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Mesenchymal stem cells (MSCs) could be identified in mammalian teeth. Currently,
dental-derived MSCs (DMSCs) has become a collective term for all the MSCs
isolated from dental pulp, periodontal ligament, dental follicle, apical papilla, and even
gingiva. These DMSCs possess similar multipotent potential as bone marrow-derived
MSCs, including differentiation into cells that have the characteristics of odontoblasts,
cementoblasts, osteoblasts, chondrocytes, myocytes, epithelial cells, neural cells,
hepatocytes, and adipocytes. Besides, DMSCs also have powerful immunomodulatory
functions, which enable them to orchestrate the surrounding immune microenvironment.
These properties enable DMSCs to have a promising approach in injury repair, tissue
regeneration, and treatment of various diseases. This review outlines the most recent
advances in DMSCs’ functions and applications and enlightens how these advances
are paving the path for DMSC-based therapies.

Keywords: mesenchymal stem cells, tooth regeneration, tissue engineering, bone defect reconstruction, immune
modulation

INTRODUCTION

By revisiting history, the concept of mesenchymal stem cells (MSCs) and some relevant
fundamental studies can be traced back to several decades ago (Bianco et al., 2008), which were
associated with the breakthrough finding of an intrinsic osteogenic potential of bone marrow
cells, as was revealed by heterotopic transplantation (Friedenstein et al., 1968). Subsequently,
bone marrow stromal cells, a minor yet distinguishable subpopulation of bone marrow cells, were
pointed out to possess osteogenic potential, as well as nonhematopoietic origin, rapid adherence
to culture dishes, and colony-forming ability (Friedenstein et al., 1970). In 1991, the term MSCs
was first coined by Caplan, proposing their multipotent differentiation ability to give rise to
mesodermal lineage (Caplan, 1991). Thereafter, MSCs have been well known for their multipotency
(Pittenger et al., 1999) and identified in a variety of tissues and organs since the formulation of the
terminology, including, but not limited to, bone marrow, liver, heart, adipose tissue, and scalp tissue
(Zuk et al., 2002; Shih et al., 2005; Beltrami et al., 2007).

In 2000, a clonogenic population of dental pulp cells was first isolated by Gronthos et al.
(2000) and identified as MSCs due to similar properties as bone marrow stromal cells (BMSCs)
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in terms of immunoreactivity profile, as well as the capacity for
self-renewal and the potential for multidirectional differentiation.
Since then, more and more dental-derived cells have been found
to possess stem cell properties and were named according to
their tissue of origin, including dental pulp stem cells (DPSCs)
(Gronthos et al., 2000), stem cells from human exfoliated
deciduous teeth (SHEDs) (Miura et al, 2003), periodontal
ligament stem cells (PDLSCs) (Seo et al., 2004), dental follicle
stem cells (DFSCs) (Handa et al., 2002; Morsczeck et al., 2005),
stem cells from apical papilla (SCAPs) (Sonoyama et al., 2006,
2008), and gingival mesenchymal stem cells (GMSCs) (Zhang
et al., 2009) (Figure 1). Overall, all the abovementioned dental-
derived stem cell populations can be termed collectively as
dental-derived mesenchymal stem cells (DMSCs) (Sharpe, 2016).
In this review, we will focus on introducing and discussing
the most up-to-date advances of DMSCs concerning functions,
applications, and beyond.

DIFFERENTIATION AND FUNCTION

Dentinogenesis

Odontoblasts are extremely specialized cells involved in
the deposition and mineralization of the dentin matrix,
namely, dentinogenesis or dentin formation. The functions
of odontoblasts include the formation and regeneration of
the dentin-pulp complex (Kawashima and Okiji, 2016).
DPSCs and SHEDs are two subpopulations of DMSCs that
perform as major resources of odontoblasts during tertiary
dentin formation upon postnatal injury since the preexisting
odontoblast cannot produce reparative dentin (Tatullo et al,
2015; Mortada and Mortada, 2018). The standard procedure for
odontogenic differentiation can be induced in vitro by culturing
DMSCs in odontogenic medium containing dexamethasone,
B-glycerophosphate, and ascorbic acid (Langenbach and
Handschel, 2013). Under such culture conditions, DMSCs
subsequently express osteoblast-associated markers, including
alkaline phosphatase (ALP), collagen type 1 (COL1), osteopontin
(OPN), osteocalcin (OCN), dentin matrix acid phosphoprotein
1 (DMP1), matrix extracellular phosphoglycoprotein (MEPE),
and dentin sialophosphoprotein (DSPP). These markers are
equally widely used as odontoblasts-specific differentiation
markers in plenty of studies (Dong et al., 2019; Iezzi et al., 2019).
Besides the abovementioned markers, previously unrecognized
odontoblast markers have been identified, such as NOTUM and
SALL1 (Krivanek et al., 2020), by single-cell RNA sequencing
(scRNA-seq), which is a seminal technique developed in recent
years and enables researchers to explore transcriptional profiles
at the level of a single cell with unprecedented resolution.
Interestingly, scRNA-seq uncovered novel functions of some
well-defined odontoblast markers as well, for instance, the role of
DSPP in amelogenesis (Chiba et al., 2020).

To date, researchers have explored different induction
conditions, which aim to promote or impair odontogenic
differentiation. Allogeneic fibrin clot (AFC) serum exhibited
sufficient cytokines as well as growth factors to induce
odontogenic differentiation of human DPSCs and human

PDLSCs in vitro (Cao et al., 2020). Sapindus mukorossi seed
oil has also been proven to increase the ALP activity and the
secretion of mineralized nodules of DPSCs, and can promote
osteogenic or odontogenic differentiation and matrix vesicle
secretion of DPSCs under odontogenic induction (Shiu et al.,
2020). In contrast, alcohol can suppress DPSC odontogenic
differentiation and mineralization, by decreasing the ALP
activity, attenuating the formation of mineralized nodules, and
suppressing the expression of odontoblastic markers, including
ALP, DSPP, DMP1, and OCN. Mechanistically, alcohol negatively
regulates odontogenic differentiation through the mechanistic
target of rapamycin (mTOR) signaling in a dose-dependent
manner (Qin et al, 2017). Hence, quite a few elements are
associated with the process of odontogenic differentiation.

Also, some other signaling molecules participate in the
odontogenic differentiation process. Copine 7 (CPNE7) works
as a diffusible signaling molecule and was proven to induce
non-dental MSCs to differentiate into odontoblasts in vitro
via the control of DSPP expression (Oh et al., 2015). Also,
CPNE7 has been demonstrated to promote the formation of
dentin-like tissues in vivo (Oh et al, 2015). A similar pro-
odontogenic effect was found in endothelin-1 (ET-1), which can
promote the odontoblastic differentiation of DPSCs (Liu M. et al.,
2018). Receptor tyrosine kinases (RTKs) played a pivotal role
in cell fate decisions, of which ephrin receptors (Eph) make
up the largest known subgroup. After odontogenic induction,
EphrinB2 (ligand) and its cognate receptors EphB2 and EphB4
were upregulated in DPSCs in both gene and protein levels,
and meanwhile, EphrinB2 signaling showed enhanced effects
on osteogenic/odontogenic differentiation of human DPSCs
(Heng et al, 2018). Other regulatory molecules are lysine
demethylase 6B (KDM6B) (Xu et al., 2013) and pentraxin-
3 (PTX3) (Kim Y. et al, 2019). Mechanistically, KDM6B
was recruited to BMP2 promoters, leading to the removal of
epigenetic marks H3K27me3, activation of BMP2 transcription,
and thus, odontogenic differentiation of DMSCs (Xu et al.,
2013). As for PTX3, it was indicated to be positively correlated
with osteogenic or odontogenic differentiation of human DPSCs
(Kim Y. et al., 2019). The relationship and interaction between
different molecules are still unraveled, and it remains to be
further explored and elucidated for the underlying mechanisms
of odontogenic differentiation.

Apart from culture conditions and signaling molecules,
RNA was demonstrated to have an impact on the process
of odontogenic differentiation. For instance, miR-223-3p
knockdown was proven to increase SMAD3 and inhibit
odontogenic differentiation (Huang X. et al., 2019). Upregulated
miR-21 was revealed to associate with increased odontogenic
differentiation of DPSCs in a tumor necrosis factor-o. (TNF-a)-
mediated manner (Xu et al., 2018). Meanwhile, miR-143-5p and
hsa-let-7c showed the inhibition of odontogenic differentiation
of DMSCs (Ma et al., 2016; Liu G.X. et al,, 2018; Zhan et al,,
2018). Long non-coding RNAs (IncRNAs) have been reported
to involve in dentin development and facilitate the odontogenic
differentiation of human DPSCs (Zeng et al., 2018). To conclude,
odontogenic differentiation and dentinogenesis are governed
by a variety of signaling molecules, growth factors, miRNAs,
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FIGURE 1 | The origins, potential functions, and applications of dental-derived mesenchymal stem cells (DMSCs).

odontogenesis

and specific culturing conditions, resulting in a complex and
intertwined regulatory network.

Cementogenesis

Cementogenesis refers to the process of cementum formation,
which covers the roots of teeth by cementoblasts. Cementoblasts,
whose biological function is cementogenesis, are the key cell
type responsible for anchoring the periodontal ligament to the
tooth (Zhao et al.,, 2021). In general, cementoblasts can be found
within periodontal tissue and play a crucial role in periodontal
complex stabilization and regeneration. Furthermore, it has
been validated that DMSCs, especially PDLSCs and DFSCs, can
differentiate into cementoblasts (Hyun et al., 2017; Zhai et al.,
2019; Yang J.W. et al., 2020).

Similarly, extensive studies have been conducted to
better understand cementogenic differentiation concerning
RNA interference and signaling pathways. Ets variant 1
(ETV1), a differentiation-related transcription factor that
reciprocally regulates miR-628-5p and miR-383 coordinately in
a feedback loop, is thought to be necessary for cementogenesis

(Iwata et al., 2021). Another study focused on miR-361-3p,
which decreased during cementoblastic differentiation, while
inhibition of miR-361-3p resulted in increased cementoblastic
differentiation (Liao et al., 2019). Moreover, the Wnt/B-catenin
(WNT) pathway was blocked by forced expression of miR-361-
3p in cementoblastic differentiation, whereas multiple other
pathways are notably activated, including the extracellular
signal-regulated kinase 1/2 (ERK1/2), c-Jun N-terminal kinase
(JNK), p38 mitogen-activated protein kinase (p38/MAPK),
phosphoinositide 3-kinase (PI3K) protein kinase B (AKT)
(PI3K/AKT), and nuclear factor kappa-light-chain-enhancer of
activated B-cells (NF-kB) pathways (Liao et al., 2019).

As for signaling pathways, canonical WNT signaling might
positively regulate the expression of cementogenic-related
markers of DFSCs, including runt-related transcription factor 2
(RUNX2), ALP, OCN, cementum attachment protein (CAP), and
cementum protein (CEMP) (Du et al., 2012; Nemoto et al., 2016).
A potential link between WNT signaling and the plasminogen-
plasmin pathway to control cementogenic differentiation has
been reported (Martins et al., 2020). Besides, the PI3K/AKT and
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JNK pathways have also been identified to participate in the
enhanced cementogenesis of PDLSCs, which can be activated by
M2 macrophages through cytokine and/or chemokine secretion,
in particular, interleukin-10 (IL-10) and vascular endothelial
growth factor (VEGF) (Li et al., 2019).

However, the characterization of DMSCs committed to
undergo osteoblast/cementoblast differentiation remains largely
unknown (Saito et al., 2014). Some proteins, which have been
demonstrated to play vital roles in other lineage commitment
and differentiation, can influence the cementoblast lineage
cells as well. For instance, Sirtuin 6 (SIRT6) is essential for
osteogenic differentiation, but it also inhibits glucose transporter
1 (GLUT1), a glucose transporter necessary in cementogenesis,
and inhibited cementoblast differentiation by activating the
AMP-activated protein kinase (AMPK) pathway (Huang L. et al.,
2019). Furthermore, another good example is amelogenins.
Amelogenins are crucial components of developing extracellular
enamel matrix, which direct the organization and mineralization
of enamel. Studies have demonstrated that C-terminus of
amelogenins induces division, differentiation, and maturation
of MSCs, especially in cementoblastic lineage cells (Kunimatsu
et al., 2017, 2018). Additionally, cementoblastic differentiation
of mesenchymal progenitor cells is tightly maintained by an
autocrine system mediated by parathyroid hormone (PTH)-
related peptide (PTHrP) and the PTH/PTHrP receptor,
thereby preventing DMSCs from premature differentiation into
cementoblasts (Takahashi et al., 2019). However, there is still
insufficient research investigating this aspect, which requires
more studies before clinical applications.

Osteogenesis

Osteogenesis, in brief, is the process of bone formation by
osteoblasts. Among all subpopulations of DMSCs, DPSCs, and
PDLSCs are most extensively studied. DPSCs cultured in vitro
can differentiate into osteoblast-like cells in addition to its well-
known potential to differentiate into odontoblasts (Mortada and
Mortada, 2018) (Figure 2). This process is deemed to be regulated
by various pathways, though not completely elucidated. The
BMP-4/Smad signaling pathway is essential for the osteogenic
differentiation of DPSCs, which can be suppressed by tumor
necrosis factor-inducible protein-6 (TSG-6) (Wang Y. et al,
2020). The impaired osteogenic capacity of DPSCs in the
inflammatory microenvironment can be rescued by WNT4
overexpression, which subsequently may function by affecting
JNK signaling pathways (Zhong et al., 2019, 2020). LncRNAs,
emerging as novel regulators, might play an important role
in the osteogenesis of DPSCs by regulating gene expression.
Transcriptome microarray identified a series of differentially
expressed IncRNAs during osteogenic differentiation in human
DPSCs (Zhang et al., 2017). Meanwhile, different IncRNAs may
affect the expression of the same target oppositely, for example,
RUNX2. To illustrate, IncRNA MEG3 inhibited human DPSCs
osteogenic differentiation and promoted RUNX2 degradation
via miR-543/SMURF1/RUNX2 regulatory network (Zhao et al.,
2020c), whereas IncRNA LINC00968 promoted osteogenic
differentiation and bone formation in vitro and in vivo and
upregulated RUNX2 expression through competitive binding of

miR-3658 (Liao et al., 2020). Besides, some chemical compounds,
such as berberine (BBR), were recently identified to contribute to
the osteogenic differentiation of DPSCs (Xin et al., 2020).

Like DPSCs, PDLSCs can also differentiate into osteoblast-
like cells and highly expressed osteogenesis-related markers (Seo
etal., 2004). Likewise, IncRNAs are associated with the osteogenic
differentiation process of PDLSCs (Qu et al., 2016). Depleting
IncRNA ANCR in progenitor-containing cell populations led
to rapid differentiation gene induction (Kretz et al, 2012).
A recent study shows that the silencing of a novel circular RNA
(circRNA), circCDKS8, can promote osteogenic differentiation
of PDLSCs via repressing endoplasmic reticulum (ER) stress,
autophagy, and apoptosis in a hypoxic microenvironment
(Zheng et al., 2021). Furthermore, the effects of many chemical
compounds on PDLSCs have been explored. Curcumin, a natural
phenolic product derived from the turmeric rhizome, has been
indicated to have a variety of biological functions including
anti-inflammation, anti-cancer, and antioxidation (Aggarwal
et al., 2007; Anand et al., 2007). Recent works have shown
that curcumin may be a promising substance to promote the
osteogenic differentiation in human PDLSCs by increasing early
growth response protein 1 (EGR1) expression (Shi et al., 2021)
and activating PI3K/AKT/Nrf2 signaling pathway (Xiong et al.,
2020). Fraxinellone, a programmed death-ligand 1 (PD-L1)
inhibitor, could alleviate inflammation and strengthen osteogenic
differentiation of lipopolysaccharide (LPS)-stimulated PDLSCs
through BMP2/Smad pathway (Fu et al, 2021), suggesting
the possibility of fraxinellone in bone tissue regeneration.
Rutin, a bioflavonoid distributed in fruits and vegetables, was
found to significantly enhance the proliferation and osteogenic
differentiation of PDLSCs through PI3K/AKT/mTOR signal
pathway (Zhao et al., 2020a). In addition, both rutin and another
herbal extraction, resveratrol, can protect human PDLSCs from
TNF-a-induced damage to osteogenesis (Yuan et al., 2020; Zhao
etal., 2020b). The recombinant chimeric protein of angiopoietin-
1 (ANG-1) and a short domain of cartilage oligomeric matrix
protein (COMP) could also exert the osteogenic role via
PI3K/AKT pathway (Kook et al., 2014). Besides biological or
chemical factors, physical stimulus, such as laser irradiation,
may affect bone formation as well (Abramovitch-Gottlib et al.,
2005; Kushibiki et al., 2015). However, the evidence seems
inadequate to draw a conclusion, as no difference is observed
between positive control and laser-irradiated groups (Pinheiro
et al., 2018; Gholami et al., 2020). Further pertinent studies
are needed to validate the efficacy of physical interventions
on osteogenesis.

Although studies on DPSCs and PDLSCs are accumulated
the most, other subpopulations of DMSCs have also been tested
for their osteogenic potential. Both DFSCs and SHEDs possess
osteogenesis capacity, while SHEDs are considered prospective
seeding cells for use in stem cell-mediated bioengineered tooth
root regeneration because of their easy accessibility (Yang X.
et al.,, 2019). SCAPs have osteogenic potential as well and can
be enhanced by secreted frizzled-related protein 2 (SFRP2), an
antagonist of the canonical WNT signaling pathway (Yu et al.,
2016). Last but not the least, transplantation of GMSCs effectively
contributed to bone defect regeneration, which suggests their
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strong osteogenic potential (Tomar et al., 2010; Wang et al., 2011;
Yang et al., 2013).

Chondrogenesis

Chondrogenesis, namely, the formation of cartilage, is directed
by chondrocytes. MSCs have chondrogenic potential, which
is usually clarified by culturing in the chondrogenic medium
as a micromass (Ichinose et al., 2005) and evaluated by
Alcian blue staining. The expression level of chondrogenic
markers, for instance, collagen II (COL2), collagen V (COLS5),
and sex-determining region Y box protein 9 (SOX9) can
further confirm the differentiation status. Previously, primary
synovial MSCs were proof of chondrogenic ability (Kohno
et al., 2017). As expected, DMSCs were also validated to have
the chondrogenic capacity (Huang et al, 2009). It has been
reported that inhibition of ERK1/2 inhibited chondrogenic
differentiation of DPSCs (Ba et al., 2017), whereas contradictory
findings were shown previously in another paper (Dai et al.,
2012), which suggests a complex regulatory mechanism
underlying chondrogenic differentiation process. Distal-less
homeobox 5 (DLX5) and homeobox C8 (HOXC8) enhanced the
chondrogenic differentiation of SCAPs, and their overexpression
upregulated the transcriptional activity of COL2, COL5, and
SOX9 (Yang H. et al., 2020). Fas cell surface death receptor
ligand (FasL) stimulation brought chondrogenic differentiation
of human PDLSCs to a higher level, with the evidence of
more collagen deposition and the presence of acid mucins
and glycosaminoglycans (Pisciotta et al, 2020). Epigenetic
modifications also play a role in regulating chondrogenic
differentiation. For example, the upregulation of KDM6A
could promote chondrogenesis of PDLSCs by demethylation
of H3K27me3 (Wang et al, 2018). Interestingly, an extract of

Enterococcus faecium (E. faecium), called L-15, has been reported
to improve chondrogenic differentiation of human DPSCs
(Kim H. et al,, 2019). Briefly, E. faecium is a commensal in the
gastrointestinal tract, and researchers found that its L-15 extract
promoted the expression of early-stage chondrogenic markers,
including SOX9, collagen type II alpha 1 (COL2Al), and
aggrecan (ACAN), and suggested that L-15 at a concentration
of 50 pg/ml was safe for in vitro chondrogenic induction
(Kim H. et al., 2019).

Myogenesis

The process of generating muscle or the formation of muscular
tissue is recognized as myogenesis. Due to the potential versatility
and easy accessibility, DMSCs are considered to be applicable
as precursors for myogenic differentiation. Several studies have
demonstrated that DPSCs possess the capacity of differentiating
into smooth muscle cells (SMCs) in vitro under myogenic
induction (Song et al., 2016; Jiang et al., 2019; Ha et al,, 2021).
Most of the studies focus on bladder SMCs as well as vascular
SMCs (Song et al, 2016). The mechanism of the myogenic
differentiation process of DPSCs remains unclear. The canonical
WNT signaling pathway is well known to play an essential role
in cell fate determination. Indeed, WNT signaling is involved in
the process of DPSC differentiation into SMCs, in combination
with multiple necessary growth factors, including transforming
growth factor-beta (TGF-B1), basic fibroblast growth factor
(bFGE also known as FGF2), epidermal growth factor (EGF),
hepatocyte growth factor (HGF), platelet-derived growth factor
(PDGF), and VEGF (Jiang et al., 2019). To be noted, TGF-
Bl may be one of the most important supplements to induce
DMSCs to differentiate into SMCs. Mechanistically, TGF-p1
positively controls the SMC differentiation process of periodontal
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ligament-derived cells, possibly at the early stage of the lineage
commitment, via Smad- and p38/MAPK-dependent manners
(Yoshida et al., 2012). In contrast, fibroblast growth factor 1
(FGF1, also known as aFGF) suppressed the SMC differentiation
of periodontal ligament-derived cells via ERK1/2 signaling
(Takahashi et al., 2012).

Angiogenesis

Angiogenesis refers to the establishment of new blood vessels
from the preexisting vasculatures, occurs throughout life, and
consists of four stages (Figure 3). In short, the endothelial
cells (ECs) receive pro-angiogenic signals (stage I), followed
by vascular fenestration (stage II), then partial endothelial to
mesenchymal transition (EndoMT) (stage III), and in the end,
new blood vessels sprouting (stage IV) (Zimta et al, 2019).
DMSCs can secrete a wide range of pro-angiogenic factors
including VEGE FGF2, and PDGF in stage I, which bind to their
corresponding receptors on ECs (Tonnesen et al., 2000; Tran-
Hung et al., 2008). Furthermore, DPSCs can express monocyte
chemoattractant protein-1 (MCP-1), also known as C-C motif
chemokine ligand 2 (CCL2), to activate the ECs and stimulate
ECs migration in the local microenvironment (Bronckaers et al.,
2013). DPSCs, when co-cultured with the ECs, could stimulate
EC proliferation through the p38/MAPK pathway and the
secretion of FGF2 and VEGF in stage II (Tran-Hung et al., 2006).
In stage III, the activation of the PI3K/AKT and MEK/ERK
signaling pathways stimulates ECs residing in the interior layer
of a blood vessel (Song and Finley, 2020). In a recent study,
the gene-modified DPSCs, transfected with VEGF or stromal
cell-derived factor la (SDF-1a) using lentiviral particles, were
more capable of proliferation and stimulating the sprouting
of the capillary tube-like structures in stage IV (Zhu et al,
2019). For a successful induction of local neoangiogenesis, two
major cell populations must be taken into account: stem cells
and vascular ECs. The cellular communication between these
two types of cells could be mediated by exosomes. Especially,
these extracellular vesicles are loaded with microRNA species,
including miR-15/16, miR-31, miR-145, miR-221/222, miR-
320a, miR-126, and miR-424 in angiogenesis-related progress
(Gonzalez-King et al., 2017).

Dental-derived mesenchymal stem cells not only stimulate
blood vessel formation via paracrine angiogenic factors but also
participate directly in angiogenesis by differentiating into ECs
(d’Aquino et al.,, 2007). As for the endothelial differentiation
potential of DMSCs, DPSCs are able to differentiate into
endothelial-like cells in the presence of VEGF. Previous work
showed successful endothelial induction of DPSCs under a
certain cell plating concentration when cultured in a specialized
VEGF-added and serum-free culture medium (Karbanovid et al.,
2011). Also, DPSCs can functionally resemble perivascular
supporting cells and induce more blood vessels when directly
co-cultured with ECs (Janebodin et al, 2013; Saghiri and
Asatourian, 2015). Intriguingly, DPSCs can also produce anti-
angiogenic factors, including endostatin, insulin-like growth
factor-binding protein 3 (IGFBP3), urokinase-type plasminogen
activator (uPA), tissue inhibitor matrix metalloproteinase 1
(TIMP-1), and plasminogen activator inhibitor 1 (PAI-1)

(Bronckaers et al., 2013). Collectively, these studies indicate that
DMSCs could be potentially applied in the vascularization of
regenerated dental tissues.

Neurogenesis

Neurogenesis is defined as a process of generating functional
new neurons from neural stem cells and precursors; DMSCs
are cranial neural crest derived, with huge potential in neural
repair and nerve regeneration, which could function similarly
as Schwann cells (Pisciotta et al., 2013) (Figure 4). DMSCs
possess the capacity for both neuronal and glial differentiation.
In fact, it has been demonstrated that DMSCs express specific
neural markers like nestin, glial fibrillary acidic protein (GFAP),
B-III-tubulin, synaptophysin, and S100 protein (Sonoyama et al.,
2008; Martens et al., 2012). Furthermore, the percentage of
cells expressing neural markers in DMSCs is relatively higher
than BMSCs. It has been reported that human DPSCs express
significantly higher levels of neurotrophins and elicit more
extensive innervation than human BMSCs (Pagella et al., 2020).
DMSCs, in particular DFSCs, could differentiate into mature
neurons and oligodendrocytes following spinal cord injury (Yang
et al., 2017). Under neurogenic induction, DPSCs could also
form a stellate neuron-like phenotype, which resembled the
characteristics of functional neurons (Wang et al., 2019). Besides
morphology, DPSCs also exhibited the capacity to generate
a sodium current when exposed to a neurogenic medium,
which was functionally consistent with neuronal cells (Arthur
et al,, 2008). Additionally, brain-derived neurotrophic factor
(BDNF) and neurotrophin-3 (NT-3) can reprogram human
DPSCs to neurogenic and gliogenic neural crest progenitors.
Human DPSCs cultured in a serum-free medium with BDNF
and NT-3 exhibited a greater potential to differentiate toward
neuronal and Schwann glial lineage cells (Luzuriaga et al., 2019).
Furthermore, DPSCs and SHEDs treated with BDNE NT-3,
and glial cell line-derived neurotrophic factor (GDNF) could
differentiate into spiral ganglion neuron-like cells, which express
neuron-specific B-III-tubulin, GATA-binding protein 3 (GATA3),
and tropomyosin receptor kinase B (TrkB), protein markers
of spiral ganglion neurons (Gonmanee et al, 2018). As for
the aspect of function, intracellular calcium dynamics could be
observed, which reflected neurotransmitter release (Gonmanee
et al,, 2018, 2020). DPSCs transfected with the human Olig2
gene, an essential transcription factor for lineage determination
of oligodendrocytes, would differentiate into oligodendrocyte
progenitors (Askari et al., 2015). Taken together, DMSCs have
their inherent advantages in neural repair and neurogenesis,
such as they derived from the cranial neural crest, as well
as their neurotrophic and neuroprotective properties, which
suggest that DMSCs may be an ideal cell source for neural
tissue regeneration.

Hepatogenesis

The process of giving rise to or forming liver tissue is
known as hepatogenesis, which also includes the structural
and functional development of the liver. Over a decade ago,
the expression of the liver-specific gene Cyp7al revealed
hepatogenic differentiation in embryoid body-derived stem cells

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2021 | Volume 9 | Article 654559


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Lietal.

Dental-Derived Mesenchymal Stem Cells

‘ﬁ

R miR-15/116
= ~QmiR-31
" miR-145

IGFBP3@ ’

uPA

TIMP-1 .
a1 @

q miR-320a

? gmiR-126

. Angiogenic
differentiation
. o Q

- 'Q miR-221/222

Blood vessel
formation

Budding

Proliferation

GDNF NGF
Cytokines
Neurons

Oligodendrocytes

FIGURE 4 | The role of DMSCs in neurogenesis and neuroregeneration.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2021 | Volume 9 | Article 654559


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Lietal

Dental-Derived Mesenchymal Stem Cells

(Asahina et al., 2004, 2008). In more recent years, a research
group reported that SHEDs supplemented with hepatic growth
factors, including dexamethasone, insulin-transferrin-selenium-
X (ITS-X), and oncostatin, were proven to have quite a few
cells positive for specific hepatic markers including a-fetoprotein
(AFP), albumin, and hepatic nuclear factor 4o (HNF-4a) after
induction (Ishkitiev et al., 2010). To be noted, the hepatogenic-
differentiated SHEDs could store glycogen and produce urea,
which suggested the cells commenced to function as hepatocytes
(Ishkitiev et al., 2010). Later on, the same group demonstrated
that both SHEDs and DPSCs could differentiate into high-
purity hepatocyte-like cells in a serum-free medium, which might
serve as a novel source for hepatic lineage differentiation for
transplantation in the future (Ishkitiev et al., 2012). Melatonin
could promote hepatic differentiation of human DPSCs by
modulating various signaling pathways (Cho et al, 2015).
Actually, not only DPSCs but also DFSCs, SCAPs, and BMSCs
all had hepatogenic potential. Among these MSCs, DPSCs
reflected the best hepatogenic potential compared with the other
three cell types (Kumar et al., 2017). More importantly, recent
studies from different groups confirmed that cryopreserved
human DPSCs could differentiate into functional hepatocyte-
like cells (Chen et al., 2016; Han et al., 2017), which implicated
the promising potential of a personal DMSC banking as
a possible source of tailor-made hepatocytes in the future
(Ohkoshi et al., 2018).

Adipogenesis

Adipogenesis is the formation of adipocytes, fat cells, from
precursor stem cells. Currently, published data are conflicting
about the potential and the time required for DMSCs to achieve
adipogenic differentiation in vitro. During the adipogenesis of
DMSCs, related components of the peroxisome proliferator-
activated receptor (PPAR) signaling pathway, including PPAR
gamma (PPAR-y, also known as PPARG), fatty acid-binding
protein 4 (FABP4), and the CCAAT/enhancer-binding protein
(C/EBP) family were significantly upregulated (Nozaki and
Ohura, 2011). Although some studies have reported that
DMSCs can achieve adipogenic differentiation as efficiently
as other MSCs, sometimes their conclusions were based
solely on microscopic images of a few differentiated cells
without further confirmation (Gronthos et al., 2000; Isobe
et al., 2016). Meanwhile, DPSCs cultured in the adipogenic
induction medium did not show cytoplasmic lipid accumulation
and had low expression levels of adipogenic-related genes
(Fracaro et al, 2020). A recent study disclosed the gene
expression profile of DMSCs, which supported their limited
capacity of differentiating into adipocytes (Fracaro et al,
2020). However, it seems that the adipogenic limitation is
not insurmountable. As is revealed in another study, PINI,
a peptidyl-prolyl cis/trans isomerase, was identified to serve
as a key regulator during adipogenesis of DMSCs. The
overexpression of PIN1 via adenoviral infection in human
DPSCs increased adipogenic differentiation while inhibiting
odontogenic differentiation (Lee et al, 2014). In summary,
we may have to admit that DMSCs do have difficulties in

adipogenesis, but undoubtedly, DMSCs still possess adipogenic
differentiation potential.

Immunomodulation

The oral cavity is the habitat of various microorganisms,
and host-microbe homeostasis is an important aspect in the
maintenance of oral health. Oral diseases are usually related to the
imbalance of microbial flora and the invasion of microorganisms
into oral tissues, sometimes even leading to systemic
diseases. DMSCs may participate in immunomodulation by
interacting with both innate and adaptive immune cells in their
microenvironment (Andrukhov et al, 2019; Wang M. et al,
2020) (Figure 5).

Periodontal ligament stem cells, isolated from periodontal
ligament tissues, exert a unique immunomodulatory property
(Yu et al, 2019) and are capable of modulating a variety
of immune cells. To illustrate, PDLSCs could suppress T-cell
proliferation and disrupt T-cell differentiation into regulatory
T-cells (Tregs) after being treated with D-mannose (Guo
et al., 2018). PDLSCs also cause T-cell proliferation disorders
through downregulating the expression of non-classical major
histocompatibility complex (MHC)-like glycoprotein CD1b on
dendritic cells (DCs) (Shin et al., 2017). Furthermore, PDLSCs
also reduce the apoptosis of polymorphonuclear neutrophils
(PMNs), the most abundant circulating blood leukocytes,
through IL-6 secretion (Wang Q. et al., 2017). Moreover, PDLSCs
inhibited B-cell activation through cell-cell interaction, which is
primarily mediated by PD-1 and PD-L1 (Liu et al., 2013). As for
macrophages, PDLSCs could potentiate the polarization toward
M2 macrophages by stimulating arginase-1 (ARG1), CD163, and
IL-10 and inhibiting TNF-a (Liu et al., 2019). Plus, PDLSCs could
suppress the expression of TNF-a by macrophages, contributing
to periodontal tissue regeneration (Nagata et al., 2017).

Besides PDLSCs, there are plenty of studies investigating the
immunomodulatory function of other DMSCs subpopulations.
Researchers found that the exosomes derived from DPSCs had
immunosuppressive properties, even stronger than the exosomes
derived from BMSCs (Ji et al., 2019). DPSCs are of low
immunogenicity, could inhibit the proliferation of lymphocytes
via TGF-B1, and regulate the production of cytokines in vitro
(Ding et al., 2015). In the context of allogeneic stem cell-based
therapies, DPSCs inhibited peripheral blood mononuclear cell
proliferation in a non-cell contact manner (Wada et al., 2009).

In recent years, GMSCs gradually attract more attention for
tissue engineering applications due to their easy accessibility
and excellent immunomodulatory property (Fawzy El-Sayed and
Daorfer, 2016). Analogous to PDLSCs, GMSCs were reported
to be able to polarize macrophages into the M2 phenotype
via enhanced secretion of IL-6 and granulocyte-macrophage
colony-stimulating factor (GM-CSF) (Zhang et al., 2010). In
addition, GMSCs could significantly inhibit the maturation and
differentiation of DCs derived from peripheral blood monocytes
and could suppress a variety of inflammatory cytokines as well
(Suetal, 2011). Most recently, a comprehensive study conducted
through scRNA-seq also validated that some sub-clusters
of GMSCs showed a potential role in immunomodulation.
However, these clusters appeared to display pro-inflammatory
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nature, with enrichment for gene ontology (GO) terms such
as T-cell activation, cytokine-mediated signaling pathway, and
interferon-gamma (IFN-y) signaling (Caetano et al., 2021). Given
the characteristics of the oral cavity, a complex ecosystem
containing numerous microorganisms with different pathogenic
potentials, it would be interesting to examine whether DMSCs
possess direct antimicrobial activity like BMSCs.

APPLICATION

Reconstruction of Bone Defects

Considering the prominent osteogenic differentiation ability,
DMSCs are widely used to repair bone defects in combination
with different types of scaffolds. Recently, a research group
evaluated the efficacy of bone regeneration by using pre-
differentiated GMSCs together with a self-assembling hydrogel
scaffold to repair the critical size maxillary alveolar bone defect
in a rat model. At 4 and 8 weeks after surgery, they observed
a significant enhancement in bone regeneration compared with
the control (Kandalam et al., 2020). DFSCs have also exhibited
the properties of promoting new bone formation combined with
treated dentin matrix (TDM) particles, a kind of scaffolding
material, in a rat calvarial bone defect model (Yang H. et al., 2019).

Together with DMSCs and scaffolds, some chemical
compounds were administered simultaneously to assess their
pro-osteogenic functions in bone tissue engineering. As was
mentioned earlier in this review, curcumin has been proven to
activate osteogenic differentiation of DMSCs in vitro (Xiong et al.,
2020). Researchers prepared guided bone regeneration (GBR)
membrane with curcumin and aspirin addition. By utilizing
this novel GBR membrane and DPSCs, bone regeneration
was promoted, and meanwhile, antimicrobial effects were
observed (Ghavimi et al., 2020). A similar result was found
by another group that aspirin, in tetra-PEG hydrogel-based
aspirin-sustained release system, could enhance the osteogenic
capacity of PDLSCs (Zhang et al., 2019).

As a novel therapeutic option, tissue engineering strategies
and their optimization attract attention and investigation
continuously (Bajestan et al, 2017). Recently, researchers
for the first time used deciduous DPSCs associated with a
hydroxyapatite-collagen sponge to treat alveolar defects of
cleft lip and palate patients and achieved satisfactory bone
healing results (Tanikawa et al., 2020). In the dental research
field, researchers also give attention to the regeneration of
periodontal defects with DMSCs. GMSCs in combination with
B-calcium triphosphate (B-TCP) scaffold could successfully
reduce the vertical pocket depth and improve the cellularity
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of regenerated periodontal tissues (Abdal-Wahab et al., 2020).
However, another similar study by using PDLSCs and a
xenogeneic bone substitute (XBS) demonstrated no statistically
significant differences concerning healing and re-ossification
whether PDLSCs were present or not (Sanchez et al., 2020),
which suggests that we should interpret experimental results
with extra caution when elucidating the precise functions and
effects of DMSCs.

Tooth Regeneration

As is aforementioned, DMSCs are clonogenic cells and possess
multiple differentiation potentials, which are conceived as
a suitable cell source for dental tissue engineering and
regeneration. Indeed, DMSCs are of profound significance in the
regeneration of enamel, dentin, and pulp tissues. Transplantation
of DPSCs in situ with granulocyte-colony-stimulating factor
(G-CSF) has already been proven to result in the successful
regeneration of vascularized pulp tissue in canine teeth (Iohara
et al., 2013). A more pronounced volume of dental pulp-like
tissue with a higher capillary density can be derived through
a similar process in vitro with bFGF and G-CSF (Takeuchi
et al., 2015). Researchers have also reported the successful
regeneration of vascularized pulp-like tissue in an ectopic root
transplantation model (Johnston et al., 2008). The shape of
root canals and the size of the apical foreman are the key
elements to focus on when judging the results. DPSCs derived
from inflammatory dental pulp tissue have similar biological
characteristics compared with those from normal dental pulp
and could mediate pulp and dentin regeneration as well (Ling
etal., 2020). The development of organoid or spheroid techniques
for functional tooth regeneration has progressed rapidly. Several
studies have demonstrated that organoids or spheroids of dental
pulp cells were beneficial in the expression of VEGF (Hsieh et al.,
2018), the capacity of angiogenesis (Janjic¢ et al., 2018), and the
formation of vascular dental pulp-like tissue (Dissanayaka et al.,
2014). Hence, organoids or spheroids might constitute a practical
and promising option for future clinical regenerative therapy
(Oshima et al., 2017).

Different biocompatible scaffolds have been widely explored.
Collagen can help SHEDs shape themselves into capillary-
like microvessels (Sakai et al., 2010). Platelet-rich fibrin and
chitosan both have been shown to contribute to dental pulp
tissue engineering (Huangqin and Mingwen, 2007; Zhang et al.,
2013). Polylactic acid (PLA) and polyglycolic acid (PGA)
scaffolds are synthetic polymers that have been demonstrated
to support cell proliferation and angiogenesis when attaining
sufficient cell density (Woo et al, 2009). Another artificial
biomaterial, polyhydroxybutyrate (PHB)/chitosan/nano-bioglass
(nBG) nanofiber scaffold, has been revealed to promote SHEDs
to differentiate into odontoblast-like cells and thereafter dentin
formation (Khoroushi et al., 2018). Among all the biomaterials,
fibrin appeared to be the most promising scaffold materials for
dental pulp tissue engineering (Galler et al., 2018). Its advantages
include easy handling, reasonable price, high cytocompatibility,
and facilitation of pulp-like tissue formation.

For dentin mineralization and regeneration, the underlying
mechanism is complicated and not clear yet. Therefore,

most related studies concentrated on describing histological
outcomes without digging into mechanisms. A study has
proved that DPSCs organized in spheres are suitable for
dental tissue engineering, which is capable of differentiating
into odontoblast-like cells, inducing mineral formation, and
display the possibility of “dentinal filling” of the root canal
(Neunzehn et al., 2017). In addition, the microbiota appears
to have an impact on dentinogenesis (Su et al, 2020) as
well as some fabricated materials. To illustrate, nano-monetite
hydrosol (nMH) contributed to dentin remineralization and
acid resistance, but the interaction between nMH and DPSCs
has not been discussed (Tan et al., 2020). Human f-defensin 4
(HBD4) controlled the intensity of dental pulp inflammation in
a rat model of reversible pulpitis and induced the formation of
restorative dentin (Zhai et al., 2020). For future research, studies
should be conducted to reveal the interaction of DMSCs and
scaffolds, and, more importantly, the underlying mechanisms in
the context of tooth regeneration in vivo.

Treatment of Periodontitis

Case definition of periodontal disease in epidemiological studies
is a challenge (Peres et al., 2019), but is generally manifested with
the loss of periodontal supporting tissues, including periodontal
ligament, cementum, and alveolar bone. The ultimate goal of
periodontal therapy is to achieve the regeneration of periodontal
tissues. All regenerative therapies have shown that the formation
of new cementum is a common critical step because the
deposition of cementum precedes the attachment of new
periodontal ligament fibers to the root surface (Han et al,
2014; Nufiez et al,, 2019). So far, DMSC-based therapy has
become one of the most promising approaches to periodontal
tissue regeneration.

The periodontal ligament is the major component of the
periodontium connecting the root surface of the tooth and
alveolar bone. It is comprised of heterogeneous cell populations,
which include fibroblasts, undifferentiated MSCs, and epithelial
cells, such as the epithelial cell rests of Malassez. PDLSCs can be
isolated from adults’ periodontal ligament tissues with the ability
to generate alveolar bone, periodontal ligament, and cementum,
as well as the potential of self-renewal (Martinez et al., 2011;
Tomokiyo et al., 2018). Previous studies suggested that TGF-p1
played a crucial role in the fibroblastic differentiation process
of PDLSCs (Fujii et al., 2010). Moreover, VEGF can stimulate
the osteogenic differentiation of PDLSCs in vitro and induce the
mineralization of bone structure (Lee et al., 2012).

Gingival mesenchymal stem cells have been proven to have
multi-directional differentiation ability. One group demonstrated
that transplanted GMSCs could accurately reach the periodontal
injury sites and facilitate periodontal tissue regeneration by
tail vein injection (Sun et al, 2019). A similar phenomenon
was also observed in damaged periodontal tissues in a dog
model (Yu et al., 2013). Another group used miniature pigs
to establish an experimental periodontitis model and delivered
SCAPs by local injection for treatment purposes, which verified
the superior regenerative effect of periodontal tissue in the
SCAPs treatment group (Li et al, 2018). Although the two
groups of researchers both have proven that DMSCs effectively

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2021 | Volume 9 | Article 654559


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Lietal

Dental-Derived Mesenchymal Stem Cells

promote the regeneration of periodontal tissues, they applied
different delivery approaches to injecting DMSCs. Plus, the
mechanisms of how GMSCs or SCAPs promote periodontal
tissue regeneration are not uncovered yet. Studies should put
sufficient effort into clarifying the functions and mechanisms
of DMSCs during periodontal tissue regeneration. As for
DPSCs, the therapeutic effects are vaguer, though DPSCs indeed
have the potential to differentiate into adipogenic, osteogenic,
chondrogenic, and neural cells. Some studies have concluded
that DPSCs successfully accomplish periodontal tissue repair and
regeneration (Liu et al., 2011); however, some studies suggested
that DPSCs hardly ever repaired the defects of periodontal tissue
(Park et al., 2011). On the contrary, PDLSCs might be a more
favorable candidate for clinical application than DFSCs and
DPSCs (Park et al., 2011). Different conclusions indicate that
the specific role of each subpopulation of DMSCs in periodontal
tissue regeneration is still waiting for more detailed and in-
depth exploration.

Repair of Cartilage Injury

The chondrogenic potential of DMSCs is usually investigated
in the presence of biological materials. Platelet-rich plasma
(PRP) is a promising biomaterial that can be used as tissue
engineering scaffolds (Pietrzak and Eppley, 2005). TGF-fI,
as a conventional additive for chondrogenic differentiation,
combined with a 10% PRP conditioned medium significantly
potentiated chondrogenesis of DPSCs in vitro (Salkin et al.,
2021). Recently, it has also been reported that nanoscale
thermosensitive hydrogel scaffolds carrying human DPSCs
could promote cartilage formation both in vitro and in vivo
(Talaat et al., 2020). Moreover, the store condition of MSCs
matters in tissue engineering. Researchers found that long-term
cryopreservation in 95% FBS with 5% DMSO could maintain the
chondrogenic capacity as well as the colony-forming ability of
MSCs (Fujisawa et al., 2019).

Furthermore, there are some applications of DMSCs related to
cartilage repair in osteoarthritis (OA). OA is a degenerative and
inflammatory joint disorder, which takes place when the cartilage
between the ends of bones gradually deteriorates. Recently,
researchers revealed the protective effects of SHED-derived
conditioned medium on OA chondrocytes. They found that OA
chondrocytes exhibited an enhanced ability of anti-inflammation
as well as a higher level of ACAN and COL2 when treated with
SHED-derived conditioned medium (Muhammad et al., 2020).
In addition, DPSC-derived conditioned medium could increase
the survival and proliferation of immature murine articular
chondrocytes in vitro; meanwhile, DPSCs directly underwent
chondrogenesis as well (Lo Monaco et al., 2020).

Wound Healing

Wound healing is a complicated and meticulously organized
process that restores the integrity and function of the damaged
tissue. The process of wound healing involves the interaction
of different cell types, including endothelial cells, platelets,
inflammatory cells, and fibroblasts, etc. These cells secrete
VEGE bFGE PDGEF TGF-f, placental growth factor (PIGF),
and tissue inhibitor of metalloproteinases 2 (TIMP-2) as well

as other factors to regulate the healing process and modulate
the extracellular matrix components. Researchers revealed that
bFGEF-treated SHEDs could significantly increase collagen fibril
coverage in wounds and, thus, promote the healing process
(Nishino et al, 2011). Moreover, wound healing facilitated
by DMSCs is not merely confined to fibroblastic proliferation
and/or collagen accumulation. A recent study showed that
DPSC treatment stimulated re-epithelialization and ameliorated
collagen deposition in healing wounds; in dystrophic mice, DPSC
treatment resulted in reduced fibrosis and collagen content,
and infiltration of higher numbers of proangiogenic M2-like
macrophages, which causes more satisfactory healing status
(Martinez-Sarra et al., 2017). Preclinical studies suggest that high-
intensity laser therapy and photobiomodulation therapy may
collaborate with DMSCs to soften cells, reorganize cytoskeleton,
and improve the efficacy of wound healing (Daigo et al., 2020;
Malthiery et al., 2020).

Repair or Regeneration of Neural Tissue
Dental-derived mesenchymal stem cells can be used as an ideal
source for neural tissue repair and regeneration. All types of
DMSCs can express BDNF, GDNE, nerve growth factor (NGF),
NT-3, angiopoietin 1 (ANGPT1), and VEGE participating
in neural repair by exerting paracrine effects (Kolar et al.,
2017; Ullah et al, 2017). Moreover, the expression levels of
the abovementioned markers are highly increased following
neural induction (Yamamoto et al, 2016). DMSCs promote
axon regeneration through their neurotrophic functions, which
could enhance the growth rate of Schwann cells and promote
angiogenesis (Yamamoto et al., 2016; Ullah et al., 2017). Several
studies have reported that BDNF plays an important role in
neurite outgrowth and axonal targeting, which is regulated by
DMSCs (De Almeida et al., 2014; Kolar et al., 2017). Moreover,
transplantation of GMSCs positively modulated peripheral
nerve regeneration and remyelination of Schwann cells, by the
antagonistic myelination regulators (Zhang et al., 2016).
Dental-derived mesenchymal stem cells differentiate into
neuron-like cells and replace the damaged cells. For instance,
DPSC-derived oligodendrocytes significantly increased the
myelination of peripheral nerves in vivo, suggesting the
possibility of their use in demyelinating diseases (Askari et al.,
2015). Moreover, DPSCs can differentiate into retinal ganglion
cells, which also suggested the potential for the treatment of
neurodegenerative diseases such as glaucoma (Bray et al., 2014;
Roozafzoon et al, 2015). Additionally, DPSCs and SHEDs
co-cultured with auditory brainstem slice (ABS) possess the
ability to differentiate into spiral ganglion neuron-like cells,
revealing the possibility of being a therapeutic approach for
sensorineural hearing loss patients (Gonmanee et al., 2020).
Meanwhile, the therapeutic effects of DMSCs have been tested
in ischemic vascular diseases and observed neuroregeneration
(Zhang Q. et al., 2018). In the rat model of middle cerebral artery
occlusion (MCAO), DPSCs were administered intravenously
and were found to migrate into ischemic areas and function as
neuron-like cells, and consequently reducing infarct range.
Dental-derived mesenchymal stem cells can improve neural
repair while suppressing neural cell apoptosis. Spinal cord injury
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(SCI) often causes a broad range of dysfunction, due to the loss of
neurons and glia as well as the limited axonal regeneration after
SCI. Transplanting human DPSCs into the completely transected
adult rat spinal cord led to the remarkable recovery of hind
limb locomotor functions (Sakai et al., 2012). DPSCs displayed
three kinds of neuroregenerative properties in SCI recovery.
First, the apoptosis of neurons, astrocytes, and oligodendrocytes,
induced by SCI, was inhibited, which improved the preservation
of neuronal filaments and myelin sheaths. Second, multiple
axon growth inhibitors were directly inhibited by DPSCs via
paracrine mechanisms. Third, DPSCs replaced lost cells through
differentiating into mature oligodendrocytes. Another group
showed that SHEDs improved motor function after SCI, by
reducing TNF-a expression, the cystic cavity, and the glial scar
(Nicola et al., 2016).

Furthermore, DMSCs have the potential to restore neurons
in neurodegenerative diseases of the central nervous system
(CNS), such as Alzheimer’s disease (AD) (Mita et al., 2015;
Wang F. et al., 2017) and Parkinson’s disease (PD) (Chen
et al,, 2020b). DPSCs could inhibit the phosphorylation of
tau protein and promote the proliferation of neural stem
cells in an animal model of AD (Wang F. et al., 2017). The
exosomes secreted by DMSCs are able to cross blood-brain
barriers (Jiang and Gao, 2017; Stanko et al, 2018). Some
exosomes can reduce cytotoxicity and apoptosis triggered
by amyloid-beta (AB) peptide (Ahmed et al., 2016). Thus,
when translated into clinical application, the administration of
DMSC-conditioned medium or DMSC-derived exosomes
might be more practicable and safer. DMSCs coupled
with three-dimensional frames had an enhanced ability to
facilitate facial nerve recovery and regeneration after injury
(Sasaki et al., 2014; Zhang Q. et al,, 2018). Local delivery of
GMSC-derived exosomes could markedly improve sciatic
nerve regeneration and functional recovery (Mao et al,
2019). Additionally, DPSCs have superior migration potential
toward the neurodegenerative milieu compared with BMSCs
(Senthilkumar et al., 2020). Collectively, these studies indicate
that DMSC-derived exosomes and/or DMSC-conditioned
medium can be effective in neuroregeneration, through
regulating anti-inflammatory, neurogenic, anti-apoptotic,
angiogenic, and osteogenic mediators.

Treatment of Cardiovascular Diseases

Stroke is one of the most prevalent cardiovascular diseases
worldwide. Recently, the advances in stem cell-based therapies to
treat stroke have been reviewed (Suda et al., 2020). In a clinical
trial, autologous BMSCs transplantation by intravenous infusion
has been proven to be a feasible and safe therapy that could
improve functional recovery in patients with severe cerebral
infarcts (Bang et al., 2005). As for DMSCs, systemic delivery of
DPSCs after reperfusion could reduce ischemic brain damage
and improve functional recovery in a rat model (Nito et al.,
2018). DPSC transplantation significantly reduced microglial
activation and the expression of pro-inflammatory cytokines
after reperfusion (Nito et al., 2018). Therefore, some researchers
indicated that DPSCs might be a better choice of stem cell-based
therapy for ischemic stroke than BMSCs (Song et al., 2017).

Considering the neural differentiation potential of DPSCs, some
studies delineated the transcriptional profile of DPSCs migrated
to ischemic areas, which expressed neural markers, such as $-III-
tubulin, doublecortin, nestin, and neurofilament (Zhang X. et al.,
2018; Lan et al., 2019; Chen et al., 2020a). More randomized,
double-blind, placebo-controlled, multicenter clinical trials are
required to carefully evaluate the safety and efficacy of DMSCs
in the treatment of ischemic stroke patients.

Ischemic heart diseases may cause irreversible damage to heart
tissues, such as myocardial infarction (Song et al., 2017). In
recent years, studies have demonstrated that DMSCs promoted
the survival of cardiomyocytes in response to hypoxia and serum
deprivation (Song et al, 2017). Furthermore, SHED-derived
conditioned medium attenuated the LPS-induced expression of
pro-inflammatory mediators. In brief, the cellular mechanism
was the suppression of apoptosis and inflammatory reactions of
cardiac myocytes (Yamaguchi et al., 2015).

Treatment of Autoimmune Diseases

Systemic lupus erythematosus (SLE) is a prototypic autoimmune
disease, with abnormalities in the innate immune system as
well as the adaptive immune system. In a recent study,
GMSCs were found to limit the development of autoantibodies
and proteinuria, which decreased the frequency of plasma B
cells and lupus nephritis histopathological score by directly
inhibiting B-cell activation, proliferation, and differentiation
(Dang et al., 2020).

Multiple sclerosis (MS) is a long-lasting progressive
autoimmune neurological disorder of the CNS. Immune cell
invasion, axonal injury, and myelin sheath deformation are the
common hallmarks of MS, which eventually cause neurological
disability (Frohman et al., 2006). The immunosuppressive role of
PDLSC-derived conditioned medium and exosomes might partly
attribute to the presence of soluble immunomodulatory factors,
NALP3 inflammasome inactivation, and, thus, resulting in the
alleviation of MS (Soundara Rajan et al., 2017). DMSCs can also
modulate inflammatory, oxidative stress, and apoptotic pathways
in an experimental model of MS (Giacoppo et al., 2017).

Treatment of Liver Diseases

Liver cirrhosis, characterized by extensive fibrosis and the
replacement of normal liver architecture into abnormal nodules
due to diffused degeneration and death of hepatocytes, is
the terminal stage of a variety of chronic liver diseases
(Tsochatzis et al., 2008). As was aforementioned, DMSCs have
the potential of differentiating into hepatocyte-like cells. For
therapeutic applications, it has been reported that SHED-derived
hepatocyte-like cells were positive for all examined hepatic
markers (Yokoyama et al, 2019). Moreover, SHED-derived
hepatocyte transplantation eliminated liver fibrosis and restored
liver structure in rats (Yokoyama et al., 2019). Unfortunately,
the number of in vivo experiments and preclinical studies
remains very limited.

Treatment of Urinary Diseases
Bladder augmentation or replacement is required in a variety
of urological disorders, which may be caused by cancer, spinal
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cord injury, etc. SMC regeneration is an essential step in
tissue engineering of the urinary bladder (Song et al., 2016).
In a rat model of stress urinary incontinence with pudendal
nerve transected, human DPSCs were engrafted in the external
urethral sphincter, the thickness of which was mostly recovered
4 weeks later. DPSCs committed toward myogenic lineage in vivo
promoted the formation of blood vessels and resulted in an
appreciable recovery of urinary continence (Zordani et al., 2019).
However, to generate functional, contractile, and mature SMCs
through DMSCs, still there is a long way to go before making it a
clinically available approach.

CONCLUSION

Dental-derived mesenchymal stem cells are comprised of
several distinct subpopulations, including, but not limited
to, DPSCs, SHEDs, PDLSCs, DFSCs, SCAPs, and GMSCs,
with multi-directional differentiation potentials as well as
immunomodulatory functions. Besides, each subpopulation of
DMSCs is not equivalent in terms of their biological properties.
Hereby, to the best of our knowledge, we have thoroughly
reviewed the multipotency of DMSCs, including odontogenic,
cementogenic, osteogenic, chondrogenic, myogenic, neurogenic,
angiogenic, hepatogenic, and adipogenic differentiation.
However, we have noticed that numerous studies concerning the
differentiation of DMSCs are conducted in vitro in the presence of

REFERENCES

Abdal-Wahab, M., Abdel Ghaffar, K. A., Ezzatt, O. M., Hassan, A. A. A,, El
Ansary, M. M. S., and Gamal, A. Y. (2020). Regenerative potential of cultured
gingival fibroblasts in treatment of periodontal intrabony defects (randomized
clinical and biochemical trial). J. Periodontal Res. 55, 441-452. doi: 10.1111/jre.
12728

Abramovitch-Gottlib, L., Gross, T., Naveh, D., Geresh, S., Rosenwaks, S., Bar, L.,
et al. (2005). Low level laser irradiation stimulates osteogenic phenotype of
mesenchymal stem cells seeded on a three-dimensional biomatrix. Lasers Med.
Sci. 20, 138-146. doi: 10.1007/s10103-005-0355-9

Aggarwal, B. B., Sundaram, C., Malani, N., and Ichikawa, H. (2007). Curcumin:
the Indian solid gold. Adv. Exp. Med. Biol. 595, 1-75. doi: 10.1007/978-0-387-
46401-5_1

Ahmed, N. E. M. B.,, Murakami, M., Hirose, Y., and Nakashima, M. (2016).
Therapeutic potential of dental pulp stem cell secretome for Alzheimer’s disease
treatment: an in vitro study. Stem Cells Int. 2016:8102478. doi: 10.1155/2016/
8102478

Anand, P., Kunnumakkara, A. Newman, R, and Aggarwal, B. (2007).
Bioavailability of curcumin: problems and promises. Mol. Pharm. 4, 807-818.
doi: 10.2174/09298673113209990120

Andrukhov, O., Behm, C., Blufstein, A., and Rausch-Fan, X. (2019).
Immunomodulatory properties of dental tissue-derived mesenchymal stem
cells: implication in disease and tissue regeneration. World J. Stem Cells 11,
604-617. doi: 10.4252/wjsc.v11.i9.604

Arthur, A., Rychkov, G., Shi, S., Koblar, S. A., and Gronthos, S. (2008). Adult
human dental pulp stem cells differentiate toward functionally active neurons
under appropriate environmental cues. Stem Cells 26, 1787-1795. doi: 10.1634/
stemcells.2007-0979

Asahina, K., Fujimori, H., Shimizu-Saito, K., Kumashiro, Y., Okamura, K., Tanaka,
Y., et al. (2004). Expression of the liver-specific gene Cyp7al reveals hepatic
differentiation in embryoid bodies derived from mouse embryonic stem cells.
Genes Cells 9, 1297-1308. doi: 10.1111/j.1365-2443.2004.00809.x

different induction culture media, regardless of DMSCs’ specific
origin, natural environment, and real behaviors in vivo.

Despite the possible discrepancy between the in vitro and
in vivo differentiation potentials, we still believe that DMSCs
are bona fide multipotent stem cells and feasible for a variety of
clinical applications, such as soft and hard tissue engineering,
tooth regeneration, and treatment of degenerative diseases.
To this end, more experiments are a prerequisite for clinical
translation. Not only more basic research is needed to unravel
the regulatory mechanisms but also more preclinical and clinical
studies are required to optimize and ensure the efficacy of DMSC-
based therapy.

AUTHOR CONTRIBUTIONS

YM, BL, and ZZ contributed to the design, review, and
proofreading of the manuscript. BL, TO, and YC contributed to
the material collections and analysis. YC and YM contributed to
the design of the figures. All authors agreed with the submission
of the final version of the manuscript.

FUNDING

This study was supported by the National Natural Science
Foundation of China (81972538 and 81771048).

Asahina, K., Teramoto, K., and Teraoka, H. (2008). Embryonic stem cells: hepatic
differentiation and regenerative medicine for the treatment of liver disease.
Curr. Stem Cell Res. Ther. 1, 139-156. doi: 10.2174/157488806776956878

Askari, N., Yaghoobi, M., Shamsara, M., and Esmaeili-Mahani, S. (2015). Human
dental pulp stem cells differentiate into oligodendrocyte progenitors using the
expression of Olig2 transcription factor. Cells Tissues Organs 200, 93-103. doi:
10.1159/000381668

Ba, P., Duan, X,, Fu, G,, Ly, S, Yang, P., and Sun, Q. (2017). Differential effects of
p38 and Erk1/2 on the chondrogenic and osteogenic differentiation of dental
pulp stem cells. Mol. Med. Rep. 16, 63-68. doi: 10.3892/mmr.2017.6563

Bajestan, M. N., Rajan, A., Edwards, S. P., Aronovich, S., Cevidanes, L. H. S.,
Polymeri, A., et al. (2017). Stem cell therapy for reconstruction of alveolar
cleft and trauma defects in adults: a randomized controlled, clinical trial. Clin.
Implant Dent. Relat. Res. 19, 793-801. doi: 10.1111/cid.12506

Bang, O. Y., Lee, J. S., Lee, P. H., and Lee, G. (2005). Autologous mesenchymal
stem cell transplantation in stroke patients. Ann. Neurol. 57, 874-882. doi:
10.1002/ana.20501

Beltrami, A. P., Cesselli, D., Bergamin, N., Marcon, P., Rigo, S., Puppato, E., et al.
(2007). Multipotent cells can be generated in vitro from several adult human
organs (heart, liver, and bone marrow). Blood 110, 3438-3446. doi: 10.1182/
blood-2006-11-055566

Bianco, P., Robey, P. G., and Simmons, P. J. (2008). Mesenchymal stem cells:
revisiting history, concepts, and assays. Cell Stem Cell 2, 313-319. doi: 10.1016/
j-stem.2008.03.002

Bray, A. F., Cevallos, R. R., Gazarian, K., and Lamas, M. (2014). Human dental pulp
stem cells respond to cues from the rat retina and differentiate to express the
retinal neuronal marker rhodopsin. Neuroscience 280, 142-155. doi: 10.1016/j.
neuroscience.2014.09.023

Bronckaers, A., Hilkens, P., Fanton, Y., Struys, T., Gervois, P., Politis, C., et al.
(2013). Angiogenic properties of human dental pulp stem cells. PLoS One
8:¢71104. doi: 10.1371/journal.pone.0071104

Caetano, A. J., Yianni, V., Volponi, A., Booth, V., D’Agostino, E. M., and
Sharpe, P. (2021). Defining human mesenchymal and epithelial heterogeneity

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2021 | Volume 9 | Article 654559


https://doi.org/10.1111/jre.12728
https://doi.org/10.1111/jre.12728
https://doi.org/10.1007/s10103-005-0355-9
https://doi.org/10.1007/978-0-387-46401-5_1
https://doi.org/10.1007/978-0-387-46401-5_1
https://doi.org/10.1155/2016/8102478
https://doi.org/10.1155/2016/8102478
https://doi.org/10.2174/09298673113209990120
https://doi.org/10.4252/wjsc.v11.i9.604
https://doi.org/10.1634/stemcells.2007-0979
https://doi.org/10.1634/stemcells.2007-0979
https://doi.org/10.1111/j.1365-2443.2004.00809.x
https://doi.org/10.2174/157488806776956878
https://doi.org/10.1159/000381668
https://doi.org/10.1159/000381668
https://doi.org/10.3892/mmr.2017.6563
https://doi.org/10.1111/cid.12506
https://doi.org/10.1002/ana.20501
https://doi.org/10.1002/ana.20501
https://doi.org/10.1182/blood-2006-11-055566
https://doi.org/10.1182/blood-2006-11-055566
https://doi.org/10.1016/j.stem.2008.03.002
https://doi.org/10.1016/j.stem.2008.03.002
https://doi.org/10.1016/j.neuroscience.2014.09.023
https://doi.org/10.1016/j.neuroscience.2014.09.023
https://doi.org/10.1371/journal.pone.0071104
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Lietal

Dental-Derived Mesenchymal Stem Cells

in response to oral inflammatory disease. Elife 10:e62810. doi: 10.7554/eLife.
62810

Cao, H. L., Chung, J. H.,, and Choung, P. H. (2020). Allogeneic fibrin clot for
odontogenic/cementogenic differentiation of human dental mesenchymal stem
cells. Tissue Eng. Regen. Med. 17, 511-524. doi: 10.1007/s13770-020-00279-z

Caplan, A. L (1991). Mesenchymal stem cells. J. Orthop. Res. 9, 641-650. doi:
10.1201/b13978

Chen, Y. K., Huang, A. H. C,, Chan, A. W. S, and Lin, L. M. (2016). Human dental
pulp stem cells derived from cryopreserved dental pulp tissues of vital extracted
teeth with disease demonstrate hepatic-like differentiation. J. Tissue Eng. Regen.
Med. 10, 475-485.

Chen, Y. R, Lai, P. L., Chien, Y., Lee, P. H,, Lai, Y. H., Ma, H. 1, et al. (2020a).
Human adult dental pulp stem cells enhance poststroke functional recovery
through non-neural replacement mechanisms. Int. J. Mol. Sci. 21:3807. doi:
10.3390/ijms21113807

Chen, Y. R, Lai, P. L, Chien, Y., Lee, P. H,, Lai, Y. H, Ma, H. L, et al.
(2020b). Improvement of impaired motor functions by human dental exfoliated
deciduous teeth stem cell-derived factors in a rat model of parkinson’s disease.
Int. J. Mol. Sci. 21:3807.

Chiba, Y., Saito, K., Martin, D., Boger, E. T., Rhodes, C., Yoshizaki, K., et al. (2020).
Single-Cell RNA-sequencing from mouse incisor reveals dental epithelial cell-
type specific genes. Front. Cell Dev. Biol. 8:841. doi: 10.3389/fcell.2020.00841

Cho, Y. A.,Noh, K., Jue, S.S., Lee, S. Y., and Kim, E. C. (2015). Melatonin promotes
hepatic differentiation of human dental pulp stem cells: clinical implications for
the prevention of liver fibrosis. J. Pineal Res. 58, 127-135. doi: 10.1111/jpi.12198

d’Aquino, R., Graziano, A., Sampaolesi, M., Laino, G., Pirozzi, G., De Rosa, A., et al.
(2007). Human postnatal dental pulp cells co-differentiate into osteoblasts and
endotheliocytes: a pivotal synergy leading to adult bone tissue formation. Cell
Death Differ. 14, 1162-1171. doi: 10.1038/sj.cdd.4402121

Dai, J., Wang, J., Lu, J., Zou, D., Sun, H., Dong, Y., et al. (2012). The effect of
co-culturing costal chondrocytes and dental pulp stem cells combined with
exogenous FGF9 protein on chondrogenesis and ossification in engineered
cartilage. Biomaterials 33, 7699-7711. doi: 10.1016/j.biomaterials.2012.07.020

Daigo, Y., Daigo, E., Fukuoka, H., Fukuoka, N., Ishikawa, M., and Takahashi, K.
(2020). Wound healing and cell dynamics including mesenchymal and dental
pulp stem cells induced by photobiomodulation therapy: an example of socket-
preserving effects after tooth extraction in rats and a literature review. Int. J.
Mol. Sci. 21:6850. doi: 10.3390/ijms21186850

Dang, J., Xu, Z., Xu, A, Liu, Y., Fu, Q., Wang, J., et al. (2020). Human gingiva-
derived mesenchymal stem cells are therapeutic in lupus nephritis through
targeting of CD39-CD73 signaling pathway. J. Autoimmun. 113:102491. doi:
10.1016/j.jaut.2020.102491

De Almeida, J. F. A., Chen, P., Henry, M. A., and Diogenes, A. (2014). Stem
cells of the apical papilla regulate trigeminal neurite outgrowth and targeting
through a BDNF-dependent mechanism. Tissue Eng. Part A 20, 3089-3100.
doi: 10.1089/ten.tea.2013.0347

Ding, G., Niu, J,, and Liu, Y. (2015). Dental pulp stem cells suppress the
proliferation of lymphocytes via transforming growth factor-p1. Hum. Cell 28,
81-90. doi: 10.1007/s13577-014-0106-y

Dissanayaka, W. L., Zhu, L., Hargreaves, K. M., Jin, L., and Zhang, C. (2014).
Scaffold-free prevascularized microtissue spheroids for pulp regeneration.
J. Dent. Res. 93, 1296-1303. doi: 10.1177/0022034514550040

Dong, Q., Wang, Y., Mohabatpour, F., Zheng, L., Papagerakis, S., Chen, D.,
et al. (2019). Dental pulp stem cells: isolation, characterization, expansion, and
odontoblast differentiation for tissue engineering. Methods Mol. Biol. 1922,
91-101. doi: 10.1007/978-1-4939-9012-2_9

Du, Y., Ling, J., Wei, X,, Ning, Y., Xie, N., Gu, H., et al. (2012). Wnt / § -
catenin signaling participates in cementoblast / osteoblast differentiation of
dental follicle cells. Connect. Tissue Res. 53, 390-397. doi: 10.3109/03008207.
2012.668980

Fawzy El-Sayed, K. M., and Déorfer, C. E. (2016). Gingival mesenchymal
stem/progenitor cells: a unique tissue engineering gem. Stem Cells Int.
2016:7154327. doi: 10.1155/2016/7154327

Fracaro, L., Senegaglia, A. C., Herai, R. H., Leitolis, A., Boldrini-Leite, L. M.,
Rebelatto, C. L. K., et al. (2020). The expression profile of dental pulp-derived
stromal cells supports their limited capacity to differentiate into adipogenic
cells. Int. J. Mol. Sci. 21:2753. doi: 10.3390/ijms21082753

Friedenstein, A. J., Chailakhjan, R. K., and Lalykina, K. S. (1970). The development
of fibroblast colonies in monolayer cultures of guinea-pig bone marrow and
spleen cells. Cell Tissue Kinet. 3, 393-403. doi: 10.1111/j.1365-2184.1970.
tb00347.x

Friedenstein, A. J., Petrakova, K. V., Kurolesova, A. L., and Frolova, G. P. (1968).
Heterotopic of bone marrow. Analysis of precursor cells for osteogenic and
hematopoietic tissues. Transplantation 6, 230-247. doi: 10.1097/00007890-
196803000-00009

Frohman, E. M., Racke, M. K., and Raine, C. S. (2006). Multiple sclerosis —
the plaque and its pathogenesis. N. Engl. J. Med. 354, 942-955. doi: 10.1056/
nejmra052130

Fu, Z., Wang, X, Li, B., and Tang, Y. (2021). Fraxinellone alleviates inflammation
and promotes osteogenic differentiation in lipopolysaccharide-stimulated
periodontal ligament stem cells by regulating the bone morphogenetic protein
2/Smad pathway. Arch. Oral Biol. 121:104927. doi: 10.1016/j.archoralbio.2020.
104927

Fujii, S., Maeda, H., Tomokiyo, A., Monnouchi, S., Hori, K., Wada, N, et al. (2010).
Effects of TGF-B1 on the proliferation and differentiation of human periodontal
ligament cells and a human periodontal ligament stem/progenitor cell line. Cell
Tissue Res. 342, 233-242. doi: 10.1007/s00441-010-1037-x

Fujisawa, R., Mizuno, M., Katano, H., Otabe, K., Ozeki, N., Tsuji, K., et al. (2019).
Cryopreservation in 95% serum with 5% DMSO maintains colony formation
and chondrogenic abilities in human synovial mesenchymal stem cells. BMC
Musculoskelet. Disord. 20:316. doi: 10.1186/s12891-019-2700-3

Galler, K. M., Brandl, F. P., Kirchhof, S., Widbiller, M., Eidt, A., Buchalla, W., et al.
(2018). Suitability of different natural and synthetic biomaterials for dental pulp
tissue engineering. Tissue Eng. Part A 24, 234-244. doi: 10.1089/ten.tea.2016.
0555

Ghavimi, M. A., Bani Shahabadi, A., Jarolmasjed, S., Memar, M. Y., Maleki Dizaj, S.,
and Sharifi, S. (2020). Nanofibrous asymmetric collagen/curcumin membrane
containing aspirin-loaded PLGA nanoparticles for guided bone regeneration.
Sci. Rep. 10:18200. doi: 10.1038/s41598-020-75454-2

Gholami, L., Parsamanesh, G., Shahabi, S., Jazaeri, M., Baghaei, K., and Fekrazad,
R. (2020). The effect of laser photobiomodulation on periodontal ligament stem
cells. Photochem. Photobiol. doi: 10.1111/php.13367

Giacoppo, S., Thangavelu, S. R., Diomede, F., Bramanti, P., Conti, P., Trubiani,
0., et al. (2017). Anti-inflammatory effects of hypoxia-preconditioned human
periodontal ligament cell secretome in an experimental model of multiple
sclerosis: a key role of IL-37. FASEB . 31, 5592-5608. doi: 10.1096/fj.
201700524R

Gonmanee, T., Sritanaudomchai, H., Vongsavan, K., Faisaikarm, T., Songsaad,
A., White, K. L., et al. (2020). Neuronal differentiation of dental pulp stem
cells from human permanent and deciduous teeth following coculture with rat
auditory brainstem slices. Anat. Rec. 303, 2931-2946. doi: 10.1002/ar.24368

Gonmanee, T., Thonabulsombat, C., Vongsavan, K., and Sritanaudomchai, H.
(2018). Differentiation of stem cells from human deciduous and permanent
teeth into spiral ganglion neuron-like cells. Arch. Oral Biol. 88, 34-41. doi:
10.1016/j.archoralbio.2018.01.011

Gonzalez-King, H., Garcia, N. A., Ontoria-Oviedo, L, Ciria, M., Montero, J. A.,
and Sepulveda, P. (2017). Hypoxia inducible factor-la potentiates jagged 1-
mediated angiogenesis by mesenchymal stem cell-derived exosomes. Stem Cells
35, 1747-1759. doi: 10.1002/stem.2618

Gronthos, S., Mankani, M., Brahim, J., Robey, P. G., and Shi, S. (2000). Postnatal
human dental pulp stem cells (DPSCs) in vitro and in vivo. Proc. Natl. Acad. Sci.
U.S.A. 97, 13625-13630. doi: 10.1073/pnas.240309797

Guo, L., Hou, Y., Song, L., Zhu, S., Lin, F,, and Bai, Y. (2018). D-Mannose
enhanced immunomodulation of periodontal ligament stem cells via inhibiting
IL-6 secretion. Stem Cells Int. 2018:7168231. doi: 10.1155/2018/7168231

Ha, J., Bharti, D., Kang, Y. H,, Lee, S. Y., Oh, S. J,, Kim, S. B, et al. (2021).
Human dental pulp-derived mesenchymal stem cell potential to differentiate
into smooth muscle-like cells in vitro. Biomed Res. Int. 2021:8858412. doi:
10.1155/2021/8858412

Han, J., Menicanin, D., Gronthos, S., and Bartold, P. M. (2014). Stem cells, tissue
engineering and periodontal regeneration. Aust. Dent. J. 59, 117-130. doi: 10.
1111/adj.12100

Han, Y. J., Kang, Y. H., Shivakumar, S. B., Bharti, D., Son, Y. B., Choi, Y. H,, et al.
(2017). Stem cells from cryopreserved human dental pulp tissues sequentially

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2021 | Volume 9 | Article 654559


https://doi.org/10.7554/eLife.62810
https://doi.org/10.7554/eLife.62810
https://doi.org/10.1007/s13770-020-00279-z
https://doi.org/10.1201/b13978
https://doi.org/10.1201/b13978
https://doi.org/10.3390/ijms21113807
https://doi.org/10.3390/ijms21113807
https://doi.org/10.3389/fcell.2020.00841
https://doi.org/10.1111/jpi.12198
https://doi.org/10.1038/sj.cdd.4402121
https://doi.org/10.1016/j.biomaterials.2012.07.020
https://doi.org/10.3390/ijms21186850
https://doi.org/10.1016/j.jaut.2020.102491
https://doi.org/10.1016/j.jaut.2020.102491
https://doi.org/10.1089/ten.tea.2013.0347
https://doi.org/10.1007/s13577-014-0106-y
https://doi.org/10.1177/0022034514550040
https://doi.org/10.1007/978-1-4939-9012-2_9
https://doi.org/10.3109/03008207.2012.668980
https://doi.org/10.3109/03008207.2012.668980
https://doi.org/10.1155/2016/7154327
https://doi.org/10.3390/ijms21082753
https://doi.org/10.1111/j.1365-2184.1970.tb00347.x
https://doi.org/10.1111/j.1365-2184.1970.tb00347.x
https://doi.org/10.1097/00007890-196803000-00009
https://doi.org/10.1097/00007890-196803000-00009
https://doi.org/10.1056/nejmra052130
https://doi.org/10.1056/nejmra052130
https://doi.org/10.1016/j.archoralbio.2020.104927
https://doi.org/10.1016/j.archoralbio.2020.104927
https://doi.org/10.1007/s00441-010-1037-x
https://doi.org/10.1186/s12891-019-2700-3
https://doi.org/10.1089/ten.tea.2016.0555
https://doi.org/10.1089/ten.tea.2016.0555
https://doi.org/10.1038/s41598-020-75454-2
https://doi.org/10.1111/php.13367
https://doi.org/10.1096/fj.201700524R
https://doi.org/10.1096/fj.201700524R
https://doi.org/10.1002/ar.24368
https://doi.org/10.1016/j.archoralbio.2018.01.011
https://doi.org/10.1016/j.archoralbio.2018.01.011
https://doi.org/10.1002/stem.2618
https://doi.org/10.1073/pnas.240309797
https://doi.org/10.1155/2018/7168231
https://doi.org/10.1155/2021/8858412
https://doi.org/10.1155/2021/8858412
https://doi.org/10.1111/adj.12100
https://doi.org/10.1111/adj.12100
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Lietal

Dental-Derived Mesenchymal Stem Cells

differentiate into definitive endoderm and hepatocyte-like cells in vitro. Int. J.
Med. Sci. 14, 1418-1429. doi: 10.7150/ijms.22152

Handa, K., Saito, M., Tsunoda, A., Yamauchi, M., Hattori, S., Sato, S., et al. (2002).
Progenitor cells from dental follicle are able to form cementum matrix in vivo.
Connect. Tissue Res. 43, 406-408. doi: 10.1080/03008200290001023

Heng, B. C., Wang, S., Gong, T., Xu, J., Yuan, C., and Zhang, C. (2018). EphrinB2
signaling enhances osteogenic/odontogenic differentiation of human dental
pulp stem cells. Arch. Oral Biol. 87, 62-71. doi: 10.1016/j.archoralbio.2017.12.
014

Hsieh, H. Y., Young, T. H,, Yao, C. C,, and Chen, Y. J. (2018). Aggregation of
human dental pulp cells into 3D spheroids enhances their migration ability after
reseeding. J. Cell. Physiol. 234, 976-986. doi: 10.1002/jcp.26927

Huang, G. T. J., Gronthos, S., and Shi, S. (2009). Critical reviews in oral biology
& medicine: mesenchymal stem cells derived from dental tissues vs. those from
other sources: their biology and role in Regenerative Medicine. J. Dent. Res. 88,
792-806. doi: 10.1177/0022034509340867

Huang, L., Sun, H.,, Song, F., Cao, Z,, Jiang, X., Zhang, L., et al. (2019). SIRT6
overexpression inhibits cementogenesis by suppressing glucose transporter 1.
J. Cell. Physiol. 234, 4005-4014. doi: 10.1002/jcp.27213

Huang, X., Liu, F., Hou, J., and Chen, K. (2019). Inflammation-induced
overexpression of microRNA-223-3p regulates odontoblastic differentiation of
human dental pulp stem cells by targeting SMAD3. Int. Endod. J. 52, 491-503.
doi: 10.1111/iej.13032

Huangqin, C., and Mingwen, F. (2007). Chitosan/carboxymethyl cellulose
polyelectrolyte complex scaffolds for pulp cells regeneration. J. Bioact. Compat.
Polym. 22, 475-491. doi: 10.1177/0883911507081329

Hyun, S. Y., Lee, J. H., Kang, K. ., and Jang, Y. J. (2017). Effect of FGF-2, TGF-
p-1, and BMPs on teno/ligamentogenesis and osteo/cementogenesis of human
periodontal ligament stem cells. Mol. Cells 40, 550-557. doi: 10.14348/molcells.
2017.0019

Ichinose, S., Tagami, M., Muneta, T., and Sekiya, I. (2005). Morphological
examination during in vitro cartilage formation by human mesenchymal stem
cells. Cell Tissue Res. 322, 217-226. doi: 10.1007/s00441-005-1140-6

Iezzi, I, Cerqueni, G., Licini, C., Lucarini, G., and Mattioli Belmonte, M. (2019).
Dental pulp stem cells senescence and regenerative potential relationship.
J. Cell. Physiol. 234, 7186-7197. doi: 10.1002/jcp.27472

Iohara, K., Murakami, M., Tekeuchi, N., Osako, Y., Ito, M., Ishizaka, R., et al.
(2013). A novel combinatorial therapy with pulp stem cells and granulocyte
colony-stimulating factor for total pulp regeneration. Stem Cells Transl. Med.
2,521-533.

Ishkitiev, N., Yaegaki, K., Calenic, B., Nakahara, T., Ishikawa, H., Mitiev, V.,
et al. (2010). Deciduous and permanent dental pulp mesenchymal cells acquire
hepatic morphologic and functional features in vitro. J. Endod. 36, 469-474.
doi: 10.1016/j.joen.2009.12.022

Ishkitiev, N., Yaegaki, K., Imai, T., Tanaka, T., Nakahara, T., Ishikawa, H., et al.
(2012). High-purity hepatic lineage differentiated from dental pulp stem cells
in serum-free medium. J. Endod. 38, 475-480. doi: 10.1016/j.joen.2011.12.011

Isobe, Y., Koyama, N., Nakao, K., Osawa, K., Ikeno, M., Yamanaka, S., et al. (2016).
Comparison of human mesenchymal stem cells derived from bone marrow,
synovial fluid, adult dental pulp, and exfoliated deciduous tooth pulp. Int. J.
Oral Maxillofac. Surg. 45, 124-131. doi: 10.1016/.ijom.2015.06.022

Iwata, T., Mizuno, N., Nagahara, T., Kaneda-Ikeda, E., Kajiya, M., Kitagawa,
M., et al. (2021). Identification of regulatory mRNA and microRNA for
differentiation into cementoblasts and periodontal ligament cells. J. Periodontal
Res. 56, 69-82. doi: 10.1111/jre.12794

Janebodin, K., Zeng, Y., Buranaphatthana, W., Ieronimakis, N., and Reyes, M.
(2013). VEGFR2-dependent angiogenic capacity of pericyte-like dental pulp
stem cells. J. Dent. Res. 92, 524-531. doi: 10.1177/0022034513485599

Janji¢, K., Lilaj, B., Moritz, A., and Agis, H. (2018). Formation of spheroids by
dental pulp cells in the presence of hypoxia and hypoxia mimetic agents. Int.
Endod. J. 51, e146-e156. doi: 10.1111/iej.12806

Ji, L., Bao, L., Gu, Z., Zhou, Q., Liang, Y., Zheng, Y., et al. (2019). Comparison
of immunomodulatory properties of exosomes derived from bone marrow
mesenchymal stem cells and dental pulp stem cells. Immunol. Res. 67, 432-442.
doi: 10.1007/512026-019-09088-6

Jiang, W., Wang, D., Alraies, A., Liu, Q., Zhu, B, Sloan, A. ], et al. (2019). Wnt-
GSK3p/p-catenin regulates the differentiation of dental pulp stem cells into

bladder smooth muscle cells. Stem Cells Int. 2019:8907570. doi: 10.1155/2019/
8907570

Jiang, X. C., and Gao, J. Q. (2017). Exosomes as novel bio-carriers for gene and
drug delivery. Int. J. Pharm. 521, 167-175. doi: 10.1016/j.ijpharm.2017.02.038

Johnston, S., Dowsett, M., and Martin, L. (2008). The interplay of dental pulp stem
cells and endothelial cells in an injectable peptide hydrogel on angiogenesis and
pulp regeneration in vivo Waruna. Tissue Eng. Part A 21, 550-563.

Kandalam, U., Kawai, T., Ravindran, G., Brockman, R., Romero, J., Munro, M.,
et al. (2020). Predifferentiated gingival stem cell-induced bone regeneration in
rat alveolar bone defect model. Tissue Eng. Part A 27, 424-436. doi: 10.1089/ten.
t€a.2020.0052

Karbanovd, J., Soukup, T., Suchdnek, J., Pytlik, R., Corbeil, D., and Mokry, J.
(2011). Characterization of dental pulp stem cells from impacted third molars
cultured in low serum-containing medium. Cells Tissues Organs 193, 344-365.
doi: 10.1159/000321160

Kawashima, N., and Okiji, T. (2016). Odontoblasts: specialized hard-tissue-
forming cells in the dentin-pulp complex. Congenit. Anom. (Kyoto) 56, 144-153.
doi: 10.1111/cga.12169

Khoroushi, M., Foroughi, M. R., Karbasi, S., Hashemibeni, B., and Khademi, A. A.
(2018). Effect of Polyhydroxybutyrate/Chitosan/Bioglass nanofiber scaffold on
proliferation and differentiation of stem cells from human exfoliated deciduous
teeth into odontoblast-like cells. Mater. Sci. Eng. C 89, 128-139. doi: 10.1016/j.
msec.2018.03.028

Kim, H., Park, S., Kim, K., Ku, S., Seo, J., and Roh, S. (2019). Enterococcus faecium
L-15 cell-free extract improves the chondrogenic differentiation of human
dental pulp stem cells. Int. J. Mol. Sci. 20:624. doi: 10.3390/ijms20030624

Kim, Y., Park, J. Y., Park, H. J., Kim, M. K., Kim, Y., Kim, H. J., et al. (2019).
Pentraxin-3 modulates osteogenic/odontogenic differentiation and migration
of human dental pulp stem cells. Int. J. Mol. Sci. 20:5778. doi: 10.3390/
ijms20225778

Kohno, Y., Mizuno, M., Ozeki, N., Katano, H., Komori, K., Fujii, S., et al. (2017).
Yields and chondrogenic potential of primary synovial mesenchymal stem cells
are comparable between rheumatoid arthritis and osteoarthritis patients. Stem
Cell Res. Ther. 8:115. doi: 10.1186/s13287-017-0572-8

Kolar, M. K,, Itte, V. N., Kingham, P. J., Novikov, L. N., Wiberg, M., and Kelk, P.
(2017). The neurotrophic effects of different human dental mesenchymal stem
cells. Sci. Rep. 7:12605. doi: 10.1038/s41598-017-12969- 1

Kook, S. H,, Lim, S. S., Cho, E. S., Lee, Y. H., Han, S. K., Lee, K. Y., et al. (2014).
COMP-angiopoietin 1 increases proliferation, differentiation, and migration of
stem-like cells through Tie-2-mediated activation of p38 MAPK and PI3K/Akt
signal transduction pathways. Biochem. Biophys. Res. Commun. 455, 371-377.
doi: 10.1016/j.bbrc.2014.11.025

Kretz, M., Webster, D. E., Flockhart, R. J., Lee, C. S., Zehnder, A., Lopez-Pajares,
V., et al. (2012). Suppression of progenitor differentiation requires the long
noncoding RNA ANCR. Genes Dev. 26, 338-343. doi: 10.1101/gad.182121.111

Krivanek, J., Soldatov, R. A., Kastriti, M. E., Chontorotzea, T., Herdina, A. N.,
Petersen, J., et al. (2020). Dental cell type atlas reveals stem and differentiated
cell types in mouse and human teeth. Nat. Commun. 11:4816. doi: 10.1038/
541467-020-18512-7

Kumar, A., Kumar, V., Rattan, V., Jha, V., Pal, A., and Bhattacharyya, S. (2017).
Molecular spectrum of secretome regulates the relative hepatogenic potential of
mesenchymal stem cells from bone marrow and dental tissue. Sci. Rep. 7:15015.
doi: 10.1038/541598-017-14358-0

Kunimatsu, R., Awada, T., Yoshimi, Y., Ando, K., Hirose, N., Tanne, Y., et al.
(2018). The C-terminus of the amelogenin peptide influences the proliferation
of human bone marrow mesenchymal stem cells. J. Periodontol. 89, 496-505.
doi: 10.1002/JPER.17-0087

Kunimatsu, R., Yoshimi, Y., Hirose, N., Awada, T., Miyauchi, M., Takata, T., et al.
(2017). The C-terminus of amelogenin enhances osteogenic differentiation of
human cementoblast lineage cells. J. Periodontal Res. 52, 218-224. doi: 10.1111/
jre.12384

Kushibiki, T., Hirasawa, T., Okawa, S., and Ishihara, M. (2015). Low reactive
level laser therapy for mesenchymal stromal cells therapies. Stem Cells Int.
2015:974864. doi: 10.1155/2015/974864

Lan, X., Sun, Z., Chu, C,, Boltze, J., and Li, S. (2019). Dental pulp stem cells: an
attractive alternative for cell therapy in ischemic stroke. Front. Neurol. 10:824.
doi: 10.3389/fneur.2019.00824

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2021 | Volume 9 | Article 654559


https://doi.org/10.7150/ijms.22152
https://doi.org/10.1080/03008200290001023
https://doi.org/10.1016/j.archoralbio.2017.12.014
https://doi.org/10.1016/j.archoralbio.2017.12.014
https://doi.org/10.1002/jcp.26927
https://doi.org/10.1177/0022034509340867
https://doi.org/10.1002/jcp.27213
https://doi.org/10.1111/iej.13032
https://doi.org/10.1177/0883911507081329
https://doi.org/10.14348/molcells.2017.0019
https://doi.org/10.14348/molcells.2017.0019
https://doi.org/10.1007/s00441-005-1140-6
https://doi.org/10.1002/jcp.27472
https://doi.org/10.1016/j.joen.2009.12.022
https://doi.org/10.1016/j.joen.2011.12.011
https://doi.org/10.1016/j.ijom.2015.06.022
https://doi.org/10.1111/jre.12794
https://doi.org/10.1177/0022034513485599
https://doi.org/10.1111/iej.12806
https://doi.org/10.1007/s12026-019-09088-6
https://doi.org/10.1155/2019/8907570
https://doi.org/10.1155/2019/8907570
https://doi.org/10.1016/j.ijpharm.2017.02.038
https://doi.org/10.1089/ten.tea.2020.0052
https://doi.org/10.1089/ten.tea.2020.0052
https://doi.org/10.1159/000321160
https://doi.org/10.1111/cga.12169
https://doi.org/10.1016/j.msec.2018.03.028
https://doi.org/10.1016/j.msec.2018.03.028
https://doi.org/10.3390/ijms20030624
https://doi.org/10.3390/ijms20225778
https://doi.org/10.3390/ijms20225778
https://doi.org/10.1186/s13287-017-0572-8
https://doi.org/10.1038/s41598-017-12969-1
https://doi.org/10.1016/j.bbrc.2014.11.025
https://doi.org/10.1101/gad.182121.111
https://doi.org/10.1038/s41467-020-18512-7
https://doi.org/10.1038/s41467-020-18512-7
https://doi.org/10.1038/s41598-017-14358-0
https://doi.org/10.1002/JPER.17-0087
https://doi.org/10.1111/jre.12384
https://doi.org/10.1111/jre.12384
https://doi.org/10.1155/2015/974864
https://doi.org/10.3389/fneur.2019.00824
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Lietal

Dental-Derived Mesenchymal Stem Cells

Langenbach, F., and Handschel, J. (2013). Effects of dexamethasone, ascorbic acid
and p-glycerophosphate on the osteogenic differentiation. Stem Cell Res. Ther.
4:117. doi: 10.1089/ten.teb.2011.0199

Lee, J. H., Um, S., Jang, J. H., and Seo, B. M. (2012). Effects of VEGF and FGF-2 on
proliferation and differentiation of human periodontal ligament stem cells. Cell
Tissue Res. 348, 475-484. doi: 10.1007/s00441-012-1392-x

Lee, Y. M., Shin, S. Y., Jue, S. S., Kwon, I. K, Cho, E. H., Cho, E. S., et al. (2014). The
role of PIN1 on odontogenic and adipogenic differentiation in human dental
pulp stem cells. Stem Cells Dev. 23, 618-630. doi: 10.1089/s¢d.2013.0339

Li, G., Han, N., Zhang, X,, Yang, H., Cao, Y., Wang, S., et al. (2018). Local
injection of allogeneic stem cells from apical papilla enhanced periodontal tissue
regeneration in minipig model of periodontitis. Biomed Res. Int. 2018:3960798.
doi: 10.1155/2018/3960798

Li, X,, He, X. T,, Kong, D. Q., Xu, X. Y., Wu, R. X,, Sun, L. ], et al. (2019).
M2 macrophages enhance the cementoblastic differentiation of periodontal
ligament stem cells via the Akt and JNK pathways. Stem Cells 37, 1567-1580.
doi: 10.1002/stem.3076

Liao, C., Zhou, Y., Li, M., Xia, Y., and Peng, W. (2020). LINC00968 promotes
osteogenic differentiation in vitro and bone formation in vivo via regulation
of miR-3658/RUNX2. Differentiation 116, 1-8. doi: 10.1016/j.diff.2020.09.005

Liao, H. Q., Liu, H., Sun, H. L., Xiang, J. B., Wang, X. X,, Jiang, C. X, et al. (2019).
MiR-361-3p / Nfat5 signaling axis controls cementoblast differentiation. J. Dent.
Res. 98, 1131-1139. doi: 10.1177/0022034519864519

Ling, L., Zhao, Y. M., Wang, X. T., Wen, Q., and Ge, L. H. (2020). Regeneration of
dental pulp tissue by autologous grafting stem cells derived from inflammatory
dental pulp tissue in immature premolars in a beagle dog. Chin. J. Dent. Res. 23,
143-150. doi: 10.3290/j.cjdr.a44750

Liu, G. X,, Ma, S,, Li, Y., Yu, Y., Zhou, Y. X,, Lu, Y. D, et al. (2018). Hsa-let-
7c¢ controls the committed differentiation of IGF-1-treated mesenchymal stem
cells derived from dental pulps by targeting IGF-1R via the mapk pathways. Exp.
Mol. Med. 50, 1-14. doi: 10.1038/s12276-018-0048-7

Liu, H. C, Ling-Ling, E., Wang, D. S., Su, F,, Wu, X,, Shi, Z. P,, et al
(2011). Reconstruction of alveolar bone defects using bone morphogenetic
protein 2 mediated rabbit dental pulp stem cells seeded on nano-
hydroxyapatite/collagen/ poly(l-lactide). Tissue Eng. Part A 17, 2417-2433. doi:
10.1089/ten.tea.2010.0620

Liu, J., Chen, B., Bao, J., Zhang, Y., Lei, L., and Yan, F. (2019). Macrophage
polarization in periodontal ligament stem cells enhanced periodontal
regeneration. Stem Cell Res. Ther. 10, 1-11. doi: 10.1186/s13287-019-1409-4

Liu, M., Zhao, L. I. N., Hu, J., Wang, L., Li, N., Wu, D. L, et al. (2018). Endothelial
cells and endothelin - 1 promote the odontogenic differentiation of dental pulp
stem cells. Mol. Med. Rep. 18, 893-901. doi: 10.3892/mmr.2018.9033

Liu, O., Xu, J., Ding, G., Liu, D., Fan, Z., Zhang, C,, et al. (2013). Periodontal
ligament stem cells regulate B lymphocyte function via programmed cell death
protein 1. Stem Cells 31, 1371-1382. doi: 10.1002/stem.1387

Lo Monaco, M., Gervois, P., Beaumont, J., Clegg, P., Bronckaers, A., Vandeweerd,
J. M, etal. (2020). Therapeutic potential of dental pulp stem cells and leukocyte-
and platelet-rich fibrin for osteoarthritis. Cells 9:980. doi: 10.3390/cells9040980

Luzuriaga, J., Pineda, J., Irastorza, L., Uribe-Etxebarria, V., Garcia-Gallastegui, P.,
Encinas, J., et al. (2019). BDNF and NT3 reprogram human ectomesenchymal
dental pulp stem cells to neurogenic and gliogenic neural crest progenitors
cultured in serum-free medium. Cell. Physiol. Biochem. 52, 1361-1380. doi:
10.33594/000000096

Ma, S, Liu, G, Jin, L., Pang, X., Wang, Y., Wang, Z,, et al. (2016). IGF-1/IGF-
1R/hsa-let-7¢ axis regulates the committed differentiation of stem cells from
apical papilla. Sci. Rep. 6:36922. doi: 10.1038/srep36922

Malthiery, E., Chouaib, B., Hernandez-Lopez, A. M., Martin, M., Gergely, C.,
Torres, J. H., et al. (2020). Effects of green light photobiomodulation on Dental
Pulp Stem Cells: enhanced proliferation and improved wound healing by
cytoskeleton reorganization and cell softening. Lasers Med. Sci. 36, 437-445.
doi: 10.1007/s10103-020-03092-1

Mao, Q., Nguyen, P. D., Shanti, R. M., Shi, S., Shakoori, P., Zhang, Q., et al. (2019).
Gingiva-Derived mesenchymal stem cell-extracellular vesicles activate schwann
cell repair phenotype and promote nerve regeneration. Tissue Eng. Part A 25,
887-900. doi: 10.1089/ten.tea.2018.0176

Martens, W., Wolfs, E., Struys, T., Politis, C., Bronckaers, A., and Lambrichts, I.
(2012). Expression pattern of basal markers in human dental pulp stem cells
and tissue. Cells Tissues Organs 196, 490-500. doi: 10.1159/000338654

Martinez, C., Smith, P. C., Rodriguez, J. P., and Palma, V. (2011). Sonic hedgehog
stimulates proliferation of human periodontal ligament stem cells. J. Dent. Res.
90, 483-488. doi: 10.1177/0022034510391797

Martinez-Sarra, E., Montori, S., Gil-Recio, C., Nuez-Toldra, R., Costamagna,
D., Rotini, A., et al. (2017). Human dental pulp pluripotent-like stem cells
promote wound healing and muscle regeneration. Stem Cell Res. Ther. 8, 1-20.
doi: 10.1186/513287-017-0621-3

Martins, L., Amorim, B. R, Salmon, C. R,, Leme, A. F. P, Kantovitz, K. R., and
Nociti, F. H. (2020). Novel LRAP-binding partner revealing the plasminogen
activation system as a regulator of cementoblast differentiation and mineral
nodule formation in vitro. J. Cell. Physiol. 235, 4545-4558. doi: 10.1002/jcp.
29331

Mita, T., Furukawa-Hibi, Y., Takeuchi, H., Hattori, H., Yamada, K., Hibi, H.,
et al. (2015). Conditioned medium from the stem cells of human dental pulp
improves cognitive function in a mouse model of Alzheimer’s disease. Behav.
Brain Res. 293, 189-197. doi: 10.1016/j.bbr.2015.07.043

Miura, M., Gronthos, S., Zhao, M., Lu, B., Fisher, L. W., Robey, P. G, et al. (2003).
SHED: stem cells from human exfoliated deciduous teeth. Proc. Natl. Acad. Sci.
U.S.A. 100, 5807-5812. doi: 10.1073/pnas.0937635100

Morsczeck, C., Gotz, W., Schierholz, ]., Zeilhofer, F., Ku, U, Sippel, C., et al. (2005).
Isolation of precursor cells (PCs) from human dental follicle of wisdom teeth.
Matrix Biol. 24, 155-165. doi: 10.1016/j.matbio.2004.12.004

Mortada, I., and Mortada, R. (2018). Dental pulp stem cells and osteogenesis: an
update. Cytotechnology 70, 1479-1486. doi: 10.1007/s10616-018-0225-5

Muhammad, S. A., Nordin, N., Hussin, P., Mehat, M. Z., Kasim, N. H. A, and
Fakurazi, S. (2020). Protective effects of stem cells from human exfoliated
deciduous teeth derived conditioned medium on osteoarthritic chondrocytes.
PLoS One 15:€0238449. doi: 10.1371/journal.pone.0238449

Nagata, M., Iwasaki, K., Akazawa, K., Komaki, M., Yokoyama, N., Izumi, Y., et al.
(2017). Conditioned medium from periodontal ligament stem cells enhances
periodontal regeneration. Tissue Eng. Part A 23, 367-377. doi: 10.1089/ten.tea.
2016.0274

Nemoto, E., Sakisaka, Y., Tsuchiya, M., Tamura, M., Nakamura, T., Kanaya,
S., et al. (2016). Wnt3a signaling induces murine dental follicle cells to
differentiate into cementoblastic/osteoblastic cells via an osterix-dependent
pathway. J. Periodontal Res. 51, 164-174. doi: 10.1111/jre.12294

Neunzehn, J., Pétschke, S., Hannig, C., Wiesmann, H. P., and Weber, M. T. (2017).
Odontoblast-like differentiation and mineral formation of pulpsphere derived
cells on human root canal dentin in vitro. Head Face Med. 13:23. doi: 10.1186/
s13005-017-0156-y

Nicola, F. C., Rodrigues, L. P., Crestani, T., Quintiliano, K., Sanches, E. F., Willborn,
S., et al. (2016). Human dental pulp stem cells transplantation combined with
treadmill training in rats after traumatic spinal cord injury. Braz. J. Med. Biol.
Res. 49:¢5319. doi: 10.1590/1414-431X20165319

Nishino, Y., Ebisawa, K., Yamada, Y., Okabe, K., Kamei, Y., and Ueda, M. (2011).
Human deciduous teeth dental pulp cells with basic fibroblast growth factor
enhance wound healing of skin defect. J. Craniofac. Surg. 22, 438-442. doi:
10.1097/5CS.0b013e318207b507

Nito, C., Sowa, K., Nakajima, M., Sakamoto, Y., Suda, S., Nishiyama, Y., et al.
(2018). Transplantation of human dental pulp stem cells ameliorates brain
damage following acute cerebral ischemia. Biomed. Pharmacother. 108, 1005-
1014. doi: 10.1016/j.biopha.2018.09.084

Nozaki, T., and Ohura, K. (2011). Gene expression profile of dental pulp cells
during differentiation into an adipocyte lineage. J. Pharmacol. Sci. 115, 354-363.
doi: 10.1254/jphs.10163FP

Nuiiez, J., Vignoletti, F., Caffesse, R. G., and Sanz, M. (2019). Cellular therapy
in periodontal regeneration. Periodontol. 2000 79, 107-116. doi: 10.1111/prd.
12250

Oh, H. J., Choung, H. W,, Lee, H. K,, Park, S. ], Lee, J. H., Lee, D. S,
et al. (2015). CPNE7, a preameloblast-derived factor, regulates odontoblastic
differentiation of mesenchymal stem cells. Biomaterials 37, 208-217. doi: 10.
1016/j.biomaterials.2014.10.016

Ohkoshi, S., Hirono, H., Nakahara, T., and Ishikawa, H. (2018). Dental pulp cell
bank as a possible future source of individual hepatocytes. World J. Hepatol. 27,
702-707. doi: 10.4254/wjh.v10.110.702

Oshima, M., Ogawa, M., and Tsuji, T. (2017). Regeneration of complex oral organs
using 3D cell organization technology. Curr. Opin. Cell Biol. 49, 84-90. doi:
10.1016/j.ceb.2017.12.011

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2021 | Volume 9 | Article 654559


https://doi.org/10.1089/ten.teb.2011.0199
https://doi.org/10.1007/s00441-012-1392-x
https://doi.org/10.1089/scd.2013.0339
https://doi.org/10.1155/2018/3960798
https://doi.org/10.1002/stem.3076
https://doi.org/10.1016/j.diff.2020.09.005
https://doi.org/10.1177/0022034519864519
https://doi.org/10.3290/j.cjdr.a44750
https://doi.org/10.1038/s12276-018-0048-7
https://doi.org/10.1089/ten.tea.2010.0620
https://doi.org/10.1089/ten.tea.2010.0620
https://doi.org/10.1186/s13287-019-1409-4
https://doi.org/10.3892/mmr.2018.9033
https://doi.org/10.1002/stem.1387
https://doi.org/10.3390/cells9040980
https://doi.org/10.33594/000000096
https://doi.org/10.33594/000000096
https://doi.org/10.1038/srep36922
https://doi.org/10.1007/s10103-020-03092-1
https://doi.org/10.1089/ten.tea.2018.0176
https://doi.org/10.1159/000338654
https://doi.org/10.1177/0022034510391797
https://doi.org/10.1186/s13287-017-0621-3
https://doi.org/10.1002/jcp.29331
https://doi.org/10.1002/jcp.29331
https://doi.org/10.1016/j.bbr.2015.07.043
https://doi.org/10.1073/pnas.0937635100
https://doi.org/10.1016/j.matbio.2004.12.004
https://doi.org/10.1007/s10616-018-0225-5
https://doi.org/10.1371/journal.pone.0238449
https://doi.org/10.1089/ten.tea.2016.0274
https://doi.org/10.1089/ten.tea.2016.0274
https://doi.org/10.1111/jre.12294
https://doi.org/10.1186/s13005-017-0156-y
https://doi.org/10.1186/s13005-017-0156-y
https://doi.org/10.1590/1414-431X20165319
https://doi.org/10.1097/SCS.0b013e318207b507
https://doi.org/10.1097/SCS.0b013e318207b507
https://doi.org/10.1016/j.biopha.2018.09.084
https://doi.org/10.1254/jphs.10163FP
https://doi.org/10.1111/prd.12250
https://doi.org/10.1111/prd.12250
https://doi.org/10.1016/j.biomaterials.2014.10.016
https://doi.org/10.1016/j.biomaterials.2014.10.016
https://doi.org/10.4254/wjh.v10.i10.702
https://doi.org/10.1016/j.ceb.2017.12.011
https://doi.org/10.1016/j.ceb.2017.12.011
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Lietal

Dental-Derived Mesenchymal Stem Cells

Pagella, P., Miran, S., Neto, E., Martin, I., Lamghari, M., and Mitsiadis, T. A. (2020).
Human dental pulp stem cells exhibit enhanced properties in comparison to
human bone marrow stem cells on neurites outgrowth. FASEB J. 34, 5499-5511.
doi: 10.1096/£j.201902482R

Park, J. Y., Jeon, S. H., and Choung, P. H. (2011). Efficacy of periodontal stem cell
transplantation in the treatment of advanced periodontitis. Cell Transplant. 20,
271-285. doi: 10.3727/096368910X519292

Peres, M. A., Macpherson, L. M. D., Weyant, R. ], Daly, B., Venturelli, R., Mathur,
M. R, et al. (2019). Oral diseases: a global public health challenge. Lancet 394,
249-260. doi: 10.1016/S0140-6736(19)31146-8

Pietrzak, W. S., and Eppley, B. L. (2005). Platelet rich plasma: biology and new
technology. J. Craniofac. Surg. 16, 1043-1054. doi: 10.1097/01.5¢s.0000186454.
07097.bf

Pinheiro, C. C. G., De Pinho, M. C., Aranha, A. C., Fregnani, E., and Bueno,
D. F. (2018). Low power laser therapy: a strategy to promote the osteogenic
differentiation of deciduous dental pulp stem cells from cleft lip and palate
patients. Tissue Eng. Part A 24, 569-575. doi: 10.1089/ten.tea.2017.0115

Pisciotta, A., Bertani, G., Bertoni, L., Di Tinco, R., De Biasi, S., Vallarola, A., et al.
(2020). Modulation of cell death and promotion of chondrogenic differentiation
by Fas/FasL in human dental pulp stem cells (hDPSCs). Front. Cell Dev. Biol.
8:279. doi: 10.3389/fcell.2020.00279

Pisciotta, A., Bertoni, L., Vallarola, A., Bertani, G., Mecugni, D., and Carnevale, G.
(2013). Neural crest derived stem cells from dental pulp and tooth-associated
stem cells for peripheral nerve regeneration. Neural Regen. Res. 15, 373-381.
doi: 10.4103/1673-5374.266043

Pittenger, M. F., Mackay, A. M., Beck, S. C,, Jaiswal, R. K., Douglas, R, Mosca, J. D.,
et al. (1999). Multilineage potential of adult human mesenchymal stem cells.
Science 284, 143-147. doi: 10.1126/science.284.5411.143

Qin, W., Huang, Q. T., Weir, M. D., Song, Z., Fouad, A. F,, Lin, Z. M,, et al.
(2017). Alcohol inhibits odontogenic differentiation of human dental pulp cells
by activating mTOR signaling. Stem Cells Int. 2017:6975251. doi: 10.1155/2017/
8717454

Qu, Q, Fang, F., Wu, B,, Hu, Y., Chen, M., Deng, Z., et al. (2016). Potential role
of long non-coding RNA in osteogenic differentiation of human periodontal
ligament stem cells. . Periodontol. 87, e127-e137. doi: 10.1902/jop.2016.150592

Roozafzoon, R., Lashay, A., Vasei, M., Ai, J., Khoshzaban, A., Keshel, S. H,, et al.
(2015). Dental pulp stem cells differentiation into retinal ganglion-like cells in
a three dimensional network. Biochem. Biophys. Res. Commun. 457, 154-160.
doi: 10.1016/j.bbrc.2014.12.069

Saghiri, M. A., and Asatourian, A. (2015). Role of angiogenesis in endodontics?:
contributions of stem cells and proangiogenic and antiangiogenic factors to
dental pulp regeneration. J. Endod. 41,797-803. doi: 10.1016/j.joen.2014.12.019

Saito, M. T., Salmon, C. R., Amorim, B. R., Ambrosano, G. M. B., Casati, M. Z.,
Sallum, E. A, et al. (2014). Characterization of highly osteoblast/cementoblast
cell clones from a CD105-enriched periodontal ligament progenitor cell
population. J. Periodontol. 85, €205-¢211. doi: 10.1902/jop.2014.130461

Sakai, K., Yamamoto, A., Matsubara, K., Nakamura, S., Naruse, M., Yamagata,
M., et al. (2012). Human dental pulp-derived stem cells promote locomotor
recovery after complete transection of the rat spinal cord by multiple neuro-
regenerative mechanisms. J. Clin. Invest. 122, 80-90. doi: 10.1172/JCI59251

Sakai, V. T., Zhang, Z., Dong, Z., Neiva, K. G., MacHado, M. A. A. M., Shi, S,
et al. (2010). SHED differentiate into functional odontoblasts and endothelium.
J. Dent. Res. 89, 791-796. doi: 10.1177/0022034510368647

Salkin, H., Gonen, Z. B., Ozcan, S., Bahar, D., Lekesizcan, A., Taheri, S., et al.
(2021). Effects of combination TGF-B1 transfection and platelet rich plasma
(PRP) on three-dimension chondrogenic differentiation of rabbit dental pulp-
derived mesenchymal stem cells. Connect. Tissue Res. 62,226-237. doi: 10.1080/
03008207.2019.1675649

Sénchez, N, Fierravanti, L., Nuiez, J., Vignoletti, F., Silvia, M. G., Susana, S., et al.
(2020). Periodontal regeneration using a xenogeneic bone substitute seeded
with autologous periodontal ligament-derived mesenchymal stem cells?: a 12-
month quasi-randomized controlled pilot clinical trial. J. Clin. Periodontol. 47,
1391-1402. doi: 10.1111/jcpe.13368

Sasaki, R., Matsumine, H., Watanabe, Y., Takeuchi, Y., Yamato, M., Okano, T.,
etal. (2014). Electrophysiologic and functional evaluations of regenerated facial
nerve defects with a tube containing dental pulp cells in rats. Plast. Reconstr.
Surg. 134, 970-978. doi: 10.1097/PRS.0000000000000602

Senthilkumar, S., Venugopal, C., Parveen, S., Shobha, K., Rai, K. S., Kutty, B. M.,
etal. (2020). Remarkable migration propensity of dental pulp stem cells towards
neurodegenerative milieu: an in vitro analysis. Neurotoxicology 81, 89-100.
doi: 10.1016/j.neuro.2020.08.006

Seo, B. M., Miura, M., Gronthos, S., Bartold, P. M., Batouli, S., Brahim, J.,
et al. (2004). Investigation of multipotent postnatal stem cells from human
periodontal ligament. Lancet 364, 149-155. doi: 10.1016/S0140-6736(04)
16627-0

Sharpe, P. T. (2016). Dental mesenchymal stem cells. Development 143, 2273-2280.
doi: 10.1242/dev.134189

Shi, W., Ling, D., Zhang, F., Fu, X,, Lai, D., and Zhang, Y. (2021). Curcumin
promotes osteogenic differentiation of human periodontal ligament stem cells
by inducting EGR1 expression. Arch. Oral Biol. 121:104958. doi: 10.1016/j.
archoralbio.2020.104958

Shih, D. T,, Lee, D.-C., Chen, S.-C., Tsai, R.-Y., Huang, C.-T., Tsai, C.-C,, et al.
(2005). Isolation and characterization of neurogenic mesenchymal stem cells
in human scalp tissue. Stern Cells 23, 1012-1020. doi: 10.1634/stemcells.2004-
0125

Shin, C., Kim, M., Han, J. A, Choi, B, Hwang, D., Do, Y., et al. (2017).
Human periodontal ligament stem cells suppress T-cell proliferation via down-
regulation of non-classical major histocompatibility complex-like glycoprotein
CD1b on dendritic cells. J. Periodontal Res. 52, 135-146. doi: 10.1111/jre.12378

Shiu, S. T., Lew, W. Z,, Lee, S. Y., Feng, S. W., and Huang, H. M. (2020). Effects
of sapindus mukorossi seed oil on proliferation, osteogenetic/odontogenetic
differentiation and matrix vesicle secretion of human dental pulp mesenchymal
stem cells. Materials (Basel) 13:4063. doi: 10.3390/mal3184063

Song, B., Jiang, W., Alraies, A., Liu, Q., Gudla, V., Oni, J., et al. (2016). Bladder
smooth muscle cells differentiation from dental pulp stem cells: future potential
for bladder tissue engineering. Stem Cells Int. 2016:6979368. doi: 10.1155/2016/
6979368

Song, M., and Finley, S. D. (2020). ERK and Akt exhibit distinct signaling responses
following stimulation by pro-angiogenic factors. Cell Commun. Signal. 18, 1-19.
doi: 10.1186/s12964-020-00595-w

Song, M., Lee, J. H., Bae, J., Bu, Y., and Kim, E. C. (2017). Human dental pulp
stem cells are more effective than human bone marrow-derived mesenchymal
stem cells in cerebral ischemic injury. Cell Transplant. 26, 1001-1016. doi:
10.3727/096368916X694391

Sonoyama, W., Liu, Y., Fang, D., Yamaza, T., Seo, B. M., Zhang, C., et al. (2006).
Mesenchymal stem cell-mediated functional tooth regeneration in Swine. PLoS
One 1:€79. doi: 10.1371/journal.pone.0000079

Sonoyama, W., Liu, Y., Yamaza, T., Tuan, R. S., Wang, S., Shi, S., et al. (2008).
Characterization of the apical papilla and its residing stem cells from human
immature permanent teeth: a pilot study. J. Endod. 34, 166-171. doi: 10.1016/j.
joen.2007.11.021

Soundara Rajan, T., Giacoppo, S., Diomede, F., Bramanti, P., Trubiani, O.,
and Mazzon, E. (2017). Human periodontal ligament stem cells secretome
from multiple sclerosis patients suppresses NALP3 inflammasome activation
in experimental autoimmune encephalomyelitis. Int. J. Immunopathol.
Pharmacol. 30, 238-252. doi: 10.1177/0394632017722332

Stanko, P., Altanerova, U., Jakubechova, J., Repiska, V., and Altaner, C. (2018).
Dental mesenchymal stem/stromal cells and their exosomes. Stem Cells Int.
2018:8973613. doi: 10.1155/2018/8973613

Su, S. P, Ren, Y., Zhang, Y., Zhao, Y. M., and Xiao, E. (2020). Microbiota regulates
dentine mineralisation and differentiation of dental pulp stem cells. Chin. J.
Dent. Res. 23, 177-182. doi: 10.3290/j.cjdr.a45221

Su, W. R,, Zhang, Q. Z,, Shi, S. H., Nguyen, A. L., and Le, A. D. (2011). Human
gingiva-derived mesenchymal stromal cells attenuate contact hypersensitivity
via prostaglandin E2-dependent mechanisms. Stem Cells 29, 1849-1860. doi:
10.1002/stem.738

Suda, S., Nito, C., Yokobori, S., Sakamoto, Y., Nakajima, M., Sowa, K., et al. (2020).
Recent advances in cell-based therapies for ischemic stroke. Int. . Mol. Sci. 21,
1-24. doi: 10.3390/ijms21186718

Sun, W., Wang, Z., Xu, Q,, Sun, H,, Liu, X,, Yang, J., et al. (2019). The treatment of
systematically transplanted gingival mesenchymal stem cells in periodontitis in
mice. Exp. Ther. Med. 17, 2199-2205. doi: 10.3892/etm.2019.7165

Takahashi, A., Nagata, M., Gupta, A., Matsushita, Y., Yamaguchi, T., Mizuhashi,
K., et al. (2019). Autocrine regulation of mesenchymal progenitor cell fates

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2021 | Volume 9 | Article 654559


https://doi.org/10.1096/fj.201902482R
https://doi.org/10.3727/096368910X519292
https://doi.org/10.1016/S0140-6736(19)31146-8
https://doi.org/10.1097/01.scs.0000186454.07097.bf
https://doi.org/10.1097/01.scs.0000186454.07097.bf
https://doi.org/10.1089/ten.tea.2017.0115
https://doi.org/10.3389/fcell.2020.00279
https://doi.org/10.4103/1673-5374.266043
https://doi.org/10.1126/science.284.5411.143
https://doi.org/10.1155/2017/8717454
https://doi.org/10.1155/2017/8717454
https://doi.org/10.1902/jop.2016.150592
https://doi.org/10.1016/j.bbrc.2014.12.069
https://doi.org/10.1016/j.joen.2014.12.019
https://doi.org/10.1902/jop.2014.130461
https://doi.org/10.1172/JCI59251
https://doi.org/10.1177/0022034510368647
https://doi.org/10.1080/03008207.2019.1675649
https://doi.org/10.1080/03008207.2019.1675649
https://doi.org/10.1111/jcpe.13368
https://doi.org/10.1097/PRS.0000000000000602
https://doi.org/10.1016/j.neuro.2020.08.006
https://doi.org/10.1016/S0140-6736(04)16627-0
https://doi.org/10.1016/S0140-6736(04)16627-0
https://doi.org/10.1242/dev.134189
https://doi.org/10.1016/j.archoralbio.2020.104958
https://doi.org/10.1016/j.archoralbio.2020.104958
https://doi.org/10.1634/stemcells.2004-0125
https://doi.org/10.1634/stemcells.2004-0125
https://doi.org/10.1111/jre.12378
https://doi.org/10.3390/ma13184063
https://doi.org/10.1155/2016/6979368
https://doi.org/10.1155/2016/6979368
https://doi.org/10.1186/s12964-020-00595-w
https://doi.org/10.3727/096368916X694391
https://doi.org/10.3727/096368916X694391
https://doi.org/10.1371/journal.pone.0000079
https://doi.org/10.1016/j.joen.2007.11.021
https://doi.org/10.1016/j.joen.2007.11.021
https://doi.org/10.1177/0394632017722332
https://doi.org/10.1155/2018/8973613
https://doi.org/10.3290/j.cjdr.a45221
https://doi.org/10.1002/stem.738
https://doi.org/10.1002/stem.738
https://doi.org/10.3390/ijms21186718
https://doi.org/10.3892/etm.2019.7165
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Lietal

Dental-Derived Mesenchymal Stem Cells

orchestrates tooth eruption. Proc. Natl. Acad. Sci. U.S.A. 116, 575-580. doi:
10.1073/pnas.1810200115

Takahashi, M., Okubo, N., Chosa, N., Takahashi, N., Ibi, M., Kamo, M., et al.
(2012). Fibroblast growth factor-1-induced ERK1/2 signaling reciprocally
regulates proliferation and smooth muscle cell differentiation of ligament-
derived endothelial progenitor cell-like cells. Int. J. Mol. Med. 29, 357-364.
doi: 10.3892/ijmm.2011.847

Takeuchi, N., Hayashi, Y., Murakami, M., Alvarez, F. J., Horibe, H., Iohara,
K., et al. (2015). Similar in vitro effects and pulp regeneration in ectopic
tooth transplantation by basic fibroblast growth factor and granulocyte-colony
stimulating factor. Oral Dis. 21, 113-122. doi: 10.1111/0di.12227

Talaat, W., Smriti Aryal, A. C., Al Kawas, S., Samsudin, A. B. R., Kandile,
N. G., Harding, D. R. K., et al. (2020). Nanoscale thermosensitive hydrogel
scaffolds promote the chondrogenic differentiation of dental pulp stem and
progenitor cells: a minimally invasive approach for cartilage regeneration. Int.
J. Nanomedicine 15, 7775-7789. doi: 10.2147/TJN.S274418

Tan, S., Chen, S., Wang, Y., Wu, F., Shi, Y., Wang, ], et al. (2020). Enhanced effect
of nano-monetite hydrosol on dentin remineralization and tubule occlusion.
Dent. Mater. 36, 816-825. doi: 10.1016/j.dental.2020.03.028

Tanikawa, D. Y. S., Pinheiro, C. C. G., Almeida, M. C. A., Oliveira, C. R. G. C. M.,
Coudry, R. D. A, Rocha, D. L., et al. (2020). Deciduous dental pulp stem cells
for maxillary alveolar reconstruction in cleft lip and palate patients. Stem Cells
Int. 2020:6234167. doi: 10.1155/2020/6234167

Tatullo, M., Marrelli, M., Shakesheff, K. M., and White, L. J. (2015). Dental
pulp stem cells?: function, isolation and applications in regenerative medicine.
J. Tissue Eng. Regen. Med. 9, 1205-1216.

Tomar, G. B., Srivastava, R. K., Gupta, N., Barhanpurkar, A. P., Pote, S. T,
Jhaveri, H. M., et al. (2010). Human gingiva-derived mesenchymal stem cells
are superior to bone marrow-derived mesenchymal stem cells for cell therapy
in regenerative medicine. Biochem. Biophys. Res. Commun. 393, 377-383. doi:
10.1016/j.bbrc.2010.01.126

Tomokiyo, A., Yoshida, S., Hamano, S., Hasegawa, D., Sugii, H., and Maeda, H.
(2018). Detection, characterization, and clinical application of mesenchymal
stem cells in periodontal ligament tissue. Stem Cells Int. 2018:5450768. doi:
10.1155/2018/5450768

Tonnesen, M. G., Feng, X., and Clark, R. A. F. (2000). Angiogenesis in wound
healing. J. Invest. Dermatol. Symp. Proc. 5, 40-46.

Tran-Hung, L., Laurent, P., Camps, J., and About, I. (2008). Quantification of
angiogenic growth factors released by human dental cells after injury. Arch. Oral
Biol. 53,9-13. doi: 10.1016/j.archoralbio.2007.07.001

Tran-Hung, L., Mathieu, S., and About, I. (2006). Role of human pulp fibroblasts
in angiogenesis. J. Dent. Res. 85, 819-823. doi: 10.1177/154405910608500908

Tsochatzis, E., Bosch, J., and Burroughs, A. (2008). Liver cirrhosis. Lancet 371,
838-851. doi: 10.1080/10671188.1967.10616505

Ullah, I, Park, J. M., Kang, Y. H,, Byun, J. H., Kim, D. G., Kim, J. H,, et al. (2017).
Transplantation of human dental pulp-derived stem cells or differentiated
neuronal cells from human dental pulp-derived stem cells identically enhances
regeneration of the injured peripheral nerve. Stem Cells Dev. 26, 1247-1257.
doi: 10.1089/s¢d.2017.0068

Wada, N., Menicanin, D., Shi, S., Bartold, P. M., and Gronthos, S. (2009).
Immunomodulatory properties of human periodontal ligament stem cells.
J. Cell. Physiol. 219, 667-676. doi: 10.1002/jcp.21710

Wang, D., Wang, Y., Tian, W., and Pan, J. (2019). Advances of tooth - derived stem
cells in neural diseases treatments and nerve tissue regeneration. Cell Prolif.
53:€12572. doi: 10.1111/cpr.12572

Wang, F., Jia, Y., Liu, J., Zhai, J., Cao, N., Yue, W., et al. (2017). Dental pulp stem
cells promote regeneration of damaged neuron cells on the cellular model of
Alzheimer’s disease. Cell Biol. Int. 41, 639-650.

Wang, F., Yu, M,, Yan, X,, Wen, Y., Zeng, Q., Yue, W,, et al. (2011). Gingiva-
derived mesenchymal stem cell-mediated therapeutic approach for bone tissue
regeneration. Stem Cells Dev. 20, 2093-2102. doi: 10.1089/s¢d.2010.0523

Wang, M., Xie, J., Wang, C., Zhong, D., Xie, L, and Fang, H. (2020).
Immunomodulatory properties of stem cells in periodontitis: current status and
future prospective. Stem Cells Int. 2020:9836518. doi: 10.1155/2020/9836518

Wang, P, Li, Y., Meng, T., Zhang, J., Wei, Y., Meng, Z., et al. (2018). KDM6A
promotes chondrogenic differentiation of periodontal ligament stem cells by
demethylation of SOX9. Cell Prolif. 51, 1-13. doi: 10.1111/cpr.12413

Wang, Q., Ding, G., and Xu, X. (2017). Periodontal ligament stem cells regulate
apoptosis of neutrophils. Open Med. 12, 19-23. doi: 10.1515/med-2017-0004
Wang, Y., Yuan, S., Sun, J., Gong, Y., Liu, S., Guo, R,, et al. (2020). Inhibitory effect
of the TSG-6 on the BMP-4/Smad signaling pathway and odonto/osteogenic
differentiation of dental pulp stem cells. Biomed. Pharmacother. 128:110266.
doi: 10.1016/j.biopha.2020.110266

Woo, K. M., Chen, V. ], Jung, H. M., Kim, T., Shin, H. L, Baek, J. H,, et al. (2009).
Comparative evaluation of nanofibrous scaffolding for bone regeneration in
critical-size calvarial defects. Tissue Eng. Part A 15, 2155-2162. doi: 10.1089/
ten.tea.2008.0433

Xin, B. C,, Wu, Q. S., Jin, S., Luo, A. H,, Sun, D. G., and Wang, F. (2020). Berberine
promotes osteogenic differentiation of human dental pulp stem cells through
activating EGFR-MAPK-Runx2 pathways. Pathol. Oncol. Res. 26, 1677-1685.
doi: 10.1007/s12253-019-00746-6

Xiong, Y., Zhao, B., Zhang, W., Jia, L., Zhang, Y., and Xu, X. (2020). Curcumin
promotes osteogenic differentiation of periodontal ligament stem cells through
the PI3K/AKT/Nrf2 signaling pathway. Iran. J. Basic Med. Sci. 23, 954-960.
doi: 10.22038/IJBMS.2020.44070.10351

Xu, J., Yu, B, Hong, C., and Wang, C. Y. (2013). KDM6B epigenetically regulates
odontogenic differentiation of dental mesenchymal stem cells. Int. J. Oral Sci. 5,
200-205. doi: 10.1038/ij0s.2013.77

Xu, K., Xiao, J., Zheng, K., Feng, X, Zhang, J., Song, D., et al. (2018). MiR-21/STAT3
signal is involved in odontoblast differentiation of human dental pulp stem cells
mediated by TNF-a. Cell. Reprogram. 20, 107-116. doi: 10.1089/cell.2017.0042

Yamaguchi, S., Shibata, R., Yamamoto, N., Nishikawa, M., Hibi, H., Tanigawa,
T., et al. (2015). Dental pulp-derived stem cell conditioned medium reduces
cardiac injury following ischemia-reperfusion. Sci. Rep. 5:16295. doi: 10.1038/
srepl16295

Yamamoto, T., Osako, Y., Ito, M., Murakami, M., Hayashi, Y., Horibe, H.,
et al. (2016). Trophic effects of dental pulp stem cells on Schwann cells in
peripheral nerve regeneration. Cell Transplant. 25, 183-193. doi: 10.3727/
096368915X688074

Yang, C., Li, X, Sun, L., Guo, W., and Tian, W. (2017). Potential of human dental
stem cells in repairing the complete transection of rat spinal cord. J. Neural Eng.
14:026005. doi: 10.1088/1741-2552/aa596b

Yang, H., Cao, Y., Zhang, J., Liang, Y., Su, X., Zhang, C,, et al. (2020). DLX5
and HOXC8 enhance the chondrogenic differentiation potential of stem cells
from apical papilla via LINC01013. Stem Cell Res. Ther. 11, 1-16. doi: 10.1186/
$13287-020-01791-8

Yang, H., Gao, L. N, An, Y., Hu, C. H,, Jin, F., Zhou, ], et al. (2013). Comparison of
mesenchymal stem cells derived from gingival tissue and periodontal ligament
in different incubation conditions. Biomaterials 34, 7033-7047. doi: 10.1016/j.
biomaterials.2013.05.025

Yang, H., Li, J., Hu, Y., Sun, J., Guo, W., Li, H., et al. (2019). Treated dentin
matrix particles combined with dental follicle cell sheet stimulate periodontal
regeneration. Dent. Mater. 35, 1238-1253. doi: 10.1016/j.dental.2019.05.016

Yang, J. W., Shin, Y. Y., Seo, Y., and Kim, H. S. (2020). Therapeutic functions of
stem cells from oral cavity: an update. Int. J. Mol. Sci. 21:4389. doi: 10.3390/
ijms21124389

Yang, X., Ma, Y., Guo, W, Yang, B., and Tian, W. (2019). Stem cells from human
exfoliated deciduous teeth as an alternative cell source in bio-root regeneration.
Theranostics 9, 2694-2711. doi: 10.7150/thno.31801

Yokoyama, T., Yagi Mendoza, H., Tanaka, T., Ii, H., Takano, R., Yaegaki, K., et al.
(2019). Regulation of CCl4-induced liver cirrhosis by hepatically differentiated
human dental pulp stem cells. Hum. Cell 32, 125-140. doi: 10.1007/s13577-018-
00234-0

Yoshida, M., Okubo, N., Chosa, N., Hasegawa, T., Ibi, M., Kamo, M., et al.
(2012). TGF-B-operated growth inhibition and translineage commitment into
smooth muscle cells of periodontal ligament-derived endothelial progenitor
cells through Smad- and p38 MAPK-dependent signals. Int. J. Biol. Sci. 8,
1062-1074. doi: 10.7150/ijbs.4488

Yu, G., Wang, J., Lin, X,, Diao, S., Cao, Y., Dong, R., et al. (2016). Demethylation
of SFRP2 by histone demethylase KDM2A regulated osteo-/dentinogenic
differentiation of stem cells of the apical papilla. Cell Prolif. 49, 330-340. doi:
10.1111/cpr.12256

Yu, T, Liu, D., Zhang, T., Zhou, Y., Shi, S., and Yang, R. (2019). Inhibition of
Tetl- and Tet2-mediated DNA demethylation promotes immunomodulation

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2021 | Volume 9 | Article 654559


https://doi.org/10.1073/pnas.1810200115
https://doi.org/10.1073/pnas.1810200115
https://doi.org/10.3892/ijmm.2011.847
https://doi.org/10.1111/odi.12227
https://doi.org/10.2147/IJN.S274418
https://doi.org/10.1016/j.dental.2020.03.028
https://doi.org/10.1155/2020/6234167
https://doi.org/10.1016/j.bbrc.2010.01.126
https://doi.org/10.1016/j.bbrc.2010.01.126
https://doi.org/10.1155/2018/5450768
https://doi.org/10.1155/2018/5450768
https://doi.org/10.1016/j.archoralbio.2007.07.001
https://doi.org/10.1177/154405910608500908
https://doi.org/10.1080/10671188.1967.10616505
https://doi.org/10.1089/scd.2017.0068
https://doi.org/10.1002/jcp.21710
https://doi.org/10.1111/cpr.12572
https://doi.org/10.1089/scd.2010.0523
https://doi.org/10.1155/2020/9836518
https://doi.org/10.1111/cpr.12413
https://doi.org/10.1515/med-2017-0004
https://doi.org/10.1016/j.biopha.2020.110266
https://doi.org/10.1089/ten.tea.2008.0433
https://doi.org/10.1089/ten.tea.2008.0433
https://doi.org/10.1007/s12253-019-00746-6
https://doi.org/10.22038/IJBMS.2020.44070.10351
https://doi.org/10.1038/ijos.2013.77
https://doi.org/10.1089/cell.2017.0042
https://doi.org/10.1038/srep16295
https://doi.org/10.1038/srep16295
https://doi.org/10.3727/096368915X688074
https://doi.org/10.3727/096368915X688074
https://doi.org/10.1088/1741-2552/aa596b
https://doi.org/10.1186/s13287-020-01791-8
https://doi.org/10.1186/s13287-020-01791-8
https://doi.org/10.1016/j.biomaterials.2013.05.025
https://doi.org/10.1016/j.biomaterials.2013.05.025
https://doi.org/10.1016/j.dental.2019.05.016
https://doi.org/10.3390/ijms21124389
https://doi.org/10.3390/ijms21124389
https://doi.org/10.7150/thno.31801
https://doi.org/10.1007/s13577-018-00234-0
https://doi.org/10.1007/s13577-018-00234-0
https://doi.org/10.7150/ijbs.4488
https://doi.org/10.1111/cpr.12256
https://doi.org/10.1111/cpr.12256
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Lietal

Dental-Derived Mesenchymal Stem Cells

of periodontal ligament stem cells. Cell Death Dis. 10:780. doi: 10.1038/s41419-
019-2025-z

Yu, X, Ge, S., Chen, S., Xu, Q., Zhang, J., Guo, H,, et al. (2013). Human gingiva-
derived mesenchymal stromal cells contribute to periodontal regeneration in
beagle dogs. Cells Tissues Organs 198, 428-437. doi: 10.1159/000360276

Yuan, J., Wang, X., Ma, D. A. N,, Gao, H. U. L, Zheng, D., and Zhang, J. U. N.
(2020). Resveratrol rescues TNF - a - induced inhibition of osteogenesis in
human periodontal ligament stem cells via the ERK1 / 2 pathway. Mol. Med.
Rep. 21, 2085-2094. doi: 10.3892/mmr.2020.11021

Zeng, L., Sun, S., Han, D,, Liu, Y., Liu, H., Feng, H., et al. (2018). Long non-coding
RNA H19/SAHH axis epigenetically regulates odontogenic differentiation of
human dental pulp stem cells. Cell. Signal. 52, 65-73. doi: 10.1016/j.cellsig.2018.
08.015

Zhai, Q., Dong, Z., Wang, W., Li, B., and Jin, Y. (2019). Dental stem cell and dental
tissue regeneration. Front. Med. 13:152-159. doi: 10.1007/s11684-018-0628-x

Zhai, Y., Yuan, X., Zhao, Y., Ge, L., and Wang, Y. (2020). Potential application of
human p-defensin 4 in dental pulp repair. Front. Physiol. 11:1077. doi: 10.3389/
fphys.2020.01077

Zhan, F. L., Liu, X. Y., and Wang, X. B. (2018). The role of MicroRNA-143-5p
in the differentiation of dental pulp stem cells into odontoblasts by targeting
Runx2 via the OPG/RANKL signaling pathway. J. Cell. Biochem. 119, 536-546.
doi: 10.1002/jcb.26212

Zhang, L., Morsi, Y., Wang, Y., Li, Y., and Ramakrishna, S. (2013). Review scaffold
design and stem cells for tooth regeneration. Jpn. Dent. Sci. Rev. 49, 14-26.
doi: 10.1016/j.jdsr.2012.09.001

Zhang, Q., Nguyen, P. D,, Shi, S., Burrell, J. C., Xu, Q., Cullen, K. D,, et al. (2018).
Neural crest stem-like cells non-genetically induced from human gingiva-
derived mesenchymal stem cells promote facial nerve regeneration in rats. Mol.
Neurobiol. 55, 6965-6983. doi: 10.1007/s12035-018-0913-3

Zhang, Q., Nguyen, P., Xu, Q., Park, W, Lee, S., Furuhashi, A., et al. (2016). Neural
progenitor-like cells induced from human gingiva-derived mesenchymal stem
cells regulate myelination of schwann cells in rat sciatic nerve regeneration.
Stem Cells Transl. Med. 6, 458-470.

Zhang, Q., Shi, S., Liu, Y., Uyanne, J., Shi, Y., Shi, S, et al. (2009).
Mesenchymal stem cells derived from human gingiva are capable of
immunomodulatory functions and ameliorate inflammation-related tissue
destruction in experimental. J. Immunol. 183, 7787-7798. doi: 10.4049/
jimmunol.0902318

Zhang, Q., Su, W, Shi, S., Wilder-Smith, P., Xiang, A., Wong, A., et al. (2010).
Human Gingiva-Derived mesenchymal stem cells elicit polarization. Stem Cells
28, 1856-1868. doi: 10.1002/stem.503

Zhang, W., Dong, R,, Diao, S., Du, ., Fan, Z., and Wang, F. (2017). Differential long
noncoding RNA / mRNA expression profiling and functional network analysis
during osteogenic differentiation of human bone marrow mesenchymal stem
cells. Stem Cell Res. Ther. 8:30. doi: 10.1186/s13287-017-0485-6

Zhang, X., Zhou, Y., Li, H., Wang, R, Yang, D., Li, B., et al. (2018). Transplanted
dental pulp stem cells migrate to injured area and express neural markers
in a rat model of cerebral ischemia. Cell. Physiol. Biochem. 45, 258-266. doi:
10.1159/000486772

Zhang, Y., Ding, N., Zhang, T., Sun, Q., Han, B., and Yu, T. (2019). A Tetra-
PEG hydrogel based aspirin sustained release system exerts beneficial effects
on periodontal ligament stem cells mediated bone regeneration. Front. Chem.
7:682. doi: 10.3389/fchem.2019.00682

Zhao, B., Xiong, Y., Zhang, Y., Jia, L., Zhang, W., and Xu, X. (2020a). Rutin
promotes osteogenic differentiation of periodontal ligament stem cells through
the GPR30-mediated PI3K/AKT/mTOR signaling pathway. Exp. Biol. Med. 245,
552-561. doi: 10.1177/1535370220903463

Zhao, B., Zhang, W., Xiong, Y., Zhang, Y., Jia, L., and Xu, X. (2020b). Rutin
protects human periodontal ligament stem cells from TNF-o induced damage
to osteogenic differentiation through suppressing mTOR signaling pathway
in inflammatory environment. Arch. Oral Biol. 109:104584. doi: 10.1016/j.
archoralbio.2019.104584

Zhao, J., Faure, L., Adameyko, I, and Sharpe, P. T. (2021). Stem cell
contributions to cementoblast differentiation in healthy periodontal ligament
and periodontitis. Stem Cells 39, 92-102. doi: 10.1002/stem.3288

Zhao, L. D., Xu, W. C,, Cuij, J,, Liang, Y. C.,, Cheng, W. Q., Xin, B. C,, et al.
(2020¢). Long non-coding RNA maternally expressed gene 3 inhibits osteogenic
differentiation of human dental pulp stem cells via microRNA-543/smad
ubiquitin regulatory factor 1/runt-related transcription factor 2 axis. Arch. Oral
Biol. 118:104838. doi: 10.1016/j.archoralbio.2020.104838

Zheng, J., Zhu, X., He, Y., Hou, S., Liu, T., Zhi, K,, et al. (2021). CircCDK8
regulates osteogenic differentiation and apoptosis of PDLSCs by inducing ER
stress/autophagy during hypoxia. Ann. N. Y. Acad. Sci. 1485, 56-70. doi: 10.
1111/nyas.14483

Zhong, T. Y., Zhang, Z. C., Gao, Y. N,, Lu, Z., Qiao, H., Zhou, H,, et al. (2019). Loss
of Wnt4 expression inhibits the odontogenic potential of dental pulp stem cells
through JNK signaling in pulpitis. Am. J. Transl. Res. 11, 1819-1826.

Zhong, T., Gao, Y., Qiao, H., Zhou, H., and Liu, Y. (2020). Elevated osteogenic
potential of stem cells from inflammatory dental pulp tissues by Wnt4
overexpression for treating bone defect in rats. Ann. Cardiothorac. Surg. 9,
2962-2969. doi: 10.21037/apm-20-460

Zhu, L., Dissanayaka, W. L., and Zhang, C. (2019). Dental pulp stem cells
overexpressing stromal-derived factor-lo and vascular endothelial growth
factor in dental pulp regeneration. Clin. Oral Invest. 23, 2497-2509. doi: 10.
1007/s00784-018-2699-0

Zimta, A., Baru, O., Badea, M., and Buduru, S. D. (2019). The role of angiogenesis
and pro-angiogenic exosomes in regenerative dentistry. Int. J. Mol. Sci. 20:406.
doi: 10.3390/ijms20020406

Zordani, A., Pisciotta, A., Bertoni, L., Bertani, G., Vallarola, A., Giuliani, D., et al.
(2019). Regenerative potential of human dental pulp stem cells in the treatment
of stress urinary incontinence: in vitro and in vivo study. Cell Prolif. 52:¢12675.
doi: 10.1111/cpr.12675

Zuk, P., Zhu, M., Ashjian, P., De Ugarte, D., Huang, J., Mizuno, H., et al. (2002).
Human adipose tissue is a source of multipotent stem cells. Mol. Biol. Cell 13,
4279-4295. doi: 10.1091/mbc.E02

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Li, Ouchi, Cao, Zhao and Men. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

19

June 2021 | Volume 9 | Article 654559


https://doi.org/10.1038/s41419-019-2025-z
https://doi.org/10.1038/s41419-019-2025-z
https://doi.org/10.1159/000360276
https://doi.org/10.3892/mmr.2020.11021
https://doi.org/10.1016/j.cellsig.2018.08.015
https://doi.org/10.1016/j.cellsig.2018.08.015
https://doi.org/10.1007/s11684-018-0628-x
https://doi.org/10.3389/fphys.2020.01077
https://doi.org/10.3389/fphys.2020.01077
https://doi.org/10.1002/jcb.26212
https://doi.org/10.1016/j.jdsr.2012.09.001
https://doi.org/10.1007/s12035-018-0913-3
https://doi.org/10.4049/jimmunol.0902318
https://doi.org/10.4049/jimmunol.0902318
https://doi.org/10.1002/stem.503
https://doi.org/10.1186/s13287-017-0485-6
https://doi.org/10.1159/000486772
https://doi.org/10.1159/000486772
https://doi.org/10.3389/fchem.2019.00682
https://doi.org/10.1177/1535370220903463
https://doi.org/10.1016/j.archoralbio.2019.104584
https://doi.org/10.1016/j.archoralbio.2019.104584
https://doi.org/10.1002/stem.3288
https://doi.org/10.1016/j.archoralbio.2020.104838
https://doi.org/10.1111/nyas.14483
https://doi.org/10.1111/nyas.14483
https://doi.org/10.21037/apm-20-460
https://doi.org/10.1007/s00784-018-2699-0
https://doi.org/10.1007/s00784-018-2699-0
https://doi.org/10.3390/ijms20020406
https://doi.org/10.1111/cpr.12675
https://doi.org/10.1091/mbc.E02
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Dental-Derived Mesenchymal Stem Cells: State of the Art
	Introduction
	Differentiation and Function
	Dentinogenesis
	Cementogenesis
	Osteogenesis
	Chondrogenesis
	Myogenesis
	Angiogenesis
	Neurogenesis
	Hepatogenesis
	Adipogenesis
	Immunomodulation

	Application
	Reconstruction of Bone Defects
	Tooth Regeneration
	Treatment of Periodontitis
	Repair of Cartilage Injury
	Wound Healing
	Repair or Regeneration of Neural Tissue
	Treatment of Cardiovascular Diseases
	Treatment of Autoimmune Diseases
	Treatment of Liver Diseases
	Treatment of Urinary Diseases

	Conclusion
	Author Contributions
	Funding
	References


