMJ-SCs

Tooth PDLSCs, BM-MSCs, iPSCs, and tooth progenitor
cells

Oral mucosa Oral mucosa stem cells and iPSCs
Periodontium PDLSCs and iPSCs
Skin Embryonic MSCs, LGR 6+ SCs, PBSCs, and ASCs
Fat ASCs

Muscle Mesoangioblasts, iPSCs, DPSCs, and muscle stem
cells

Nerve iPSCs, SHED, DPSCs, SK-mScs
Cornea LSCs, and oral mucosa epithelial stem cells
Retina NRl rod photoreceptor progenitor cells
Salivary gland CD133/c-kit expressing SCs and ASCs
Lacrimal gland ASCs
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[68] G. D.Mogoşanu andA.M. Grumezescu, “Natural and synthetic
polymers for wounds and burns dressing,” International Journal
of Pharmaceutics, vol. 463, no. 2, pp. 127–136, 2014.

[69] M. A.Meruane,M. Rojas, andK.Marcelain, “The use of adipose
tissue-derived stem cells within a dermal substitute improves
skin regeneration by increasing neoangiogenesis and collagen
synthesis,” Plastic and Reconstructive Surgery, vol. 130, no. 1, pp.
53–63, 2012.

[70] W. M. Jackson, L. J. Nesti, and R. S. Tuan, “Mesenchymal stem
cell therapy for attenuation of scar formation during wound
healing,” Stem Cell Research and Therapy, vol. 3, no. 3, article
20, 2012.

[71] V. Sabapathy, B. Sundaram, S. Vm, P. Mankuzhy, and S. Kumar,
“Human Wharton’s jelly mesenchymal stem cells plasticity
augments scar-free skin wound healing with hair growth,” PLoS
ONE, vol. 9, no. 4, Article ID e93726, 2014.

[72] D. M. Lough, M. Yang, A. Blum et al., “Transplantation of
the LGR6+ epithelial stem cell into full-thickness cutaneous
wounds results in enhanced healing, nascent hair follicle devel-
opment, and augmentation of angiogenic analytes,” Plastic and
Reconstructive Surgery, vol. 133, no. 3, pp. 579–590, 2014.

[73] H.-J. Harn, M.-H. Huang, C.-T. Huang et al., “Rejuvenation
of aged pig facial skin by transplanting allogeneic granulocyte
colony-stimulating factor-induced peripheral blood stem cells
from a young pig,” Cell Transplantation, vol. 22, no. 4, pp. 755–
765, 2013.

[74] U. Nekanti, L. Mohanty, P. Venugopal, S. Balasubramanian, S.
Totey, andM.Ta, “Optimization and scale-up ofWharton’s jelly-
derived mesenchymal stem cells for clinical applications,” Stem
Cell Research, vol. 5, no. 3, pp. 244–254, 2010.

[75] M. T.Wolf, C. L. Dearth, S. B. Sonnenberg, E. G. Loboa, and S. F.
Badylak, “Naturally derived and synthetic scaffolds for skeletal
muscle reconstruction,” Advanced Drug Delivery Reviews, vol.
84, pp. 208–221, 2015.

[76] M. Zhu, Z. Zhou, Y. Chen et al., “Supplementation of fat grafts
with adipose-derived regenerative cells improves long-term
graft retention,”Annals of Plastic Surgery, vol. 64, no. 2, pp. 222–
228, 2010.

[77] K. S. Koh, T. S. Oh, H. Kim et al., “Clinical application
of human adipose tissue-derived mesenchymal stem cells in
progressive hemifacial atrophy (Parry-Romberg disease) with
microfat grafting techniques using 3-dimensional computed
tomography and 3-dimensional camera,” Annals of Plastic
Surgery, vol. 69, no. 3, pp. 331–337, 2012.

[78] D. Y. S. Tanikawa, M. Aguena, D. F. Bueno, M. R. Passos-Bueno,
and N. Alonso, “Fat grafts supplemented with adipose-derived
stromal cells in the rehabilitation of patients with craniofacial
microsomia,” Plastic and Reconstructive Surgery, vol. 132, no. 1,
pp. 141–152, 2013.

[79] L. E. Kokai, K. Marra, and J. P. Rubin, “Adipose stem cells: biol-
ogy and clinical applications for tissue repair and regeneration,”
Translational Research, vol. 163, no. 4, pp. 399–408, 2014.

[80] P. L. C. Monroy, S. Grefte, A. M. Kuijpers-Jagtman, F. A. D.
T. G. Wagener, and J. W. Von den Hoff, “Strategies to improve
regeneration of the soft palate muscles after cleft palate repair,”
Tissue Engineering—Part B: Reviews, vol. 18, no. 6, pp. 468–477,
2012.

[81] J.M. Fishman, A. Tyraskis, P.Maghsoudlou et al., “Skeletalmus-
cle tissue engineering: which cell to use?” Tissue Engineering
Part B: Reviews, vol. 19, no. 6, pp. 503–515, 2013.

[82] G. Cossu, S. C. Previtali, S. Napolitano et al., “Intra−arterial
transplantation of HLA−matched donor mesoangioblasts in
Duchenne muscular dystrophy,” EMBO Molecular Medicine,
vol. 7, no. 12, pp. 1513–1528, 2015.



Stem Cells International 19

[83] M. Quattrocelli, M. Swinnen, G. Giacomazzi et al., “Mesoder-
mal iPSC–derived progenitor cells functionally regenerate car-
diac and skeletal muscle,” The Journal of Clinical Investigation,
vol. 125, no. 12, pp. 4463–4482, 2015.

[84] A. Filareto, S. Parker, R. Darabi et al., “An ex vivo gene
therapy approach to treat muscular dystrophy using inducible
pluripotent stem cells,” Nature Communications, vol. 4, article
1549, 2013.

[85] B. Song,W. Jiang, A. Alraies et al., “Bladder smoothmuscle cells
differentiation from dental pulp stem cells: future potential for
bladder tissue engineering,” Stem Cells International, vol. 2016,
Article ID 6979368, 11 pages, 2016.

[86] F. Rinaldi and R. C. R. Perlingeiro, “Stem cells for skeletal
muscle regeneration: therapeutic potential and roadblocks,”
Translational Research, vol. 163, no. 4, pp. 409–417, 2014.

[87] P. G. di Summa, P. J. Kingham, W. Raffoul, M. Wiberg, G.
Terenghi, and D. F. Kalbermatten, “Adipose-derived stem cells
enhance peripheral nerve regeneration,” Journal of Plastic,
Reconstructive & Aesthetic Surgery, vol. 63, no. 9, pp. 1544–1552,
2010.

[88] P. Hernández-Cortés, M. A. Toledo-Romero, M. Delgado et
al., “Peripheral nerve reconstruction with epsilon-caprolactone
conduits seeded with vasoactive intestinal peptide gene-
transfected mesenchymal stem cells in a rat model,” Journal of
Neural Engineering, vol. 11, no. 4, Article ID 046024, 2014.

[89] G. M. Rayan, C. Johnson, J. Pitha, S. Cahill, and S. Said,
“Vasoactive intestinal peptide and nerve growth factor effects
on nerve regeneration,” The Journal of the Oklahoma State
Medical Association, vol. 88, no. 8, pp. 337–341, 1995.

[90] Q.-L. Zhang, J. Liu, P.-X. Lin, and H. D.Webster, “Local admin-
istration of vasoactive intestinal peptide after nerve transection
accelerates earlymyelination and growth of regenerating axons,”
Journal of the Peripheral Nervous System, vol. 7, no. 2, pp. 118–127,
2002.

[91] M. Ikeda, T. Uemura, K. Takamatsu et al., “Acceleration of
peripheral nerve regeneration using nerve conduits in com-
bination with induced pluripotent stem cell technology and a
basic fibroblast growth factor drug delivery system,” Journal of
Biomedical Materials Research A, vol. 102, no. 5, pp. 1370–1378,
2014.

[92] M. Ohta, Y. Suzuki, H. Chou et al., “Novel heparin/alginate
gel combined with basic fibroblast growth factor promotes
nerve regeneration in rat sciatic nerve,” Journal of Biomedical
Materials Research—Part A, vol. 71, no. 4, pp. 661–668, 2004.

[93] M.-H. Beigi, L. Ghasemi-Mobarakeh, M. P. Prabhakaran et
al., “In vivo integration of poly(e-caprolactone)/gelatin nanofi-
brous nerve guide seeded with teeth derived stem cells for
peripheral nerve regeneration,” Journal of Biomedical Materials
Research A, vol. 102, no. 12, pp. 4554–4567, 2014.

[94] R. Sasaki, S. Aoki, M. Yamato et al., “Tubulation with dental
pulp cells promotes facial nerve regeneration in rats,” Tissue
Engineering Part A, vol. 14, no. 7, pp. 1141–1147, 2008.

[95] R. Sasaki, H.Matsumine, Y.Watanabe et al., “Electrophysiologic
and functional evaluations of regenerated facial nerve defects
with a tube containing dental pulp cells in rats,” Plastic and
Reconstructive Surgery, vol. 134, no. 5, pp. 970–978, 2014.

[96] K. Saito, T. Tamaki,M.Hirata et al., “Reconstruction ofmultiple
facial nerve branches using skeletal muscle-derivedmultipotent
stem cell sheet-pellet transplantation,” PLoS ONE, vol. 10, no. 9,
Article ID e0138371, 2015.

[97] B. Mead, A. Logan, M. Berry, W. Leadbeater, and B. A. Scheven,
“Intravitreally transplanted dental pulp stem cells promote

neuroprotection and axon regeneration of retinal ganglion cells
after optic nerve injury,” Investigative Ophthalmology and Visual
Science, vol. 54, no. 12, pp. 7544–7556, 2013.

[98] K. Sakai, A. Yamamoto, K. Matsubara et al., “Human dental
pulp-derived stem cells promote locomotor recovery after
complete transection of the rat spinal cord by multiple neuro-
regenerative mechanisms,”The Journal of Clinical Investigation,
vol. 122, no. 1, pp. 80–90, 2012.

[99] F. Young, A. Sloan, and B. Song, “Dental pulp stem cells and
their potential roles in central nervous system regeneration and
repair,” Journal of Neuroscience Research, vol. 91, no. 11, pp. 1383–
1393, 2013.

[100] N. Takeda, R. Jain, D. Li, L. Li, M.M. Lu, and J. A. Epstein, “Lgr5
identifies progenitor cells capable of taste bud regeneration after
injury,” PLoS ONE, vol. 8, no. 6, Article ID e66314, 2013.

[101] P. Rama, S. Matuska, G. Paganoni, A. Spinelli, M. De Luca, and
G. Pellegrini, “Limbal stem-cell therapy and long-term corneal
regeneration,” The New England Journal of Medicine, vol. 363,
no. 2, pp. 147–155, 2010.

[102] K.Nishida,M.Yamato, Y.Hayashida et al., “Corneal reconstruc-
tion with tissue-engineered cell sheets composed of autologous
oral mucosal epithelium,”TheNew England Journal ofMedicine,
vol. 351, no. 12, pp. 1187–1196, 2004.

[103] R. E.MacLaren, R. A. Pearson, A.MacNeil et al., “Retinal repair
by transplantation of photoreceptor precursors,” Nature, vol.
444, no. 7116, pp. 203–207, 2006.

[104] R. A. Pearson, A. C. Barber,M. Rizzi et al., “Restoration of vision
after transplantation of photoreceptors,” Nature, vol. 485, no.
7396, pp. 99–103, 2012.

[105] L. S. Y.Nanduri,M.Maimets, S. A. Pringle,M. van der Zwaag, R.
P. vanOs, and R. P. Coppes, “Regeneration of irradiated salivary
glandswith stem cellmarker expressing cells,”Radiotherapy and
Oncology, vol. 99, no. 3, pp. 367–372, 2011.

[106] C. Yoo, J. B. Vines, G. Alexander, K. Murdock, P. Hwang, and
H. Jun, “Adult stem cells and tissue engineering strategies for
salivary gland regeneration: a review,” Biomaterials Research,
vol. 18, no. 1, article 9, 2014.

[107] J.-Y. Lim, J. C. Ra, I. S. Shin et al., “Systemic transplantation
of human adipose tissue-derived mesenchymal stem cells for
the regeneration of irradiation-induced salivary gland damage,”
PLoS ONE, vol. 8, no. 8, Article ID e71167, 2013.

[108] M. Ogawa and T. Tsuji, “Functional salivary gland regeneration
as the next generation of organ replacement regenerative
therapy,” Odontology, vol. 103, no. 3, pp. 248–257, 2015.

[109] S. Tiwari, M. J. Ali, and G. K. Vemuganti, “Human lacrimal
gland regeneration: perspectives and review of literature,” Saudi
Journal of Ophthalmology, vol. 28, no. 1, pp. 12–18, 2014.

[110] M.Hirayama,M.Ogawa,M.Oshima et al., “Functional lacrimal
gland regeneration by transplantation of a bioengineered organ
germ,” Nature Communications, vol. 4, article 2497, 2013.

[111] C. T. Laurencin, K. M. Ashe, N. Henry, H. M. Kan, and K. W.-
H. Lo, “Delivery of small molecules for bone regenerative engi-
neering: preclinical studies and potential clinical applications,”
Drug Discovery Today, vol. 19, no. 6, pp. 794–800, 2014.

[112] J. A. Andrades, J. Becerra, R. Muñoz-Chápuli et al., “Stem cells
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Introduction. Xeroderma pigmentosum group C (XPC), essential component of multisubunit stem cell coactivator complex (SCC),
functions as the critical factor modulating pluripotency and genome integrity through interaction with Oct-4/Sox2. However, its
specific role in regulating pluripotency and multilineage differentiation of human dental pulp cells (DPCs) remains unknown.
Methods. To elucidate the functional role XPC played in pluripotency andmultilineage differentiation of DPCs, expressions of XPC
inDPCs with long-term culture were examined by real-time PCR andwestern blot. DPCs were transfected with lentiviral-mediated
human XPC gene; then transfection rate was investigated by real-time PCR and western blot. Cell cycle, apoptosis, proliferation,
senescence, multilineage differentiation, and expression of Oct-4/Sox2/c-Myc in transfected DPCs were examined. Results. XPC,
Oct-4, Sox2, and c-Myc were downregulated at P7 compared with P3 in DPCs with long-term culture. XPC genes were upregulated
in DPCs at P2 after transfection and maintained high expression level at P3 and P7. Cell proliferation, PI value, and telomerase
activity were enhanced, whereas apoptosis was suppressed in transfected DPCs. Oct-4/Sox2/c-Myc were significantly upregulated,
and multilineage differentiation in DPCs with XPC overexpression was enhanced after transfection. Conclusions. XPC plays an
essential role in the modulation of pluripotency andmultilineage differentiation of DPCs through regulation of Oct-4/Sox2/c-Myc.

1. Introduction

Dental pulp cells (DPCs), characterized by self-renewal,
multilineage differentiation capability, and easy accessibility,
are regarded as potential cell source for dental engineering [1].
Despite potential application in dental tissue regeneration,
DPCs have been used for various degenerative diseases
such as Alzheimer’s disease, myocardial infarction, diabetes
mellitus, bone defects, and spinal cord injuries [2]. However,
it has been demonstrated that the progenitor/stem cell pop-
ulation was limited in DPCs, and primary cells with long-
term in vitro culture were known to undergo replicative
senescence, which limited pluripotency and restricted the
potential application of DPCs in dental bioengineering [3].
Therefore, an investigation of the molecular mechanism to
elevate the pluripotency of DPCs and optimize the cell
characteristics would be of critical significance.

Previous studies revealed that overexpression of Oct-4,
Sox2, Klf4, and c-Myc (OSKM) could induce mouse fibrob-
lasts into induced pluripotent stem cells (iPSCs) with sim-
ilar gene expression and developmental potential of mouse
embryonic stem cells (mESCs) [4]. The endogenous expres-
sion level of Oct-4, Sox2, and c-Myc has been confirmed to
be correlated with reprogramming and the pluripotency [4].
Oct-4 and Sox2, locating at the central of the transcriptional
network, work cooperatively in maintaining pluripotency
and inducing the reprogramming [5]. Recent study reported
that a multisubunit stem cell coactivator complex (SCC)
is required to activate the transcription of Oct-4/Sox2 and
downstream target genes in ESCs. SCC is composed of
the nucleotide excision repair (NER) proteins including
xeroderma pigmentosum group C (XPC), RAD23B, and
CETN2 [6]. XPC, as one component of the NER, serves
as a transcriptional coactivator of DNA repair through
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Table 1: Primer sequences used in quantitative real-time polymerase chain reaction.

Gene Primers

XPC Forward: 5-TGAGACCATACCAGAGCCCA-3

Reverse: 5-GGGCATACAGAGGGTGGTTC-3

Oct-4 Forward: 5-GCT CGA GAA GGA TGT GGT C-3

Reverse: 5-ATC CTC TCG TTG TGC ATA GTC G-3

Sox2 Forward: 5-GAGAACCCCAAGATGCACAAC-3

Reverse: 5-CGCTTAGCCTCGTCGATGA-3

c-Myc Forward: 5-GGCTCCTGGCAAAAGGTCA-3

Reverse: 5-AGTTGTGCTGATGTGTGGAGA-3

18s Forward: 5-CCTGGATACCGCAGCTAGGA-3

Reverse: 5-GCGGCGCAATACGAATGCCCC-3

modifying chromatin. XPC functions as critical factormodu-
lating pluripotency, reprogramming, and genome integrity in
mESCs through interacting with Oct-4 [7]. Lacking of XPC
or RAD23B caused significant decrease of reprogramming
to iPSCs, implying that the expression level of XPC may be
related to the establishment efficiency of iPSCs [6].

In our previous study, we demonstrated that Oct-4, Sox2,
and c-Myc were downregulated in DPCs with long-term in
vitro culture, indicating that Oct-4 was closely related to the
pluripotency of DPCs [8]. Considering that XPC interacts
directly with Oct-4 and functions as critical factor modu-
lating pluripotency, we established the XPC overexpression
DPCs model by lentivirus transfection and extended our
study to investigate the modulatory role of XPC played in cell
proliferation and apoptosis and cell cycle and senescence and
expression of pluripotencymarkers (Oct-4, Sox2, and c-Myc)
and multilineage differentiation capability of DPCs during
long-term in vitro culture.The data generated from this study
will shed light on elevating the pluripotency of DPCs and
their application in dental engineering.

2. Materials and Methods

2.1. Isolation and Expansion of HumanDPCs. Normal human
premolars and impact third molars were extracted from
healthy young adults (12–28 years) undergoing orthodontic
treatment at the Department of Oral and Maxillofacial
Surgery, the Affiliated Stomatology Hospital of Sun Yat-
sen University; informed consent was obtained from each
patient. The protocol was approved by the University Ethic
Committee. DPCs were obtained from human dental pulp
tissues by explant culture as previously described [3]. DPCs
were cultured in Dulbecco’s modified Eagle medium with
low glucose (DMEM-LG, Invitrogen, VIC, Australia) sup-
plemented with 10% fetal bovine serum (FBS, HyClone, UT,
USA), 10U/mL penicillin G, and 10mg/mL streptomycin
(Invitrogen, VIC, Australia). DPCs were incubated at 37∘C in
5% CO

2
. The medium was changed every 3 days.

2.2. Quantitative Real-Time Reverse Transcription-Polymerase
Chain Reaction for the Expression of XPC, Oct-4, Sox2, and
c-Myc in DPCs. Expression of XPC in DPCs from P1 to P7
was examined by real-time RT-PCR as previously described

[3], while only the representative results of P3 and P7
were presented in Results. Total RNA of DPCs was isolated
using Trizol reagent (Invitrogen, NY, USA) following the
manufacturer’s protocol. The concentration and quality of
RNA samples were measured with spectrophotometers and
gel electrophoresis. The first-strand cDNA was synthesized
from 1mg of total RNA using SuperScript III (Invitrogen, NY,
USA) in a total volume of 20mL.About 2.5mL of the reaction
mixture was incubated with SYBR Green I Master Mix
(Applied Biosystems, NY, USA) in a total volume of 25mL.
The conditions for polymerase chain reaction (PCR) were as
follows: 95∘C for 10min for activation, followed by 40 cycles
of denaturation at 95∘C for 15 s each, and, finally, primer
extension at 60∘C for 1min. XPC, Oct-4, Sox2, c-Myc, and
18s mRNA were quantified using ABI Prism 7000 sequence
detection system (Applied Biosystems, NY, USA). Each plate
contained 18s as the housekeeping gene to normalize the PCR
data. Primers used for detection were listed in Table 1. All
experiments were repeated triplicate. Raw data were acquired
to calculate the threshold cycle (Ct) value and relative gene
expression values. The delta-delta Ct method was performed
to analyze the results.

2.3. Western Blot for the Expression of XPC, Oct-4, Sox2, and
c-Myc in DPCs. Western blot was performed as described
previously [9]. Briefly, total protein of DPCs at P1 to P7 was
measured by Bio-Rad Coomassie Blue protein assay (Bio-
Rad Laboratories, Richmond, CA, USA), whereas only the
representative results of P3 and P7 were presented in Results.
Twentymicrograms of proteinwas diluted by 10%bromophe-
nol blue and boiled before being separated by sodiumdodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to a nitrocellulose membrane. The membranes
were blocked in 5% low-fat milk at room temperature for
1 h, rinsed, and incubated withmonoclonal antibodiesmouse
against humanXPC (1 : 500 dilution,Abcam,MA,USA),Oct-
4 (1 : 100, Chemicon, MA, USA), Sox2 (1 : 50, R&D System,
MN, USA), c-Myc (1 : 50, Santa Cruz, CA, USA), or human
GAPDH (1 : 1000 dilution, Santa Cruz, CA, USA) overnight
at 4∘C. After washing, the membrane was incubated with
the HRP-conjugated secondary antibody (1 : 5000 dilution,
Jackson, USA) at room temperature for 1 h. Immunoreactive
proteins were then visualized by incubating membranes with
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electrogenerated chemiluminescence plus detection agents
(GE Healthcare, USA).

2.4. Lentivirus Transfection of XPC in DPCs. TheCDS region
of XPC gene was amplified from a plasmid containing the
full-length XPC sequence and cloned into Lentivector. After
transformation into competent E. coli, the candidate clones
were identified by PCR and sequencing. The constructed
recombinant shuttle plasmid and lentivirus helper plasmid
were cotransfected into HEK293T cells with the mediation
of Lipofectamine 2000 and then propagated. A replication-
deficient Lentivector, carrying the human XPC gene and the
reporter gene, EGFP gene, was used in the current study.
Forty-eight hours after transfection, EGFP expression in
DPCs at passage 2was observed by a fluorescencemicroscope
(Axiovert, Zeiss, Germany).

2.5. Quantitative Real-Time PCR and Western Blot for Eval-
uation of XPC Expression in DPCs after Transfection. The
expression of XPC in DPCs with XPC overexpression at
P2, P3, and P7 was examined using real-time PCR and
western blot 48 h after transfection as mentioned above.
The nontransfected cells and cells transfected with vector
served as control groups. Briefly, quantification of XPC and
18s mRNA was performed using ABI Prism 7000 sequence
detection system (Applied Biosystems, NY, US). Primers
used for detection were listed in Table 1. Delta-delta Ct
methodwas performed to analyze the result.The total protein
was measured by a Bio-Rad Coomassie Blue protein assay
(Bio-Rad Laboratories, Richmond, CA, US). Proteins were
detected with mouse monoclonal antibodies against human
XPC (1 : 500, Abcam,MA,US) andGAPDH (1 : 1000 dilution,
Santa Cruz Biotechnology, CA, US).

2.6. Cell Counting Kit 8 (CCK8) and Telomerase Activity Assay
for Cell Proliferation and Senescence of DPCs with XPC Over-
expression. Cell proliferationwasmeasured byCell Counting
Kit 8 (CCK8) assay. DPCs of XPC overexpression group,
vector group, and nontransfected group were grown in 96-
well plates. The cells were cultured in DMEM supplemented
with 10% FCS and 50mg/mL gentamycin. Cell proliferation
of DPCs at passages 3 and 7 at different time points (0, 3 d, 5 d,
7 d) was evaluated using the CCK8 (Dojindo, Tokyo, Japan),
while only the representative results of 5 d were presented.
10 𝜇L of CCK8 solution was added to the culturemedium and
incubated for additional 3 h.The absorbance was determined
at 450 nm wave length. Telomerase activity in DPCs from
passages DPCs from passages 3 and 7 with/without XPC
overexpression was detected using a quantitative telomerase
detection kit (Allied Biotech, MD, US).

2.7. Flow Cytometry for Cell Cycle and Apoptosis. The cultures
of DPCs were serum deprived for 24 h. 1 × 105 DPCs of
XPC overexpression group, vector group, and nontransfected
group were harvested by trypsinization, washed twice in cold
PBS, andfixed in 70%alcohol for 30min on ice. Afterwashing
in cold PBS 3 times, cells were incubatedwith 0.5%propidium
iodinate (PI) for 30 minutes at 4∘C. Cells were analyzed using

FACSCalibur flow cytometer (BD Biosciences, San Jose, CA,
US). Data was analyzed using FCSExpress software.

2.8. Effect of XPCOverexpression on the Expression of Pluripo-
tent Markers in DPCs. The expression of Oct-4, Sox2, and
c-Myc on DPCs with XPC overexpression was investigated
by immunofluorescent staining and real-time PCR. DPCs at
P3 and P7 were cultured in chamber slides (Nunc, NY, USA)
until 80% confluence and fixed with 3% paraformaldehyde
for 15min. The slides were washed in PBS 3 times, perme-
abilized with 0.1% Triton for 20min, and incubated with 10%
swine serum for 1 h. Slides were transferred to a humidified
chamber and stained with XPC (1 : 400 dilution, Abcam,MA,
USA), Oct-4 (1 : 400 dilution, Chemicon, MA, USA), Sox2
(1 : 400 dilution, R&D System, MN, USA), and c-Myc (1 : 400
dilution, Santa Cruz, CA, USA) antibodies overnight at 4∘C.
PBS was used as control. Samples were washed 3 times in
PBS and incubated with a fluorochrome-labeled secondary
antibody (1 : 100 dilution, Invitrogen, NY, USA) for 3 h. The
sections were thoroughly washed in PBS and mounted for
fluorescent microscopic analysis (Axiovert, Zeiss, Germany).
Real-time PCR was performed as mentioned above. Total
RNA of DPCs at P3 and P7 was isolated by Trizol reagent.
Primers used for detection were listed in Table 1. Each plate
contained 18s as the housekeeping gene to normalize the PCR
data. Delta-delta Ct method was performed to analyze the
result.

2.9. Effect of XPC Overexpression on Multilineage Differen-
tiation of DPCs. For odontogenic differentiation, DPCs of
XPC overexpression group, vector group, and nontransfected
group were odontogenically induced in growth medium
containing 10mM 𝛽-glycerophosphate (Sigma-Aldrich, Aus-
tralia), 50 𝜇M ascorbic acid (Sigma-Aldrich, Australia), and
100 nM dexamethasone (Sigma-Aldrich, Australia) for 21 d.
The expression of DSPP was explored by immunofluorescent
staining as mentioned above. DPCs were stained with DSPP
antibody (1 : 400 dilution, Chemicon, MA, USA).ThemRNA
expression of DMP1 and DSPP was evaluated by real-time
PCR. Primers used for detection are listed in Table 2.

For adipogenic differentiation, DPCs were incubated in
the adipogenic induction medium consisting of 0.5mM 3-
isobutyl-1-methylxanthine (IBMX, Sigma, USA), 10 𝜇g/mL
insulin (GIBCO, USA), 1mM dexamethasone, 100 𝜇M indo-
methacin (Sigma, USA), and 15% FBS in 𝛼-MEM for 3 d,
followed by the adipogenic maintenance medium consist-
ing solely of 10 𝜇g/mL insulin and 15% FBS for 1 d. After
completing the three cycles of induction and maintenance,
the induced cells were incubated for another 14 d in adi-
pogenic maintenance medium. Adipogenic differentiation
was confirmed by immunofluorescent staining and the
mRNA expression of LPL and PPAR𝛾2 was confirmed by
real-time PCR. DPCs were stained with LPL antibody (1 : 400
dilution, Chemicon, MA, USA).

For chondrogenic differentiation, DPCs were chondro-
genically inducted by culturing in high cell density through
pelletation (2 × 105 cells per pellet) in 500𝜇L chon-
drogenic differentiation medium. Serum-free chondrogenic
differentiation medium consisted of high glucose DMEM
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Table 2: Primer sequences used in quantitative real-time polymerase chain reaction.

Gene Primers

DMP1 Forward: 5-CTGCAACACAGG GAAATGGA-3

Reverse: 5-ACGGACACTGCTC CATCCTT-3

DSPP Forward: 5-ATT CCG GTT CCC CAG TTA GTA-3

Reverse: 5-CTG TTG CTA GTG GTG CTG TT-3

PPAR𝛾2 Forward: 5-CTT CGG AAT CAG CTC TGT GGA C-3

Reverse: 5-GCA TCC TTC ACA AGC ATG GAC T-3

LPL Forward: 5-GGG AGT TTG GCT CCA GAG TTT-3

Reverse: 5-TGT GTC TTC AGG GGT CCT TAG-3

Col2a1 Forward: 5-TCC CAG AAC ATC ACC TAC CAC T-3

Reverse: 5-GGT CTT CTG TGA TCG GTA CTC G-3

18s Forward: 5-CCTGGATACCGCAGCTAGGA-3

Reverse: 5-GCGGCGCAATACGAATGCCCC-3
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Figure 1: Expression ofXPC, Oct-4, Sox2, and c-Myc in DPCs at various passages. Real-time PCR showed thatmRNA expression ofXPC, Oct-
4, Sox2, and c-Myc was significantly higher in DPCs at passage 3 compared with passage 7 (a) (∗𝑝 < 0.05, ∗∗𝑝 < 0.001). Western blot showed
that the protein expression of XPC, Oct-4, Sox2, and c-Myc revealed similar expression pattern with real-time PCR, which was stronger in
DPCs at passage 3 compared with passage 7 (b).

supplemented with 10 ng/mL of transforming growth factor-
𝛽3 (TGF-𝛽3, R&D Systems, USA), 10 nM dexamethasone,
50mg/mL of ascorbic acid, 10mg/mL of sodium pyruvate
(Sigma, USA), 10mg/mL of proline (Sigma, USA), and
an insulin-transferrin-selenium supplement. Pellets were
allowed to differentiate under 3-dimensional conditions in
15mL centrifuge tubes at 2% or 20% O

2
tension. After 21 d of

chondrogenic differentiation, the pellets were fixed with 4%
PFA and embedded in paraffin. Expression of collagen type
II was examined by immunofluorescent staining and real-
time PCR. DPCs were stained with collagen type II antibody
(1 : 400 dilution, Chemicon, MA, USA).

2.10. Statistical Analysis. All experiments were repeated at
least three times. The SPSS19.0 software package (SPSS Inc.,
Chicago, IL) was used for the statistical tests. All the data
were analyzed using one-way ANOVA analysis and Student’s

𝑡-test. The difference was considered as being of statistical
significance at 𝑝 < 0.05.

3. Results

3.1. Expression of XPC, Oct-4, Sox2, and c-Myc in DPCs at
Various Passages. Expression of XPC in DPCs from passages
1 to 7 were investigated by real-time PCR and western blot,
while only the results of representative passages (P3 and P7)
were presented. Real-time PCR (Figure 1(a)) and western
blot (Figure 1(b)) indicated that the mRNA and protein
expression of XPC, Oct-4, Sox2, and c-Myc showed similar
expression pattern, which was significantly downregulated at
P7 compared with P3 (∗𝑝 < 0.05, ∗∗𝑝 < 0.001).

3.2. Gene Transfection and Expression of XPC in DPCs.
Expression of pCDH-CMV-XPC-EF1-copGFP plasmid in
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Figure 2: Establishment of XPC overexpression DPCs model. Expression of pCDH-CMV-XPC-EF1-copGFP plasmid in HEK293T cells and
DPCs at P2 (a1–a6). Strong green fluorescence was detected in HEK293T cells (a2, ×50) and DPCs (a5, ×100) after transfection. Combined
figures of the bright field and fluorescence figure (a3, a6). Western blot and real-time PCR showed that the expression of XPC was enhanced
in XPC+/DPCs at P2 at both protein and mRNA level compared with vector group, and XPCmaintained high expression level in DPCs at P3
and P7 (∗∗𝑝 < 0.01) (b1, b2).

HEK293T cells and DPCs was shown in Figure 2. Strong
green fluorescence could be viewed in HEK293T cells after
transfection (Figure 2(a2)). All DPCs with XPC overex-
pression showed green fluorescent staining (Figure 2(a5)).
The result of real-time PCR revealed that XPC mRNA was
significantly higher in XPC transfected DPCs at P2, P3, and
P7 compared with the vector group (Figure 2(b2), ∗∗𝑝 <
0.001), whereas there is no significant difference between
nontransfected and vector groups (𝑝 > 0.05). Western blot
(Figure 2(b1)) demonstrated that the protein expression of
XPC was strongly upregulated in DPCs at P2, P3, and P7

after transfection, which agreed with the result of real-time
PCR (Figure 2(b2)). These results indicated that the XPC
overexpression DPCs model was successfully established,
which could be passaged and XPC maintained consistently
high expression level in transfected DPCs even after long-
term in vitro culture.

3.3. Cell Proliferation, Cycle, and Apoptosis of DPCs with
XPCOverexpression. To investigate the biological function of
XPC in DPCs, CCK8 and FACS were applied to DPCs with
XPC overexpression. CCK8 revealed that cell proliferation
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Table 3: Cell cycle of DPCs with long-term in vitro culture after XPC transfection.

Groups G0/G1 G2/M S PI = (G2/M + S)%
Nontransfected P3 87.1 ± 1.5 8.04 ± 1.4 4.76 ± 1.5 12.8 ± 1.5
Vector P3 87.6 ± 1.6 7.92 ± 1.5 4.28 ± 1.5 12.3 ± 1.6
XPC P3 85.2 ± 1.1∗ 8.97 ± 1.5∗ 5.73 ± 1.5∗ 14.7 ± 1.1∗

Nontransfected P7 95.8 ± 0.4 2.04 ± 0.4 2.05 ± 0.4 4.09 ± 0.4
Vector P7 95.9 ± 0.4 2.01 ± 0.4 2.03 ± 0.4 4.04 ± 0.4
XPC P7 94.9 ± 0.4∗ 3.12 ± 0.4∗ 1.90 ± 0.4∗ 5.02 ± 0.4∗

(Mean ± SD% 𝑁 = 3).
∗
𝑃 < 0.05.

of transfected DPCs at both P3 and P7 was significantly
enhanced (Figure 3(b1), ∗∗𝑝 < 0.001), whereas there is no
significant difference between control group and vector group
(𝑝 > 0.05). The result of FACS demonstrated that the cell
number of transfected DPCs at P3 and P7 in G0/G1 was sig-
nificantly downregulated compared with the vector groups;
DPCs were arrested in G2/M and S phase. The percentage of
PI = (S + G2/M) value and telomerase activity of transfected
DPCs at both P3 and P7 was significantly upregulated, albeit
the apoptosis rate was significantly downregulated (Figures
3(b2)–3(b4), Table 3, 𝑝 < 0.05). Therefore, XPC could
enhance cell proliferation and telomerase activity of DPCs,
arrested cells in G2/M and S phase, and upregulated PI value,
albeit suppressed apoptosis, suggesting the role XPC played
in the maintenance of pluripotency in DPCs.

3.4. Expression of Oct-4, Sox2, and c-Myc in DPCs with XPC
Overexpression. Real-time PCR indicated that the mRNA
level of Oct-4, Sox2, and c-Myc was significantly upregu-
lated in DPCs with XPC transfection at both P3 and P7
(Figures 4(b1)–4(b3), ∗∗𝑝 < 0.001). Similarly, immunoflu-
orescent staining revealed that XPC (Figure 4(a1)), Oct-4
(Figure 4(a2)), Sox2 (Figure 4(a3)), and c-Myc (Figure 4(a4))
were strongly expressed in DPCs with XPC overexpression
at P7, mainly located in nucleus and moderately expressed
in cytoplasm. Whereas XPC (Figure 4(a5)), Oct-4 (Fig-
ure 4(a6)), Sox2 (Figure 4(a7)), and c-Myc (Figure 4(a8))
were barely detected inDPCs at P7 without transfection. Oct-
4, Sox2, and c-Myc showed extensive expression in DPCs at
P3 with/without XPC expression (data not shown).

3.5. The Multilineage Differentiation of DPCs with XPC
Overexpression. The odontogenic/adipogenic/chondrogenic
differentiation capability ofDPCswithXPCoverexpression at
P7 was investigated by immunofluorescent staining (Figures
5(a1)–5(a6)), and the mRNA expression of lineage related
genes in DPCs at P3 and P7 was further confirmed by
real-time PCR. After odontogenic/adipogenic/chondrogenic
induction, immunofluorescent staining indicated that DSPP
(Figure 5(a1)), LPL (Figure 5(a2)), and Collagen type II
(Figure 5(a3)) were extensively expressed in DPCs at P7 with
XPC overexpression, strongly expressed in the nucleus and
moderately expressed in cytoplasm. However, the expression
of DSPP (Figure 5(a4)), LPL (Figure 5(a5)), and Collagen
type II (Figure 5(a6)) was barely detected in the DPCs at

P7 without XPC transfection. Real-time PCR revealed that
odontogenic markers (DMP1, DSPP), adipogenic markers
(LPL, PPAR𝛾2), and chondrogenic marker (Collagen type II)
showed similar expression pattern, upregulated in DPCs with
XPC overexpression at both P3 and P7 compared with the
vector groups (Figures 5(b1)–5(b5), ∗𝑝 < 0.05, ∗∗𝑝 < 0.01).
Therefore, XPC could effectively enhance the multilineage
differentiation capability of DPCs with long-term in vitro
culture.

4. Discussion

Somatic cells could be reprogrammed to iPSCs with ESCs-
like characteristics through introduction of Oct-4, Sox2, c-
Myc, Klf4, and Nanog [4]. Oct-4 is one of the key factors reg-
ulating pluripotency and reprogramming. Oct-4 expression
at the optimized level is necessary for self-renewal of mESCs
[10]. The identification of Oct-Sox2 composite consensus
sequence confirmed that Oct-4 activates transcription of
the pluripotency-associated transcription factors (TFs) in
the heterodimer through direct cooperation with Sox2. Oct-
4/Sox2 complexes are key transcriptional activators to recog-
nize the specific DNA cis-acting elements in reprogramming
markers [5]. The Oct-Sox2 cis-control element is a com-
mon configuration in the promoters of Oct-4/Sox2-activated
genes, through which Oct-4 and Sox2 cooperate with various
cofactors to activate the pluripotency network and initiate the
reprogramming process [11, 12]. Although Oct-4-Sox2 com-
plexes are at the top of the regulatory hierarchy, some studies
indicated that even the coexpression of Oct-4 and Sox2 was
not sufficient to activate the Nanog promoter reporter in
293 or NIH3T3 cells [12]. Recent study reported that SCC
is required to activate the transcription of Oct-4/Sox2 and
downstream target genes in ESCs. SCC could maintain and
reestablish stem cell pluripotency through functioning as
a transcriptional coactivator of Oct-4/Sox2. SCC interacts
directly with Oct-4/Sox2 and is recruited to the Oct-4
promoter AID genomic regions occupied by Oct-4/Sox2 [6].
Depletion of SCC/XPC resulted in reduction of pluripo-
tency in ESCs and reprogramming into iPSCs, implying
that loss of the SCC/XPC complex decreased transcriptional
integrity and the ability of pluripotency reestablishment.Thus
SCC/XPC is required for the modulation of self-renewal and
reprogramming efficiency [6, 12]. SCC/XPC is also involved
in the process of chromatin reorganization and alternation of
the epigenetic landscape for iPSCs conversion [13].
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Figure 3: Effect of XPC on cell proliferation and apoptosis and cell cycle and senescence of DPCswith in vitro culture. CCK8 revealed that cell
proliferation of transfected DPCs at both P3 and P7 was significantly enhanced (b1, ∗∗𝑝 < 0.001). The result of FACS (a1–a6) demonstrated
that the cell number of transfected DPCs at P3 and P7 in G0/G1 was significantly downregulated compared with the vector groups; DPCs
were arrested in G2/M and S phase. The percentage of PI = (S + G2/M) value (b3, ∗𝑝 < 0.05) and telomerase activity (b4, ∗∗𝑝 < 0.001) of
transfected DPCs at both P3 and P7 was significantly upregulated, albeit the apoptosis rate was significantly downregulated (b2, ∗𝑝 < 0.05).

XPC, as one component of the NER, functions as a
transcriptional coactivator independently of DNA repair
through modifying chromatin. XPC is the essential element
to recognize DNA distortions and recruit the basal tran-
scription factors, like TFIIH [14]. XPC trimeric complex is
required to activate the Oct-4/Sox2 mediated transcription
for the maintenance and reestablishment of ESCs specific
gene expression [6, 14]. Removal of the C-terminal region
of XPC, including the interaction sites with Rad23 and
Cetn2, resulted in alternations of the gene expression profile
and pluripotency of ESCs [7]. Downregulation of XPC and
RAD23B could significantly decrease Oct-4/Sox2 dependent
transcription of Nanog, indicating that SCC/XPC is closely
associated with pluripotency [12]. XPC mainly binds to
RAD23B, which stabilizes XPC and effectively binds XPC to
DNA lesions. Simultaneous knock-down of XPC, RAD23B,
and CETN2 resulted in decrease in expression of Oct-4
and self-renewal of ESCs [12]. XPC silencing resulted in
decreased amount of CENTRIN2 expression, which affected
both its centrosomal and nuclear localization. Thus XPC
deficiency indirectly slows down cell division and lower DNA
repair capacity, confirming the essential role XPC played in
CENTRIN2’s internalization into the nucleus of human cells,
DNA repair, and cell survival [15].

In our previous study, we revealed that the mRNA and
protein expression of Oct-4, Sox2, and c-Myc in DPCs were
firstly upregulated and peaked at passage 2 and then theywere
subsequently downregulated afterwards [8]. In the present

study, real-time PCR and western blot indicated that XPC
showed a similar expression pattern with Oct-4, Sox2, and
c-Myc, suggesting that XPC might work cooperatively with
Oct-4, Sox2, and c-Myc in the maintenance and reestablish-
ment of pluripotency inDPCswith in vitro culture.Moreover,
Oct-4, Sox2, and c-Myc significantly increased in DPCs
with XPC overexpression.These results agreed with previous
reports that XPC is required to activate the Oct-4/Sox2
mediated maintenance and reestablishment of pluripotency
through interacting with downstream transcription factors
[6, 12].

Prolonged in vitro culture has been reported to cause
morphologic alternations and decrease expression of pluripo-
tent markers and cell senescence [16, 17]. Oncogenic stress,
DNA damage and stress stimulation, and so forth are con-
tributory factors to cell senescence. Accumulation of DNA
deletions or mutations can result in aging and senescence
[16]. DNA damage with genomic defect or mutation could
stimulate oncogenes and inactivate tumor suppressor genes,
causing accelerate aging, loss of homeostasis, and tumorige-
nesis [17]. DNA repair is essential to the homeostasis and
genomic stability of all organisms [18]. Cell cycle arrest could
prevent mutagenesis and DNA damage [19]. NER factors are
related to cell cycle checkpoints, which control apoptosis, cell
cycle arrest, and DNA repair and enhance genomic stability
and cell survival [20]. It has been shown that oxidative DNA
damage accumulation increased without presence of XPC.
XPC is involved in the in vivo and in vitro initiation of
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Figure 5: Effect of XPC on the multilineage differentiation capability of DPCs after transfection. After 21 d of multilineage differentiation
induction, immunofluorescent staining indicated that DSPP (a1), LPL (a2), and collagen type II (a3) were extensively expressed in DPCs at
P7 with XPC overexpression, strongly expressed in the nucleus and moderately expressed in the cytoplasm of DPCs. However, DSPP (a4),
LPL (a5), and collagen type II (a6) revealed weak expression in the nucleus and cytoplasm of DPCs at P7 without transfection. Real-time
PCR indicated that mRNA expression level of odontogenic markers (DMP1, DSPP), adipogenic markers (PPAR𝛾2, LPL), and chondrogenic
markers (collagen type II) increased significantly in DPCs at P3 and P7 with XPC overexpression compared with vector groups (b1–b5).

DNA damage-induced biological process, including removal
of oxidative DNA damage, redox homeostasis, and cell cycle
regulation [14, 21]. Persistent DNA damage without XPC
resulted in sustaining telomere attrition; thus XPC is required
to maintain telomere length, integrity, and stability. Failure
of DNA repair and telomere shortening result in replicative
senescence or cell death [22].

In the present study, significant upregulation of cell
proliferation, telomerase activity, andmultilineage differenti-
ation was observed in DPCs with XPC overexpression, while
apoptosis was restrained in DPCs with XPC overexpression.
Moreover, we observed an increase in the percentage of
G2/M and S phase cells in DPCs after XPC transfection.
Considering that XPC plays dual roles in transcriptional
coactivation and DNA repair to maintain pluripotency in
ESCs [6, 12, 15], the result from present study implied
that XPC might modulate cell senescence and pluripotency
through cell cycle regulation. It might be possible that
XPC increases pluripotency of DPCs through elimination of
damaged cells, subsequently reducing the risk of cell cycle
reentry and acquisition of mutations. These results agreed
with the previous reports and expanded our data regarding
the effect of XPC on cell senescence and pluripotency in
dental derived cells [6, 12, 15, 22].

5. Conclusions

Taken together, the present study demonstrated that pluripo-
tency could be reachieved in DPCs at late passages with
XPC overexpression through regulation of Oct-4/Sox2/c-
Myc network; therefore XPCmay play an essential role in the
modulation of pluripotency and multilineage differentiation

of DPCs via regulation of Oct-4/Sox2/c-Myc.The knowledge
generated from this study will offer better understanding on
the potential application of DPCs in dental tissue engineering
and improving the method to induce pluripotent cells.
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Three-dimensional (3D) cell constructs are expected to provide osteoinductive materials to develop cell-based therapies for bone
regeneration.The proliferation and spontaneous aggregation capability of induced pluripotent stem cells (iPSCs) thus prompted us
to fabricate a scaffold-free iPSC construct as a transplantation vehicle. Embryoid bodies of mouse gingival fibroblast-derived iPSCs
(GF-iPSCs) were seeded in a cell chamber with a round-bottom well made of a thermoresponsive hydrogel. Collected ball-like cell
constructs were cultured in osteogenic induction medium for 30 days with gentle shaking, resulting in significant upregulation
of osteogenic marker genes. The constructs consisted of an inner region of unstructured cell mass and an outer osseous tissue
region that was surrounded by osteoblast progenitor-like cells. The outer osseous tissue was robustly calcified with elemental
calcium and phosphorous as well as hydroxyapatite. Subcutaneous transplantation of theGF-iPSC constructs into immunodeficient
mice contributed to extensive ectopic bone formation surrounded by teratoma tissue. These results suggest that mouse GF-iPSCs
could facilitate the fabrication of osteoinductive scaffold-free 3D cell constructs, in which the calcified regions and surrounding
osteoblasts may function as scaffolds and drivers of osteoinduction, respectively. With incorporation of technologies to inhibit
teratoma formation, this system could provide a promising strategy for bone regenerative therapies.

1. Introduction

Regeneration of large bone defects caused by trauma, tumor
resection, or severe alveolar ridge resorption in dentistry is
still a clinical challenge that awaits efficient tissue engineering
protocols to achieve sufficient regeneration [1, 2]. Recent
approaches to fabricating tissue-engineered bone rely on the
osteoinductive ability of transplanted cells seeded in exoge-
nous scaffolds [3, 4]. Although biomaterial scaffolds facili-
tate three-dimensional (3D) culture of osteogenic/progenitor

cells ex vivo, they have also been associated with immuno-
genicity, unsatisfactory biological activity, enhanced inflam-
matory reactions, and uncontrollable cell-biomaterial inter-
actions [5]. Therefore, a scaffold-free approach, in which
biomimetic 3D bone tissues are fabricated as cell constructs,
could be an attractive alternative for generation of tissue-
engineered transplants.

For bone tissue engineering, bone marrow-derived mes-
enchymal stem cells (MSCs) are currently the most popular
cell source because of their easy collection and preferential

Hindawi Publishing Corporation
Stem Cells International
Volume 2016, Article ID 6240794, 11 pages
http://dx.doi.org/10.1155/2016/6240794

http://dx.doi.org/10.1155/2016/6240794


2 Stem Cells International

(c)

(a)

(b) (d) (g)

(e) (f)

EB

Shaker

Floating culture
ES medium
2 days

+RA
2 days

+RA
2 days

Osteogenic induction medium
30 days

Figure 1: (a) Fabrication of osteogenic iPSC constructs. Mouse GF-iPSCs were cultured under floating conditions in ES medium for 4 days
to form EBs. RA was added in the final 2 days. (b) EBs were seeded in wells of a pNIPAAm gel cell chamber (inset, scale bar: 5mm) and
cultured for 2 days in ES medium with RA. (c) Ball-like cell constructs (inset, scale bar: 1mm) were collected by decreasing the temperature
to expand the hydrogel chamber. (d) GF-iPSC constructs were cultured in osteogenic induction medium for 30 days with gentle shaking. (e)
Osteogenically induced GF-iPSC construct on day 30 consisting of a white-colored core (asterisk) surrounded by a translucent layer (arrow).
Scale bar: 1mm. (f) von Kossa staining of the osteogenically induced GF-iPSC construct. Scale bar: 1mm. (g) Live/Dead cell viability assay
showed that most cells on the surface of osteogenically induced GF-iPSC constructs were alive with green fluorescence. A few cells were dead
with red fluorescence. Scale bar: 100𝜇m.

differentiation to the osteogenic lineage [6, 7]. Recently,
MSCs have been applied to ex vivo fabrication of 3D
osteogenic constructs in scaffold-based [8, 9] and scaffold-
free [10, 11] approaches. These osteogenic 3D constructs are
expected to be effective osteoinductive materials, although
the customization of the shape and size of the 3D cell
constructs remains a challenge. In addition, laboratory-
grown constructs, especially scaffold-free cell constructs, for
bone regeneration often require a large amount of cells. In
this regard, incidental cellular senescence and the limited
proliferation capacity of MSCs may restrict their clinical
application [12].

Induced pluripotent stem cells (iPSCs), which can be
generated via genetic manipulation of somatic cells [13],
possess pluripotency and unlimited proliferation capacity
similar to that of embryonic stem (ES) cells. We previously
reported that gingival fibroblasts (GFs) are a promising
source of iPSCs in regenerative dentistry because they pro-
vide efficient generation of iPSCs [14] and can simultaneously
be used as excellent autologous feeder cells [15]. Recent
reports have demonstrated the osteogenic differentiation and
bone formation ability of iPSCs [16]; however, no study to
date has examined the potential use of iPSCs as scaffold-
free osteogenic 3D constructs. In suspension culture, iPSCs
inherently form cell aggregates known as embryoid bodies
(EBs). We previously reported that an osteogenic induction
method for mouse GF-derived iPSCs (GF-iPSCs) in EBs was
advantageous for osteogenesis, as the resulting iPSCs showed
significantly higher calcium production capacity than MSCs
during osteogenic differentiation [17]. We also established a
method to obtain the desired size and morphology of 3D cell
constructs using a temperature-responsive hydrogel [18].

In this study, we hypothesized that the high proliferation,
aggregation, and osteogenesis capabilities ofmouseGF-iPSCs
would facilitate the fabrication of scaffold-free 3D osteogenic
constructs. The objectives of this study were to fabricate 3D
osteogenic iPSC constructs using EBs without scaffolds and

to investigate their osteoinductive capability in an ectopic
bone formation model.

2. Materials and Methods

2.1. Fabrication of 3D GF-iPSC Constructs. The thermore-
sponsive poly-N-isopropylacrylamide (pNIPAAm) gel mold
used as a cell chamber (diameter of 1.5mm for each well)
was prepared as previously described [10, 18, 24]. Mouse GF-
iPSCs that had been previously generated using retroviral
introduction of Oct3/4, Sox2, and Klf4 (without c-Myc) [14]
were expanded in 6-well plates on SNLP76.7-4 feeder cells. EB
culture of iPSCs was performed on low-attachment culture
dishes for two days in ES medium (DMEM with 15% FBS,
2mM L-glutamine, 1 × 10−4M nonessential amino acids, 1
× 10−4M 2-mercaptoethanol, 50U penicillin, and 50 𝜇g/mL
streptomycin), followed by additional floating culture for 2
days in ESmedium supplemented with 1𝜇Mall-transretinoic
acid (RA; Sigma, MO) [17] (Figure 1(a)). The suspended EBs
were seeded in each well of the pNIPAAm gel mold (20 EBs;
4 × 106 cells/well) in ES medium supplemented with 1𝜇M
RA (Figure 1(b)). After two days of culture, cell constructs
with a ball-like morphology were collected by decreasing the
temperature from 37∘C to 25∘C (Figure 1(c)).

2.2. Osteogenic Induction of iPSC Constructs. For osteogenic
induction, the GF-iPSC constructs were cultured in a
60mm dish in osteogenic induction medium [17] consisting
of 𝛼-MEM supplemented with 15% FBS, 0.1𝜇M dexam-
ethasone, 10mM 𝛽-glycerophosphate, 50 𝜇M ascorbate-2-
phosphate, 100U/mL penicillin, 100 𝜇g/mL streptomycin,
and 250 ng/mL amphotericin B for 30 days. To prevent
the GF-iPSC constructs from adhering to the culture dish,
shaking culture [10, 24] was performed using a seesaw shaker
at 0.5Hz (Figure 1(d)). The culture medium was changed
every 2 days.
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Table 1: Primers used for SYBR Green quantitative RT-PCR.

Description (gene name) Primers (Fw, forward; Rv, reverse) Product size (bp) Accession number (reference)

Runx2 (Runx2) Fw: 5-CGGGCTACCTGCCATCAC-3 78 NM 001146038.2 (Speer et al. [19])
Rv: 5-GGCCAGAGGCAGAAGTCAGA-3

osterix (Sp7) Fw: 5-CTCGTCTGACTGCCTGCCTAG-3 84 NM 130458.3 (Fowlkes et al. [20])
Rv: 5-GCGTGGATGCCTGCCTTGTA-3

collagen 1a1 (Col1a1) Fw: 5-TGTCCCAACCCCCAAAGAC-3 92 NM 007742.3 (Kaback et al. [21])
Rv: 5-CCCTCGACTCCTACATCTTCTGA-3

osteocalcin (Bglap) Fw: 5-CCGGGAGCAGTGTGAGCTTA-3 68 NM 007541.3 (Jadlowiec et al. [22])
Rv: 5-AGGCGGTCTTCAAGCCATACT-3

GAPDH (Gapdh) Fw: 5-TGCACCACCAACTGCTTAG-3 177 NM 001289726.1 (Gautier et al. [23])
Rv: 5-GGATGCAGGGATGATGTTC-3

2.3. Reverse Transcription Polymerase Chain Reaction (RT-
PCR) Analysis. Quantitative real-time RT-PCR analysis was
performed as previously described [17]. Following total
RNA isolation (RNeasy Mini Kit: Qiagen, Hilden, Germany)
and DNase I treatment (Ambion, Austin, TX), cDNA was
synthesized from 1 𝜇g of total RNA using SuperScript III
reverse transcriptase (Life Technologies). The SYBR Green
assay was performed using Thunderbird SYBR qPCR Mix
(Toyobo, Osaka, Japan) on a StepOnePlus real-time PCR
system (Applied Biosystems). The primer pairs used are
shown in Table 1. The thermal profile of the PCR was 95∘C
for 10min, followed by 40 cycles at 95∘C for 15 s and 60∘C
for 1min. Target gene expression was quantitatively analyzed
using the ΔΔCt method [25].

2.4. Histochemical Staining. After osteogenic induction, GF-
iPSC constructs were fixed with 10% formalin neutral buffer
solution for 7 days. After decalcification in Plank-Rycho solu-
tion, the specimens were embedded in paraffin for standard
hematoxylin and eosin (H&E) staining andAlcian blue stain-
ing. For immunofluorescent staining, deparaffinized sections
were incubated in 0.05% Triton-X and 5% skim milk (BD,
NJ) in phosphate-buffered saline at room temperature for
60min. After washing, the sections were incubated with anti-
hypoxia-induced factor-1𝛼 (HIF-1𝛼) monoclonal antibody
(H1alpha 67: 1/25, Santa Cruz Biotechnology, CA), anti-
type II collagen monoclonal antibody (5B2.5: 1/100, Abcam,
Cambridge, UK), anti-osteocalcin polyclonal antibody (FL-
95: 1/100, Santa Cruz Biotechnology), or control IgG [normal
mouse IgG (sc-2025) or rabbit IgG (sc-2027): 1/100, Santa
Cruz Biotechnology] at 4∘C overnight and then incubated for
60min at room temperaturewithAlexa Fluor 488-conjugated
goat anti-mouse IgG (1/500, Molecular Probes, Thermo
Fisher Scientific, MA) or Alexa Fluor 555-conjugated goat
anti-rabbit IgG (1/500, Thermo Fisher Scientific), followed
by Hoechst 33258 (1/500, Thermo Fisher Scientific) nuclear
staining. Cell viability on the surface of GF-iPSC constructs
was assessed using the Live/Dead viability/cytotoxicity kit
(Thermo Fisher Scientific) as previously described [26].

2.5. Characterization of Minerals Precipitated in the Osteo-
genic GF-iPSC Constructs. Specimens were fixed with 2%

paraformaldehyde and 2.5% glutaraldehyde. After dehydra-
tion in an ascending series of ethanol, specimens were
embedded in epoxy resin for standard methylene blue and
von Kossa’s calcium staining. Energy-dispersive X-ray spec-
troscopy (EDX) and selected area election diffraction (SAED)
analyses were performed to characterize the minerals on
the surface of the GF-iPSC constructs and to determine
the presence of hydroxyapatite, respectively, as previously
described [17].

2.6. Ectopic Bone Formation Assay. After osteogenic induc-
tion, 10 GF-iPSC constructs were mixed with 200𝜇L of
40mg/mL fibrinogen solution (Sigma), followed by addi-
tion of 200𝜇L of 25U/mL thrombin solution (Sigma) and
incubation for 30 minutes at 37∘C under 5% CO

2

to form
a fibrin gel. The fibrin gel containing GF-iPSC constructs
was subcutaneously transplanted into the dorsal skin of five-
week-old immunodeficient mice (CB-17 SCID; Clea Japan,
Tokyo, Japan). After 4 weeks, the transplants were extracted
and fixed to prepare sections. Decalcified and nondecalcified
sections were subjected to standard H&E staining and von
Kossa staining, respectively.

2.7. Statistical Analyses. A one-way analysis of variance
(ANOVA) with Dunnett post hoc test was used for compar-
isons in the RT-PCR analysis. A significant difference was
defined when 𝑃 < 0.05.

3. Results and Discussion

Prior to osteogenic induction, we cultured the EBs in the
presence of RA [17, 27, 28] to guide the mouse GF-iPSCs to
initially differentiate into immature mesenchymal cells. We
previously demonstrated that thermoresponsive pNIPAAm
gels can be used to fabricate 3D cell constructs in which
cell-cell and cell-matrix interactions are maintained [18].
When the RA-treated EBs were cultured in the round-
bottom wells of the pNIPAAm gel chamber for two days,
the EBs aggregated to form ball-like 3D cell constructs
with the same diameter as the wells (1.5mm) (Figure 1(c):
inset). During osteogenic induction, the size of the cell
constructs gradually increased to approximately 1.7-fold of
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the initial diameter (diameter of 2.60 ± 0.37mm; average
of 14 constructs) on day 30. On visual inspection, the
osteogenically induced ball-like cell construct appeared to
have a two-layer structure, consisting of a white-colored
core surrounded by a translucent layer (Figure 1(e)). The cell
construct had a black ball morphology on von Kossa staining
(Figure 1(f)), suggesting that it was calcified.The calcifiedGF-
iPSC constructs were only obtained when the ball-like cell
constructs were cultured in the osteogenic inductionmedium
and not in the ES (growth) medium. In the EB medium,
the ball-like cell constructs became soft and fragile, and they
did notmaintain their ball-likemorphology, possibly because
the GF-iPSCs differentiated into many different cell types.
In the Live/Dead viability assay, most cells on the surface
of the calcified GF-iPSC constructs showed intense green
fluorescence (Figure 1(g)), indicating that they were viable.

We next used RT-PCR to analyze the expression of
osteogenic marker genes (Runx2, osterix, collagen 1a1, and
osteocalcin) in the viable cells of cell constructs during
osteogenic induction. Expression of Runx2 (Figure 2(a)) and
osterix (Figure 2(b)), which are key transcription factors for
osteogenic initiation [29, 30], increased by more than 15-fold
on day 20 and day 10, respectively. In parallel with the upregu-
lation of these transcription factors, expression of collagen 1a1
(Figure 2(c)), a primary product of osteoblasts [31], and osteo-
calcin (Figure 2(d)), encoding themost abundant noncollage-
nous protein of bone matrix [32], was significantly increased
by approximately 7-fold and 150-fold, respectively, at day 20.
These results suggest that theGF-iPSCs of the constructs were
guided to differentiate robustly into osteoblastic cells under
the osteogenic induction condition. It should be noted that
increased expression of Runx2 occurred after upregulation
of osterix. Although Runx2 is a key transcriptional factor for
osteogenesis, osterix exerts its osteogenic function viaRunx2-
independentmechanisms [33–35] and upregulation of osterix
during osteogenesismay thus be independent of upregulation
of Runx2. This mechanism may partly explain the unique
expression pattern ofRunx2 and osterix during the osteogenic
induction of the GF-iPSC constructs in the present study.

H&E staining of decalcified sections showed that the
cell constructs basically consisted of two different structural
regions (Figure 3(a)). The outer region was an osseous-like
tissue with nucleated cells that were embedded in abundant
bone-like extracellular matrix (ECM) (Figure 3(b)). Mono-
layer ormultilayered cells were aligned on the outer and inner
surfaces of the outer region (Figure 3(b)), as also confirmed
by Alcian blue staining (Figure 3(c)). The inner region of
the construct did not have a bone-like structure; rather, it
contained an unstructured cell mass and some cells lacked
nuclei (Figures 3(a) and 3(b)). In particular, the nucleus
was missing in many cells in the center area, implying cell
necrosis that possibly resulted from a low oxygen level [10].
In mouse MSC constructs fabricated using a mold of the
same size as in the present study, we previously found that
hypoxia and osteogenic induction guided the cells in the
inner region to differentiate into hypertrophic chondrocytes
through upregulation of the hypoxia marker HIF-1𝛼 and
the chondrogenic marker type II collagen [10]. In contrast,
chondrogenic induction did not appear to occur in the

iPSC construct in the present site, based on the lack of
Alcian blue staining (Figure 3(c)). In addition, expression
of HIF-1𝛼 was observed throughout the GF-iPSC construct,
except in the center part (Figure 3(e)), whereas expression
of type II collagen was mainly limited to the outer aligned
cells and a few cells in the osseous-like region (Figure 3(f)).
Although type II collagen is a cartilaginous ECM molecule,
it is also expressed by skeletal stem/progenitor cells and
their osteogenic progeny to regenerate bone [36]. The cells
expressing type II collagen in the present study may thus
have been osteogenic progeny that could have contributed to
formation of osseous-like tissue inside the construct, thereby
increasing the size of the construct by producing abundant
osteogenic ECM. Indeed, the aligned cells and cells in the
osseous-like region showed clear expression of osteocalcin
(Figure 3(h)), which is secreted by osteoblasts as a bone
matrix protein [37].

We next characterized the calcification of the GF-iPSC
construct using nondecalcified specimens. von Kossa stain-
ing demonstrated positive staining in the innermost area
of the cell construct (Figure 4(a)), indicating the presence
of a calcified core. Expression of osteocalcin was observed
throughout the inner region of the construct (Figure 3(h)),
where expression of HIF-1𝛼 was also observed (Figure 3(e)).
The staining with the nonspecific IgGs was negative (Figures
3(d) and 3(g)), confirming that the positive staining indeed
showed expression of HIF-1𝛼 (Figure 3(e)) and osteocalcin
(Figure 3(h)) in the inner region of the GF-iPSC construct.
MSCs subjected to hypoxia are more prone to differentiate
into osteoblasts than those cultured in normoxic conditions
[38], and the hypoxia-enhanced osteogenesis of MSCs is
dependent on HIF-1𝛼 [39]. HIF-1𝛼 also mediates the stim-
ulation of cartilage and vascular mineralization by osteocal-
cin [40]. Therefore, expression of HIF-1𝛼 and osteocalcin
induced by hypoxia and osteogenic induction may have been
responsible for the robust mineralization of the immature
mesenchymal cells in the internal region of the construct
in the present study. During mineralization, the low oxygen
level in the inner region likely caused most of the calcified
cells to undergo necrotic cell death, resulting in amineralized
core in the construct with abundant bone ECMs including
osteocalcin.

The inner areas of the construct were surrounded by a
layer zone that was strongly positive on von Kossa staining
(Figure 4(b)), suggesting the presence of a calcified bone
matrix in the outer region of the construct that should be
a part of the osseous-like tissue observed in H&E staining.
Osteoid-like tissues were also observed at the surface of the
construct by methylene blue counterstaining. The distribu-
tion of elemental calcium and phosphorous was evaluated
by EDX analysis in the outer region of the cell construct
(Figure 4(c)), where high peaks of the EDX spectrum were
confirmed, corresponding to elemental phosphorous and
calcium (Figure 4(d)). We further evaluated hydroxyapatite
formation in the calcified region by SAED analysis. TEM
images of the outer region showedmany electron-dense vesi-
cles of needle-like mineral aggregates (Figure 4(e)), in which
a clear diffraction ring pattern that represented the typical
reflections of hydroxyapatite crystals [41] was demonstrated
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Figure 2: Expression of osteogenic marker genes in the GF-iPSC constructs under osteogenic induction. Expression of Runx2 (a), osterix (b),
collagen 1a1 (c), and osteocalcin (d) on day 10, 20, and 30was determined by quantitative real-time RT-PCR.Gene expression of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as an internal control.The data represent themean values ± SD (𝑛 = 3). Significant differences
(∗𝑃 < 0.01: ANOVA with Dunnett’s correction for multiple comparisons) were evaluated with respect to day 0 (before osteogenic induction)
values.

(Figure 4(f)). These results suggest that we successfully fab-
ricated ball-like 3D calcified cell constructs from mouse
GF-iPSCs by a scaffold-free method, and these constructs
consisted of a mineralized core and calcified osseous-like
tissue surrounded by living osteogenic cells. Langenbach et al.
[42] previously reported outgrowing cells from scaffold-free
osteogenic microspheres that were fabricated using human
umbilical cord blood-derived multipotent stem cells and

thus inferred that the osteogenic microspheres could serve
as a scaffold because of the accumulated collagen and its
mineralization, whereas the outgrowing cells could be a
source of osteogenic cells. Therefore, in our system, the
aligned cells in the outermost layer of the GF-iPSC construct
might serve as osteoinductive cells to form new bone in vivo.

To test this possibility, we investigated the osteoinductive
capability of the GF-iPSC constructs in an ectopic bone
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 3: (a) H&E staining of the osteogenically induced GF-iPSC construct, which consisted of an inner region of unstructured cell mass
(inside the white dotted area) and outer osseous-like tissue region (asterisks). Scale bar: 0.5mm. (b) Magnification of the dotted square in
panel (a). Aligned cells were present outside (arrows) and inside (arrow heads) the osseous-like region (asterisk). White circle indicates the
inner region of the GF-iPSC construct. Scale bar: 100 𝜇m. (c) Alcian blue staining also indicates the presence of aligned cells outside (arrows)
and inside (arrow heads) the osseous-like region (asterisk). White circle indicates the inner region of the GF-iPSC construct. (d)–(h) Staining
for HIF-1𝛼 ((e) green fluorescence), type II collagen ((f) green fluorescence), osteocalcin ((h) red fluorescence), and nuclei ((d)–(h) blue
fluorescence). Staining with nonspecific control IgGs as primary antibodies was used as a negative control (d and g). Aligned cells (arrows),
osseous region (asterisks), and inner region (circles) of the cellular construct are indicated. Scale bars: 100𝜇m.
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Figure 4: (a) von Kossa staining and counterstaining withmethylene blue. Most inner areas of the osteogenically induced GF-iPSC construct
showed calcification (asterisks). Some noncalcified fibrous areas were observed (arrow heads). Scale bar: 100𝜇m. (b) Magnification of the
dotted square in panel (a). The calcified inner area (asterisks) was surrounded by a strongly calcified zone (arrow heads). Arrows indicate
osteoid-like tissues. Scale bar: 100𝜇m. (c) EDX analyses of the calcified layer area. The yellow, blue, and red dots represent the elemental
distribution of calcium, phosphorous, and carbon. Scale bar: 10 𝜇m. (d) Energy peaks in the EDX graph correspond to elemental phosphorous
(P), calcium (Ca), carbon (C), and oxygen (O). (e) TEM image of bone nodules formed in the calcified area (scale bar: 1 𝜇m). (f) SAED pattern
(002, 211, and 310 rings) of an electron-dense area (asterisk in panel (e)) was indicative of hydroxyapatite.
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(a) (b)

(c)

Figure 5: (a) Subcutaneous transplantation of osteogenically induced GF-iPSC constructs into immunodeficient mice resulted in tumor
formation (upper panel: arrowhead) at the fourth week. Lower panel: an extracted tumor (scale bar: 1 cm). (b) H&E staining of the extracted
transplants indicates teratoma, where the transplanted cell construct (arrowhead) was surrounded by extensive osseous tissue (asterisk).
Scale bar: 1mm. Inset: magnification of the dotted square. Arrows indicate aligned cells on the osseous tissue (asterisk). Scale bar: 50𝜇m.
(c) von Kossa staining and counterstaining with methylene blue. The transplanted calcified cell construct (circle) and the ectopically formed
bone region (asterisk) exhibited robust calcification. Arrowheads indicate sparse calcium deposition in the teratoma. Scale bar: 500 𝜇m. Inset:
magnification of the dotted square. Arrows indicate aligned cells in direct contact with the calcified tissue surface (asterisk) (scale bar: 50𝜇m).

formationmodel that is useful for evaluation of bone-forming
stem cells and new osteoinductive biomaterials [43]. In this
study, we used fibrin gels, which have been shown to be useful
for cell delivery [44] and have been used for subcutaneous
implantation of MSCs to assess ectopic bone formation [45,
46]. The use of fibrin gels allowed us to deliver the iPSC
constructs more easily and in a manner that would retain the
constructs at the surgical site during the experimental period.
Four weeks after subcutaneous implantation of calcified
GF-iPSC constructs, tumor formation was observed at the
implanted site (Figure 5(a)). H&E staining of the extracted
transplants indicated teratoma formation (Figure 5(b)), in
which tissues of various lineages including extensive cartilage
and fibrous osteoid tissue were present. In the teratoma, it
should be noted that the transplanted cell constructs were
surrounded by a large osseous tissue structure that was

covered with aligned cells (Figure 5(b): inset). These aligned
cells histologically resembled osteoblasts or bone lining cells,
which generate new bone and then remain on its surface
[47]. von Kossa staining revealed robust calcification in both
the transplanted cell construct and the surrounding osseous
tissue region (Figure 5(c)). The aligned cells were in direct
contact with the calcified tissue surface (Figure 5(c): inset),
implying that they were osteoblast-derived bone lining cells.
Sparse calciumdepositionwas also confirmed in several areas
in the teratomas in addition to the cell construct area. These
results suggest that the in vitro-synthesized calcified GF-
iPSC construct contributed to robust ectopic bone formation,
although it also elicited teratogenesis.

One critical problem hindering the clinical application
of iPSCs is that the contamination of differentiated iPSCs
with undifferentiated cells results in teratoma formation
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after transplantation [48]. In this study, methylene blue
counterstaining revealed some noncalcified areas in the
inner region (Figure 4(a)) where a few undifferentiated or
nonosteogenic cells may have remained, thus potentially
contributing to teratoma formation. In addition, the fib-
rin that we used in this study not only is a passive cell
delivery matrix but also binds many growth factors, such
as fibronectin and von Willebrand factor [49], which have
been suggested to be involved in not only bone forma-
tion [50, 51] but also tumorigenesis [52, 53]. Therefore,
the use of fibrin in this study might have indeed partly
affected the ectopic bone and teratoma formation of the
GF-iPSC constructs. Irradiation of osteogenically induced
iPSCs prior to transplantation [54], introduction of a suicide
gene into the pluripotency locus [55], or co-treatment with
small molecules such as quercetin and YM155 [56] may be
useful strategies to prevent tumorigenesis after implanta-
tion.

The osteoinductive capacity of the scaffold-free calcified
GF-iPSC constructs is attractive for bone tissue engineering,
as such an approach would not require the use of additional
scaffolds during the transplantation procedure. In particular,
the calcified parts of the constructs themselves can be
expected to provide a regeneration niche as a scaffolding
material, whereas the surrounding aligned osteoblasts would
be expected to promote osteoinduction, whichmay provide a
simple and reliable treatment procedure. In addition, the use
of temperature-responsive hydrogel molds enables control
of shape and size during the fabrication of cell constructs
[18]. In a preliminary study, fabrication of larger calcified
constructs than the ball-like structure could be achieved
using GF-iPSCs; however, formation of such constructs was
difficult when mouse MSCs were used in the same system,
indicating that iPSCs are advantageous and possibly even that
pluripotent cells such as iPSCs are required, for scaffold-free
fabrication of large 3D cell constructs.

4. Conclusions

This study established size- and shape-controlled mouse GF-
iPSC constructs by a scaffold-free method using a ther-
moresponsive hydrogel system. The present data show that
mouse GF-iPSCs enable the fabrication of osteoinductive
3D cell constructs, in which the calcified regions and sur-
rounding osteoblasts may function as scaffolds and drivers
of osteoinduction, respectively. The fabrication of size- and
shape-controlled GF-iPSC constructs, demonstrated to be
feasible in the present study, would be advantageous to tailor
the calcified GF-iPSC construct to specific bone defects in
individual patients.Therefore, scaffold-free calcifiedGF-iPSC
constructs are a promising biological material for iPSC-based
bone regenerative therapies, and methods to completely
suppress tumorigenesis by the constructs should be explored
in future studies.
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This study focuses on gene expression patterns and functions in human umbilical cord (UC) and dental pulp (DP) containing
mesenchymal stem cells (MSCs). DP tissues were collected from 25 permanent premolars. UC tissue samples were obtained
from three newborns. Comparative gene profiles were obtained using cDNA microarray analysis and the expression of tooth
development-associated and MSC-related genes was assessed by the quantitative real-time reverse transcription polymerase chain
reaction (qRT-PCR). Genes related to cell proliferation, angiogenesis, and immune responses were expressed at higher levels in UC,
whereas genes related to growth factor and receptor activity and signal transduction were more highly expressed in DP. Although
UC andDP tissues exhibited similar expression of surfacemarkers forMSCs, UC showed higher expression of CD29, CD34, CD44,
CD73, CD105, CD146, and CD166. qRT-PCR analysis showed that CD146, CD166, and MYC were expressed 18.3, 8.24, and 1.63
times more highly in UC, whereas the expression of CD34 was 2.15 times higher in DP. Immunohistochemical staining revealed
significant differences in the expression of genes (DSPP, DMP1, and CALB1) related to odontogenesis and angiogenesis in DP. DP
and UC tissue showed similar gene expression, with the usual MSC markers, while they clearly diverged in their differentiation
capacity.

1. Introduction

Mesenchymal stem cells (MSCs) have attracted a great deal of
interest because of their potential application in regenerative
medicine and tissue engineering. MSCs are highly prolifer-
ative and adherent fibrotic cells that express characteristic
cell surface markers and retain self-renewing capacity with
the potential of differentiating into various tissues including
bone, muscle, cartilage, fat, and nerve [1]. MSCs may be
isolated readily from several tissues such as bone marrow,
adipose tissue, and placenta [2]. Although MSCs derived
from bonemarrow are well characterized, the harvest of stem
cells from the bone marrow is a highly invasive procedure
with a considerable risk of donor site morbidity.

Recently, potential alternative sources of MSCs and non-
aggressive methods for the harvesting of stem cells have been

investigated; in particular, the umbilical cord (UC) and dental
pulp (DP) show great promise as source tissues because
they contain a considerable number of cells with properties
similar to those of MSCs [3, 4]. In recent years, UC-
MSCs have shown an odontogenic differentiation potential
to differentiate into odontoblast-like cells in an odontogenic
microenvironment [5].

UC tissue (Wharton’s jelly of human umbilical cord) is
considered an ideal source of stem cells with characteristics
similar to those of MSCs from bone marrow and adipose
tissue, for example, fibroblast morphology, surface protein
markers, and potential for differentiation into cells of ther-
apeutic value [6, 7]. UC cells exhibit immunosuppressive
capacity and high proliferation rates, which are useful in allo-
geneic environments [8, 9].DP,which is thought to be derived
from migratory neural crest cells during development, is
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a source of various populations of multipotent stem cells [10].
Similar toMSCs, dental pulp stem cells (DPSCs) are adherent
clonogenic cells with varying capacities for differentiation
along mesenchymal or nonmesenchymal lineages [11].

The UC is a potentially valuable source of MSCs as the
isolation process is noninvasive and causes no harm to the
mother or infant andutilizesmaterial that is usually discarded
[12]. In addition, UC tissue is derived from the neonate and is
therefore less mature than adult tissues. This lowers the risk
of immune reactions during donor transplantation. DPSCs
also represent a valuable source of MSCs, as the latter may be
obtained with minimal pain and morbidity [13]. Therefore,
MSCs derived from the UC and DP are more desirable
for stem cell-based therapy than stem cells obtained from
conventional sources such as bone marrow.

Despite extensive knowledge of the properties of UC-
MSCs and DPSCs, it is still not known whether their prop-
erties accurately reflect their true gene expression patterns
and developmental potential in situ. The fate of stem cells is
regulated by cell-intrinsic determinants and signals within a
specialized microenvironment [14]. Therefore, investigation
of the genes related to stemness in UC and DP is necessary
in order to evaluate the potential value of these tissues
as alternative sources of MSCs. In particular, their gene
expression patterns must be analyzed to obtain insights into
the differentiation capacity of the stem cells and to compare
the biological functions of the stemness-related genes in
terms of interactions with the microenvironment. In this
study, we performed a DNA microarray-based differential
gene expression analysis of UC and DP tissues with the aim
of comparing the characteristics of MSCs from each type of
tissue.

2. Materials and Methods

2.1. Tissue Samples. The experimental protocol was approved
by the Institutional Review Board of Yonsei University Dental
Hospital (#2-2012-0001) and Severance Hospital (#4-2012-
0408). All the subjects or their guardians have provided
written informed consent. Pulp samples were obtained from
healthy permanent premolars (𝑛 = 25; from 5 males and 6
females, aged 11–25 years) extracted for orthodontic reasons.
The fresh umbilical cord tissues were obtained from three
newborns in the Department of Obstetrics and Gynecology,
Severance Hospital, Yonsei University. The extracted teeth
and umbilical cords were frozen immediately and stored in
liquid nitrogen. The pulp tissue was obtained using sterile
tweezers and barbed broaches. The UC tissue was sliced at
a thickness of 10–14 𝜇m using a cryostat (CM3050S, Leica
Biosystems, Newcastle Upon Tyne, UK). Subsequently, the
DP and UC tissues were immediately submerged in Buffer
RLT, which is a proprietary component of the RNeasy Fibrous
Mini Kit� (Qiagen, Valencia, CA, USA).

2.2. RNA Extraction. We used similar study procedures
applied by Song et al. [15], Lee et al. [16], and Kim et al.
[17]. Total RNA was extracted from DP and UC tissues
using the RNeasy Fibrous Mini Kit (Qiagen) according to
the manufacturer’s instructions. The extracted RNA was

eluted in 25 𝜇L of sterile water. Prior to RNA extraction,
tissues were homogenized using a Bullet Blender�Bead (Next
Advanced, Averill Park, NY, USA). RNA concentrations
were determined from absorbance values at a wavelength of
260 nm using a spectrophotometer (Nanodrop ND-1000�,
Thermo Scientific, Waltham, MA, USA). RNA samples used
in this study had 260/280 nm ratios equal to or greater than
1.8.

2.3. cDNAMicroarray. Global gene expression analyses were
performed using GeneChip� Human Gene 1.0 ST oligonu-
cleotide arrays (Affymetrix, Santa Clara, CA, USA). The
average amount of RNA isolated from DP and UC tis-
sues was 1 𝜇g. Total RNA was isolated using the RNeasy
Fibrous Mini Kit columns as described by the manufac-
turer (Qiagen). RNA quality was assessed using the Agilent
2100 Bioanalyzer with an RNA 6000 Nano Chip� (Agilent
Technologies, Amstelveen, Netherlands). RNA quantity was
determined using theNanodropND-1000. Each RNA sample
was subjected to global gene expression analysis according to
the manufacturer’s protocol (http://www.affymetrix.com/).
Briefly, 300 ng of total RNA from each sample was con-
verted to double-stranded cDNA. Using a random hex-
amer incorporating a T7 promoter, amplified RNA (cRNA)
was generated from the double-stranded cDNA template
via an in vitro transcription reaction and was purified
using the Affymetrix sample cleanup module. cDNA was
generated by random-primer reverse transcription using a
dNTP mix containing dUTP. The cDNA was then frag-
mented using the restriction endonucleases uracil-DNA
glycosylase and human apurinic/apyrimidinic endonuclease.
Next, the fragmented cDNA was end-labeled via a terminal
transferase reaction incorporating a biotinylated dideoxynu-
cleotide. Fragmented end-labeled cDNA was hybridized to
the GeneChip Human Gene 1.0 ST array for 16 h at 45∘C
and 60 rpm as described in the GeneChip Whole Tran-
script Sense Target Labeling Assay Manual (Affymetrix).
After hybridization, the chips were stained and washed
in a GeneChip Fluidics Station 450 and scanned using a
GeneChip Array scanner 3000 G7 (Affymetrix). The image
data were extracted using Command Console software 1.1
(Affymetrix) and a raw file containing the expression inten-
sity data was generated and used for the next step. This
microarray data set was approved by the Gene Expression
Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo/); the
GEO accession numbers of the data set are GSE75642
(umbilical cord) and GSE75644 (dental pulp).

2.4. Gene Ontology Analysis. Expression data were generated
using Expression Console software version 1.1 (Affymetrix).
For normalization, the Robust Multiarray Average algorithm
of the Expression Console software was used. In order to
determine whether genes were differentially expressed in the
three groups, a one-way ANOVA was performed on the
RobustMultiarrayAverage expression values. Amultiple test-
ing correctionwas applied to the𝑝 values of the𝐹-statistics to
adjust the false discovery rate. Genes with adjusted 𝐹-statistic
𝑝 values < 0.05 were extracted. Highly expressed genes that
showed over 2-fold differences between the signal values in
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Table 1: Quantitative RT-PCR primer lists.

Gene symbol Gene description Assay ID Amplicon length
AMBN Ameloblastin (enamel matrix protein) Hs00212970 m1 61
ALCAM (CD166) Activated leukocyte cell adhesion molecule Hs00977641 m1 103
CALB1 Calbindin 1 Hs00191821 m1 90
CD34 CD34 molecule Hs00990732 m1 91
DMP1 Dentin matrix acidic phosphoprotein 1 Hs01009391 g1 106
DSPP Dentin sialophosphoprotein Hs00171962 m1 67
MCAM (CD146) Melanoma cell adhesion molecule Hs00174838 m1 77
MYC c-Myc Hs00153408 m1 107
18S 18S rRNA Hs03003631 g1 69

the control and each test group were selected for further
investigation. In order to classify the coexpression gene group
with a similar expression pattern, we performed hierarchical
and 𝐾-mean clustering using MultiExperiment Viewer soft-
ware 4.4 (http://www.tm4.org/, Dana-Farber Cancer Insti-
tute, Boston, MA, USA). The web-based tool, DAVID (the
Database for Annotation, Visualization, and Integrated Dis-
covery), was used for biological interpretation of differ-
entially expressed genes. Subsequently, these genes were
classified based on their function according to the KEGG
Pathway database (https://david.ncifcrf.gov/home.jsp).

2.5. Quantitative Reverse Transcription Polymerase Chain
Reaction. The single-stranded cDNA required in the PCR
analysis step was produced using 500 ng of extracted total
RNA as a template for reverse transcription (Superscript
III Reverse Transcriptase and Random Primer, Invitrogen,
Paisley, UK). The reverse transcription reaction was per-
formed at 65∘C for 5 minutes, followed by 25∘C for 5 minutes,
50∘C for 1 hour, and 70∘C for 15 minutes to inactivate the
reverse transcriptase. The synthesized cDNA was diluted
10 : 1 in distilled water and used as a template for qRT-
PCR, which was performed using the ABI7300 RT-PCR
system (Applied Biosystems, Warrington, UK). Samples of
25 𝜇L containing 1x Universal TaqManMaster Mix (4369016,
Applied Biosystems), PCR primers at a concentration of
0.9 𝜇M, and the diluted cDNAwere prepared in triplicate.The
amplification conditions were 50∘C for 2 minutes and 95∘C
for 10 minutes followed by 40 cycles of 95∘C for 15 seconds
and 60∘C for 1minute. TaqMan gene expression assay primers
(Applied Biosystems) were used. The primers for each gene
are listed in Table 1. ABI 7300 SDS 1.3.1 software (Applied
Biosystems) was used to record the fluorescence intensity of
the reporter and quencher dyes. Fluorescence intensity values
were plotted against time and quantified as the cycle number.
A precise quantification of the initial target was obtained by
examining the amplification plots during the early log phase
of product accumulation above background (the threshold
cycle (Ct) number). Ct values were subsequently used to
determine ΔCt values (ΔCt = Ct of the gene minus Ct of
the 18S rRNA gene control), and differences in Ct values
were used to quantify the relative amount of PCR product,
expressed as the relative change by applying the equation

2
−ΔCt.The specific primer assay ID and product sizes for each
gene are listed in Table 1.

2.6. Immunohistochemical Staining. For IHC staining, tissues
from permanent teeth and the UC were fixed in 10% buffered
formalin (Sigma-Aldrich, St. Louis, MO, USA) for 1 day.
Permanent teeth were decalcified using 10% EDTA (pH 7.4;
Thermo Fisher Scientific, Houston, TX, USA) for 8 weeks.
The permanent teeth and UC tissues were embedded in
paraffin and sectioned at a thickness of 3 𝜇m. Specimens
were subjected to IHC staining with antibodies against
DSPP (rabbit polyclonal, diluted 1 : 1500; sc-33586, Santa
Cruz Biotechnology, Santa Cruz, CA, USA), DMP1 (rabbit
polyclonal, diluted 1 : 100; Ab82351, Abcam), CALB1 (rabbit
polyclonal, diluted 1 : 400; Ab25085, Abcam), and CD146
(MCAM, rabbit polyclonal, diluted 1 : 400; Ab75769, Abcam).
Endogenous peroxidase activity was quenched by the addi-
tion of 3% hydrogen peroxide. Sections were incubated in
5% bovine serum albumin to block nonspecific binding. The
primary antibodies were diluted to obtain optimal staining
and sections were incubated overnight. After incubation,
the EnVision+ System-HRP Labeled Polymer Anti-Rabbit
kit (K4003, Dako, Carpinteria, CA, USA; ready to use) was
applied for 20 minutes. Color development was performed
using labeled streptavidin biotin kits (Dako) according to
the manufacturer’s instructions. The sections were coun-
terstained with Gill’s hematoxylin (Sigma-Aldrich). Control
sections were treated in the same manner but without
primary antibodies.

3. Results

3.1. Gene Expression Profiles of UC and DP Tissues. Com-
plementary DNA microarray technology was used to com-
pare multiple gene expression profiles representative of DP
and UC tissues. In order to investigate these differentially
expressed genes further, data with a more stringent thresh-
old of 3-fold differential expression were filtered to ensure
biological significance. The results indicated that 1,957 out of
33,297 (5.88%) genes exhibited an absolute expression change
at least 3-fold. The expression levels of 988 genes were 3-fold
higher in the UC than in DP tissues, while the expression
levels of 969 genes were at least 3-fold higher in DP than in



4 Stem Cells International

0 5 10 15 20 25 30
Lipid metabolic process

Muscle contraction
Immune response

Cell adhesion
Transport

Oxidation reduction
Cell proliferation

Signal transduction
Angiogenesis

Apoptosis

Dental pulp (n = 118)
Umbilical cord (n = 158)

(a)

0 20 40 60 80
Protein binding

Calcium ion binding
Receptor activity

Ion channel activity
Nucleotide binding

Structural molecule activity
ATP binding

DNA binding
Transporter activity

Peptidase inhibitor activity
Growth factor activity

Lipid binding
Ion channel activity

Dental pulp (n = 118)
Umbilical cord (n = 158)

(b)

Figure 1: Main categories of genes expressed specifically in umbilical cord and dental pulp classified according to their biological (a) and
molecular functions (b). Genes related to cell proliferation and angiogenesis were expressed at higher levels in the UC than in DP (𝑝 < 0.05).

UC tissues. The data were further filtered, and the genes are
listed in Tables 2 and 3 according to their biological functions.

3.2. Gene Ontology Analysis. In the UC tissue, the expression
levels of 158 genes were upregulated 10-fold or more in
comparison with DP, whereas the expression levels of 118
genes were upregulated 10-fold in DP in comparison with
UC. Genes related to cell proliferation and angiogenesis
were expressed at higher levels in UC than in DP. Lipid
metabolic process-related genes were highly expressed in DP.
In comparison with DP, a large proportion of the UC genes
were related to growth factor activity, structural molecular
activity, DNA binding, and protein binding (Figure 1).

3.3. Stemness Characterization Using Surface Protein Markers.
The comparative expression results for MSC surface protein
markers are indicated in Figure 3. UC tissue appeared to
contain a population of cells that were more positive for
MSC markers (including CD29, CD34, CD44, CD73, CD105,
CD146, and CD166) according to the minimal criteria of the
International Society for Cell Therapy [18]. The comparative
expression analysis of four induced pluripotent stem cell
(iPSC) marker genes (i.e., OCT4, SOX2, MYC, and KLF4)
revealed that the expression level of these genes was the
same in UC and DP. qRT-PCR analysis for eight impor-
tant marker genes revealed four tooth-related genes (DSPP,
AMBN, CALB1, and DMP1), three genes for MSCs (CD34,
CD146, and CD166), and MYC related to iPSC stemness.
DSPP, AMBN, CALB1, and DMP1 were expressed in DP
tissue but they were not excluded in the comparative qPCR
results because they were not detected in UC tissue. The
expression levels of CD146, CD166, andMYC were 18.3, 8.24,
and 1.63 times higher, respectively, in UC than in DP, and the
expression level of CD34 was 2.15 times higher in DP than in
UC (Figure 2).

3.4. Immunohistochemical Staining. MCAM (CD146) was
expressed abundantly as a perivascular stem cell marker
in connective tissue, especially in the arteries of the UC.

However, this protein showed a very low level of expression in
DP tissue (Figure 3). IHC staining showed that DSPP, DMP1,
and CALB1 were expressed broadly in DP tissue (Figure 4),
but barely expressed in the UC. DSPP was evident in pulpal
tissue, the odontoblast layer, and primary and secondary
dentin. While DMP was stained in the odontoblast layer and
secondary dentin, CALB1 was expressed in pulpal tissue and
the odontoblast layer.These findings were consistent with the
microarray data.

4. Discussion

Although numerous studies have been performed to evaluate
the utility of human MSCs as sources for the development
of cell-based therapeutics, a precise understanding of the
biology of MSCs remains elusive. Previous studies, based on
a strict definition of MSCs at the molecular or cellular levels,
involved serial analyses of gene expression. However, such
approaches raised concerns that the expression of house-
keeping genes may have interfered with the identification
of MSC-specific genetic characteristics. To overcome such
shortcomings, we examined DNA microarray-based differ-
ential expression profiles of MSC population, comparing
these profiles with those of other tissues to evaluate stemness
capacity. We compared DP with UC tissue as both types
contain stromal stem cell populations with high proliferative
potential that are capable of regenerating their respective
microenvironments with remarkable fidelity [19]. In order
to identify genes expressed at higher levels in UC than in
DP tissue, we categorized genes according to the ratio of the
fold change between the two tissues. Results of qRT-PCR and
IHC staining analyses confirmed the validity of these data,
indicating that the expression of representative genes was
consistent with the differential expression patterns observed
in the microarray data.

Although MSCs originating from both tissues are highly
similar, their differences may be functionally related to their
origin; for example, MSCs derived from DP are more com-
mitted to the osteoblastic and odontogenic lineages, whereas
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Table 2: Representative differentially expressed genes with higher expression levels in umbilical cord than in dental pulp tissue.

Functional category Gene
symbol Biological process Accession number Absolute fold

change

Embryonic
development

DLK1 Embryonic skeletal system
development NM 003836 56.86

DKK1 Embryonic limb morphogenesis NM 012242 44.51

SCEL Epidermis development, embryo
development NM 144777 33.26

TBX18 Morphogenesis of embryonic
epithelium NM 001080508 15.66

HOXD10 Embryonic skeletal system
morphogenesis NM 002148 12.03

TBX20 Embryonic heart tube
development NM 001077653 11.71

HOXC10 Embryonic limb morphogenesis NM 017409 8.70

HOXC6 Embryonic skeletal system
development NM 004503 7.22

HAND2 In utero embryonic development NM 021973 6.54

HOXA6 Embryonic skeletal system
morphogenesis NM 024014 5.50

EDN1 In utero embryonic development NM 001955 5.35

WNT4 Embryonic epithelial tube
formation NM 030761 4.31

GATA6 In utero embryonic development NM 005257 4.17

TGFB1I1 Morphogenesis of embryonic
epithelium NM 001042454 4.13

TGFB3 In utero embryonic development NM 003239 3.85
SOX5 In utero embryonic development NM 152989 3.70

Developmental
process

DES Cytoskeleton organization NM 001927 66.18
KRT6A Ectoderm development NM 005554 27.69
KRT5 Epidermis development NM 000424 22.73

KRT13 Epidermis development, tongue
morphogenesis NM 153490 22.53

COL12A1 Skeletal system development,
collagen fibril organization NM 004370 17.87

DKK2 Multicellular organismal
development NM 014421 12.63

TAGLN Muscle organ development NM 001001522 11.91
KRT8 Cytoskeleton organization NM 002273 11.04
KRT14 Epidermis development NM 000526 9.01

OSTN Ossification, multicellular
organismal development NM 198184 8.22

MCAM Anatomical structure
morphogenesis NM 006500 7.22

IGF2BP3 Anatomical structure
morphogenesis NM 006547 7.10

ADAM19 Fertilization, muscle
development, neurogenesis NM 033274 6.41

MGP Cartilage condensation,
ossification NM 001190839 5.70

DMD
Muscle organ development,
skeletal muscle tissue
development

NM 000109 5.22

PITX2 Multicellular organismal
development NM 153426 4.79
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Table 2: Continued.

Functional category Gene
symbol Biological process Accession number Absolute fold

change

Physiological process

ACTG2 Muscle contraction NM 001615 115.24
HBG1 Transport NM 000559 101.65

PLN Cellular calcium ion
homeostasis, blood circulation NM 002667 71.69

CNN1 Regulation of smooth muscle
contraction NM 001299 66.37

HBB Regulation of blood pressure,
oxygen transport NM 000518 38.48

FGF10 Angiogenesis NM 004465 31.24
COL8A1 Angiogenesis NM 001850 12.02

AHSP Hemoglobin metabolic process,
hematopoiesis NM 016633 7.18

FGF9 Angiogenesis, osteoblast
differentiation NM 002010 5.07

PDGFA Angiogenesis, response to
hypoxia NM 002607 5.00

ELN Respiratory gaseous exchange,
blood circulation NM 000501 4.75

EGF Angiogenesis, positive regulation
of cell proliferation NM 001963 4.30

IL18 Angiogenesis, response to
hypoxia NM 001562 3.85

VEGFA Angiogenesis, ovarian follicle
development NM 001025366 3.16

Signal transduction
and regulation

PRLR Cell surface receptor linked
signaling pathway NM 000949 90.61

RASSF3 Signal transduction NM 178169 12.27

RERG GTPase mediated signal
transduction NM 032918 11.98

STC2 Cell surface receptor linked
signaling pathway NM 003714 11.37

CD244 Signal transduction NM 016382 8.83

ASPN
Negative regulation of
transforming growth factor beta
receptor signaling pathway

NM 017680 8.20

LPHN3 G-protein coupled receptor
protein signaling pathway NM 015236 7.72

SPSB1 Intracellular signaling pathway NM 025106 6.87

ALCAM Signal transduction, motor axon
guidance NM 001627 3.96

Cell regulation and
proliferation

UPK1B Epithelial cell differentiation NM 006952 45.66
MYOCD Cardiac cell differentiation NM 001146312 40.32
EGFL6 Cell differentiation NM 015507 11.94

PODN Negative regulation of cell
proliferation NM 153703 9.96

FAS Positive regulation of necrotic
cell death NM 000043 9.34

KRT4
Epithelial cell differentiation,
negative regulation of epithelial
cell proliferation

NM 002272 6.52

IGFBP7 Regulation of cell growth NM 001553 6.01

HEMGN Cell differentiation, regulation of
osteoblast differentiation NM 018437 5.70

CDH1 Trophectodermal cell
differentiation NM 004360 5.44

DPT Cell adhesion, negative
regulation of cell proliferation NM 001937 5.13
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Table 2: Continued.

Functional category Gene
symbol Biological process Accession number Absolute fold

change

Cytokine, chemokine,
and immune response

IL1RL1 Immune response NM 016232 36.22

S100A8 Chemotaxis, inflammatory
response NM 002964 26.48

DPP4 Regulation of T cell mediated
immunity NM 001935 18.16

ITGB6 Inflammatory response NM 000888 15.01

IGF2BP1 Regulation of cytokine
biosynthetic process NM 006546 9.59

LY96 Inflammatory response, cellular
defense response NM 015364 8.40

CCRL1 Chemotaxis, immune response NM 178445 7.81
ANLN Cytokinesis NM 018685 7.60
CMKLR1 Chemotaxis, immune response NM 001142343 7.41

CD97 Inflammatory response, immune
response NM 078481 6.96

CXCL1 Chemotaxis, inflammatory
response, immune response NM 001511 5.54

IL33 Positive regulation of
macrophage activation NM 033439 5.29

CXCR1 Chemotaxis, inflammatory
response NM 000634 3.48

CXCL6 Chemotaxis, inflammatory
response NM 002993 3.07
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Figure 2: Relative gene expression of mesenchymal stem cell and induced pluripotent stem cell markers using cDNA microarray (a). The
relative differences in the expression of stem cell markers between umbilical cord and dental pulp were analyzed using qRT-PCR (b). Data
are presented as means ± standard deviation and expressed as the relative change by applying the equation 2−ΔCt, where ΔCt = Ct of the gene
minus Ct of the 18S rRNA.

MSCs derived from the UC would be more committed to
angiogenesis. In DP tissue, microarray results indicated that
certain genes (DMP1, AMBN, DSPP, DLX1, RUNX2, LEF1,
PAX9, and MSX1) related to odontogenesis and biomineral
tissue development were upregulated, which was in agree-
ment with the expected results for this biological process.
In addition, genes that might be related to bone and dentin
mineralization, including PHEX, CALB1, MMP20, ALPL,
LHX8, and WNT10A, were upregulated. Microarray data
showed that the expression of DMP1, DSPP, and CALB that

play important roles in the development of pulp tissue was
99.2, 98.1, and 41.3 times higher, respectively, in DP than in
UC. qRT-PCR results indicated that the fold differences in the
expression of DMP1, CALB1, and AMBN were not observed
in the UC. Similarly, IHC staining results showed thatDMP1,
CALB1, andDSPPwere not stained in theUCbutwere stained
around the outer area of DP. The genetic pattern analysis of
permanent pulp indicated that CALB1, a representative gene
in DP, is necessary for enamel mineralization in transition-
and maturation-stage ameloblasts [17].
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Table 3: Representative differentially expressed genes with higher expression levels in dental pulp tissue than in umbilical cord.

Functional category Gene
symbol Biological process Accession

number
Absolute fold

change

Biomineral tissue
development

PHEX Bone and dentin mineralization NM 000444 160.01
DMP1 Bone and dentin mineralization NM 004407 99.20
CALB1 Hydroxyapatite formation NM 004929 98.07

MMP20 Regulation of enamel mineralization,
proteolysis NM 004771 85.26

AMBN Bone mineralization, odontogenesis of
dentine-containing tooth NM 016519 65.69

DSPP Odontogenesis of dentine-containing tooth NM 014208 41.26
ALPL Biomineral tissue development NM 000478 14.83
DLX1 Odontogenesis of dentine-containing tooth NM 178120 9.55
LHX8 Odontogenesis of dentine-containing tooth NM 001001933 7.56
CA2 Odontogenesis of dentine-containing tooth NM 000067 7.07
RUNX2 Ossification, osteoblast differentiation NM 001024630 6.53
LEF1 Odontogenesis of dentine-containing tooth NM 016269 6.24
PAX9 Tooth development NM 006194 5.79
MSX1 Odontogenesis, craniofacial development NM 002448 4.04

WNT10A Regulation of odontogenesis of
dentine-containing tooth NM 025216 3.87

Developmental
process

DLX5 Osteoblast differentiation NM 005221 30.01
DLX3 Multicellular organismal development NM 005220 26.13

ADAM22 Proteolysis, central nervous system
development NM 021723 25.00

NES Central nervous system development NM 006617 15.67
BMP7 Ossification, organ morphogenesis NM 001719 15.60

BMPR1B Skeletal system development, cartilage
condensation NM 001203 13.53

MSX2 Skeletal system development, osteoblast
differentiation NM 002449 9.32

COL11A2 Skeletal system morphogenesis, cartilage
development, palate development NM 001163771 8.55

BMP5 Skeletal system development, ossification NM 021073 6.08

TBX3 Blood vessel development, in utero
embryonic development NM 016569 5.93

MBP Central nervous system development,
myelination NM 001025101 4.95

DLX6 Multicellular organismal development,
nervous system development NM 005222 4.12

NRCAM Axonogenesis, central nervous system
development NM 001193582 4.09

SNAI1 Osteoblast differentiation, mesoderm
formation NM 005985 3.78

HLF Multicellular organismal development,
rhythmic process NM 002126 3.23

BMP2 Development of bone and cartilage NM 001200 2.11

Physiological process

TF Controlling iron concentrations,
erythropoiesis NM 001063 153.98

SCN7A Sodium ion transport, muscle contraction NM 002976 82.36
APOD Lipid metabolic process NM 001647 41.22
PLAT Response to hypoxia, blood coagulation NM 000930 10.20

CD52 Elevation of cytosolic calcium ion
concentration NM 001803 4.29

CYGB Response to oxidative stress, oxygen
transport NM 134268 3.98

MYOT Muscle contraction NM 006790 3.26
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Table 3: Continued.

Functional category Gene
symbol Biological process Accession

number
Absolute fold

change

Signal transduction
and regulation

WIF1 Wnt receptor signaling pathway NM 007191 70.19

PTN Transmembrane receptor protein signaling
pathway NM 002825 38.17

WNT5A Oncogenesis, embryogenesis NM 003392 13.68
NCAM1 Neurite outgrowth, synaptic plasticity NM 181351 7.87
NCAM2 Neurite outgrowth, synaptic plasticity NM 004540 7.38

RASGRF2 Induction of apoptosis by extracellular
signals NM 006909 6.88

CHN1 Signal transduction NM 001822 6.56

MET Cell surface receptor linked signaling
pathway NM 001127500 3.01

Cell regulation and
proliferation

SCIN Negative regulation of cell proliferation NM 001112706 58.65

RELN Cell morphogenesis involved in
differentiation NM 005045 49.12

NES Structural organization of the cell NM 006617 15.67
MEGF10 Phagocytosis NM 032446 9.89
EPCAM Positive regulation of cell proliferation NM 002354 8.79
PDGFD Positive regulation of cell division NM 025208 5.43

CLU Cell death, positive regulation of cell
proliferation NM 001831 5.19

VEGFC Angiogenesis, positive regulation of
neuroblast proliferation NM 005429 3.74

MSI2 Stem cell development NM 138962 3.55
DBC1 Cell cycle arrest, cell death NM 014618 3.32

TGFB1 Cell growth, cell proliferation, cell
differentiation and apoptosis NM 000660 3.14

IGFBP6 Regulation of cell growth NM 002178 3.07

Cytokine, chemokine,
and immune response

IGJ Immune response NM 144646 22.65
IGHD Immune response BC021276 11.30

CXCL14 Chemotaxis, immune response, inhibiting
angiogenesis NM 004887 8.74

SELE Leukocyte migration involved in
inflammatory response NM 000450 5.82

MX1 Induction of apoptosis, defense response,
response to virus NM 002462 5.24

IFI44 Response to virus NM 006417 5.05

CX3CL1 Chemotaxis, defense response, immune
response NM 002996 3.60

CFI Innate immune response NM 000204 3.17

MSCs possess multilineage differentiation potential with
a variety of chemokines, cytokines, and growth factors
involved in the regeneration of damaged tissue. They are
capable of modifying their molecular activities and functions
in response to the environment. The exclusive expression of
the chemokines CXCL1 and CXCL6 in the UC may increase
propagation of hematopoietic precursors in coculture set-
tings. Other genes expressed at higher levels in the UC
include those encoding IL-6, IL-18, FGF9, FGF10, PDGFA,
EGF, and VEGFA, which are part of interconnected pathways
related to angiogenesis. Jin et al. reported that MSCs derived
from bone marrow, adipose tissue, and the UC have signifi-
cantly different anti-inflammatory capacities and confirmed
that UC-MSCs exhibit the greatest anti-inflammatory effects

[20].These findings suggest that UC-MSCs are more efficient
for clinical applications involving revascularization.

In this study, the comparison of stemness of UC and
DP tissues revealed no significant fold difference in the
expression of several surface markers (CD29, CD34, CD44,
CD73, CD105, and CD106) typical for MSCs. Nevertheless,
some differences were observed in the expression level of
CD146 (MCAM) and CD166 (ALCAM), which connect the
control of cell growth with cell migration. These findings are
representative of the developmental process. The qRT-PCR
results showed that the expression levels of CD146 andCD166
were higher in UC than in DP (18.3-fold and 8.24-fold, resp.).
These molecular differences in tissue-specific MSC gene
expression may reflect their functional activities in distinct
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Figure 3: Immunohistochemical (IHC) staining of umbilical cord tissues. IHC staining for DSPP (a, e), DMP1 (b, f), CALB1 (c, g), and CD146
(d, h). CD146 is expressed on arteries of the umbilical cord, suggesting that the majority of stem cells arise from the microvasculature. (scale
bars: (a)–(d) 4mm, (e)–(h) 200𝜇m).
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Figure 4: Immunohistochemical (IHC) staining of dental pulp tissue. IHC staining for DSPP (a, e). DSPP was noted in pulpal tissue, the
odontoblast layer, and primary and secondary dentin. IHC staining for DMP1 (b, f) and CALB1 (c, g). CALB1 was especially expressed in
pulpal tissue and the odontoblast layer. IHC staining for CD146 (d, h) (scale bars: (a)–(d) 4mm, (e)–(h) 200𝜇m).
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niches. A study utilizing flow cytometry reported higher
expression of CD146, amarker expressed on both BMSCs and
DP-MSCs [21]. IHC data confirmed that CD146 is a marker
of vascular endothelial cells expressed on arteries of the UC
and the outer walls of blood vessels in DP, suggesting that
the majority of stem cells arise from the microvasculature.
Accumulating evidence suggests that the expression ofCD166
reflects the onset of a cellular program involving neural
development, branching organ development, hematopoiesis,
the immune response, and tumor progression [22]. Struys
et al. reported that cultured DPSCs and UC-MSCs showed
a similar expression pattern of antigens characteristic of
MSCs such as CD105, CD29, CD44, CD146, and STRO-1
[23]. DPSCs are also identified by their positive expression
of CD29, CD44, CD73, CD90, CD105, and STRO-1 [19].
CD34 protein is a specific antigen in hematopoietic cells,
indicating that a greater number of immature hematopoietic
cells are present in both UC and DP [24]. CD34 is present
on the outer cell walls of DP and in the connective tissue of
the UC, in agreement with previous studies reporting that
CD34 localizes on large blood vessels, but not capillaries
[25].

The expression of pluripotent stem cell genes in the
UC and DP might reflect their embryonic origin. iPSCs are
the most promising cell source for cell-based therapy in
regenerative medicine, as they give rise to development by
introducing 4 factors: MYC, KLF4, OCT4, and SOX2 [7]. No
significant differences were found between the expressions
of these factors in the two tissue types; MYC, KLF4, OCT4,
and SOX2 were expressed 1.57, 1.03, 1.20, and 1.20 times more
highly, respectively, in UC than in DP tissue. Previously,
DPSCs were characterized by the low levels of expression of
undifferentiated cell-associated genes, such as OCT4, MYC,
andNanog,which are considered to facilitate reprogramming
[26]. Recent studies utilizing the UC to derive iPSCs are
expected to contribute to the further expansion of its pluripo-
tency for therapeutic purposes, including drug discovery [27,
28].

TheUC expresses specific embryonic cell markers such as
DLK1, DKK1, TBX18, WNT4, and TGFB3. Previous studies
describing the expression of embryonic cell markers in the
UChave shown that fetal perivascular cells express Runx1 and
OCT-4 at different levels, which characterizes the undifferen-
tiated stem cell state [29]. Interestingly, UC-MSCs exhibited
higher levels of expression of genes related to cell proliferation
than DPSCs, whereas DPSCs exhibited a higher proliferation
rate compared with BMSCs in vitro [11]. Previous study
revealed similar result of this research that UC-MSCs seemed
to have higher cell proliferation ability, while DP-MSCs
may have significant differences for lower cell apoptosis,
osteogenic differentiation, and senescence [30]. This may
be attributed to the developmental state of tissues, as UC
samples are at an earlier stage of development compared
with DP from fully developed and erupted permanent teeth.
Commonly expressed genes in DP include those coding for
various growth factors (BMP-2, BMP-5, BMP-7,MMP20, and
TGF-𝛽1) implicated as strong promoters of the formation
of mineralized bone matrix and tooth morphogenesis [31].
Coexpression of genes with known functions, and unknown

or novel genes, may provide a simple means to obtain data
about genes for which little information is available.

Although the results of this study are still limited and
require further investigation using additional methods, the
similarity between MSCs derived from the UC and DP
at the transcription level definitively places both tissues as
potentially more accessible sources of MSCs. Furthermore,
the present gene expression analysis confirms similarities
between MSCs derived from the UC and DP and provides
molecular and biological insights into the developmental
mechanisms involved in angiogenic and odontogenic pro-
cesses.

5. Conclusions

Here, we presented comparative gene expression data for
human UC and DP tissue. Although UC tissue showed
similar but slightly higher expression patterns, with the usual
MSC markers, both tissues clearly diverged in their differen-
tiation capacity. Further research is necessary to understand
and describe the significance of these findings for clinical
applications.
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The academic researches and clinical applications in recent years found interest in induced pluripotent stem cells (iPSCs-) based
regenerative medicine due to their pluripotency able to differentiate into any cell types in the body without using embryo. However,
it is limited in generating iPSCs from adult somatic cells and use of these cells due to the low stem cell potency and donor site
morbidity. In biomedical applications, particularly, dental tissue-derived iPSCs have been getting attention as a type of alternative
sources for regenerating damaged tissues due to high potential of stem cell characteristics, easy accessibility and attainment, and
their ectomesenchymal origin, which allow them to have potential for nerve, vessel, and dental tissue regeneration. This paper will
cover the overview of dental tissue-derived iPSCs and their application with their advantages and drawbacks.

1. Introduction

Induced pluripotent stem cells (iPSCs) are a type of pluripo-
tent stem cells that can be generated directly from adult
somatic cells. In 2006, iPSCs with properties similar to
embryonic stem cells (ESCs) could be generated frommouse
fibroblasts by simultaneously transducing four exogenous
OSKM genes (Oct3/4, Sox2, Klf4, and c-MYC) [1]. In 2007,
human iPSCs were generated by human fibroblasts using
the same way [2]. On the same day, James Thomson’s group
also reported the generation of human iPSC using a different
combination of factors (Oct4, Sox2, Nanog, and Lin28)
[3]. Then, Shinya Yamanaka was awarded the 2012 Nobel
Prize along with Sir John Gurdon “for the discovery that
mature cells can be reprogrammed to become pluripotent.”
[4]. Since then, iPSCs have held great promise in the field
of regenerative medicine due to their pluripotency able to
differentiate into any cell types in the body (such as neurons,
heart, pancreatic, and liver cells) without using embryo,
which could be used to replace damaged or diseased tissues

or organs [5]. Before introduction of iPSCs, the most well-
used pluripotent stem cell was ESCs. However, embryo could
be destructed for the use of ESCs, and this may cause many
ethical and legal concerns. Therefore, iPSCs have emerged
as a new tool in the practical application for regenerative
medicine, such as the treatment of diabetes mellitus platelet
deficiency, Parkinson’s disease, platelet deficiency, macular
degeneration and spinal cord injury [6–10].

Despite their promise, iPSCs generation from human
fibroblast is limited in the clinical application due to lack of
accessibility [11]. Patients are afraid of the invasive ways such
as living tissue cutting for getting donor cells and generating
iPSCs. Compared to skin fibroblast and other types of cells,
cells from dental tissue are able to be easily attainable in
minimally invasive way. Researchers can use oral mucosa
or gingival tissue, which are easily obtained with wiping
target tissue with cotton swab in oral cavity, and extracted
third molar or deciduous teeth which have been treated
as biomedical wastes [12]. In addition, dental tissue from
dental pulp, periodontal ligament, and apical papilla have
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Figure 1: Schematic image showing sources of iPSCs in dental tissue, their regenerative application, advantages and disadvantages.

abundant stem cells, which are readily dedifferentiated into
iPSCs than other somatic fibroblasts [13]. Therefore, along
with the easy attainability and possibility of incorporating
stemcells in dental tissue, iPSCgeneration fromdental tissues
has been widely investigated and dental tissue-derived iPSCs
are considered as a type of promising regenerative precursors
for nerve, blood vessel, and dental tissue regeneration due to
their ectomesenchymal origin [14, 15]. Sources of iPSCs in
dental tissue and regenerative application were summarized
with their advantages and disadvantages (Figure 1).

In addition, iPSCs possess a potential for treating such
genetically oriented disorders using availability of disease-
specific iPSCs from the patient, which are available to
investigate disease-specific treatments [13]. Although most
of the genetic-related disease studies are undertaken using
knock out mouse models, genetic disorders or defects found
in human may not induce the same symptoms in mouse.
Therefore, cell cultures from human diseased tissues are
considered to be the most suitable complement to human
trial study and animal models. Growing evidence illustrates
that disease-specific iPSCs are placed in a niche for patient-
specific therapy with their genomic match with patient and
similarity of disease state [11]. In addition, genetic disorders
and chronic degenerative dental diseases such as dental caries
and periodontitis are widespread in human populations and
represent a significant problem for public health. To repair
dental tissues damaged from the above chronic degenerative
dental diseases, regeneration of enamel, dentin, dental pulp,
periodontal ligament, alveolar bone, and their complexwould
be performed using dental tissue-derived iPSCs due to their
pluripotency and epigenetic memory [16]. Therefore, the use
of dental tissue-derived iPSCs could be a promising thera-
peutic tool in biomedical regeneration for treating genetically

oriented systemic diseases or chronic degenerative dental
diseases.

2. History of Dental Tissue-Derived iPSCs

iPSC technology was established on the basis of numerous
findings. There were three major streams of research that
led researchers to the production of iPSCs. The first stream
was reprogramming by nuclear transfer by John Gurdon in
1962, which reported success of generating tadpoles from
unfertilized eggs that had received a nucleus from the
intestinal epithelium cells of adult frogs [17]. More than three
decades later, Ian Wilmut and colleagues reported the first
cloned mammal generated by transferring a single nucleus to
an enucleated unfertilized egg, which demonstrated that even
differentiated adult cells contain all of the genetic information
required for the development of entire organisms and that
oocytes have potential of reprograming somatic cell nuclei
[18]. In the 21st century, Takashi Tada’s group showed that
fusion of adult cells with ESCs gave a potential of somatic
nuclear reprogramming [19].

The second streamwas related to the discovery of a “mas-
ter” transcription factor. Many researchers began to search
for a “master” regulator to determine cell fate or reprogram
various cell lineages. In 1987, aDrosophila transcription factor
(Antennapedia) was revealed to induce the formation of
legs instead of antennae when ectopically expressed [20]
and a mammalian transcription factor (MyoD) was shown
to convert embryonic fibroblasts into myoblasts [21]. These
results led to the concept of a “master” transcription factor
that determines or induces and reprograms the fate of a given
cell lineage.
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The third stream is about ESCs. Since the first generation
of mouse ESCs [22], researchers have established culture
conditions that enable the long-term maintenance of mouse
ESCs’s pluripotency with leukemia inhibitory factor (LIF)
[23]. Likewise, since the first generation of human ESCs, opti-
mal culture conditions have been established with additive
such as basic fibroblast growth factor (bFGF) [24].

Combining the first two streams of research led
Yamanaka’s group to hypothesize that a combination of
multiple factors in oocytes or ESCs was needed to reprogram
somatic cells back into the embryonic state and they
designed experiments to identify that combination of the
genes among 24 candidates genes and found combination of
four master factors which are determined as OSKM genes.
With information about the culture conditions that are
needed to culture pluripotent cells, researchers have been
then able to identify generated iPSCs.

First success of inducing iPSCs used retroviral infection
method to efficiently transport OSKM genes inside fibroblast
[1]. Four years later, dental tissue-derived iPSCswere success-
fully established from stem cells from exfoliated deciduous
teeth, stem cells from apical papilla, and DPSCs using OSKM
or other 4 factors (Lin28, Nanog, Oct4, and Sox2) [11].
To date, iPSCs have been typically generated using either
retroviruses or lentiviruses, which might cause insertional
mutagenesis or the body to develop an immune response
against the viruses. Thus, a viral infection transduction
methodwould pose a risk for clinical application even though
mice derived from retrovirally derived iPSCs are apparently
normal as long as repression of c-Myc transgene is performed
[25, 26]. Thus, for the purpose of cell transplantation therapy
as clinical application, induction methods involving virus
vector integration into the host genome should be avoided.

Many trials to generate viral-transgene-free iPSCs have
been performed. These methods using cDNA included
plasmid, synthesized modified mRNAs, Sendai virus (SeV)
vectors replicating the formof negative-sense single-stranded
RNA in the cytoplasm of infected cells, double-stranded
microRNAs (miRNAs), PiggyBac transposition, and cell pen-
etrating peptide fused proteins have been suggested as viral-
integration-free iPSCs generation method [27–32]. Among
these, plasmids and Sendai virus are now routinely used in
many laboratories due to their simplicity and reproducibility
but there are still hurdle regarding low efficiency of the
process, which showed less efficiency than typical iPSCs
generating process which is transfecting fibroblasts with
retroviruses or lentiviruses [5]. Therefore, scientists are now
shifting their efforts from biological technology develop-
ment to material technology development for increasing effi-
ciency in nonviral system. Magnetic nanoparticles, cationic
bolaamphiphile, poly-𝛽-amino esters, polyketal nanoparti-
cle, calcium phosphate nanoparticle, and polyamidoamine
nanoparticles based nonviral transfection have been per-
formed for generating iPSCs with high efficiency [33–38].
External force such as electromagnetic fields (EMFs) is
revealed to mediate efficiency of cell reprogramming into a
pluripotent state by directly regulating dynamic epigenetic
changes via the induction of Mll2, a histone lysine N-
methyltransferase [39]. In addition, library studies using

four different polymers and graphene modified substrate
have shown increased efficiency of cell reprogramming [40,
41]. Unfortunately, most of attempts to establish nonviral
iPSCs generating system with high efficiency have been
performed in fibroblast-derived iPSCs. Further experiments
regarding dental tissue-derived iPSCs with optimal nonviral
system consisting of appropriate carrier, substrate materials
and topographical characteristics, and external force will be
needed for use in regenerative medicine.

3. Advances in Dental Tissue-Derived iPSCs

Dental tissue-derived adult stem cells, such as dental pulp
stem cells, periodontal ligament stem cells, dental follicle
stem cells, stem cells from apical papilla, and stem cells from
human exfoliated deciduous teeth have lots of advantages.
One of them might be their ease of isolation from extracted
third molars or deciduous teeth. For this reason, they can
be used for regenerative therapies, but their sources and
populations are very limited. Alternatively, iPSCs have been
highlighted as a next regenerative cell source since their
cell sources are rich and they are very proliferative. Among
many types of iPSCs depending on cell origin, dental tissue-
derived iPSCs are able to be readily produced from easily
assessable dental tissues. With the advance in cell extraction
technology from tissue, iPSCs can be generated from readily
available dental tissue sources, such as oral mucosa, gingival
tissue, and dental tissue-derived stem cell, mentioned above
[42, 43]. Among them, oral mucosa and gingival tissue
are able to be easily obtained from oral cavity and saliva,
which can be accessible to the original tissue compared to
other dental tissue-derived stem cells extracted from teeth.
More importantly, dental tissue-derived iPSCs are more
proliferative than dental tissue-derived stem cell when they
are cultured in vitro, which would be required for use in
regenerative therapies in the dental or medical clinic.

As another advantage, dental tissue-derived iPSCs are
reproducible compared to dental tissue-derived stem cells
which are not able to guarantee the reproducibility of regen-
erative potency in clinic due to their limitedly attainable stem
cell incorporated dental tissue. This reproducibility is able to
be provided for clinical application of dental tissue-derived
iPSCs in regenerative medicine.

The other advantage of dental tissue-derived iPSCs in
regenerative medicine is to maintain epigenetic memory of
the source tissue according to previously reported studies.
The epigenetic memory induces preferential lineage-specific
differentiation of iPSCs, which means that generated iPSCs
will preferentially differentiate back to the original cell type
[12, 44, 45]. Therefore, dental tissue-derived iPSCs could
promote their capacity to differentiate into nerve, vessel,
dental hard tissue, and other types of dental tissues. On
the other hand, ESCs have less potency to differentiate into
certain types of target tissues due to lack of epigenetic
memory. However, when it comes to application in other
regenerative medicine except nerve, vessel, and other types
of dental tissues, dental related epigenetic memory turns out
to be a major hurdle to get success.
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The major advantage of dental tissue-derived iPSCs
over ESCs cells is that dental tissue-derived iPSCs can be
derived from a patient’s own dental tissue, thereby prevent-
ing immune rejection after transplantation and the ethical
concerns regarding the use of ESCs [46]. Additionally, dental
tissue-derived iPSCs can be made for disease-specific stem
cells that are able to carry donor’s genome and mimic
human diseases more reliably than other animal models [13].
Disease-specific iPSCs from individuals who have different
disease state allow better understanding of the complexity
and nature of a disease depending on the stage of disease
[2]. Therefore, disease-specific iPSCs help researchers to find
out disease-specific drugs and treatments. From now on,
most of the genetic-related disease studies are undertaken
using genetically modified rodent models, but these research
resultsmay be difficult to be applied to human-related genetic
disorders or defects.Therefore, human tissue cell cultures are
considered to be the best for human-related genetic disor-
ders or diseases but they have limited proliferative potency.
Therefore, iPSCs are considered as promising candidate of
unique stem cell type to study human-related disorders or
diseases and dental tissue-derived iPSCs are paid attention
with advantage of easy accessibility. Until now, generat-
ing disease-specific iPSCs has been mostly studied using
fibroblast for Parkinson’s disease, Huntington’s disease, Down
syndrome, Juvenile diabetes mellitus, Shwachman–Bodian–
Diamond syndrome, and so on [47].Therefore, dental tissue-
derived iPSCs from disease-specific specimen are expected to
provide a promising platform for the investigation of disease
mechanisms, drug discovery, and personalized treatments
with advantage of easy accessibility.

4. Limitations of Dental Tissue-Derived iPSCs

The most arising problems using iPSCs in regenerative
medicine may be safety concerns. Dental tissue-derived
iPSCs cannot escape these issues. All iPSCs have genomic
instability and a big rate of tumorigenicity in vivo [48, 49].
The use of viral integrating vectors for the generation of iPSCs
may contribute to inducing genomic instability and tumori-
genic potential of iPSCs. To reduce these, many researchers
have attempted to utilize virus-free generation iPSCs [33,
35, 38]. These attempts to use viral vectors have provided
a platform to develop the technology of nonviral vectors
for potential medical or dental application. Furthermore, the
tumorigenicity of iPSCs is able to be minimized by differen-
tiating into mature cells or into lineage-specific progenitor
cells such as MSCs prior to use in regenerative therapies
[50]. Combining differentiation of iPSCs into lineage-specific
progenitor cells such as MSCs and dental pulp stem cells and
the use of nonviral systems in iPSCs generation will help to
overcome the major safety issues currently associated with
the use of iPSCs in the regenerative medicine.

Some issues about risks of infectious diseases and
unwanted immunogenicity from animals have been raised
regarding current iPSCs generating protocols. Current proto-
cols use reagents of animal origin (mainly fetal bovine serum,
FBS) that carry the potential risks of infectious diseases and
unwanted immunogenicity, which is associated with a variety

of quality control and safety issues [51]. Exact composition
of bovine serum is unknown and varies from batch to batch,
resulting in interfering with the reproducibility of iPSCs
generation. Moreover, serum could be contaminated with
viruses, mycoplasma, prions, or other pathogenic, toxic, or
immunogenic agents [52]. Although little is known regarding
other xenogeneic products, porcine-derived trypsin is likely
to contain similar biosafety risks. Therefore, further research
is needed to establish and investigate a concrete protocol to
isolate and expand donor cells and iPSCs while guaranteeing
clinical safety and efficiency of iPSCs generation by com-
pletely removing or replacing animal serum with chemically
defined materials for cell-based regenerative medicine.

Although iPSCs can be generated simply and repro-
ducibly, generating efficiency into iPSCs from donor cells
remains very low (≈0.01%) using fibroblasts. Generation effi-
ciency of iPSCs could be increased 4–10 times greater (≈0.1%)
than fibroblasts when using dental derived tissues such as
DPSCs, stem cells from shed primary teeth or extracted
permanent teeth, and stem cells from human exfoliated
deciduous teeth. But these generating efficiency from dental
tissue is still low for scalable regenerative medicine. Along
with the complicity of process and long generating time (≈2
weeks), low efficiency of dental tissue-derived iPSCs will
induce spending much time in proliferating them, transfer-
ring into target site, and generating regenerative biomolecules
from iPSCs cultured media, which may cause missing ideal
treatment period for regeneration.

Despite drawbacks associated with dental tissue-derived
iPSCs, the potential that iPSCs have demonstrated for regen-
erative medicine and genetic disorders demands further
research to minimize these remedial hazards. Therefore, the
establishment of a safe and efficient process for generating
iPSCs is required for regenerative application along with a
better understanding of the biology of cellular reprogram-
ming.

5. Biomedical Application of Dental
Derived iPSCs

Dental tissue-derived iPSCs are able to be generated by
various somatic dental tissues or stem cells like DPSCs.
DPSCs are retained in the soft living tissue inside the tooth,
which is considered as a very special tissue. Dental pulp is a
specific tissue originating from ectomesenchyme possessing
similar properties of mesenchyme which is a precursor
of mesodermal cells (blood, tubular, muscle, and so on)
and neural crest cells and is enclosed into a dental cavity
surrounded by mineralized dentin. DPSCs have been applied
in biomedical regeneration due to their promising potential
to differentiate into a variety of other cell types including
myocardiocytes to repair damaged cardiac tissue, neuron to
generate nerve and brain tissue, myocytes to repair muscle,
osteocytes to generate bone, and chondrocytes to generate
cartilage [53–56]. Owing to the great nature potential for
various biomedical applications, DPSCs have been mainly
chosen for a type of precursors for iPSCs among other dental
tissues, and DPSC-derived iPSCs have been used for the
regeneration of neuron, blood vessel, and teeth.
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DPSC-derived iPSCs can successfully differentiate into
neuroectodermal lineage neuron-like cells, which resemble
neurons both morphologically and functionally and could
be used for neuron regeneration [11, 46, 57]. Even though
there were few reports establishing neural lineages from
skin fibroblast-derived iPSCs for nerve tissue regeneration
[58, 59], generation of neural lineages from DPSC-derived
iPSCs has been repeatedly reported due to its mesodermal-
like origin. Recently, establishment of the in vitro disease
models using DPSC-derived iPSCs was carried out for a
variety of neuropsychiatric disorders such as schizophrenia
and autism spectrum disorders. After investigation of an
extensive gene expression profiling analysis of differentiated
neurons from DPSCs and skin fibroblast-derived iPSCs,
DPSC-derived iPSCs were chosen for disease models of
neuropsychiatric disorders because of their developmental
origins [15]. Even though more investigation is needed to
confirm genetic similarities between neural crest stem cells
and generated neural lineage from DPSC-derived iPSCs
compared to skin fibroblast-derived iPSCs, DPSC-derived
iPSCs are considered as a type of promising precursors for
neural regeneration and establishing disease modeling.

Bhattacharjee et al. reported the generation of DPSC-
derived iPSCs using only two nononcogenic factors (Oct4
and Sox2) and their feasibility as substrates for endothelial
progenitor cells (EPCs) [60]. Under conventional CD34+
EPCs differentiation conditions, DPSC-derived iPSCs
showed higher efficiency in differentiation into functional
endothelial and smoothmuscle cells than normal iPSCs from
fibroblasts. The angiogenic and neovasculogenic activities
were confirmed in mouse models of hind-limb ischemia and
myocardial infarction after transplantation, resulting in a
promising strategy for patient-specific EPC therapies and
disease modeling, particularly for ischemic vascular diseases.
As a type of promising regenerative precursors, EPCs
differentiated from iPSCs can be used as novel ingredients
for the patient-specific EPC therapies [61–63]. Even though
there have been abundant interests in EPCs therapies for
vascular disease, few reports on EPCs from DPSC-derived
iPSCs have been published.

In recent years, regenerative medicine has been focusing
on a new strategy over dental tissue-derived stem cells to
regenerate teeth for tooth replacement. With the rapid devel-
opment of iPSCs technology, dental tissue-derived iPSCs can
serve as a novel nonodontogenic stem cell source for a tissue-
engineered tooth-like structure [64]. To explore the ability
of iPSCs to differentiate into odontogenic cells, recombinant
tooth germ model can be fabricated by mixing various types
of dental cells such as mesenchymal cells, epithelial cells,
dental tissue-derived iPSCs, and specifically differentiated
iPSCs [65]. After the patient’s somatic cells are harvested from
dental tissue and generating patient-specific iPSCs, specif-
ically iPSCs differentiated into ectodermal epithelial cells
and neural crest-derived mesenchymal cells are combined
by direct contact, mimicking the in vivo arrangement and
enabling forming odontogenic cells. Although this could be
suggested as a promising strategy, unfortunately, there was
less reports on this concept.

6. Concluding Remarks

Despite substantial progress in researches on dental tissue-
derived iPSCs, significant challenges must be addressed for
reaching clinical application. It is evident that dental tissue-
derived iPSCs could be of use in neuron, blood vessel, and
teeth regeneration due to highly accessible attainment, repro-
ducibility, capability of self-renewal and large-scale expan-
sion, less immune rejection, avoidance of ethical controversy,
and differentiation toward all the three germ layers, especially
neuron and vessel. However, the generation of functional
teeth using these cells will almost certainly remain elusive in
the foreseeable future due to low efficiency in their generation
and possibilities of risks of genomic instability, tumorigenic-
ity, infectious diseases, and unwanted immunogenicity. To
conclude, this review confirms a potential that dental tissue-
derived iPSCs and their derivatives contribute to enhancing
the regeneration of nerve, vessel, and dental tissues; however,
further studies are required to evaluate efficacy and safety
prior to human clinical trials.
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