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CSF colony-stimulating factor
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DMP-1 dentin matrix phosphoprotein 1
DMSCs Dental mesenchymal stem/progenitor cells
DPSCs Dental pulp stem cells
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ESCs Embryonic stem cells
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FGF Fibroblast growth factor
FGF-2 Fibroblast growth factor 2
FGF-R Fibroblast growth factor-receptor
GDNF Glial cell line-derived neurotrophic factor
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factor
GMSCs Gingival mesenchymal stem/progenitor cells
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HSCs Hematopoietic stem cells
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JNK c-Jun N-terminal kinase
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MAPK Mitogen-activated protein kinase
MI Myocardial infarction
MSCs Mesenchymal stem/progenitor cells
NFKb Nuclear factor-kappa B pathway
NGF Neuronal growth factor
NF-M Neuronal specific intermediate filament
NT-3 Neurotrophin-3
PDL Periodontal ligament
PDLSCs Periodontal Ligament Stem/progenitor Cells
PPARγ2 Peroxisome proliferator-activated receptor γ2
Runx 2 Runt-related transcription factor 2
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SCAPs Stem/progenitor Cells from Apical Dental Papilla
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SSEA-4 Stage-specific embryonic antigen 4
Oct4 Octamer-binding transcription factor
TERM Tissue engineering and regenerative medicine
TGF-β Transforming growth factor β 
TNF-α Tumor necrosis factor-α
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TRA Tumor recognition antigens
VEGF Vascular endothelial growth factor

9.1  Introduction

Tissue engineering and regenerative medicine (TERM) is an 
interdisciplinary emerging field offering innovative solutions 
for most human body damaged/lost tissues. It is based on 
material science, cellular, molecular biology, and stem/pro-
genitor cell engineering. TERM solutions in the dental practice 
depend on scaffolds combined with mesenchymal stem/pro-
genitor cells (MSCs), precisely, dental mesenchymal stem/
progenitor cells (DMSCs), with the use of specific growth fac-
tors and/or signaling molecules (Amrollahi et al. 2016).

Generally, stem/progenitor cells may be classified on dif-
ferent bases. According to their differentiation potential, they 
could be classified as totipotent, multipotent, and pluripo-
tent. Their source of origin has two main divisions; the 
embryonic stem/progenitor cells derived from the blastocyst 
of 4–5 days old embryo and the adult stem/progenitor cells 
obtained from any postnatal adult tissue or organ in the 
human body. The adult stem/progenitors are multipotent 
cells that can expand rapidly, causing minimal immunologi-
cal responses, besides the absence of any ethical or legal 
concerns about their clinical use. Among the adult stem/pro-
genitor cells, DMSCs are included; their presence in the 
human dental pulp was first reported by Yamamura in 1985, 
while their identification was performed in 2000 by Gronthos 
(Goswami et al. 2020).

DMSCs include dental pulp stem/progenitor cells (DPSCs) 
isolated from dental pulpal tissues of permanent teeth and 
those isolated from pulpal tissues of human shed deciduous 
teeth (SHED) (Gronthos et al. 2000; Miura et al. 2003; Stanko 
et al. 2018). They also include periodontal ligament stem/pro-
genitor cells (PDLSCs) isolated from the periodontal liga-
ment (Seo et al. 2004; Jo et al. 2007), gingival stem/progenitor 
cells (GMSCs) isolated from gingival tissues (Palmer and 
Lubbock 1995; Fawzy El-Sayed et al. 2016; Fawzy El-Sayed 
et  al. 2019a, b; Fawzy El-Sayed and Dorfer 2016; Fawzy 
El-Sayed et al. 2015), alveolar bone proper-derived stem/pro-
genitor cells (ABMSCs) (Fawzy El-Sayed et al. 2012; Fawzy 
El-Sayed et al. 2017; Fawzy El-Sayed et al. 2014) and dental 
follicle stem/progenitor cells (DFSCs), derived from the den-
tal follicle surrounding the third molar in most cases 
(Morsczeck et al. 2005). Additionally, stem/progenitor cells 
are isolated from apical papilla (SCAP) of immature perma-
nent teeth, (Jo et al. 2007; Sonoyama et al. 2006), while the 
tooth germ progenitor cells are isolated from the late bell-
stage of the third molar’s tooth germs, (Ikeda et  al. 2008). 
Furthermore, stem/progenitor cells could be isolated from 
diseased periapical cysts (Marrelli et al. 2013; Tatullo et al. 
2017) or even from inflamed pulp tissue (Alongi et al. 2010; 
Malekfar et al. 2016) (Fig. 9.1).

As DMSCs are derived from the ectomesenchyme’s neural 
cells, they are characterized by unique biological criteria based 
on gene- and protein-expression profile. Moreover, they pos-
sess self-renewal ability and undergo multiple cycles of undif-
ferentiated cell division. They are characterized by their 
immunomodulatory properties in addition to the ability to 
obtain them with a minimally invasive painless procedure. 
They could be easily derived multiple times throughout the 
individual’s life during simple dental procedures/surgery, such 
as tooth extraction or cyst removal (Goswami et al. 2020).

DMSCs can differentiate into multiple cell lineages form-
ing different tissues; dental and non-dental. For instance, 
osteogenic (Kumar et al. 2018; Davies et al. 2015), hepato-
genic (Kumar et  al. 2017b),  and neurogenic (Isobe et  al. 
2016; Kumar et al. 2017a).

Regarding their surface markers, DMSCs express most 
MSCs’ surface markers, including CD90, CD73, and CD105, 
with a lack of expression of CD14, CD34, CD45, CD19, 
CD79a, CD11b and human leukocyte antigen-DR isotype 
(HLA-DR) (Huang et  al. 2009). They also express Stro-1, 
CD106, CD 44, and CD146, in addition to Nanog, stage- 
specific embryonic antigen 4 (SSEA-4), octamer-binding 
transcription factor (Oct)-4 and tumor recognition antigens 
(TRA)-1–60 which designate their pluripotency (Aydin and 
Şahin 2011). The direct cellular activity of DMSCs and its 
positive effect in tissue regeneration occurring after its 
engraftment is indirectly mediated through paracrine effects 
(El Moshy et al. 2020). This effect is induced by the release 
of trophic and modulatory bioactive factors (secretome) into 
the adjoining environment, influencing tissue homeostasis, 
and stimulating tissue regeneration (Li et  al. 2014b; 
Ranganath et al. 2012). Secretome can induce cellular migra-
tion, proliferation, immunomodulation, and tissue regenera-
tion, offering a novel concept of cell-free regenerative 
medicine solutions as an alternative to cell-based approaches 
(El Moshy et al. 2020).

This chapter briefly presents different dental stem/pro-
genitor cells, specific criteria of their characterization; 
advantages in addition to the limitations encountered their 
use. Furthermore, this chapter displays the signaling mole-
cules involved in dental stem/progenitor cells and their effect 
on the differentiation and regeneration potential of such 
cells, offering a concise brief review about them and the pos-
sible ways for their clinical translation.

9.2  Types of Dental Mesenchymal Stem/
Progenitor Cells

9.2.1  Dental Pulp Stem/Progenitor Cells 
(DPSCs)

The dental pulp is a delicate connective tissue composed of 
odontoblasts on its periphery, fibroblasts, immune cells, and 
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stem/progenitor cells embedded in the extracellular matrix in 
addition to vascular, neural, and lymphatic elements (Nanci 
2017). The DPSCs were the first dental MSCs population 
isolated and identified from impacted third molars’ dental 
pulp tissue (Gronthos et al. 2000). Moreover, DPSCs were 
isolated from teeth removed due to orthodontic extraction 
and  during routine surgical practice. Interestingly, DPSCs 
can be passaged for more than 80 passages without losing 
their differentiation capacity (Laino et al. 2005; Laino et al. 
2006). DPSCs are a diverse population of cells that demon-
strate different proliferation rates and differentiation poten-
tial within the individually isolated clones (Gronthos et al. 
2000; Huang et al. 2009; Aurrekoetxea et al. 2015; Alraies 
et  al. 2017). This heterogeneity is attributed to different 
 telomere lengths and CD271 expression among DPSCs pop-
ulations (Alraies et al. 2017).

9.2.2  Properties and Differentiation Ability 
of DPSCs

DPSCs are ectodermal-derived stem/progenitor cells origi-
nating from migrating neural crest cells. These cells possess 
the typical characteristics of MSCs, as fibroblast-like mor-
phology, plastic adherence, high proliferative potential, 
multi-lineage differentiation potential, colony-formation 
upon in  vitro culture, and immunomodulatory properties 
(Mortada and Mortada 2018). DPSCs express several surface 
markers, including CD9, CD10, CD13, CD29, CD44, CD59, 
CD73, CD90, CD105, CD106, CD146, CD166, and CD271, 
but lack the expression of CD14, CD19, CD24, CD31, 
CD34, CD45, CD117, and CD133 (Gronthos et  al. 2002). 
DPSCs showed a pronounced differentiation potential into a 
wide variety of cells, making them an excellent cell source 

for tissue regeneration. In addition to their odontogenic 
potential, DPSCs can differentiate into adipocytes, osteo-
blasts, neurons, endothelial cells, chondroblasts, and myo-
cytes (Zhang et  al. 2006). Interestingly, DPSCs maintain 
their differentiation towards odontogenic, osteogenic, adipo-
genic, and chondrogenic lineages after 2 years of cryopreser-
vation (Alsulaimani et al. 2016). Hence, further attention is 
focused on the DPSCs’ clinical application in regenerative 
medicine.

Different proteins involved in mineralization, such as 
dentin matrix phosphoprotein 1 (DMP-1) and dentin sialoph-
osphoprotein (DSPP) (specific markers for odontoblasts) 
were upregulated in DPSCs when cultured in osteogenic and 
odontogenic media (Chen et  al. 2005; Siew Ching et  al. 
2017), in addition to osteopontin, alkaline phosphatase, 
osteocalcin, type I collagen and osterix (markers for osteo-
blastic proliferation and differentiation) (Siew Ching et  al. 
2017). Owing to its origin, when cultured in a neuro- 
inductive environment for an extended period, DPSCs 
expressed neural markers (β-III tubulin, nestin, and neurofil-
ament- M). They acquired a neural morphology (Park et al. 
2019). DPSCs cultivated three-dimensionally in a chondro-
genic medium revealed highly sulfated glycosaminoglycans 
in the center of the culture pellet, denoting chondrogenic dif-
ferentiation of DPSCs (Almeida et al. 2018).

DPSCs demonstrated the ability to differentiate in vitro 
into an odontoblastic phenotype, characterized by being 
polarized with mineralized nodules (Jo et  al. 2007; About 
et al. 2000). DPSCs from impacted third molars have been 
differentiated into adipocytes and expressed adipocyte- 
specific genes like PPAR-A2 and ap2 (Xing et  al. 2015). 
DPSCs demonstrated the ability to differentiate into hepato-
cytes expressing specific hepatic markers, including 
α-fetoprotein, albumin, and hepatic nuclear factor 4α, besides 

Fig. 9.1 Illustrative diagram showing sources of DMSCs and their possible differentiation potential and angiogenic tissues (Murakami et al. 2015; 
Song et al. 2017); in addition to their potential to regenerate dentin, pulp, cementum and periodontal ligament (Goswami et al. 2020)
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storing glycogen and producing urea (Ishkitiev et al. 2010). 
Also, DPSCs were able to differentiate into a pancreatic cell 
lineage similar to islet-like cell aggregates and release insu-
lin in a glucose-dependent manner (Carnevale et al. 2013). 
Moreover, DPSCs may serve as a source for salivary gland 
cells (Yamamura et al. 2013). Interestingly, DPSCs displayed 
the potential to differentiate into mature melanocytes with-
out stimulation by specific culture media in vitro (Paino et al. 
2010). DPSCs can also differentiate into osteoblasts 
(d’Aquino et al. 2007) as well as endothelial cells forming 
capillary-like structures upon culturing with vascular endo-
thelial growth factor (VEGF) (Marchionni et  al. 2009). 
Owing to their availability and differentiation potential, 
DPSCs are considered an ideal cell source for tissue 
regeneration.

9.2.3  Immunomodulatory Properties of DPSCs

Immunomodulatory properties of DPSCs were revealed by 
their ability to suppress T-cell proliferation, which opens the 
door for treating T-cell alloreactivity associated with solid 
organ or allogeneic hematopoietic transplantation 
(Pierdomenico et  al. 2005). Moreover, interferon-gamma 
(IFN-γ)-primed DPSCs inhibited T cell proliferation, reduced 
interleukin (IL)-17 production, and stimulated regulatory T 
cell differentiation (Özdemir et al. 2016). Besides, coculturing 
DPSCs with anti-CD3/CD28 antibody-activated peripheral 
blood mononuclear cells resulted in inhibition of CD8+ T cell 
proliferation and B cell immunoglobulin production (Kwack 
et al. 2017). This inhibitory effect was mediated by transform-
ing growth factor-β (TGF-β) and enhanced by IFN-γ (Kwack 
et al. 2017). Moreover, knocking down of Fas ligand expres-
sion reduced DPSCs immunomodulatory properties explain-
ing its role in activating T-cell apoptosis in vitro and improved 
tissue inflammation in mice with colitis (Zhao et  al. 2012). 
Interestingly, osteo-differentiated DPSCs inhibited the prolif-
eration of phytohemagglutinin- activated peripheral blood 
mononuclear cells (Hossein- Khannazer et  al. 2019). 
Furthermore, DPSCs triggered macrophage M2 polarization 
when transplanted into unilateral hindlimb skeletal muscle and 
suppressed sciatic nerve inflammation (Omi et  al. 2016). 
Additionally, the complement system could influence DPSC 
proliferation and mobilization by activating C3a and C5a com-
plement system receptors expressed on DPSCs (Cardoso et al. 
2008; Rufas et al. 2016).

9.2.4  Regulation of DPSCs’ Behaviors

To enhance the tissue regeneration efficiency of DPSCs, it is 
essential to understand the regulatory mechanisms control-
ling the behavior of DPSCs to exploit their optimal regenera-

tion efficiency. Different oxygen levels affected DPSCs 
proliferation where the normal physiologic range of oxygen 
level (between 3 and 6%) kept the DPSCs in a quiescent 
state. In comparison, ambient oxygen tensions in the culture 
(21%) made DPSCs exhibited high proliferation rates (El 
Alami et  al. 2014). Moreover, mechanical stimuli play an 
essential role in the regulation of DPSCs behavior. The 
application of an appropriate level of mechanical tension 
effectively modulated DPSCs proliferation, differentiation, 
and extracellular matrix deposition (Han et  al. 2008). 
Additionally, signaling molecules may contribute to control-
ling DPSCs differentiation. For example, bone morphoge-
netic protein (BMP)-2  induced in  vitro osteogenic 
differentiation of DPSCs (Tóth et  al. 2020). The use of 
recombinant human BMP-2 and BMP-4 in combination with 
inactivated dentin matrix on amputated pulp, formed tubular 
dentin and osteodentin after 2 months while the amount of 
dentin was markedly decreased in response to dentin matrix 
alone, implying the role of BMP in the differentiation of 
DPSCs into odontoblasts (Nakashima 1994). Fibroblast 
growth factor 2 (FGF-2)-induced neurogenic (Zhang et  al. 
2017) and osteogenic (Qian et  al. 2015) differentiation of 
DPSCs. Additionally, there are intrinsic mechanisms that 
regulate DPSCs’ behavior in response to extrinsic factors. 
Wnt signaling pathway plays a significant role in maintain-
ing DPSCs’ stemness and regulate their differentiation 
(Scheller et al. 2008; Zhong et al. 2019). Lipopolysaccharide 
(LPS) or tumor necrosis factor-α (TNF-α) in the inflamma-
tory microenvironments alter the DPSCs functions through 
the nuclear factor-kappa B pathway and the mitogen- 
activated protein kinase (MAPK)  pathway (Chang et  al. 
2005; Botero et al. 2010).

9.2.5  DPSCs Versus Other MSCs

Researchers have been trying to point out the differences 
between DPSCs and other MSCs. Although DPSCs required 
long time to reach confluence after isolation compared to 
bone marrow mesenchymal stem/progenitor cells 
(BM-MSCs) and adipose-derived stem/progenitor cells, they 
displayed higher viability after 14 days of cryopreservation 
than BM-MSCs, higher colony-formation, and mineraliza-
tion ability (Demirci et al. 2016; Nuti et al. 2016). Comparing 
the proliferative capacity of DPSCs and BM-MSCs, DPSCs 
revealed a more significant proliferative potential (Tamaki 
et  al. 2013) and a remarkable odontogenic capability than 
BM-MSCs. This  renders DPSCs a more appropriate cell 
source for tooth regeneration (Yu et al. 2007). DPSCs trans-
planted into immunocompromised mice formed dentin-like 
tissue while BM-MSCs formed bone (Shen et  al. 2019). 
Additionally, the secretome of DPSCs demonstrated a sig-
nificant increase in neural genes expression, that is, 

A. A. El-Rashidy et al.



139

microtubule- associated protein-2 (MAP-2), β-tubulin III, 
Nestin, and SOX-1. Also, growth factors and cytokines 
involved in neural regeneration, that is, colony-stimulating 
factor (CSF), IFNγ, TGF-β, neuronal growth factor (NGF), 
neurotrophin-3 (NT-3), and brain-derived neurotrophic fac-
tor (BDNF) were upregulated in DPSCs secretome as com-
pared to the BM-MSCs secretome. These data show that 
DPSCs are a better candidate-cell source in neural lineage 
differentiation (Kumar et al. 2017a). Gene expression profil-
ing of DPSCs and BM-MSCs revealed differential 
 upregulated and downregulated profile in DPSCs compared 
to BM-MSCs (Kim et al. 2011). Although DPSCs demon-
strated better odontogenic and neurogenic differentiation 
potential, it showed lower chondrogenic potential in  com-
parison to BM-MSCs (Fabre et al. 2019).

9.2.6  Preclinical and Clinical Applications 
of DPSCs

Based on the remarkable differentiation potential, attempts to 
achieve various tissue regeneration using DPSCs have been 
extensively investigated in preclinical and clinical studies. 
DPSCs’ ability to regenerate dentin-pulp-like complex com-
bined with Puramatrix hydrogel in human tooth slice was 
evaluated (Cavalcanti et  al. 2013). After 21  days, DPSCs 
expressed DMP-1 and DSPP during odontoblastic differentia-
tion. DPSCs pretreated with granulocyte-CSF (having anti-
inflammatory, antiapoptotic, neurogenic, and angiogenic 
effects (Solaroglu et al. 2006)) were used to treat patients with 
irreversible pulpitis (Nakashima et al. 2017). Electrical pulp 
test revealed a positive response similar to a normal pulp after 
24 weeks, while cone-beam computed tomography displayed 
dentin formation in only three of the five patients. Despite the 
small sample of this study, it revealed the safety and efficacy 
of DPSCs for complete pulp regeneration in humans without 
toxicity. Moreover, DPSCs transplanted into immunodeficient 
rats showed the ability to differentiate into cementoblast-like 
cells, collagen-forming cells, adipocytes, and generating peri-
odontal-like tissues (Kinaia et  al. 2012). The differentiated 
cells expressed STRO-1, CD146, and CD44.  Furthermore, 
autologous DPSCs isolated from inflammatory dental pulp tis-
sues, loaded on β-tricalcium phosphate scaffold, and engrafted 
into the periodontal defect in humans’ root furcation area 
enhanced the regeneration of the periodontal bony defects 
after 9 months from the surgical reconstruction (Li et al. 2016). 
The combination of DPSCs with collagen gel- scaffold showed 
bone regeneration in a rat critical-size calvarial defect model 
(Chamieh et al. 2016). In addition to the increased bone min-
eral density and improved bone micro- architectural parame-
ters, there was significant increase in the fibrous connective 
and mineralized tissue volume. The DPSCs also expressed 
type I collagen, alkaline phosphatase, and tartrate-resistant 

acid phosphatase. Furthermore, the follow up for 3 years of 
DPSCs with collagen-scaffold engrafted in human extraction 
defects revealed the formation of entirely compact bone that 
differed from the normal alveolar bone (Giuliani et al. 2013). 
These results may help create steadier mandibles and increase 
implant stability. Additionally, DPSCs affect bone formation 
around dental implants, where its combination with platelet-
rich plasma led to osseointegration of hydroxyapatite-coated 
dental implants with a well-formed mature bone (Yamada 
et al. 2010).

The therapeutic potential of DPSCs to treat myocardial 
infarction (MI) in rats was evaluated (Gandia et  al. 2008). 
DPSCs were injected intra-myocardially on day 7 after 
MI.  Four weeks later, the DPSCs-treated rats showed 
improvement in the cardiac function, decreased infarct size, 
and left ventricular anterior wall thickness. These results 
were  attributed to the angiogenic effect of DPSCs due to 
their paracrine activity, since the expression of angiogenic 
factors such as VEGF, platelet-derived growth factor, matrix 
metallopeptidase 9, insulin-like growth factor-1 (IGF-1), and 
TGF-β from DPSCs has been proved in literature (Matsushita 
et  al. 2000; Tran-Hung et  al. 2006; Aranha et  al. 2010; 
Nakashima et al. 2009). These data propose that DPSCs may 
be an alternative therapy for cardiovascular diseases. The 
myogenic differentiation ability of DPSCs was explored in 
treating the Duchenne muscular dystrophy rat model 
(Pisciotta et al. 2015). DPSCs engrafted into the rat’s mus-
cle, promoted angiogenesis, reduced fibrosis, and improved 
the dystrophic muscle histopathology. Additionally, cryopre-
served DPSCs for 6  years demonstrated renotropic and 
pericyte- like properties contributing to accelerated renal 
tubule structure regeneration post-engraftment in an immu-
nocompetent rat model with acute renal failure (Barros et al. 
2015). Remarkably, a tissue-engineered DPSCs sheet trans-
planted on a rabbit corneal bed successfully reconstructed 
the corneal epithelium (Gomes et al. 2010).

Labeled pre-differentiated neuronal DPSCs were injected 
into the cerebrospinal fluid of injured newborn rats’ brains 
(Király et  al. 2011). Four weeks later, the labeled DPSCs 
migrated into various brain areas and expressed the early neuro-
nal marker, N-tubulin, neuronal-specific intermediate filament 
protein (NF-M), the postmitotic neuronal marker (neuronal 
nuclei), and glial fibrillary acidic protein, besides displaying 
voltage-dependent sodium and potassium channels. DPSCs 
transplantation in unilateral hind-limb skeletal muscles on dia-
betic polyneuropathy rat model decreased monocytes/macro-
phages and TNF-α mRNA expression, besides increasing 
CD206 and the M2 macrophage marker, thus demonstrating the 
immunomodulatory properties of DPSCs (Omi et al. 2016). The 
in  vitro part of the previous study presented that DPSC-
conditioned media (CM) significantly increased the gene 
expressions of IL-10 and CD206 in LPS-stimulated RAW264.7 
cells. Since macrophage activation plays a significant role in the 
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pathophysiology of acute respiratory distress syndrome (ARDS) 
(Herold et al. 2013), and as the intravenous injected BM-MSCs 
were found to be mostly homed in the lungs, the most affected 
tissue in COVID-19 patients (Barbash et al. 2003), these find-
ings could open the door for applying DPSCs as an optional 
treatment to COVID-19. Nevertheless, several clinical trials 
using MSCs to treat COVID-19 have been conducted, and one 
of these clinical trials has reported the safety and efficacy of 
allogenic DPSCs in treating severe cases of COVID- 19. Still, 
the specific underlying mechanisms of this clinical trial remains 
unclear and needs further investigations to adjust the appropri-
ate dose and concentration of DPSCs in treating COVID-19 (Ye 
et al. 2020). New strategies based on good manufacturing prac-
tice (GMP) are required to exploit optimal therapeutic potential 
of DPSCs (La Noce et al. 2014) (Fig. 9.2).

9.3  Stem/Progenitor Cells from Exfoliated 
Deciduous Teeth (SHEDs)

Analogous to DPSCs, stem/progenitor cells isolated from the 
human pulp of exfoliated deciduous teeth (SHEDs) are eas-
ily available with little or no trauma to the patient and mini-
mal ethical considerations. Also, the dental pulp of deciduous 
teeth develops before birth, thereby maintain an active niche 
rich in stem/progenitor cells, which are not yet intensely 
affected by the cumulative effect of genetic and/or environ-
mental factors (Kerkis and Caplan 2012). Interestingly, 
SHEDs can be isolated from carious deciduous teeth (Werle 
et al. 2016). Hence, this increases the interest in SHEDs for 
tissue engineering research.

Fig. 9.2 Illustrative diagram showing techniques used for dentin-pulp complex and periodontium regeneration using DPSCs
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9.3.1  Properties and Differentiation Ability 
of SHEDs

SHEDs were first isolated by Miura et al. in 2003 from exfoli-
ated human deciduous incisors (Miura et al. 2003). Compared 
to DPSCs, SHEDs displayed a higher proliferation rate, a 
higher number of cell-population doublings, and a higher 
number of colony-forming cells (Miura et al. 2003; Suchánek 
et al. 2010; Annibali et al. 2014). Phenotypic analysis revealed 
early expression of MSCs markers (STRO-1 and CD146) in 
addition to multiple conventional MSCs cell surface markers. 
However, they lack the expression of HSCs- specific markers 
(CD34 and CD45) and immune cell markers (HLA-DR and 
CD7). SHEDs positively expressed CD117 (receptor for stem 
cell factor I, typical for pluripotent cells) and negatively 
expressed CD31 and CD106 markers of endothelial differen-
tiation (Kerkis and Caplan 2012; Suchánek et al. 2010; Saito 
et al. 2015; Nourbakhsh et al. 2011; Vishwanath et al. 2013; 
Annibali et  al. 2014; Kashyap 2015). Also, SHEDs showed 
higher expression ESCs’ markers as Oct4, Nanog, SSEA-3, 
SSEA-4, and TRA-1-60 & TRA-1-81 than DPSCs, signifying 
their more immature state (Saito et al. 2015).

Gene expression profiles presented 4386 genes expressed 
differentially between DPSCs and SHEDs by two  folds or 
more. SHEDs revealed higher expression of genes contribut-
ing to cell proliferation and extracellular matrix formation 
pathways, including several growth factors such as FGF and 
TGF-ß (Nakamura et al. 2009). SHEDs are characterized by 
their high plasticity. They can undergo multi-lineage differ-
entiation such as osteogenic /odontogenic, adipogenic, and 
neural cells in vitro and in vivo, granting enormous promises 
for tissue repair and regeneration (Miura et al. 2003).

9.3.2  Immunomodulatory Properties 
of SHEDs

SHEDs possess immunomodulatory effects that might cor-
rect the immune imbalance, thus becoming a promising cel-
lular therapy in autoimmune diseases. SHEDs suppress the 
CD4+ T cell-driven responses by inhibiting T lymphocytes 
proliferation and the upregulated ratio of Th1/Th2 by induc-
ing the expansion of T regulatory cells (Dai et  al. 2019). 
Intravenous administration of SHEDs resulted in a signifi-
cant reduction in serum antibody levels, trabecular bone 
reconstruction, and regulation of Th17 cells in treating a 
murine systemic lupus erythematosus model (Yamaza et al. 
2010). Besides, local injection of SHEDs increased the num-
ber of anti-inflammatory CD206+ M2 macrophages and 
altered the cytokine expression profiles in inflamed peri-
odontal tissues, reduced gum bleeding, increased new attach-
ment of periodontal ligament, and decreased osteoclast 
differentiation (Gao et al. 2018).

9.3.3  Preclinical and Clinical Applications 
of SHEDs and their Secretome

The regenerative and therapeutic potentials of SHEDs have 
been widely investigated in multiple animal disease models 
with desirable effects, proposing an encouraging insight for 
treatment in clinical trials. SHEDs revealed distinctive osteo-
inductive capacity; unlike DPSCs, SHEDs were capable of 
inducing recipient murine cells to differentiate into bone- 
forming cells following transplantation in  vivo. Single- 
colony- derived SHEDs clones transplantation into 
immunocompromised mice-induced bone formation by 
recruiting host osteogenic cells rather than differentiating 
themselves into osteoblasts (Miura et al. 2003). SHEDs were 
able to repair critical-sized calvarial defects in mice (Seo 
et  al. 2008) and  critical-sized mandibular defects in swine 
(Zheng et al. 2009) with substantial bone formation.

SHEDs’ odontoblastic differentiation ability displayed 
noticeable defects in forming a complete dentin/pulp-like 
complex in vivo. However, SHEDs could form dentin-like 
tissue or pulp-like tissue instead of complete dentin–pulp- 
like complex (Miura et al. 2003; Cordeiro et al. 2008). In a 
porcine model, SHEDs and β-tricalcium phosphate scaffold 
composite were used in direct pulp capping on the pulp 
chamber roof. Complete dentin regeneration and restoration 
of the defect was obtained (Zheng et  al. 2012). Moreover, 
SHEDs expressed BMP receptors and odontoblastic differ-
entiation markers (DSPP, DMP-1, and matrix extracellular 
phosphoglycoprotein). Hence, by blocking BMP-2 signal-
ing, these markers’ expression was inhibited in SHEDs cul-
tured in tooth slices/scaffolds (Casagrande et  al. 2010). 
Remarkably, SHEDs regenerated 3D whole-dental pulp 
accompanied by blood vessels and nerves in both animal 
models and patients with tooth trauma (Xuan et al. 2018).

The adipogenic differentiation capacity of SHEDs was 
not as strong as BM-MSCs. Yamaza et  al. (Yamaza et  al. 
2010) demonstrated that SHEDs showed impaired adipo-
genic differentiation and reduced expression of adipocyte- 
specific molecules, Peroxisome proliferator-activated 
receptor γ2 (PPARγ2), and Lipoprotein lipase (LPL) com-
pared to BM-MSCs. SHEDs also developed multiple cyto-
plasmic processes in neurogenic medium and formed a 
sphere-like cluster, suggesting its neural crest origin (Miura 
et  al. 2003). Furthermore, the neurogenic differentiation 
potential of SHEDs was confirmed by the upregulation of 
neuronal and glial cell markers  as β-III-tubulin, tyrosine- 
hydroxylase, MAP-2, and Nestin. Various growth factors and 
cytokines secreted by SHEDs play an essential role in 
SHEDs neurogenesis, including FGF-8, sonic hedgehog, 
FGF-2, and GDNF (Nourbakhsh et  al. 2011; Wang et  al. 
2010; Fujii et al. 2015).

Several preclinical studies showed that SHEDs success-
fully recovered rat spinal cord injuries with marked anti- 

9 Dental Mesenchymal Stem/Progenitor Cells: A New Prospect in Regenerative Medicine



142

inflammatory action, decreased myelin degeneration, 
neuronal and oligodendrocytic differentiation, locomotor 
recovery, and inhibition of glial scar formation (Sakai et al. 
2012; Yang et  al. 2017a; Nicola et  al. 2016; Nicola et  al. 
2019). Besides, SHEDs survived for more than 10 days in 
the mouse brain microenvironment, expressed neural mark-
ers like neurofilament M, and promoted neural development 
in immunocompromised mice (Miura et  al. 2003). Also, 
under optimal conditions, SHEDs differentiated into dopa-
minergic neuron-like spheres, which partially improved the 
apomorphine-evoked rotation of behavioral disorders in 
Parkinsonian rats (Wang et al. 2010).

SHEDs also express HLA-A, HLA-B, HLA-C, human 
hepatocyte-specific antigen (hepatocyte paraffin-1), and 
human albumin. Upon transplantation, SHEDs promoted 
hepatic regeneration and improved renal function (Hattori 
et al. 2015). Islet-like cell clusters derived from either human 
DPSCs or SHEDs could restore normoglycemia in diabetic 
mice, whereas SHEDs proved to be superior to DPSCs 
(Kanafi et  al. 2013). Furthermore, SHEDs could alleviate 
hyposalivation caused by Sjogren’s syndrome (Du et  al. 
2019b) and reconstruct corneal epithelium in an animal 
model of total limbal stem/progenitor cell deficiency (Gomes 
et al. 2010).

An alternative approach to SHEDs transplantation, 
SHED-CM has been suggested to possess therapeutic 
potential for a variety of diseases  such as, Alzheimer’s 
disease (Mita et al. 2015), encephalomyelitis (Shimojima 
et al. 2016), cerebral ischemia (Inoue et al. 2013), diabe-
tes (Izumoto-Akita et al. 2015), and autoimmune enceph-
alomyelitis (Yamaza et  al. 2010). Comparing the 
therapeutic potential of intravenous transplantation of 
SHEDs and SHED-CM in bleomycin-induced acute lung 
injury mice showed that both decreased the lung injury 
and improved the survival rate through the intense 
M2-inducing activity of SHEDs and SHED-CM 
(Wakayama et al. 2015), besides both remedies promoted 
the recovery of neonatal hypoxia-ischemia brain injury 
(Yamagata et al. 2013). In addition to soluble factors, exo-
somes derived from SHED-CM promoted functional 
recovery of diabetes (Izumoto-Akita et  al. 2015), trau-
matic brain injury (Li et al. 2017), and acute inflammation 
(Pivoraitė et al. 2015) in animal models.

Stem/progenitor cell banking creates the opportunity to 
recover and store this convenient source of young stem/
progenitor cells as teeth are lost naturally during child-
hood. Yet, SHEDs’ isolation is impractical as exfoliation is 
unpredictable (Kerkis and Caplan 2012). Ma et  al. con-
firmed that cryopreserved SHEDs maintained the same 
proliferation analyses, expression of MSCs markers, adip-
ogenic and osteogenic differentiation capabilities, and 
immunomodulatory properties similar to naive SHEDs 
(Ma et  al. 2012). Concomitantly, 5  years long cryopre-

served SHEDs were capable of proliferation and bone for-
mation in a dog mandibular bone defect with no immune 
response for 3  months, thus verifying that the isolation 
time didn’t affect cells’ immunomodulatory properties 
(Behnia et al. 2014). On the other hand, Ji et al. presented 
that cryopreserved SHEDs for more than 3 months nega-
tively affected their viability (Ji et al. 2014). Despite these 
contradictions, stem cell banking validates SHEDs as a 
promising option for regenerative medicine and cell-based 
therapies.

9.4  Gingival Mesenchymal Stem/
Progenitor Cells (GMSCs)

Gingiva is a pink-colored keratinized mucosa among the 
components of the periodontium, which surrounds and pro-
tects the teeth and it plays a crucial role in supporting and 
maintaining healthy teeth (Xu et  al. 2013). In the spinous 
layer of the human gingiva, an easily accessible tissue during 
routine dental procedures, a population of gingival mesen-
chymal stem/progenitor cells (GMSCs) have been identified 
(Gan et al. 2020). In the clinic, the collection of gingival tis-
sues by biopsy is a minimally invasive procedure to the 
patient or even from discarded tissues during routine dental 
procedures (Xu et al. 2013; Stefańska et al. 2020). GMSCs 
have a high proliferation rate facilitating their expansion 
after isolation from the gingival tissues (Xu et  al. 2013). 
GMSCs can be readily used for autologous transplantation 
based on their ease of collection and isolation (Stefańska 
et al. 2020).

Also, the fast regeneration of gingival tissues following 
injury with minimal or no scar formation, as compared to 
skin, makes them an attractive source of stem/progenitor 
cells. Healing of gingival wounds without scar formation 
was suggested to result from  the persistent expression of 
αv-β6 integrin and the higher local accumulation of TGF-β3 
in the basal epithelium in the later stages of the gingival 
wound healing in the gingival wound basal epithelium 
(Eslami et al. 2009).

The gingiva has an ectomesenchymal origin, arising from 
the neural crest cells, as most periodontal tissues (Stefańska 
et al. 2020). However, Xu et al. reported that GMSCs from 
the cranial neural crest cells constitute about 90% of GMSCs, 
while 10% arise from the mesoderm (Xu et al. 2013). Both 
cranial neural crest cells-derived GMSCs (N-GMSCs) and 
mesoderm-derived GMSCs (M-GMSCs) showed identical 
stem/progenitor cell properties, including expression of 
MSCs surface markers and multipotent differentiation. 
However, N-GMSCs, when compared with M-GMSCs, were 
reported to exhibit a higher differentiation potential into neu-
ral cells when cultured under neural differentiation condi-
tions, making them a promising candidate for use in neural 
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tissue regeneration. They also showed a higher chondrogenic 
differentiation potential and immunomodulatory capacity by 
elevated expression of Fas ligand, through inducing activated 
T-cell apoptosis in vitro in comparison with M-GMSCs (Xu 
et al. 2013).

In a study conducted by Li et  al., GMSCs from human 
inflamed gingival tissues showed a higher proliferation rate 
in vitro than GMSCs isolated from normal human gingival 
tissues (Li et  al. 2013). Besides, increased proliferation of 
normal-derived GMSCs was evident following in vitro cul-
turing in IL-1β (5 ng/ml) and TNF-α (10 ng/ml), the main 
inflammatory cytokines that simulate the in vivo inflamma-
tory environment. On the other hand, the osteogenic and 
adipogenic differentiation potential of inflamed tissue- 
derived GMSCs was lower than normal-derived GMSCs. 
These data suggest that the inflammatory environment 
directs the GMSCs to differentiate towards a pro-fibrotic lin-
eage and lose stem/progenitor cell characteristics, as reflected 
by suppressed osteogenic/adipogenic differentiation poten-
tial, but maintain an evident proliferative potential (Li et al. 
2013).

9.4.1  Properties and Differentiation Ability 
of GMSCs

GMSCs, in comparison to other MSCs, are easily 
obtained with a high proliferation rate without the need 
for any external growth factors; they are abundant and 
homogenous (Fawzy El-Sayed and Dorfer 2016; El 
Moshy et al. 2020). The GMSCs’ primary culture has a 
uniformly homogenous population of spindle-shaped 
cells, while for a homogenous culture of BM-MSCs, 
two to three passages are required to achieve the same 
uniformity and confluence (Tomar et al. 2010). In addi-
tion, GMSCs are genetically more stable than BM-MSCs, 
preserving normal karyotyping and stable morphology 
in both early and late passages (El Moshy et  al. 2020; 
Stefańska et  al. 2020). Besides  MSC surface markers, 
GMSCs express CD13, CD38, CD44, CD54, CD117, 
CD144, CD146, CD166, Sca-1 (stem cells antigen-1), 
Oct- 3/4, Nestin, integrin β1, and vimentin (El Moshy 
et al. 2020). They also express proteins regarded as plu-
ripotency markers or embryonic stem/progenitor cell 
markers, namely, Oct-4, STRO-1, SSEA-4, and Nanog 
(Stefańska et al. 2020). GMSCs have the ability to dif-
ferentiate into lineages derived from all three primary 
germ layers, showing osteogenic, chondrogenic, adipo-
genic, and myogenic differentiation potential. In addi-
tion, they can differentiate into neurons and endothelial 
cells (Stefańska et al. 2020).

9.4.2  Immunomodulatory Properties 
of GMSCs

Oral-derived MSCs exhibit a broad range of immunomodu-
latory properties, exerted either by direct cell-to-cell contact 
or through paracrine release of soluble factors such as IL-1, 
IL-6, IL-10, indoleamine 2,3-dioxygenase (IDO), nitric 
oxide (NO), TGF-β1, and prostaglandin E2 (PGE2) (Zhou 
et al. 2020). GMSCs also have distinctive immunomodula-
tory functions similar to BM-MSCs. They can suppress 
peripheral blood mononuclear cells and upregulate IFN-γ- 
induced IDO and IL-10 (Zhang et  al. 2009). Spheroid- 
derived GMSCs can enhance the secretion of several 
chemokines, cytokines, and improve the resistance to oxida-
tive stress-induced apoptosis. They can also reduce the sever-
ity of chemotherapy-induced oral mucositis (Zhang et  al. 
2011).

9.4.3  Preclinical and Clinical Applications 
of GMSCs and their Secretome

Preclinical studies with GMSCs in anti-cancer therapies are 
limited and mostly targeting oral carcinomas, that is, tongue 
squamous cell carcinoma (Stefańska et al. 2020). The anti- 
tumorigenic ability of GMSCs has been reported in  vitro 
through  direct and indirect coculture of GMSCs with two 
human oral cancer cell lines CAL27 and WSU-HN6 (Ji et al. 
2016). They inhibited oral cancer cell growth in both direct 
and indirect cocultures in  vitro. These data show the anti- 
cancer potential of GMSCs-CM and support the hypothesis 
that cytokines secreted by GMSCs (including IL-6, IL-8, and 
granulocyte-macrophage (GM-CSF etc.) may be responsible 
for the anti-proliferative potential. The suppression of oral 
cancer cells’ growth by GMSCs activates c-Jun N-terminal 
kinase (JNK) signaling pathway. Western blotting showed 
induction of pro-apoptotic genes, that is, Bax, p-JNK, 
cleaved Poly (ADP-ribose) polymerase, and cleaved cas-
pase- 3) and a concomitant downregulation of pro- 
proliferation and antiapoptotic genes, that is, p-ERK1/2, 
CDK4, cyclin D1, proliferating cell nuclear antigen, Bcl-2, 
and survivin. GMSCs were also able to inhibit the growth of 
CAL27 cells in vivo (Ji et al. 2016).

Several methods have been investigated to engineer GMSCs 
for enhanced anti-cancer properties as depicted in Fig. 9.3 by 
Stefańska et al. (Stefańska et al. 2020). Methods investigated 
included transfection of GMSCs with lentiviral vectors incorpo-
rating anticancer genes. For example, TNF- related apoptosis-
inducing ligand (TRAIL) (Xia et al.  2015), IFN-β (Du et al. 
2019a) or loading with antineoplastic drugs (Paclitaxel, 
Doxorubicin, and Gemcitabine) (Coccè et al.  2017).
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Based on the gingival tissues’ rapid healing potential after 
injury, GMSCs represent a promising potential in various tis-
sue regenerative applications. Preclinical investigations 
include cutaneous wound healing, elicited by M2 polariza-
tion of macrophages (Zhang et  al. 2010), muscle tissue 
regeneration (Ansari et al. 2016), and bone tissue regenera-
tion (Al-Qadhi et al. 2020; Kandalam et al. 2020; Xu et al. 
2014; Wang et al. 2011a). Yet, GMSCs were shown to have 
lower osteogenic differentiation  capability than PDLSCs 
(Moshaverinia et  al. 2014). Systemically transplanted 
GMSCs were established to promote periodontal tissue 
regeneration (Huang et al. 2008; Sun et al. 2019). GMSCs 
were able to undergo neurogenic differentiation in  vivo 
(Ansari et al. 2017) and also showed great potential in the 
regeneration of peripheral nerve defect/injury (Zhang et al. 
2018), or spinal cord injury (Mammana et al. 2019). Clinical 
studies investigating the regenerative potential of GMSCs in 

association with gingival fibroblasts loaded on beta-trical-
cium phosphate scaffold in the treatment of intraosseous 
periodontal defects showed promising results (Abdal-Wahab 
et al. 2020). It was observed that extracting the gingival tis-
sue and its implantation for the treatment of periodontal 
defect without their associated extracellular matrix and 
exposing them to periodontal tissue mediators promoted tis-
sue regeneration (Abdal-Wahab et al. 2020).

GMSCs release a wide array of secretome with diverse 
biological and therapeutic actions (El Moshy et  al. 2020). 
Various investigations suggested that GMSC-derived exo-
somes, extracellular vesicles, or CM provide promising 
novel therapeutic alternatives to cell-based therapy approach 
to treat peripheral nerve injury (Mao et al. 2019; Rao et al. 
2019), motor neuron injury (Rajan et al. 2017), skin repair 
(Shi et  al. 2017), and regenerating bone defects (Diomede 
et al. 2018b).

Fig. 9.3 Overview of GMSCs engineering for enhanced anti-cancer 
properties. Abbreviations: TRAIL tumor necrosis factor-related 
apoptosis- inducing ligand, IFNβ interferon β, SCC squamous carci-

noma cell, CM culture medium, sc subcutaneous, iv intravenous, PTX 
paclitaxel, DXR doxorubicin, GCB gemcitabine. (Reproduced from 
Stefańska et al., Creative Commons Attribution License (CC BY).
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9.5  Periodontal Ligament Stem/
Progenitor Cells (PDLSCs)

The PDL (periodontal ligament) is the soft connective tissue 
attaching the cementum to the alveolar bone of the socket, 
with a specific function of sustaining and supporting the 
teeth within the jaw. Additionally, PDL contributes to the 
regeneration of the injured tissue through the resident pro-
genitor cells and the residual epithelial sheets of Malassez 
(Seo et al. 2004).

PDLSCs can be easily isolated noninvasively from peri-
odontal tissue throughout dental scaling and root planning 
(Trubiani et al. 2015). Although periodontal tissues originate 
from migrated neural crest cells (Chai et al. 2000), PDLSCs 
possess stem/progenitor cell properties similar to the MSCs 
rather than neural crest cells (Kaku et al. 2012). More pre-
cisely, PDLSCs express MSCs-specific surface markers 
CD90, CD105 (Wang et al. 2011b), and CD73 (Iwasaki et al. 
2014), but lack the expression of CD34, CD45, CD14 or 
CD79a, CD11b, CD19, and HLA class II (Zhu et al. 2013). 
Surprisingly, PDLSCs situated in the periodontal ligaments’ 
perivascular wall are comparable to pericytes in their differ-
entiation potential, morphology, cell phenotype (expression 
of pericyte-associated markers, neural/glial antigen-2, 
CD146 and CD140B), and potential to constitute blood 
vessel- like structures in  vitro (Iwasaki et  al. 2013). 
Additionally, PDLSCs isolated from the PDL of the extracted 
third molar expressed the early MSCs-specific markers 
STRO-1,CD146/MUC18, and exhibited higher levels of 
scleraxis, a protein implicated in cementum-periodontal lig-
ament complex formation compared to DPSCs (Seo et  al. 
2004). Since PDLSCs are a subpopulation of MSCs, using 
MSCs identification criteria (Dominici et  al. 2006) for 
PDLSCs may be helpful in the absence of a standard crite-
rion specific for PDLSCs (Zhu and Liang 2015).

Ex vivo expanded human PDLSCs have a phenotypic pro-
file similar to BM-MSCs, but with a higher proliferation rate 
(Eleuterio et  al. 2013) and immunomodulatory functions. 
Interestingly, the PDLSCs cultured until the 15 passages did 
not show signs of senescence (Diomede et  al. 2017). The 
unique criteria of periodontal ligament’s MSCs resides in the 
expression of proteins, that is, NQO1, CLPP, SCOT1, a new 
isoform of DDAH1 and TBB5 that are not exhibited by 
BM-MSCs (Eleuterio et  al. 2013). These proteins are 
involved in cell cycle regulation, stress reaction, homing, and 
detoxification (Morsczeck et al. 2005).

9.5.1  Differentiation Ability of PDLSCs

PDLSCs have the potential to differentiate into several cells 
under-identified culture conditions. In particular, osteoblast/

cementoblast-like cells, adipocytes, chondrogenic cells 
(Trubiani et  al. 2015), neurogenic cell lineages (El Moshy 
et  al. 2020) and endothelial cells (Zhu and Liang 2015; 
Okubo et al. 2010). They constitute the most favorable stem/
progenitor cell population used in periodontal regeneration 
(El Moshy et al. 2020), owing to high scleraxis expression 
(Seo et  al. 2004). PDLSCs are the key regulator of osteo-
genic differentiation (Diomede et  al. 2018a). In addition, 
PDLSCs could differentiate into Schwann cells through the 
ERK1/2 signaling pathway (Osathanon et al. 2013) and reti-
nal ganglion-like cells (Ng et al. 2015). PDLSCs can be dif-
ferentiated into cardiomyocytes expressing cardiac cell 
markers, that is, sarcomeric actin and cardiac troponin T 
(Pelaez et al. 2017), besides their ability to generate islet-like 
cells expressing endoderm- and pancreas-related genes (Lee 
et al. 2014).

9.5.2  Immunomodulatory Properties 
of PDLSCs

Due to difficulty in the engraftment of large numbers of 
stem/progenitor cells in regenerative applications, immuno-
modulation of the milieu in situ is of great significance for 
the therapeutic application of MSCs (Trubiani et al. 2019). 
In this context, PDLSCs possess low immunogenicity owing 
to the absence of HLAII DR or T cell costimulatory mole-
cules (CD80 and CD86) (Ding et  al. 2010b). Moreover, 
PDLSCs inhibit allogeneic T cells propagation of by increas-
ing PGE-2 and cyclooxygenase-2 (COX- 2) expression 
(Ding et  al. 2010b). This inhibitory effect continues after 
osteogenic induction (Tang et  al. 2014). Additionally, 
PDLSCs downregulated the proliferation, differentiation, 
and migration of B cells via cell-to-cell contact mediated 
programmed cell death protein-1 (Liu et al. 2013). The low 
immunosuppressive potential and immunogenicity on T and 
B cells support the utility of allogeneic PDLSCs in the regen-
eration of periodontal tissue. This has been substantiated in a 
sheep (Mrozik et al. 2013), and a swine (Ding et al. 2010b) 
model as the therapeutic potential of allogeneic PDLSCs is 
comparable to autologous PDLSCs.

9.5.3  Factors that Regulate 
the Differentiation and Therapeutic 
Potential of PDLSCs

MSCs harvested from inflamed periodontal tissue have 
increased proliferative capacity, together with higher colla-
gen content, whereas diminished osteogenic differentiation 
(Trubiani et  al. 2008) and downregulated immunosuppres-
sive ability (Liu et al. 2012). This could be attributed to the 
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significantly diminished inhibitory effects on the prolifera-
tion of T cells as compared to those of healthy cells 
(Shinagawa-Ohama et al. 2017), a finding that has directed 
the attention toward immunomodulation in the therapeutic 
attempts for periodontitis. On the contrary, FGF-2 enhances 
the immunosuppressive potential of MSCs in  vivo 
(Sotiropoulou et al. 2006). The tissue origin also was reported 
to influence PDLSCs criteria; PDLSCs harvested from the 
alveolar socket had a higher proliferative ability, and more 
substantial adipogenic and osteogenic differentiation poten-
tial compared to the conventional PDLSCs from the mid- 
third root surface (Wang et al. 2011b).

Moreover, whether PDLSCs isolated from deciduous 
teeth differ from those gained from permanent teeth is still 
questionable. Permanent PDLSCs induced the expression of 
more cementum/PDL-related genes (CP23 and collagen XII) 
and revealed a more typical cementum/PDL-like tissue than 
did deciduous PDLSCs transplants (Song et al. 2012). On the 
contrary, no significant differences were documented 
between deciduous PDLSCs and permanent PDLSCs in 
terms of proliferation rate, expression of stem/progenitor cell 
markers, or in vitro differentiation potential (Zhu and Liang 
2015). Ultimately, PDLSCs derived from shed primary teeth 
expressed upregulated levels of runt-related transcription 
factor 2 (RUNX-2), which subsequently increased receptor 
activator of NF-kΒ ligand. There was a concomitant decrease 
in osteoprotegerin expressions at both gene and protein lev-
els that finally induced osteoclastic differentiation and root 
absorption (Li et al. 2014a).

Growth factors application to support the proliferation 
or differentiation of stem/progenitor cells at different 
stages is crucial. Sequential use of growth factors is prom-
ising and effective in improving stem/progenitor cell 
regeneration. However, the  interaction between various 
growth factors requires further clarification. For example, 
VEGF, BMP-2, and − 7 upregulate osteogenic differentia-
tion of PDLSCs and enhance the regeneration of bony 
defects in animal models (Hakki et al. 2014; Oortgiesen 
et al. 2014; Lee et al. 2012; Maegawa et al. 2007). On the 
contrary, TGF-𝛽1 and its downstream connective tissue 
growth factors promoted fibroblastic differentiation of 
PDLSCs by upregulating 𝛼-SMA, type-I collagen, and 
periostin (Fujii et al. 2010; Kono et al. 2013; Yuda et al. 
2015). Furthermore, FGF-2 enhanced the proliferation of 
PDLSCs, while reversed the positive effects of VEGF and 
BMP-2 on osteogenic differentiation (Lee et  al. 2012). 
Interestingly, consecutive use of FGF-2 followed by 
BMP-2 induced more osteogenesis than using either of 
them alone (Maegawa et al. 2007). Likewise, consecutive 
use of FGF-2 followed by TGF-𝛽1 also upregulated fibro-
blastic differentiation of PDLSCs (Zhu and Liang 2015). 
Aspirin incubation also modulates the osteogenic poten-

tial of PDLSCs through the upregulation of several growth 
factor genes (Liu et al. 2012).

9.5.4  Clinical Applications of PDLSCs 
and their Secretome

Most of the clinical trials using PDLSCs were conducted for 
periodontal disease treatment. In two clinical studies (the 
first one including 3 participants with 16 defects (Feng et al. 
2010) and the second one on 10 participants with 14 defects 
(Iwata et al. 2018)), improvement of the periodontal index 
(periodontal probing depth, clinical attachment level, and 
radiographic bone height) following treatment with PDLSCs 
has been reported. In a randomized clinical trial involving 30 
participants with 41 intra-bony defects treated with autolo-
gous PDLSCs obtained from the third molars. The data 
showed insignificant increase in the alveolar bone height in 
the cell-treated group as compared to the control group 
(Chen et al. 2016). This could be referred to the different cell 
processing procedures and components of the transplanted 
products. Therefore, clinical translation of PDLSCs must 
establish proper methods to isolate and culture PDLSCs and 
set up the appropriate scaffolds (Yamada et al. 2020).

Like other MSCs, the therapeutic potential of human 
PDLSCs and their crucial role in periodontal tissue regenera-
tion is mediated by paracrine release of bioactive molecules 
(Rajan et al. 2016)[44]. Human PDLSCs regulated the osteo-
genic and adipogenic differentiation of alveolar bone MSCs 
and inhibited alveolar bone MSCs-induced osteoclastogenic 
differentiation of mononuclear cells (Park et  al. 2012b). 
Additionally, periodontal ligament cell-CM can regulate the 
expression of genes responsible for cell proliferation and 
bone homeostasis from MSCs upon coculturing with BMP-2 
(Mizuno et al. 2008). The cytokine analysis of deciduous and 
permanent periodontal ligament cells revealed that immune 
response-related proteins and their degradation were mark-
edly expressed in deciduous periodontal ligament-CM. On 
the contrary, the cytokines related to angiogenesis (epider-
mal growth factor (EGF) and IGF-1) and neurogenesis (NT-3 
and NT-4) were resident in permanent periodontal ligament-
 CM making them a potential candidate for tissue regenera-
tion (Kim et  al. 2016). Human PDLSCs-CM loaded on 
collagen sponge for 4 weeks were transplanted in rat model 
of periodontal defect. The results showed induced alveolar 
bone regeneration, decreased exposed-root surface area and 
a concomitant formation of new periodontal tissue (Stuepp 
et al. 2019).

Moreover, the analysis of cytokines expressed by epithe-
lial cell rests of Malassez, concealed within the periodontal 
ligament, revealed the expression of upregulated amounts of 
chemokines (IL-1, IL-6, IL-8, and IL-10), growth factors, 
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and related proteins (monocyte chemoattractant protein 
(MCP)-1, 2, 3, GM-CSF, VEGF, amphiregulin, GDNF, and 
IGF-binding protein 2) (Ohshima et al. 2008). The multilin-
eage differentiation potential of PDLSCs and their paracrine 
activity (Eleuterio et al. 2013), and extracellular microvesi-
cles with a high content of anti-inflammatory mediators (Yeo 
et al. 2013), render these cells and/or their products a novel 
therapeutic option in the clinical perspective.

9.6  Stem/Progenitor Cells from Apical 
Dental Papilla (SCAPs)

SCAPs are apical dental papilla derived-MSCs related to 
apices of developing roots (Sonoyama et al. 2008). They are 
positive for STRO-1, CD24, CD29, CD73, CD90, CD105, 
CD106, CD146, CD166, and alkaline phosphatase and nega-
tive for CD34, CD45, CD18, and CD150. CD24 is a unique 
surface marker for SCAPs, which is not shared by other 
MSCs including DPSCs and SHED.  Therefore, CD24 is 
used as a specific marker to identify SCAPs (Sonoyama et al. 
2006). CD24 expression decrease upon SCAP differentiation 
(Sonoyama et al. 2006).

SCAPs are characterized by their high proliferative poten-
tial, which is higher than that of DPSCs (Bakopoulou et al. 
2011) and PDLSCs (Han et al. 2010). This can be referred to 
their longer telomere length and more significant telomerase 
activity than DPSCs (Jeon et al. 2011), whereas possessing a 
lower proliferation rate than DFSCs (Patil et  al. 2014). 
SCAPs being a derivative of a developing tissue, is charac-
terized by higher plasticity, remarkable migrational ability, 
and higher surviving expression than DPSCs and other 
DMSCs (Sonoyama et  al. 2006). Additionally, the apical 
papilla is characterized by higher stem/progenitor cell yield 
than mature dental pulp (Sonoyama et al. 2006).

9.6.1  Immunomodulatory Properties 
of SCAPs

SCAPs have low immunogenicity and immunomodulatory 
properties. Swine derived SCAPs displayed low expression 
of swine leukocyte antigen class I and negative expression 
of swine leukocyte antigen class II DR molecule in a mini-
pig model (Ding et al. 2010a). SCAPs inhibited effectively 
the  autologous T-cell proliferation in  vitro (Ding et  al. 
2010a) and can also reduce TNF-α expression in inflamed 
spinal cord tissues (De Berdt et  al. 2018). The immuno-
modulatory properties of SCAPs were attributed to  
their ability to promote regulatory T-cells in vivo in dogs 
(Liu et al. 2019).

9.6.2  Differentiation Potential of SCAPs

SCAPs possess odontogenic/osteogenic and adipogenic dif-
ferentiation potential (Bakopoulou et al. 2011; Abe et al. 2007; 
Sonoyama et al. 2006), with higher mineralization potential 
than DPSCs (Bakopoulou et al. 2011). They also express neu-
rogenic markers in  vitro without  any neurogenic induction 
(Abe et al. 2007), in addition to their ability to differentiate 
into odontoblasts (Huang et  al. 2008). It is noteworthy that 
SCAPs constitute the primary source of odontoblasts in the 
apical part of the root (Huang et  al. 2008). They also have 
hepatogenic differentiation potential comparable to the 
BM-MSCs and superior neurogenic differentiation potential 
compared  to the BM-MSCs. (Rao et al. 2019; Kumar et al. 
2017a). Additionally, SCAPs have chondrogenic differentia-
tion potential (Dong et al. 2013; Patil et al. 2014).

9.6.3  Potential Application of SCAPs

SCAPs can have a potential application in bone tissue regen-
eration. Hydroxyapatite loaded with SCAPs was associated 
with mineralized dentin/bone-like structure upon subcutane-
ous implantation in immune-compromised mice (Abe et al. 
2008). It also showed promising results in dentin-pulp com-
plex and periodontium regeneration. SCAPs and PDLSCs 
were successfully used for the generation of bio-root. 
Following in vivo implantation in a swine model, bio-root 
showed root/periodontal structure regeneration and support 
for porcelain crown (Sonoyama et al. 2006).

Furthermore, SCAPs and DPSCs implanted on a root 
fragment, they successfully regenerated dentin-pulp com-
plex following ectopic subcutaneous implantation in rats (Li 
et al. 2018). SCAP-based scaffold loaded on treated dentine 
matrix fragments and implanted subcutaneously in immuno-
deficient mice promoted pulp regeneration and deposition of 
a layer of dentin-like tissue (Na et  al. 2016). SCAPs pro-
moted periodontal regeneration in miniature pigs with 
induced periodontitis (Li et  al. 2018). Clinically, SCAPs 
loaded on polylactic polyglycolic acid and polyethylene gly-
col hydrogel were also successfully used for apexogenesis of 
lower left second premolar with immature apex and thin 
radicular dentinal walls in a 20-year old patient (Holiel et al. 
2020). Growth factors as BMP and IGF-1  can enhance 
SCAPs odontogenic differentiation (Diao et al. 2020; Wang 
et al. 2016).

SCAPs also promoted neurite outgrowth (De Almeida 
et  al. 2014), and demonstrated a neuroprotective effect 
in  vitro through modulation of neuro-inflammation and 
upregulation of oligodendrocyte progenitor cell differentia-
tion. This offers a potential application for treatment of spi-
nal cord injury repair (De Berdt et al. 2018). Additionally, 
SCAPs showed promising results upon implantation in spi-
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nal cord lesions in a rat model (De Berdt et al. 2015; Yang 
et al. 2017a). It also showed superior peripheral nerve repair 
in a rat sciatic nerve injury model compared to DPSCs and 
PDLSCs (Kolar et al. 2017). Further, SCAPs were used for 
in  vitro generation of three-dimensional cell-based nerve- 
like tissue under EGF and basic FGF (Kim et al. 2017).

The regenerative potential of SCAPs is due to the secreted 
bioactive molecules. SCAPs express into their CM bioactive 
molecules, including chemokines, proteins responsible for 
angiogenesis, immunomodulation, chemotaxis, neuroprotec-
tion, anti-apoptosis, and extracellular matrix formation. 
SCAPs also express growth factors and cytokines involved in 
neural regeneration, that is, CSF, IFNγ, TGF-β, NGF, NT-3, 
and BDNF (Kumar et al. 2017a). They also express hepatic 
lineage proteins essential for hepatic differentiation (Kumar 
et al. 2017b) and osteogenic lineage proteins implicated in 
osteoblastic maturation, BMPs activation, and osteocytes 
differentiation (Kumar et al. 2018). SCAPs also have a pro- 
angiogenic effect in  vitro and in  vivo (Bakopoulou et  al. 
2015; Hilkens et al. 2014). Compared to BM-MSCs, SCAPs 
showed upregulation in the expression of proteins related to 
the metabolic processes and transcription, in addition to che-
mokines, and neurotrophins with  lower levels of proteins 
responsible for adhesion, immunomodulation, angiogenesis, 
and extracellular matrix proteins (Yu et al. 2016).

9.7  Dental Follicle Stem/Progenitor Cells

DFSCs are MSCs derived from dental follicle surrounding 
the crown of the developing tooth; usually the third molar 
(Morsczeck et  al. 2005). They express Nestin, Notch-1, 
(Morsczeck et al. 2005) STRO-1, CD29, CD44, CD90, and 
CD146 but negative for hematopoietic and angiogenic 
lineage- specific markers including CD31, CD34, and CD45 
(Chen et al. 2017; Guo et al. 2013). They also express FGF- 
receptor (FGF-R)1-IIIC (Morsczeck et al. 2005). The char-
acteristics  of DFSCs remain unchanged during 
cryopreservation and, hence, they offer a valuable source for 
stem/progenitor cell banking (Yang et al. 2017b).

9.7.1  Immunomodulatory Properties 
of DFSCs

Like other DMSCs, DFSCs have immunomodulatory prop-
erties (Kang et al. 2015). DFSCs effectively suppressed the 
proliferation of T-helper cells and upregulated T-regulatory 
cells in vitro (Genç et al. 2018). DFSCs also down regulated 
pro-inflammatory cytokines (MCP-1), IL-1, IL-6, and TNF- 
α, as well as upregulated anti-inflammatory cytokine IL-10 in 
a rat acute lung injury model. They were also associated with 
upregulation in macrophage anti-inflammatory M2 pheno-

type in vitro via expression of TGF-β3 and thrombospondin-
 1 (Chen et al. 2018). DFSCs immunosuppressive properties 
can be employed to manage autoimmune diseases as they 
showed promising results in reducing the inflammation asso-
ciated with Myasthenia gravis in a mouse model (Ulusoy 
et al. 2015).

9.7.2  DFSCs Differentiation Potential

DFSCs demonstrated osteogenic and cementogenic differen-
tiation capacity (Kemoun et al. 2007; Morsczeck et al. 2008; 
Morsczeck et  al. 2005) and odontogenic differentiation 
potential in  vitro and in  vivo (Guo et  al. 2013). DFSC 
revealed comparable hepatogenic potential and superior neu-
rogenic ability to BM-MSCs (Rao et al. 2019; Kumar et al. 
2017a). They also displayed the ability to differentiate into 
cardiomyocytes (Sung et al. 2016).

9.7.3  Potential Application of DFSCs

DFSCs can be used in bone regeneration with promising 
results. DFSCs loaded on scaffold revealed bone formation 
in an experimental mice model (Park et al. 2012a). DFSCs 
loaded into  a polycaprolactone scaffold enhanced bone 
regeneration in critical-size cranial defects in rats (Rezai- 
Rad et  al. 2015). Additionally, DFSCs can be used on the 
surface of the titanium implant to improve bone regeneration 
(Lucaciu et al. 2015).

Dentin-pulp complex and periodontium regeneration 
can be achieved using DFSCs. DFSCs combined with 
treated dentin matrix and implanted subcutaneously in 
mice, formed pulp-dentin/cementum periodontium like 
tissues (Guo et al. 2013). Further, DFSCs loaded on scaf-
fold successfully regenerated root-like tissues upon 
implantation in rats’ alveolar fossa (Guo et al. 2012) and in 
jaws of miniature swine (Chen et  al. 2015). 
Moreover, DFSCs cell sheet combined with treated dentin 
matrix scaffold and implanted subcutaneously in rats suc-
cessfully produced dentin-pulp-like tissues and cemen-
tum-periodontal complexes (Yang et al. 2012).

DFSCs have also been used for salivary gland regenera-
tion. Human epithelial stem-like cells isolated from human 
dental follicle tissues loaded on decellularized rat parotid 
gland scaffolds and implanted into the renal capsule of nude 
mice, were successfully  able to differentiate into salivary 
gland-like cells (Xu et al. 2017). DFSCs secretome can also 
be potentially applied in tissue regeneration as a cell-free 
regenerative approach, as DFSCs express numerous bioac-
tive molecules. DFSCs express hepatic lineage pro-
teins; oncostatin M and hepatocyte growth factor receptor, 
which are important inducers of hepatic lineage differentia-
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tion (Kumar et al. 2017b). They also express BDNF, NT-3, 
and NGF promoting neural regeneration (Kumar et  al. 
2017a). Additionally, DFSCs secretome contains osteogenic 
lineage proteins, including proteins for regulating endochon-
dral ossification (MINPP1), for  bone turnover (WISP2), 
and for mineralization (enamelin) (Kumar et al. 2018).They 
also express collagen type I, bone sialoprotein, and osteocal-
cin (Morsczeck et al. 2005).

9.8  Limitations Associated 
with Employing DMSCs in Tissue 
Regeneration

Despite advancements in TERM, reliance on DMSCs has 
revolutionized tissue regeneration in dentistry. There are 
some limitations that should be resolved before their clinical 
translation. Among the obstacles encountered in the use of 
DMSCs; the control of their differentiation, the difficulty of 
selection, and the  delivery of the proper growth factors 
(Amrollahi et al. 2016).

Another challenge concerning the DMSCs is their low 
survival rate after transplantation and the possible risk of 
malignant transformation. The tendency of malignant trans-
formation was primarily observed during in vitro expansion 
to achieve adequate cell number needed for clinical usage 
(Baglio et al. 2012; Rubio et al. 2008).

MSCs are promising tools in anti-cancer therapy as they 
have a preferential tendency to migrate towards tumors. This 
was mainly attributed to the enhanced inflammatory tumor 
microenvironment attracting the MSCs (Kidd et  al. 2009). 
However, their potential for tumor formation, cancer pro-
gression, and metastasis were reported in the literature (Liu 
et  al. 2017; Albarenque et  al. 2011). The enhancement of 
cancer metastasis, for example, in breast cancer, was linked 
with the increased level of lysyl oxidase in MSCs (El-Haibi 
et al. 2012). The extended immunomodulatory properties of 
MSCs could be considered not beneficial in some cancer 
cases. This is explained by the fact that the MSCs may pro-
tect cancer cells from the immune clearance due to their abil-
ity to inhibit the natural killer cells and the cytotoxic 
T-lymphocytes, in addition to increasing the T-regulatory 
cells level (François et al. 2019). It is important to mention 
that MSCs used for anti-cancer therapy should be better 
derived from the same tissue/organ origin to decrease such 
undesirable effects (Ji et al. 2016).

Another limitation associated with the clinical application 
of DMSCs in the case of employing stem/progenitor cells 
derived from inflamed tissue; for example inflamed peri-
odontal and pulp tissues; has been reported (Liu et al. 2012; 
Zhang et al. 2014). These cells show reduced immunomodu-
latory properties, downregulation in some osteogenesis- 

related genes and reduced ability to inhibit T-cell proliferation, 
T-helper differentiation, and IL-17 compared with MSCs 
derived from healthy tissues (Tang et  al. 2016; Fawzy 
El-Sayed et  al. 2019a, b). In addition to high amounts of 
IL-2, TNF-β, and TNF-α and low expression of CD90, 
CD166, and CD73 surface markers involved in immuno-
modulation (Yazid et al. 2014).

Furthermore, the variable isolation protocols of MSCs 
(that is, the concentration, method, and duration of enzy-
matic digestion) may significantly affect the surface antigens 
of the MSCs and change their surface topography (Furcht 
and Wendelschafer-Crabb 1978) (Rady et  al. 2020). 
Additionally, their presence in very minute concentration in 
their particular tissue sources form an obstacle for the isola-
tion of DMSCs in sufficient amounts; namely for SHED, 
SCAPs, and DPSCs (Rouabhia 2015). Overcoming and 
resolving these limitations are considered a great challenge 
in an attempt to reach successful and efficient DMSCs-based 
therapeutic approach.

9.9  Conclusion

Many studies have proved the regenerative capacity of 
DMSCs and their ability to form dental and non-dental tis-
sues, offering novel approaches for treating damaged tissues 
and even organs in the human body (Fau and Park 2015). 
Although DMSCs are considered a magical tool in TERM 
with their simple, painless, non-invasive retrieval process, 
significant limitations still exist for their routine clinical use 
(Rady et al. 2020). The need for more research and clinical 
trials focusing on the immunology of DMSCs, the problems 
encountered with their isolation and transplantation are man-
datory before their licensed clinical application. 
Simultaneously, combining the different emerging concepts 
in TERM, especially the novel cell-free therapeutic approach 
relying on the MSCs secretome, will offer a new perspective 
in the clinical translation of stem/progenitor cells in the med-
ical and dental fields.
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