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ABSTRACT

Recently, numerous types of human dental tissue-derived mesenchymal stem cells (MSCs) have

been isolated and characterized, including dental pulp stem cells, stem cells from exfoliated

deciduous teeth, periodontal ligament stem cells, dental follicle progenitor cells, alveolar bone-

derived MSCs, stem cells from apical papilla, tooth germ progenitor cells, and gingival MSCs. All

these MSC-like cells exhibit self-renewal, multilineage differentiation potential, and immunomo-

dulatory properties. Several studies have demonstrated the potential advantages of dental stem

cell-based approaches for regenerative treatments and immunotherapies. This review outlines

the properties of various dental MSC-like populations and the progress toward their use in

regenerative therapy. Several dental stem cell banks worldwide are also introduced, with a

view toward future clinical application. STEM CELLS 2015;33:627–638

INTRODUCTION

Mesenchymal stem cells (MSCs) are spindle-
shaped cells with the potential for clonogenic
proliferation. MSCs were initially reported as
fibroblast-like cells that could be isolated from
bone marrow via their adherence to plastic in
culture and subsequently confirmed as a popula-
tion (the colony-forming unit-fibroblast) of bone-
marrow-derived nonhematopoietic cells [1].

MSCs can differentiate into all mesodermal
lineages, which prompted the investigation
into the role of MSCs in mediating tissue
regeneration [2]. The capacity for the differen-
tiation of MSCs into mesodermal [3], ectoder-
mal [4], and endodermal [5] cell lineages has
since been fully characterized and forms the
basis for most current work on bone marrow-
derived MSCs (BMMSCs). In 2006, the Interna-
tional Society for Cellular Therapy (ISCT) [6]
proposed the minimal characterization criteria
for human MSCs, including their propensity for
adherence to plastic when maintained under
standard culture conditions and their ability to
differentiate into osteoblasts, adipocytes, and
chondroblasts in vitro. In addition, most
(�95%) MSCs positively express CD105 (endo-
glin), CD73 (ecto-50-nucleotidase), and CD90
(Thy1) while negatively expressing (�2%)
CD45, CD34, CD14 or CD11b, CD79a or CD19,
and HLA-DR [6].

Since the discovery and characterization of
BMMSCs, MSC-like populations from other tis-
sues have been characterized based on the
standard criteria established for BMMSCs [1–3,
6, 7]. In addition to bone marrow, MSC popu-
lations can be readily obtained from skeletal
muscle [8] and a variety of other tissues, such
as umbilical cord blood [9], synovium [10], the
liver [11], adipose tissue [12], the lungs [13],
amniotic fluid [14], tendons [15], placenta
[16], skin [17], and breast milk [18].

The search for MSC-like cells in specific tis-
sues led to the discovery of a distinctive popu-
lation of MSCs from a variety of human dental
tissues during previous decades. To date, eight
unique populations of dental tissue-derived
MSCs have been isolated and characterized.
Postnatal dental pulp stem cells (DPSCs) were
the first human dental MSCs to be identified
from pulp tissue [19]. Gradually, other dental
MSC-like populations, such as stem cells from
human exfoliated deciduous teeth (SHED) [20],
periodontal ligament stem cells (PDLSCs) [21],
dental follicle progenitor cells (DFPCs) [22],
alveolar bone-derived MSCs (ABMSCs) [23],
stem cells from apical papilla (SCAP) [24], tooth
germ progenitor cells (TGPCs) [25], and gingival
MSCs (GMSCs) [26], were also reported (Fig. 1).

Preliminary data suggest that these dental
tissue-derived MSCs not only display self-
renewal and multidifferentiation potential but
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also possess immunomodulatory functions and potent tissue
regenerative properties (Fig. 2). A better understanding of the bio-
logical characteristics of dental MSCs is essential to investigate their
potential for clinical application. Herein, we review many aspects of
the current investigations into various dental MSC populations.

DENTAL MSCS

Dental Pulp Stem Cells

DPSCs were first isolated by enzymatic digestion from dental
pulp tissues [19] and found to express several surface markers,

such as CD73, CD90, and CD105, but not CD14, CD34, or CD45
(Table 1) [27]. These cells have a fast population doubling time,
they possess immunosuppressive properties, and they are
prone to forming a dentin-pulp-like complex [28].

In Vitro Multipotency. Aside from their odontogenic poten-
tial, DPSCs can develop into adipocytes and neural cells,
which was confirmed by evaluating the expression of specific
gene markers [27]. Recently, DPSCs exhibited the additional
potential to differentiate into osteoblasts, chondrocytes, myo-
cytes, cardiomyocytes, active neurons, melanocytes, and
hepatocyte-like cells (HLCs) in vitro (Table 1) [29–34].

In Vivo Ectopic Formation Capacity. A dentin-pulp-like com-
plex associated with vascularized pulp-like tissue and sur-
rounded by a layer of odontoblast-like cells can be generated
by expanded DPSCs ex vivo when transplanted into immuno-
compromised mice with hydroxyapatite/tricalcium phosphate
(HA/TCP) as a carrier [19, 35]. Additionally, DPSCs can form min-
eralized nodules with a reparative dentin-like tissue on the sur-
face of human dentin in vivo [35], and many other scaffold or
carrier materials can be used in vivo to generate dentin-pulp-
like structures, such as calcium phosphate scaffolds [36], poly-
lactic acid [37], and hexafluoro-2-propanol silk [38]. Moreover,
a bone-like tissue was formed in DPSC-transplanted samples in
vivo with various scaffold or carrier materials [39].

Reports have shown that DPSCs can differentiate into
adipocyte-like cells, endotheliocytes, and myofibers and enhance

Figure 1. Schematic drawing illustrating sources of human den-
tal tissue-derived MSCs. Abbreviations: ABMSCs, alveolar bone-
derived mesenchymal stem cells; DFPCs, dental follicle progenitor
cells; DPSCs, dental pulp stem cells; GMSCs, gingiva-derived
MSCs; PDLSCs, periodontal ligament stem cells; SCAP, stem cells
from the apical papilla; SHED, stem cells from exfoliated decidu-
ous teeth; TGPCs, tooth germ progenitor cells.

Figure 2. Multilineage differentiation capacity, tissue regeneration, and potential clinical applications of human dental tissue-derived MSCs.
Abbreviations: AD, Alzheimer’s dementia; CHS, contact hypersensitivity; CIA, collagen-induced arthritis; MCAO, middle cerebral artery occlusion;
PD, Parkinson’s disease; SCI, spinal cord injury; SLE, systemic lupus erythematosus; TLSCD, total limbal stem cell deficiency.
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angiogenesis in vivo [30, 40]. Several studies also indicate that
DPSCs survive in the central nervous system, express neuronal
markers, and acquire neuronal morphology following transplan-
tation into chicken embryos [32].

Immunomodulatory Properties. Previous reports have dem-
onstrated that DPSCs can suppress T-cell proliferation and there-
fore might be suitable for preventing or treating T-cell
alloreactivity associated with hematopoietic or solid-organ allo-
geneic transplantation [41]. Ex vivo-expanded DPSCs significantly
inhibited the proliferation of peripheral blood mononuclear cells
(PBMCs) via the expression of soluble factors partly induced by
the secretion of interferon (IFN)-c by activated PBMCs [42]. In
another study, Toll-like receptors (TLRs), key molecules that
bridge the innate and adaptive immune responses, were shown
to trigger the immunosuppression of DPSCs by upregulating the
expression of transforming growth factor (TGF)-b and interleukin
(IL)-6 [43]. In addition, DPSCs could induce activated T-cell apo-
ptosis in vitro and ameliorate inflammation-related tissue inju-
ries in mice with colitis, which was associated with the
expression of the Fas ligand (FasL). Knockdown of FasL expres-
sion reduced the immunoregulatory properties of DPSCs in the
context of inducing T-cell apoptosis [44].

Stem Cells from Human Exfoliated Deciduous Teeth

The transition from deciduous teeth to adult permanent teeth
is a unique and dynamic process in which the development
and eruption of permanent teeth are coordinated with
resorption of the deciduous teeth roots [45].

A distinct population of multipotent stem cells can be iso-
lated from the remnant pulp of exfoliated deciduous teeth and
expanded ex vivo, thereby unexpectedly providing a unique and
accessible tissue source of MSCs [20]. SHED are distinct from
DPSCs due to their higher proliferation rate, increased cell pop-
ulation doublings rate, and ability to form sphere-like cell clus-
ter. SHED display surface markers that conform to the minimal
criterion for MSCs proposed by ISCT with DPSCs (Table 1) [46,
47], and they also express the embryonic stem cell markers
Oct4 and Nanog, the neural stem cell marker nestin, and the
stage-specific embryonic antigens SSEA-3 and SSEA-4 [20].

In Vitro Multipotency. Similar to DPSCs, SHED exhibit a
tendency for osteogenesis, odontogenesis, and adipogenesis
under defined culture conditions. Furthermore, SHED express
a variety of neural cell markers, form sphere-like clusters, and
form multicytoplasmic processes when cultured under neuro-
genic conditions [20].

The myogenic and chondrogenic properties of SHED have
been demonstrated [48]. Reports also support the observation
that SHED can differentiate into endothelial cells when cul-
tured on a dentin slice in vitro [49]. In hepatic differentiation
medium, SHED were shown to produce specific hepatic pro-
teins, and they acquired the morphological and functional
characteristics of hepatocytes [50].

In Vivo Ectopic Formation Capacity. The neural developmen-
tal potential of SHED was studied by injecting SHED into the
dentate gyrus of the hippocampus of immunocompromised

Table 1. Characteristics of human dental tissue-derived MSCs

Cell Type Isolation PD

CD antigen expression
In vitro In vivo Tissue

Positive Negative Multipotency Formation Capacity

DPSC 1111 >120 CD9, CD10, CD13, CD29,
CD44, CD59, CD73, CD90,
CD105, CD106, CD146,
CD166, CD271

CD14, CD19, CD24, CD31,
CD34, CD45, CD117,
CD133

Adipo, chondro, myo, osteo,
neuro, odonto, cardiomyo,
HLCs, melanocyte

Adipose, muscle,
dentin-pulp, bone

SHED 111 >140 CD13, CD29, CD44, CD56,
CD73, CD90, CD105,
CD146, CD166

CD11b, CD14, CD19, CD34,
CD43, CD45

Adipo, chondro, myo, osteo,
neuro, odonto, endothelial
cell

Bone, dentin-pulp,
microvessel

PDLSC 1111 ND CD9, CD10, CD13, CD29,
CD44, CD59, CD73, CD90,
CD105, CD106, CD146,
CD166

CD14, CD31, CD34, CD45 Adipo, chondro, osteo,
neuro, cemento

Cementum, PDL

DFPC 11 ND CD9, CD10, CD13, CD29,
CD44, CD53, CD59, CD73,
CD90, CD105, CD106,
CD166, CD271

CD31, CD34, CD45, CD133 Adipo, chondro, osteo,
neuro, cemento, HLCs

Alveolar bone, PDL,
cementum

ABMSCs 1111 >30 CD13, CD29, CD44, CD71,
CD73, CD90, CD105,
CD146, CD166

CD11b, CD14, CD19, CD31,
CD34, CD45,

Adipo, chondro, osteo Bone

SCAP 111 >70 CD13, CD24, CD29, CD44,
CD51, CD56, CD61, CD73,
CD90, CD105, CD106,
CD146, CD166

CD14, CD18, CD34, CD45,
CD117, CD150

Adipo, neuro, osteo, odonto,
HLCs

Dentin-pulp

TGPC 1 ND CD29, CD44, CD73, CD90,
CD105, CD106, CD166

CD14, CD34, CD45, CD133 Adipo, osteo, chondro,
odonto, neuro, hepato
endothelial cell,

Bone

GMSC 1111 >20 CD29, CD44, CD73, CD90,
CD105, CD106, CD146,
CD166

CD34, CD45, CD117 Adipo, chondro, osteo,
neuro, endoderm cell

Cartilage, bone,
muscle

1: the ease and efficiency of isolation.
Abbreviations: adipo, adipocyte; cardiomyo, cardiomyocyte; cemento, cementoblast; chondro, chondrocyte; hepato, hepatocyte; HLCs,
hepatocyte-like cells; myo, myoblast; ND, not determined; neuro, neuronal cell; PD, population doubling; PDL, periodontal ligament; odonto,
odontoblast; osteo, osteoblast.
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mice. The SHED could survive more than 10 days, and they
continued to express neural markers, such as neurofilament
M [20]. After in vivo transplantation into the intraperitoneal
space of immunocompromised mice, SHED were shown to
undergo dense engraftment in various tissues and organs,
including the liver, spleen, and kidney, indicating their potent
differentiation plasticity [48].

SHED can repair critically sized calvarial defects in immu-
nocompromised mice through substantial bone formation
[51]. Although SHED could not differentiate directly into
osteoblasts, they did induce new bone formation by recruiting
host osteogenic cells in vivo. These findings imply that decidu-
ous teeth may not only provide guidance for the eruption of
permanent teeth, as is generally assumed, but they may also
be involved in inducing bone formation during the eruption
of permanent teeth [20].

After transplantation into immunocompromised mice, ex
vivo-expanded SHED yielded odontoblasts that were directly
associated with a dentin-like structure, but they failed to
reconstitute a dentin-pulp-like complex similar to that of in
vivo DPSCs [20]. SHED seeded onto tooth slices/scaffolds
were capable of differentiating into functional blood vessels
that connected with the host vasculature and formed a dental
pulp-like tissue and dentin after subcutaneous implantation
into immunocompromised mice [52]. With a PEGylated fibrin
carrier, SHED rendered a vascularized soft connective tissue
similar to dental pulp after in vivo transplantation [53].

Immunomodulatory Properties. Systemic delivery of SHED
resulted in significant engraftment in the muscles of dogs
with golden retriever muscular dystrophy (GRMD), which is
likely due to the immunomodulatory effect of SHED. Both the
increase of cell engraftment with consecutive SHED transplan-
tation and the absence of an immunological response in the
GRMD dog model indicate important implications in designing
future therapeutic trials [40]. In addition, SHED significantly
inhibited T helper 17 (Th17) cell differentiation but increased
the number of regulatory T cells (Tregs) in vitro. Furthermore,
systemic infusion of SHED was able to effectively reverse sys-
temic lupus erythematosus (SLE)-associated disorders, possibly
because of their superior immunomodulatory effects that pro-
mote the recovery of the ratio between Tregs and Th17 cells.
These data suggest that SHED may be an accessible and feasi-
ble source of MSCs for treating immune disorders, such as
SLE [54].

Periodontal Ligament Stem Cells

The periodontal ligament (PDL) is a soft connective tissue
embedded between the cementum and the alveolar bone
socket. Early evidence showed that PDL not only plays an
important role in supporting teeth, but it also contributes to
tooth nutrition, homeostasis, and the regeneration of peri-
odontal tissue [55].

Explant cultures or enzyme digestion treatment of the PDL
released a population of PDLSCs, postnatal multipotent stem
cells that could be readily expanded in vitro to generate a
cementum/PDL-like complex. Additionally, PDLSCs show more
population doublings in culture [21] and express STRO-1 and
other MSC surface markers that are also present on DPSCs
(Table 1). PDLSCs express a higher level of the tendon-specific

marker scleraxis than do DPSCs, suggesting that PDLSCs might
form a unique population of postnatal MSCs [21, 42].

In Vitro Multipotency. PDLSC populations express a heteroge-
neous assortment of makers associated with dentin, bone, smooth
muscle, neural tissue, and formation of calcified nodules [56]. Sim-
ilar to the other dental stem cells described above, PDLSCs have
the ability to differentiate into osteogenic, adipogenic, and chon-
drogenic cells under defined culture conditions [57].

In Vivo Ectopic Formation Capacity. A typical cementum/
PDL-like complex characterized by a layer of aligned cementum-
like tissues and clearly associated PDL-like tissues can be regener-
ated after the transplantation of ex vivo-expanded PDLSCs into
immunocompromised mice. The cementum/PDL-like structures
have a completely distinct appearance compared with that of
the typical dentin-pulp-like structures generated by DPSCs [21].
After transplantation into surgically created defects at the peri-
odontal area of the mandibular molars in immunocompromised
rats, a PDL-like tissue was regenerated, and PDLSCs were found
to be closely associated with the alveolar bone, implying a poten-
tial functional role in periodontal tissue regeneration [21]. With
HA/TCP as a carrier in the minipig model, transplanted PDLSCs
generated a root/periodontal complex capable of supporting a
porcelain crown, resulting in normal tooth function [24].

Immunomodulatory Properties. Previous studies have shown
that activated human PBMCs induced PDLSCs to secrete soluble
factors, including TGF-b, HGF, and IDO, that partly suppress PBMC
proliferation [42]. PDLSCs were discovered to possess low immu-
nogenicity and marked immunosuppressive activity via prosta-
glandin E2 (PGE2)-induced T-cell anergy [58]. Furthermore, a
recent study reported that PDLSCs isolated from inflamed perio-
dontium showed significantly diminished inhibitory effects on the
proliferation index of T cells compared to those of healthy cells. In
cocultures, stimulated PBMCs showed a significant decrease in
the induction of Tregs, suppression of Th17 differentiation, and
secretion of IL-10 and IL-17 in the presence of inflamed PDLSCs
compared with healthy PDLSCs, demonstrating that inflamed
PDLSCs had markedly dysfunctional immunomodulatory proper-
ties, which may explain the pathogenesis of periodontitis and
facilitate the development of therapies for this condition [59].

Dental Follicle Stem Cells

The dental follicle is an ectomesenchymal tissue that sur-
rounds the developing tooth germ prior to eruption. This tis-
sue is thought to contain stem cells and lineage-committed
progenitor cells for cementoblasts, periodontal ligament cells,
and osteoblasts [22].

Progenitor cells have typically been isolated from the den-
tal follicle of human third molars [22]. Similar to other dental
stem cells, DFPCs have an extensive proliferative ability,
express similar cell surface antigens (Table 1), and are capable
of forming hard tissue both in vitro and in vivo [22, 46].
Moreover, they express the putative stem cell markers Notch-
1 and Nestin and form the tissues of the periodontium,
including alveolar bone, PDL, and cementum [22].

In Vitro Multipotency. Cultured DFPCs were demonstrated to
exhibit osteogenic differentiation capacity under the appropriate
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conditions. Long-term cultures of DFPCs with dexamethasone
produced compact calcified nodules or appeared as membrane-
like structures [22]. Cementoblast features were detected in cul-
tured DFPCs stimulated by BMP-2/-7 and enamel matrix deriva-
tives [60]. Moreover, DFPCs could differentiate into chondrocytes
and adipocytes, as demonstrated by specific staining and the
expression of specific markers [60]. The neural differentiation
potential of DFPCs under in vitro conditions was therefore inves-
tigated [61]. Recently, DFPCs were reported to transdifferentiate
into functional HLCs and acquire hepatocyte functions upon hep-
atogenic induction [34].

In Vivo Ectopic Formation Capacity. DFPCs combined with
porous ceramic discs and transplanted into immunocompro-
mised rats produced a cement/woven bone-like tissue with
embedded cementocyte/osteocyte-like cells. However, no hard
tissues formation, such as dentin, cementum, or bone, has
been observed in the in vivo transplant [62]. Further studies
are necessary to explore the potential for hard tissue
regeneration.

Immunomodulatory Properties. Recent studies have shown
that DFPCs produced TGF-b and suppressed the proliferation
of PBMCs. Treatment with TLR3 and TLR4 agonists augmented
the suppressive potential of DFPCs and potentiated TGF-b and
IL-6 secretions [43, 63]. These properties of DFPCs are desira-
ble for the treatment of diseases caused by chronic inflamma-
tion accompanied by tissue injury [43].

Alveolar Bone-Derived MSCs

Alveolar bone comprises the thickened ridge containing the
tooth sockets in the bones that hold teeth, and it is embry-
onically derived from the dental follicle.

Recently, the successful isolation and culture of human
ABMSCs (hABMSCs) were presented [23]. The isolated cells
exhibit a spindle-shaped fibroblast-like morphology, plastic
adherence, and colony formation. These cells express the sur-
face markers CD73, CD90, CD105, and STRO-1 but do not
express the hematopoietic markers CD14, CD34, and CD45
(Table 1) [23, 64, 65].

In Vitro Multipotency. Expanded ABMSCs can be differenti-
ated into osteoblastic lineages, and they demonstrate high
ALP expression [23]. Moreover, many studies have revealed
that treatment of hABMSCs with the dichloromethane frac-
tion of Dipsaci Radix [66], interferon-induced transmembrane
protein 1 [67], nicotine [68], low-frequency pulsed electro-
magnetic fields [69], low-intensity pulsed ultrasound [70], low
fluid dynamic shear stress [71], and orbital shear stress [72]
could enhance osteogenesis in these cells. CS/HAp composite
fabric may provide a good scaffold for ABMSC attachment,
proliferation, migration, and differentiation for use in bone
tissue engineering applications [73]. Additionally, ABMSCs
showed chondrogenic and adipogenic differentiation poten-
tials similar to those of other stem cell populations [65, 74].

In Vivo Ectopic Formation Capacity. hABMSCs induced signif-
icant new bone formation following subcutaneous transplanta-
tion into immunodeficient mice, and cuboidal osteoblasts and
osteocytes were observed lining the surface along the margin

of newly formed bone [23, 64, 65]. These data support the fea-
sibility of using hABMSCs as a source of stem cells to treat
bone defects.

Immunomodulatory Properties. Further studies are needed
to verify the immunomodulatory potential of these cells and
compare them with other stem cell populations.

Stem Cells from the Apical Papilla

The apical papilla is the soft tissue found at the apices of
developing permanent teeth [24, 75]. In developing teeth,
root formation begins with the apical proliferation of epithe-
lial cells from the cervical loop. The dental papilla contributes
to tooth formation and is eventually converted into pulp tis-
sue, and an apical cell-rich zone lies between the apical
papilla and the pulp [75].

A unique population of MSCs referred to as SCAP was dis-
covered in the apical papilla of human immature permanent
teeth [24, 75]. SCAP show a higher proliferation rate and min-
eralization potential than DPSCs, and they express typical MSC
markers, including STRO-1, CD73, CD90, and CD105 (Table 1)
[24, 76]. Similarly to DFPCs, SCAP represent a population of
cells from a developing tissue and might thus exhibit greater
plasticity than other dental stem cells (DSCs).

In Vitro Multipotency. Cultured SCAP can undergo adipo-
genic and odontogenic/osteoblastic differentiation following
induction in vitro, analogous to the patterns exhibited by
DPSCs and SHED [24]. Interestingly, ex vivo-expanded SCAP
show positive staining for several neural markers without neu-
rogenic stimulation [77]. After stimulation, additional neural
markers are also expressed by SCAP, including neuronal
nuclear antigen, neurofilament M, and neuron-specific enolase
[75]. Additionally, SCAP demonstrated the capacity to differen-
tiate into hepatocyte-like cells in vitro [34].

In Vivo Ectopic Formation Capacity. When ex vivo-expanded
SCAP were transplanted into immunocompromised mice with
an appropriate carrier matrix, a typical dentin-pulp-like com-
plex was regenerated [24].

SCAP appear to be the source of the primary odontoblasts
responsible for the formation of root dentin. In minipigs,
transplanted SCAP and PDLSCs generated a bio-root periodon-
tal complex capable of supporting a porcelain crown, resulting
in functional tooth regeneration [24]. Human SCAP-mediated
tissue regeneration may offer a promising cell-based therapy
for root regeneration.

Furthermore, SCAP can generate cement/woven bone-like
tissue with embedded cementocyte/osteocyte-like cells in
vivo. However, whether the material is dentin, cementum, or
bone could not be identified [62].

Immunomodulatory Properties. SCAP possess low immuno-
genicity and can inhibit T-cell proliferation in vitro through an
apoptosis-independent mechanism. SCAP can also suppress
the one-way mixed lymphocyte reaction in a dose-dependent
manner. Certain soluble factors may be involved in SCAP-
mediated immune suppression, but the exact mechanisms
require further study [78]. In addition, cryopreservation did
not affect the immune properties of SCAP [76].
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Tooth Germ Progenitor Cells

TGPCs are novel stem cell population that were identified in
the dental mesenchyme of the third molar tooth germ during
the late bell stage [25]. TGPCs can be expanded and main-
tained for nearly 60 population doublings, during which they
retain their spindle-shaped morphology and high proliferation
rate. TGPCs express the MSC-associated markers STRO-1 and
CDs (Table 1) and demonstrate a tendency for pluripotency-
associated gene expression (nanog, oct4, sox2, klf4, and c-

myc), indicating a mesenchymal phenotype [25, 79, 80].

In Vitro Multipotency. TGPCs show a similar multilineage dif-
ferentiation capacity to that of other dental MSCs, including
the ability to differentiate into adipocytes, osteoblasts/odon-
toblasts, chondrocytes, and neurons [25, 79–82].

Hepatic-induced TGPCs change morphologically from
bipolar-spindle and fibroblast-like to polygonal and epithelial-
like. These cells are strongly positive for the liver-specific albu-
min gene. In addition, the immature hepatocyte marker
alpha-fetoprotein (AFP) and the specific biliary epithelial cell
marker CK19 were expressed more strongly during the culture
period. These results indicated that TGPCs can differentiate
into cells with the morphological, phenotypic, and functional
characteristics of hepatocytes in vitro [25]. TGPCs form tube-
like structures when incubated on Matrigel, which might indi-
cate a possible contribution to vascularization [79].

In Vivo Ectopic Formation Capacity. TGPCs or TGPCs trans-
fected with Venus were subcutaneously implanted with HA
into immunocompromised rats. The HA/TGPC implants
showed new bone formation in the presence of osteocytes in
the newly formed bone matrix and a cuboid-shaped active
osteoblast lining on the matrix surface. The implants with
Venus-positive TGPCs were located within the mineralized
matrix, where osteoblasts and osteocytes are typically found
[25].

Cultured TGPCs show engraftment when they are trans-
planted via the portal vein into the liver of carbon tetrachlor-
ide (CCl4)-treated rats. The transplantation of hepatic
induction-treated TGPCs was effective in suppressing liver
inflammation and fibrosis and reduced both the increase in
bilirubin and the suppression of albumin. These findings sug-
gest that the multipotent TGPCs are a candidate for cell-based
therapy to treat liver diseases [25].

Immunomodulatory Properties. There is little information on
the immunomodulatory properties of TGPCs. Due to their
multipotency for regeneration, further research focusing on
the immunomodulation characteristics of TGPCs remains
urgently needed.

Gingiva-Derived MSCs

The gingiva is a unique oral tissue overlaying the alveolar
ridges and retromolar region that is recognized as a biological
mucosal barrier and a distinct component of the oral mucosal
immunity. Furthermore, this tissue can often be obtained as a
discarded biological sample [83].

Recently, GMSCs, a new population of stem cells isolated
from human gingiva, were shown to exhibit clonogenicity,
self-renewal, and multipotent differentiation capacity, and

these cells possess both stem cell-like and immunomodulatory
properties [26]. GMSCs express CDs and display positive sig-
nals for Oct4, Sox2, Nanog, Nestin, SSEA-4, and Stro-1 (Table
1) [26, 84, 85].

In Vitro Multipotency. Some studies have confirmed that
GMSCs have multipotent mesenchymal precursor cell proper-
ties after differentiating into multiple mesenchymal-derived
cell types, such as adipocytes, chondrocytes, and osteoblasts,
as determined by the increased expression of specific markers
[26, 84, 85].

The capacity of GMSCs to differentiate into a putative
definitive endoderm (DE) lineage was further confirmed
through demonstration of the expression of the DE markers
Sox17, Foxa2, and CRCX4. When cultured on fibronectin-
coated slides in endothelial cell growth medium, GMSCs
expressed the endothelial cell marker CD31 [26]. Under neural
differentiation conditions, GMSCs are positive for glial fibril-
lary acidic protein, neurofilament 160/200 (NF-M), MAP2, nes-
tin, and bIII-tubulin [26]. When subjected to a glial
differentiation regimen, GMSCs induce neuritogenesis and
support survival of PC12 cells in serum-free medium [86].

In Vivo Ectopic Formation Capacity. Expanded GMSCs were
transplanted with HA/TCP or fibrin gel as a carrier into immu-
nocompromised mice. GMSCs consistently regenerated con-
nective tissue-like transplants that exhibited the histological
features of the collagenous connective tissue phenotype,
including the presence of fibroblast-like cells and collagen
fibers. GMSCs have a potent in vivo self-renewal ability, as
confirmed by serial transplantation in the same model [26,
84].

Ex vivo-expanded GMSCs were seeded onto HA/TCP
grafts, incubated in osteogenic medium, mixed with collagen
gel, and transplanted subcutaneously into the dorsal surface
of immunocompromised mice. High expression levels of
osteocalcin, OPN, and Col I were observed, indicating the
potential of GMSCs for in vivo bone regeneration [26]. Newly
formed bone with a well-mineralized trabecular structure
located at the inner site was also demonstrated for GMSCs
transplanted into the mandible and calvarial defect model
[26, 85].

Surprisingly, dexamethasone-treated GMSCs implanted
subcutaneously into SCID mice revealed the formation of bili-
neage (mesodermal and ectodermal) mixed tumors that
included fetal fat, striated muscle, cartilage, bone, epithelial
tissue, and neural tissue. This finding implies that GMSCs are
capable of giving rise to tissues in vivo that develop from cra-
nial neural crest cells during embryogenesis [86].

Immunomodulatory Properties. GMSCs are capable of elicit-
ing a potent inhibitory effect on T-cell proliferation in
response to mitogen stimulation. Mechanistically, GMSCs
exert their anti-inflammatory effect partly via the IFN-c-
induced expression of IDO, IL-10, cyclooxygenase 2 (COX-2),
and inducible nitric oxide synthase, which are known immu-
nosuppressive factors. Cell-based therapy using a systemic
infusion of GMSCs significantly ameliorated the severity of
inflammation-related colonic injuries in experimental colitis by
suppressing inflammatory cell infiltration and inflammatory
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cytokine/mediator secretion and increasing Treg accumulation
and IL-10 expression at local intestinal sites [26]. In addition,
GMSCs can elicit M2 polarization of macrophages character-
ized by an increased expression of the mannose receptor
(MR; CD206) and the secretory cytokines IL-10 and IL-6 and
decreased induction of Th 17 cell expansion, which might con-
tribute to a marked acceleration of wound healing [87]. Ther-
apeutic administration of GMSCs dramatically alleviated both
the sensitization and elicitation of contact hypersensitivity
(CHS) by modulating the function of multiple types of innate
and adaptive immune cells through the COXs/PGE2 pathway
[88]. Furthermore, systemic infusion of GMSCs showed dis-
tinct immune tolerance in a murine skin allograft model via
upregulation of putative systemic Tregs [84]. Functionally,
three-dimensional (3D) spheroid GMSCs could mitigate
chemotherapy-induced oral mucositis in the murine model by
expressing increased levels of reactive oxygen species,
hypoxia-inducible factor (HIF)-1 and HIF-2a, and manganese
superoxide dismutase, which correlated with improved resist-
ance to oxidative stress-induced apoptosis [89]. Most recently,
the promising therapeutic effect of GMSCs was demonstrated
in an experimental collagen-induced arthritis (CIA) model. The
role of GMSCs in controlling the development and severity of
CIA mostly depended on CD39/CD73 signals and partially
depended on the induction of CD41CD391FoxP31 Treg cells
[90]. Taken together, GMSCs can function as an immunomodu-
latory and anti-inflammatory component of the immune sys-
tem in vivo and represent a promising and easily accessible
cell source for MSC-based therapies to treat inflammatory
and allergic diseases.

PROGRESS IN DENTAL MSC–BASED THERAPY

Stem cell-based therapy for regenerative treatment is consid-
ered a promising treatment modality for future therapy. Dental
tissues-derived MSCs are currently an excellent candidate for
the regeneration of teeth and other organs, and their progress
in preclinical studies and possible applications are outlined here.

Bone Regeneration

Dental tissue-derived MSCs have been used to engineer bone
for orofacial bone regeneration.

In vitro, DPSCs can produce a living autologous fibrous
bone (LAB) tissue, which forms a lamellar bone with osteocytes
after transplantation into immunocompromised rats [29].
DPSCs produced bone-like structures rather than dentin follow-
ing transplantation in vivo with HA/TCP, poly(lactic-co-glycolic
acid) (PLGA), HA, or nano-fiber hydrogel as a carrier [39, 91].

SHED can repair critical-sized calvarial defects with robust
bone formation when implanted in vivo [51]. As these cells
are derived from neural crest cells, SHED may share a similar
tissue origin with mandibular bone cells and therefore might
be a suitable resource for the regeneration of alveolar and
orofacial bone defects. Although it is unclear whether trans-
planted cells directly differentiate into osteoblasts to create
new bone, human DFPCs clearly support new bone formation
after transplantation into a surgically created, full-thickness,
critically sized partial defect in immunodeficient rats [92].

Subcutaneous implantation of SCAP combined with HA
scaffolds into immunocompromised rats formed bone-like min-

eralized tissues [91]. Furthermore, when SCAP were seeded
onto synthetic scaffolds and then transplanted into immunode-
ficient mice, a continuous layer of dentin-like tissue was depos-
ited onto the canal dentinal wall [93]. These findings provide
evidence that SCAP can be used as an approachable stem cell
source for osteo/odontogenic differentiation and bone forma-
tion. GMSCs can repair mandibular wounds and calvarial
defects in vivo with local implantation, implying that GMSCs
could be a novel source of stem cell-based therapy during
bone reconstruction [85]. A clinical application of DPSCs for
human bone defects has been reported. DPSCs obtained from
the mandibular third molars demonstrated the capacity to
completely restore human mandible bone defects when they
were transplanted with a collagen sponge scaffold [94].

Tooth Root Regeneration

Several clinical cases have demonstrated the role of apical
papilla in root formation. A bio-root periodontal complex con-
structed with SCAP and PDLSCs was able to support an artifi-
cial porcelain crown to provide normal tooth function in a
swine model, suggesting the feasibility of using a combination
of autologous SCAP/PDLSCs in conjunction with artificial den-
tal crowns for functional tooth regeneration [24]. After root
canal treatment, root-tip formation continued, and the surviv-
ing SCAP appeared to produce odontoblasts responsible for
complete root formation in several cases of apexogenesis in
infected immature teeth with periradicular periodontitis or
abscess, supporting a pivotal role for the apical papilla in root
formation [95].

In addition, treated dentin matrix (TDM) was used as a
natural biological scaffold for tooth root reconstruction in an
animal model. TDM was able to induce and support DFPCs to
develop root-like tissues with dentin-pulp-like tissues and
cementum-periodontal complexes, implying successful tooth
root regeneration [96]. Therefore, DFPCs could be used for
the treatment of root or tooth defect or loss in the future.

Dentin-Pulp Regeneration

The use of DPSCs, SHED, and SCAP for dentin-pulp tissue
regeneration has been investigated.

A study using human tooth root fragments with an empty
root canal space indicated the regeneration of vascularized
dentin-pulp-like tissue when the canal was filled with a poly-
D,L-lactide/glycolide (PLG) scaffold seeded with DPSCs [93].
When DPSCs treated with preameloblast culture medium
were transplanted into immunocompromised mice, they gen-
erated pulp-like structures lined with odontoblast-like cells
[97]. These studies have primarily demonstrated the potential
of complete pulp regeneration under experimental conditions.

A pulp-like tissue with well-established vascularity was
induced and a continuous layer of dentin-like tissue was
deposited onto the canal dentinal wall when SCAP were
inserted into tooth fragments and then transplanted into
immunodeficient mice [93, 95]. These data provide evidence
that SCAP can be used for tissue engineering/regeneration.

Xenogeneic transplants containing HA/TCP with SHED gen-
erated donor-derived dentin-pulp-like tissues with distinct
odontoblast layers lining the mineralized dentin-matrix [56].
SHED seeded onto biodegradable scaffolds prepared within
human tooth slices successfully differentiated into odontoblast-
like cells on the dentin surface with a cytoplasmic process
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extending into a dentinal tubule, suggesting that SHED consti-
tute a viable source of cells for dental pulp tissue engineering
[49]. SHED seeded onto polylactic acid scaffolds with the addi-
tion of BMP-2 and TGF-b1 produced pulp tissue constructs,
suggesting that future regenerative endodontic treatment may
involve the cleaning and shaping of root canals followed by the
implantation of vital dental pulp tissue constructs created in
the laboratory [98]. The establishment of reproducible and safe
methods for regenerating dentin-pulp complexes to achieve the
desired pulp tissue regeneration is expected.

Periodontal Regeneration

Stem cell-based regenerative periodontal therapy has gained
attention since the isolation of MSCs from various tissues.

The bone morphogenetic protein BMP-2 has been used to
promote for the differentiation of DFPCs into cementoblasts
and odontoblasts to reestablish the integrity of the PDL [99].
Due to their periodontal ligament derivation and their capacity
to differentiate into osteoblasts, cementoblasts, and fibroblasts,
PDLSCs may be the first candidate cellular source for PDL
regeneration. It has been demonstrated that expanded PDLSCs
are capable of regenerating a typical cementum/periodontal
ligament-like structure with HA/TCP as a carrier [21]. Extensive
research exploring the potential use of PDLSCs to treat peri-
odontal diseases in various larger animal models is ongoing.
Several pilot studies have demonstrated that transplantation of
PDL cell sheets was able to regenerate periodontal tissue in
experimental defect models in rats, dogs, and swine [58]. In
addition to animal models, a retrospective pilot study in
humans has also demonstrated the therapeutic benefit of auto-
logous periodontal ligament progenitor cells (PDLPs) when
implanted with bone grafting material into intrabony defects in
patients. All periodontal defects were reconstructed, and the
clinical and experimental evidence support the potential effi-
cacy and safety of using autologous PDL cells in the treatment
of human periodontitis [100]. Furthermore, one human clinical
study has demonstrated the development of new tissue con-
sistent with PDL on the surface of dental implants. This proof-
of-principal investigation shows great potential and may pro-
vide efficient methods for enhancing the outcome of implant
treatment using PDLSCs [101].

An optimal protocol for the extraction, expansion, and
characterization of human PDL cells has been demonstrated,
and the safety and efficacy of the PDL sheet for clinical trials
have been validated [102]. One clinical trial using PDL sheet
technology is currently under way to develop a government-
approved periodontal cell transplantation therapy [103].

Neural Tissue Regeneration

Transplanted DPSCs can survive [32] and may induce neuro-
plasticity [104] in the central nervous system. Injection of
DPSCs into the right dorsolateral striatum of experimental ani-
mals subjected to middle cerebral artery occlusion (MCAO)
induced a significant recovery from neurological dysfunction
[105]. SHED could be induced to form neural-like spheres in a
medium optimized for neural stem cells in vitro. Additionally,
transplantation of SHED spheres into parkinsonian rats par-
tially improved the apomorphine-evoked rotation of behav-
ioral disorders, suggesting that SHED may be a promising
source for the treatment of neurodegenerative diseases [106].
In a recent study, neuronally predifferentiated DPSCs were

injected into the cerebrospinal fluid of rats with induced corti-
cal lesions, these cells integrated into the host brain and
exhibited neuronal properties, suggesting that they may serve
as useful sources of neuro- and gliogenesis in vivo [107].

Recently, three independent groups reported that pulp
stem cells showed neuroregenerative activity in rodent spinal
cord injury (SCI) models. Human dental pulp cells (HDPCs)
transplanted into a mouse model of compressive spinal cord
injury showed higher levels of trophic-factor expression in the
tissue, better tissue organization, and the presence of many
axons or oligodendrocytes and neurons with synapses, indicat-
ing that HDPCs may be feasible candidates for therapeutic
intervention after SCI and during central nervous system disorders
in humans [108]. Functional recovery was promoted when undif-
ferentiated or neural-induced SHED were transplanted into a rat
spinal cord contusion injury model, suggesting that engrafted
SHED or their derivatives could be suitable candidates for the
treatment of SCI and other neurodegenerative diseases [109].
Transplantation of human SHED into the completely transected
adult rat spinal cord significantly improved the recovery of hind
limb locomotor functions. Thus, engrafted SHED may provide
therapeutic benefits for treating SCI through both cell-
autonomous and paracrine neuroregenerative activities [110]. A
recent study indicated that hTGPCs use angiogenic antioxidative
and antiapoptotic mechanisms to exert neuroprotective effects
on in vitro models of Alzheimer’s dementia and Parkinson’s dis-
ease, which might provide insight into the therapeutic potential
of tooth germ-derived MSCs as a cellular treatment for neurologi-
cal disorders [111]. These reports suggest that dental stem cells
offer valuable therapeutic potential in the central nervous system.

Regeneration of Nondental Tissues

Subcutaneous transplantation of human PDLSCs can lead to
the formation of substantial amounts of collagen fibers and
improve facial wrinkles in mice [112].

The induction of smooth and skeletal muscle cells from
human SHED in vivo has been reported [40, 48]. Systemic
application of SHED to animals suffering from muscular dys-
trophy improves the clinical symptoms [40].

DPSCs can repair infarcted myocardium associated with an
increase in the number of vessels and a reduction in the
infarct size, probably due to their ability to secrete proangio-
genic and antiapoptotic factors. Therefore, this study suggests
that DPSCs could provide a novel alternative cell population
for the treatment of ischemic diseases [113].

When TGPCs were transplanted into CCl4-treated liver-
injured rats, they prevented the progression of liver fibrosis
and contributed to the restoration of liver function. These
findings suggest that TGPCs are a candidate for cell-based
therapy to treat liver diseases and offer unprecedented
opportunities for developing therapies to facilitate tissue
repair and regeneration [25].

Vascular endothelial growth factor (VEGF)-induced DPSCs
maintain endothelial cell-like features when cultured in a 3D
fibrin mesh, displaying focal organization into capillary-like struc-
tures [114]. DPSCs were reported to show an increase in blood
flow with a high density of capillary formation during experimen-
tally induced mouse ischemia, suggesting their potential for pro-
moting angiogenesis/vasculogenesis [115].

SHED are capable of reconstructing the eye surface follow-
ing the induction of unilateral total limbal stem cell deficiency
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in rabbits, suggesting that SHED might be used as a potential
alternative source of cells for corneal reconstruction [116].
Transplantation of a tissue-engineered cell sheet composed of
human SHED into rabbits with experimentally induced corneal
defects resulted in successful reconstruction of the corneal
epithelium [117].

Transplantation of DPSCs ameliorated ischemic tissue
injury in the rat brain and accelerated functional recovery
after MCAO, indicating that DPSCs could be a potential candi-
date for the treatment of stroke [118]. SHED-conditioned
medium promoted the migration and differentiation of endoge-
nous NPCs, induced vasculogenesis, and ameliorated ischemic
brain injury after intranasal administration to sprague-dawley
(SD) rats subjected to permanent MCAO [119].

In a murine excisional full-thickness skin wound model, sys-
temic infusion of GMSCs significantly enhanced the repair pro-
cess, as indicated by more rapid re-epithelialization and increased
angiogenesis, providing evidence that GMSCs are a promising cell
source for stem cell-based therapies of inflammatory diseases
and skin wounds [84]. Systemic infusion of GMSCs also dramati-
cally suppressed CHS via PGE(2)-dependent mechanisms before
the sensitization and challenge phase [88]. In addition, systemic
infusion of GMSCs mitigated chemotherapy-induced oral mucosi-
tis in murine models, as demonstrated by the reversal of body
weight loss and the stimulation of regeneration in the disrupted
epithelial lining [89]. Infusion of GMSCs into mice with CIA signifi-
cantly reduced arthritis severity, decreased histopathology scores,
and downregulated the production of inflammatory cytokines
(IFN-c and IL-17A), suggesting that GMSCs provide a promising
approach for the treatment of autoimmune diseases [90].

DENTAL STEM CELL BANKING

Dental stem cells appear to be a promising source for the treat-
ment of various ailments already discussed herein. Personalized
medicine is strongly believed to be the most promising avenue
for treating challenging diseases and injuries throughout life;
however, the use of an individual’s own dental stem cells during
a time of therapeutic necessity has serious limitations because it
requires the extraction of remaining teeth. Thus, the ability to
harvest and safely store stem cells from deciduous teeth and
extracted permanent teeth is important to provide the greatest
future benefit for life. Individuals have various opportunities at
each stage of their life to bank these valuable cells, and it is best
to recover stem cells from young and healthy individuals when
the cells are strong and proliferative. Once stem-cell-containing
tissues, such as pulp, apical papilla, periodontal ligament, follicle,
gingiva, or the tooth itself, have been obtained from the patient,
they can be cryopreserved for many years to retain their regener-
ative potential for use in future regenerative therapies.

Tooth banking is not currently a popular practice, but the
trend is catching up mainly in developed countries. Current
licensed tooth banks include the following [120]:

Advanced Center for Tissue Engineering, Japan (http://
www.acte-group.com/)

Teeth Bank, Co., Japan (http://www.teethbank.jp/)
BioEDEN (http://www.bioeden.com/)
StemSave (http://www.stemsave.com/)
Store-A-Tooth (http://www.store-a-tooth.com/)
Stemade Biotech Pvt., India (http://www.stemade.com/)

The Norwegian Tooth Bank, Norway (http://www.fhi.no/
morogbarn)

Although the autologous transplantation of banked teeth
has been successfully achieved in the clinic, stem cell-based
therapies involving stem cell banking have not yet been
reported. Moreover, many ethical controversies and legal and
social questions need to be addressed before banked dental
stem cells become clinically available. Therefore, the utility of
stem cell banking should be carefully evaluated, and proper
maintenance of the cryopreserved cells and tissues to ensure
good quality for future use in transplantation should be
ensured. In addition, legislation of the banking system is
essential, as it may provide bio-insurance for future use.

CONCLUSIONS AND PERSPECTIVES

Current research on dental stem cells is expanding at an
unprecedented rate. Stem cells derived from teeth are easily
accessible and can be obtained in a convenient and minimally
invasive way. According to the above discussion, these new
sources of stem cells could be beneficial for cellular therapy
and the eventual development of regenerative treatment.
These cells guarantee a donor match (autologous transplant)
for life that, to a certain extent, may also be useful for close
relatives of the donor. In addition, because these are adult
stem cells, ethical concerns are not an issue.

However, several main objectives need to be addressed
for future research, especially concerning the following issues:

(I) Identifying specific surface markers and understanding the
mechanisms of self-renewal. This understanding would allow us
to purify, regulate, and expand dental stem cell growth in the lab
to generate sufficient numbers of cells for therapeutic use.

(II) Understanding the regulation of dental MSCs during
differentiation and the generation of specific tissue. The for-
mation of certain tissues requires the expression of particular
genes and involves sequential signal activation. Controlling
these signals in the correct temporal pattern may facilitate
regeneration of the desired tissue both in vitro and in vivo.

(III) Clarifying the long-term fate of transplanted dental MSCs
in the recipient. The capacity and efficiency of dental MSCs for
homing to and transdifferentiating into a particular tissue and their
ability to find the optimum “niche” have been major concerns.

(IV) Understanding how the various functional attributes of
MSCs are specified at the population level. MSC populations dis-
play considerable phenotypic and functional heterogeneity [121].
BMMSCs are the most extensively investigated population, and
these cells are heterogeneous [122]. We assume that intrinsic
heterogeneity may also exist in dental MSCs. Multiple methods
such as single-cell sequencing and digital PCR can be used to
understand the molecular basis of heterogeneity and the impact
of heterogeneity on the clinical development and therapeutic
potency of MSCs. This understanding will allow future studies to
enhance the clinical efficacy of MSC-based therapies.

(V) Clarifying the mechanisms underlying the immunomo-
dulatory properties of dental MSCs. Dental MSCs offer a fasci-
nating new cell source for clinical applications; however, the
immune responses of the recipient should be noted. Further
research will explore the critical role of dental MSCs in immu-
nomodulation and the secretion of dental MSCs as well as
the interactions between dental MSCs and the immune sys-
tem for future applications.
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(VI) Identifying whether dental MSCs are subject to the
effects of aging due to intrinsic factors or the somatic envi-
ronment. Age-related changes can impinge on the activity of
MSCs, as shown in previous studies [123]. Hence, discovering
biomarkers to assess the cellular senescent state, establishing
reliable methods to measure age-induced effects, and identi-
fying the molecular basis of dental stem cell aging will
undoubtedly affect their future clinical use. Understanding the
relationships between MSC senescence and organismal aging
and developing approaches to reverse the effects of aging on
MSCs are recommended for future studies.

(VII) Developing safe and reproducible catheter-based deliv-
ery systems for depositing dental MSCs into the recipient and
designing a comprehensive and global strategy for dealing with a
multiplicity of issues involving the safety, harmonization, privacy,
and transparency. The emerging trend of establishing human
dental stem cell banks to support basic research and translational
applications requires international collaboration. It will be impor-
tant to address harmonization and standardization processes for
banking dental stem cells and establish an international banking
network based on common fundamental norms and standards,
which will undoubtedly ensure the legitimacy of these banks.
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