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Abstract: Dental diseases occurring on young permanent teeth usually lead to the premature arrest of
tooth root development. Sustained tooth root elongation is necessary to achieve the goal of long-term
preservation of affected teeth. To this end, stem cell-based regenerative endodontic treatment has
been regarded as one of the most promising strategies for treating young permanent teeth with pulp
and periapical infections. Endogenous stem cells residing in the apical papilla, named stem cells
from the apical papilla (SCAPs), have been intensively investigated due to their critical roles in pulp
regeneration and root redevelopment. The present review summarizes advances in the field of SCAPs
studies and discusses the challenges that need to be further addressed.
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1. Introduction

The tooth root is the invisible two-thirds of a tooth embedded in the jaw bone and
responsible for anchoring the tooth. Without the tooth root, the crown cannot fulfill its
physiological functions. Tooth root development initiates immediately after crown for-
mation [1]. When enamel reaches the cementum-—dentin junction, the apical region of the
enamel organ elongates and forms a bilayer epithelial structure named the Hertwig’s ep-
ithelial root sheath (HERS). The HERS is closely surrounded by cranial neural crest-derived
mesenchymal tissues, which can be further divided into the dental papilla and dental
follicle [2]. During tooth root formation, the HERS works as a signal center, from which the
dental papilla and dental follicle receive signals to guide the generation of root tissues [1].
During tooth root development, mesenchymal stem cells (MSCs) from the dental papilla
and dental follicle undergo strict, lineage-specific differentiation programs. Specifically,
MSCs from the dental papilla differentiate into odontoblasts (which are responsible for root
dentin formation) and dental pulp cells [3]. MSCs residing in the dental follicle contribute
to the formation of cementoblasts, osteoblasts, and fibroblasts, which produce cementum,
alveolar bone, and periodontal ligament surrounding the newly developed tooth root,
respectively [3].

The tooth erupts before root development finishes. In humans, it usually takes
3-5 years for the roots of newly erupted teeth to reach their full length and thickness.
Before tooth root development completes, the tooth is called a young permanent tooth. Not
all young permanent teeth are able to develop roots with normal anatomic structures. Dis-
eases with a high prevalence, including dental caries, dental trauma, and tooth dysplasia,
usually lead to pulpal and periapical infection in young permanent teeth. This infection
causes not only the loss of pulpal vitality and the destruction of periapical tissues, but
also the premature arrest of tooth root development. In this case, tooth root elongation
and radicular dentinogenesis cease, resulting in a shortened tooth root with thin dentinal
walls and a wide-open apex because of the dysfunction of mesenchymal stem cells (MSCs)
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in both the dental papilla and dental follicle. Traditional treatment techniques, such as
apexification and apical barrier surgery, although effective in controlling infection, cannot
restart the development of the tooth root [4]. In other words, disharmony in the crown root
ratio cannot be rescued and the thickness of the root canal wall cannot be increased using
these treatments, which jeopardizes the long-term preservation of affected teeth [5,6]. The
successful treatment of young permanent teeth with pulp and periapical infection must
include sustained root development.

In recent years, stem cell-based regenerative endodontic treatment (RET) has been
adopted as a promising strategy for treating young permanent teeth with pulp and periapi-
cal infection [7]. The goal of RET is to achieve the continued development of the tooth root
as well as the functional regeneration of the pulp—dentin complex [8]. RET can generally be
divided into cell-based RET, based on the principle of exogenous stem cell transplantation,
and cell-free RET, based on the principle of endogenous stem cell homing [9]. Compared
to cell-based RET, cell-free RET realizes the goal of tooth root redevelopment through
inducing the accumulation of endogenous MSCs at the lesion site, avoiding both technical
and ethical problems that stem cell transplantation needs to solve [9]. Based on the studies
released so far, stem cells from the apical papilla (SCAPs) are among the most promising
endogenous MSCs to achieve the goal of RET in young permanent teeth losing pulpal
vitality [8]. In the present review, advancements in the field of SCAPs are summarized,
and the challenges of further investigation are discussed. This review might shed light on
the current understanding of the clinical translational potential of SCAPs and elucidate
possible areas for future research applications.

2. Discovery of SCAPs, the Stem Cells Residing in the Apical Papilla

The apical papilla is, essentially, the apical part of the dental papilla. Histologically,
the apical papilla can be seen precisely apical to the HERS, with a cell-rich zone separating
it from the dental pulp [10]. In 2006, Sonoyama et al. collected apical papilla tissues from
the root end of a young human third molar and then cultured cells from this tissue. They
noticed, for the first time, that isolated cells exhibit classical MSCs properties, including
clonogenic cell cluster formation and odontoblastic/osteoblastic differentiation [11]. The
identified cells were then named stem cells from the apical papilla (SCAPs). Evidence
strongly supporting the existence of SCAPs is that root maturation ceases to continue in the
absence of the apical papilla [10]. Other robust evidence is from in vivo transgenic animal
studies. Although mouse incisors have no root, their molars are quite like human molars.
The similarity makes the mouse molar a good model for us to understand the biology of
human tooth root development. With transgenic mouse lines and the well-established
lineage tracing method, Feng et al. found that Glil-expressing cells in the most apical
part of the dental papilla and dental follicle contribute to the formation of the dentin,
pulp, and periodontal tissue of the root [12]. In addition, Ono detected another group of
SCAPs, namely, osterix-expressing cells in the apical part of developing mouse molars,
including dental mesenchymal progenitors that contribute to the formation of all cell types
involved in further dental root development [13]. Furthermore, Jing et al. collected mouse
molars at different root developmental stages and analyzed them using single cell RNA
sequencing technology [14]. They confirmed that postnatal apical papilla retains bipotent
progenitor cells that give rise to both dental pulp cells and odontoblasts during mouse
molar development [14]. These pioneer studies not only support the existence of SCAPs,
but also show how transgenic mouse lines are useful for investigating the biology and the
regulation of SCAPs in vivo.

3. Culture-Dependent Methods and SCAPs Studies

The most widely used strategy for the study of SCAPs, thus far, is culture dependent.
The prevalent apical papilla tissues used for culturing are collected from human teeth,
especially wisdom teeth. The apical papilla can be easily isolated following tooth extraction
by separating the tissues at the tips of developing roots with tweezers. Then, the tissue is
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dissected into smaller pieces and digested using a cocktail of collagenase and dispase to
prepare single-cell suspensions for culturing. Meanwhile, the dissected tissues can be also
used directly for culturing without digestion, and this method is known as explant culture.
Isolated SCAPs can be preserved in nitrogen until use, and cryopreservation does not affect
the biological and immunological properties of SCAPs [15].

During the literature review, we noticed that, at present, the majority of findings on
SCAPs are from in vitro studies. Although the culture-dependent method provides us
with useful clues for understanding the biology of this cell population, when interpreting
the findings, some key points are necessary to keep in mind. First, cultured SCAPs,
especially at late passage, demonstrate a transcriptome and phenotypes that are distinct
from those of their counterparts in native tissues [16,17]. Second, cellular phenotypes can be
affected by the genetic background of the donors, the tooth development stage, the culture
condition, the generation of cell lines, etc. For example, SCAPs from teeth in the early
root development stage showed better cell migration and osteogenic differentiation than
those isolated from the tooth root at the late stage of development [18]. Third, the role of
SCAPs in tooth root development is regulated by their in vivo niche, and in vitro culturing
inevitably simplifies the regulation network SCAPs receive [19]. Therefore, different, even
opposite, findings might be observed in studies from different research groups.

4. Characteristics of SCAPs as Typical Mesenchymal Stem Cells

Morphologically, SCAPs are small and fibroblast-like or stellate in shape [20]. SCAPs
express a range of typical MSC-associated markers, including STRO-1, CD146, CD24, CD29,
CD73, CD105, CD106, CD166, and CD90, but are negative for the surface molecules CD18,
CD14, CD34, CD45, and CD150 (all of which indicate a hematopoietic origin) [11,21,22].
However, it should be kept in mind that all the markers mentioned above are nonspe-
cific markers for SCAPs. For example, STRO-1, CD146, CD73, and CD105 can also be
detected in another group of dental mesenchymal stem cells, that is, dental pulp stem cells
(DPSCs) [20,23,24]. Therefore, to distinguish SCAPs and DPSCs, different phenotypes need
be taken into consideration. In vitro, SCAPs have cytoplasmic extensions named filopodia,
exhibiting a spindle-shaped which is found in narrow to large polygonal cells, while DPSCs
are larger in size [20]. In addition, SCAPs show a significantly higher proliferation rate,
mineralization rate, and migration ability than do DPSCs [20]. It has been shown that het-
erogeneity exists in mesenchymal stem/progenitor cell pools within the dental papilla [25].
Similarly, SCAPs might also be a heterogeneous population containing distinct subsets
of stem/progenitor cells with different cellular characteristics. Studies also prove that
SCAPs are capable of proliferation and multilineage differentiation, including odontogenic,
osteogenic, neurogenic, chondrogenic, and adipogenic differentiation [11,26].

5. Maintenance of Cell Vitality by SCAPs in Dental Inflammation

Despite the dental pulp and apical papilla being a continuity of one another, when
necrosis spreads in the pulp and the periapical tissues, the apical papilla tends to survive.
By evaluating the histopathological conditions of the dental pulp and apical papilla after
inducing endodontic infection in a rat model, Tobias Duarte et al. noticed that the apical
papilla of an immature tooth remained vital, yet slightly or moderately inflamed, after
90 days of infection, although pulp necrosis and the following apical periodontitis occurred
as early as 14 days of infection [27]. Another animal study introduced endodontic infection
to the immature canine molars of dogs, and the apical papilla was found to be present
and histologically distinct from other tissues despite the advanced pulpal infection and
endodontic procedures [28]. These findings strongly suggest that the apical papilla pro-
vides a relatively stable environment for SCAPs to keep their vitality and stemness. This
hypothesis is strongly supported by clinical observations. The tooth root development of
young permanent teeth terminated when the pulp and periapical were infected. However,
the affected tooth root resigned to elongation/development after the inflammation was
well controlled. In addition, a study harvested inflamed periapical tissue from a human
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immature mandibular premolar diagnosed with pulp necrosis and apical periodontitis [29].
The survival of the apical papilla and its resident stem cells was observed, elucidating the
infection-resistant nature of SCAPs. Potential reasons for the survival of SCAPs through
endodontic inflammation include, first, dental MSCs being usually distributed in areas
surrounding the neurovascular bundle [30,31], and their proximity to the periapical vascu-
lature that gives SCAPs the advantage of survival in a detrimental environment. Second,
histologically, the apical papilla has a quite lower number and density of blood vessels
compared to the neighboring dental pulp [32,33], suggesting that cells within the dental
papilla, including SCAPs, have low metabolic demands when in the quiescent stage. Third,
the apical papilla has intimate contact with the dental follicle, the most vascularized dental
tissue. Therefore, dental papilla cells may acquire nutrient and gaseous exchanges diffused
from the dental follicle when inflammation involves the apical papilla [33].

6. In Vivo Niche of SCAPs

The surrounding environment in which a stem cell resides is called its niche [34]. The
niche is not only composed of stem cells and their progenies, but multiple heterologous cell
types as well as a niche-specific extracellular matrix [35]. The niche is a key regulator of stem
cells, as it provides signals to stem cells to mediate their rate of proliferation, determines
the fate of their daughters, and protects them from exhaustion or death [35]. The signals
can be soluble molecules secreted from the stem cells themselves, from neighboring niche
cells, or from other tissues. And the signals can be also from extracellular matrices or
mechanical force.

The apical papilla is the niche of SCAPs. To the best of our knowledge, there is no
study available that specifically shows its cellular compositions. Importantly still, the
function of these niche cells, as well as how they incorporate with each other to orchestrate
the behavior of SCAPs, is still not clear. In recent years, single-cell RNA sequencing and
spatial transcriptome profiling techniques have been widely used to explore cell types as
well as their in vivo distributions within different tissues [36,37]. Hopefully, this technology
can help us identify clues to answer the aforementioned questions. In addition to the cells,
other factors of the SCAPs niche are under explored. For example, cytokines are crucial
chemical signals in stem cell niches. They are small proteins produced and secreted by cells.
Cytokines can bind to cell surface receptors, triggering gene cell expression and regulating
the growth, maturation, and responsiveness of cell populations. Although a comprehensive
cytokine profile of the apical papilla is absent, in vitro studies have shown that SCAPs are
able to synthesize various cytokines, such as IGF-1, IGFBP-6, IL-10 [38], and TGF-£33 [39].
The roles these cytokines play in regulating the cellular behaviors of SCAPs in vivo are still
unknown although some in vitro studies, as discussed later in this review, have already be
carried out.

7. Regulation of SCAPs by Signaling Molecules and Pathways

The process of tooth root development and elongation is finely tuned by signaling
molecules and their downstream pathways, such as the transforming growth factor-3
superfamily, the fibroblast growth factor, Wnts, and Shh [1]. Studies have shown that these
signaling molecules and their downstream pathways influence the length of the tooth root
through regulating the MSCs or progenitors responsible for tooth elongation [1]. At the
same time, the effects of these signaling molecules, as well as their down-stream pathways,
on SCAPs have been intensively tested, mainly in vitro. Briefly, the majority of these studies
have focused on their influence on the proliferation, migration, and differentiation of
SCAPs, as summarized in Table 1.

7.1. Transforming Growth Factor-B Superfamily

The TGF-f3 superfamily consists of TGF-3 1-3, bone morphogenetic proteins (BMPs),
activins, inhibins, Miillerian-inhibiting substances (MISs), nodals, growth and differenti-
ation factors (GDFs), and the distantly related glial cell line-derived neurotrophic factor
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(GDNF) family [40]. The binding of TGF-f3 to its receptors, including type II (TBRII) and
type I (TBRI) receptors, leads to formation of the receptor heterocomplex and the activation
of TBRI. The activated TBRI recruits and phosphorylates R-Smad proteins (Smad2/3 for
TGEF-f and activin signaling while Smad1/5/8 for BMP signaling), and then the phospho-
rylated R-Smad forms a heterocomplex with the Co-Smad Smad4. The Smad complexes
are then translocated into the nucleus, where they cooperate with other cofactors and
regulate the transcription of the target genes. SCAPs express the TGF-f3 receptor 1 [10],
suggesting they can receive regulation from TGF-{3 ligands. Secreted TGF-f31 and TGF-£32
are embedded in the dentin during tooth development, and they can release from the
dentin during endodontic procedures, such as root canal therapy [41-43]. Studies have
demonstrated that TGF-31 can inhibit the proliferation, differentiation, and mineraliza-
tion of SCAPs in dose-dependent and Smad3-dependent manners [41,44]. Interestingly,
TGEF-f1 inhibits the odontogenic differentiation of SCAPs while enhancing their osteogenic
differentiation. Conversely, TGF-32 attenuates the osteogenic differentiation of SCAPs but
promotes the odontogenic differentiation of SCAPs [45,46]. These results suggest that the
ratio between TGF-f31 and TGF-32 is important in regulating the fate of SCAPs. Other
proteins in the TGF-f superfamily also participate in the regulation of SCAPs. For example,
BMP2 promotes SCAPs differentiation into odontoblasts [47,48], while BMP6 enhances
not only the osteo/dentinogenic differentiation of SCAPs but also their neurogenic and
angiogenic differentiation and proliferation [49].

7.2. Wnts

Wnts are highly conserved, lipid-modified, secreted proteins. To date, 19 different
mammalian Wnt proteins have been identified in humans and mice. Wnt proteins activate
signaling by interacting with their receptors, called Frizzled. A combinatorial interaction
between different Wnt proteins and Fz receptors results in the activation of multiple
downstream pathways, which are classified into two broad categories: the (3-catenin
dependent canonical Wnt pathway and the 3-catenin independent non-canonical Wnt
pathways. The activity of Wnt proteins can be inhibited by several antagonists that bind
either to the Wnt ligand itself (e.g., Wnt Inhibitory Factor-1 (WIF-1), and secreted Frizzled-
Related Proteins (sFRPs)), or to Wnt receptor (e.g., Dickkopf (Dkk) proteins)). Treatment
with exogenous Wnt-1 increases both the proliferation and differentiation of SCAPs through
activating the canonical Wnt pathway [50]. Unexpectedly, Wnt antagonists also have similar
influence on the differentiation of SCAPs. Specifically, WIF-1 enhances the dentinogenic
differentiation of SCAPs [17], and Sfrp2 increases not only the osteo/odontogenic abilities of
SCAPs but also their adipogenic and neuronal differentiation abilities [26,51,52], especially
under inflammation and hypoxia conditions [52]. These inconsistent findings regarding the
effects of Wnt and its mediated signaling pathway on SCAPs require further investigation.
In addition, Wnt5a, a typical ligand of the noncanonical Wnt pathway, suppresses the
osteogenesis of SCAPs [53]. These findings suggest the distinct role of canonical and
non-canonical Wnt pathways in regulating SCAPs.

7.3. Fibroblast Growth Factors (FGFs)

The FGF family comprises twenty-two ligands that interact with four FGF receptors
(FGFRs). Signaling from FGFs is a key regulator of stem cell pluripotency [54]. FGFR1 and
FGFR2 express on SCAPs, suggesting that SCAPs can be regulated by FGFs molecules [10,55].
Basic fibroblast growth factor (bFGF), a type of FGF, increases proliferation and colony-
forming unit formation [55,56], as well as the expression of stem cell gene markers, such
as STRO-1, in SCAPs [56]. In addition, bFGF also effectively stimulates the migration of
SCAPs [57]. Further studies have shown that bFGF mediates the cell behaviors of SCAPs
through the stimulation of FGFRs and the MEK/ERK signaling pathway [55,58].
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7.4. Insulin-like Growth Factors (IGFs)

IFGs mediate signaling pathways that participate in tooth root determination [59].
There are two IGFs, including IGF-1 and IGF-2. They share a 70% homology in the amino
acid sequence. SCAPs express the type 1 IGF-1 receptor (IGF-1R), suggesting they might
be regulated by IGFs. Co-culturing with IGF-1 leads to morphology changes in SCAPs.
In addition, IGF-1 enhances the proliferation [59], osteogenic differentiation [59], and
both glial and neuronal differentiation [60] of SCAPs but weakens their odontogenic
differentiation [59]. Similarly, IGF-2 promotes the osteo-/dentinogenic and neurogenic
differentiation potentials of SCAPs [61]. A further mechanistic analysis demonstrated that
IGF-1 activated AKT to regulate the early neural differentiation of human SCAPs [60].

7.5. Other Signaling Molecules

Vascular endothelial growth factor (VEGF) is important in revascularization proce-
dures because it stimulates the process of angiogenesis. The overexpression of VEGF
increases the proliferation of SCAPs [62]. In addition, VEGF shows no effect on viability-
and dentinogenesis-related gene expression in SCAPs [63]. If SCAPs are first cultured
with LPS, VEGF can stimulate the expression of dentinogenesis-related genes in SCAPs,
including DSPP, DMP1, and TGFB1 [63].

Nerve growth factor is a neurotrophic molecule that plays a vital role in the growth and
development of neurons [64]. NGF treatment promotes the expression of dentinogenesis-
related genes in SCAPs, including DSPP, DMP1, and TGFB1 [63]. Interestingly, in SCAPs
that have been previously treated with LPS, NGF shows an opposite effect [63].

Angiotensin II (Ang II) is the primary effector peptide of the renin—angiotensin system
(RAS) [65], and it has been detected in oral tissues, including the periodontal ligament,
gingiva, and dental pulp. The Ang II peptide is also detectable from the primary cultures
of SCAPs supernatants [66]. Exogenous Angiotensin II supplementation significantly
enhances SCAPs proliferation and CCL2 production while inhibiting IL-6 release and the
mineralization rate of SCAPs [66].

7.6. Synergism and Antagonism among Signaling Molecules in Regulating SCAPs

Synergistic and antagonistic effects between signaling molecules have also been tested.
As an example, BMP2 does not affect the proliferation of SCAPs while VEGF treatment
promotes proliferation and BMP2 expression in these cells [62]. When increasing the expres-
sion levels of these two hormones simultaneously in SCAPs, proliferation is inhibited while
the osteo-/odontogenic differentiation of human SCAPs is enhanced [62]. In addition, syn-
ergistic effects of stromal cell-derived factor-l« and BMP2 on odontogenic differentiation
also have been detected in SCAPs cultured using the Vitro-Gel 3D system [67].

Table 1. Effect of signaling molecules on the cellular behavior of SCAPs.

TGFE-B
superfamily

Molecules Roles in Regulating SCAPs Refs.
. proliferation (-), odontogenic differentiation (-), B
TGE-B1 osteogenic differentiation (+), mineralization (-) [41,44-40]
osteogenic differentiation (-),
TGE-p2 odontogenic differentiation (+) [45,46]
BMP2 odontogenic differentiation (+) [47,48]

osteo/dentinogenic differentiation (+), neurogenic
BMP6 differentiation (+), angiogenic differentiation (+), [49]
proliferation (+)
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Table 1. Cont.

Molecules Roles in Regulating SCAPs Refs.
Wnt-1 proliferation (+), differentiation (+) [50]
WIF-1 dentinogenic differentiation (+) [17]
Wnt Sfrp2 osteo/odontogenic differentiation (+), adipogenic [26,51,52]
P differentiation (+), neuronal differentiation (+) e
Wntba osteogenesis (-) [53]
FGF bFGF proliferation (+), colo.ny—fc.)rmmg unit formation (+), [55-57]
migration (+)
proliferation (+), osteogenic differentiation (+), glial
IGF-1 and neuronal differentiation (+), [59,60]
FG odontogenic differentiation (-)
IGF-2 osteo-/ dentmo.ger.nc dlffe.reptlatlon (+), [61]
neurogenic differentiation (+)
VEGF proliferation (+) [63]
Others NGF dentinogenesis (+) [63]
AngII proliferation (-), mineralization (+) [66]

(-) indicates inhibiting effect, (+) indicates promoting effects.

8. Interactions between SCAPs and Oral Bacteria

Infection by oral microbiota is a predominant reason for inflammation on the apical
papilla and the termination of tooth root elongation. When infection occurs, the microbes
and their components get the chance to go into the apical papilla. Consequently, SCAPs
become close to oral microbiota and microbial components, affecting their physiology
directly. Moreover, the invaded pathogens create an inflammatory environment with
immune cell infiltration and inflammatory cytokine accumulation. The altered stem cell
niche inevitably causes changes in the cellular behaviors of SCAPs.

Bacteria and their cellular components (such as lipoproteins (LPS), lipoteichoic acid
(LTA) and peptidoglycans) can directly bind to and then activate receptors on mammalian
cells, such as Toll-like receptors (TLRs). So far, 10 functional TLRs have been characterized
in human cells, and the expression of TLRs is ubiquitous and can be detected on MSCs.
Accordingly, SCAPs demonstrate a unique expression profile out of all TLRs 1-10 [68],
and the expression patterns of TLRs can be influenced by secreted products of both oral
planktonic (free-moving) bacteria and oral biofilms (a well-organized microbial community
attached to the tooth structure). For example, incubation with the soluble extracellular
products of the endodontopathogenic bacteria Streptococcus oralis and Actinomyces naeslundii,
specifically, upregulates TLR2 expression on SCAPs [69]. The upgraded TLR2-mediated
TLR2-TAK1 is a key pathway through which bacteria block the mineralization capacity of
SCAPs [69].

Microbes regulate the viability, proliferation, mineralization/differentiation, cytokine
secretion, and key signaling pathways of SCAPs via their cellular components and products
directly [69-74].  The soluble extracellular products of Streptococcus oralis and
Actinomyces naeslundii have a detrimental effect on the viability, proliferation, and miner-
alization/differentiation capacity of SCAPs [69]. LPS produced from the gram-negative
bacteria Porphyromonas gingivalis decreases the cell viability and differentiation potential of
SCAPs, and the suppression of SCAP osteo-/odontogenic differentiation can be rescued via
autophagy inhibition [70]. In addition, LPS induces the expression of the pro-inflammatory
cytokines IL-1f3 and TNF-« in a dose-dependent manner [74]. It also activates canonical
Wnt/ 3-catenin and p38 MAPK signaling in SCAPs [74]. A recently published study further
analyzed how pre-exposure to P. gingivalis LPS affects the proliferation, migration, and
osteogenic differentiation of SCAPs isolated from the root at the early and late development
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stages. They found that pre-exposure to P. gingivalis LPS did not affect the proliferation
and migration of SCAPs. Interestingly, for SCAPs isolated from the apical papilla of a tooth
root at the early development stage, pre-treatment with LPS increased its differentiation
ability [18].

Endodontic pathogens also affect SCAPs in an indirect way. The invasion of bacteria
into the root canal system and the apical papilla results in increased levels of immune
cells and inflammatory cytokines. The inflammatory cytokines up-regulate the expression
of TLR1, TLR2, TLR4, TLR5, TLR6, and TLR9 while significantly down-regulating the
expression of TLR3, TLR7, TLRS, and TLR10 [68]. The altered TLR profile can then exert
an effect on SCAPs. In addition, endodontic pathogens and their cell surface components,
including LPS and LTA, can stimulate the production of TNF-« via macrophages, and
TNF-« exerts deleterious effects on SCAPs by affecting their viability, proliferation rate,
and mineralization potential [75].

The influence of oral microbiota on the biology of SCAPs is TLR, species, and cul-
ture dependent [69]. For example, Fusobacterium nucleatum triggers pro-inflammatory
chemokine and cytokine generation in SCAPs while Enterococcus faecalis inhibits the
same [73]. In addition, E. faecalis, but not F. nucleatum, can downregulate the expression
levels of key proteins in Wnt/ 3-Catenin and NF-«B signaling pathways [76].

9. Effects of Dental Procedures on SCAP Biology

RET starts with the sterilization of the root canal system and the creation of a microen-
vironment suitable for the adhesion, survival, and differentiation of MSCs. There are mainly
three methods for removing the microbiota invading root canal systems, including minimal
mechanical preparation, chemical irrigation, and placement of intracanal medicament.

Mechanical preparation during root canal disinfection entails the removal of infected
pulp and dentine from the root canal system via filing. During this process, a smear layer
composed of dentine, remnants of pulp tissue and odontoblastic processes, and sometimes
bacteria, is always formed on the canal walls. It is possible that the smear layer affects the
cellular behavior of SCAPs due to its composition. However, this hypothesis has not yet
been tested to the best of our knowledge.

The most widely used irrigants during endodontic therapy, including RET, are 17%
ethylenediaminetetraacetic acid (EDTA), 0.5~6% sodium hypochlorite (NaOCl), 2% chlor-
hexidine (CHX), and saline. EDTA is a chelator, and its solution is neutral or slightly alkaline.
This molecule has little or even no antibacterial effect. However, it chemically softens the
root canal dentine, dissolves the smear layer, and opens the dentinal tubules. Additionally,
17% EDTA sustains SCAPs survival even better than saline [77]. Potential mechanisms
for the protective effect of EDTA on SCAPs includes its chelating effect accelerating the
release of dentin-derived growth factors (for instance, TGFs, as discussed above) that
were previously embedded into dentin, and these growth factors fostering the survival of
dental stem cells. NaOCl is an antiseptic lubricant that has been used in dilutions ranging
from 0.5% to 5.25% during endodontic procedures. NaOCl, at concentrations ranging
from 0.5~6%, showed detrimental effects on SCAPs survival that cannot be reversed by its
neutralizer, sodium thiosulfate [77]. CHX is bacteriostatic at a concentration of 0.2% and
bactericidal at a concentration of 2%. CHX at concentrations higher than 1% is cytotoxic to
SCAPs, and 2% CHX treatment results in no viable SCAPs [78,79]. However, the deleterious
effects of CHX can be completely reversed through neutralization with L-«-lecithin. During
endodontic treatments, the combined use of irrigants is quite common. Different irrigation
protocols have resulted in distinct SCAP survival rates. For example, the addition of a final
irrigation with 17% EDTA reversed the negative effects of NaOCl on SCAPs survival [77].
However, 17% EDTA cannot reverse the deleterious effects of CHX [79].

The prevalent intracanal medicaments used in dental procedures include triple an-
tibiotic paste (TAP, the mixture of ciprofloxacin, metronidazole, and minocycline), double
antibiotic paste (DAP, the combination of metronidazole and ciprofloxacin), modified triple
antibiotic paste (nTAP, the combination of metronidazole, ciprofloxacin, and cefaclor),



Biomedicines 2023, 11, 2047

90f13

and calcium hydroxide (Ca [OH];). High concentrations of antibiotics have a detrimental
effect on SCAPs survival, whereas antibiotic treatment at lower concentrations and Ca
(OH); at all tested concentrations are conducive to SCAPs survival, proliferation, and
differentiation [80-82].

During RET, a dental restorative material is applied directly to the blood clot. Bioce-
ramic materials, in particular calcium silicate-based materials, have emerged as the top
choice because of their biocompatibility, sealing, and antimicrobial potential. Bioceramic
materials, such as mineral trioxide aggregate and Biodentine, have been proven to promote
the survival, proliferation, and differentiation of SCAPs [64,83,84].

10. Challenges and Future Directions

In recent years, pulp revascularization, a treatment belonging to cell-free RET, has
been widely used in clinics. In this approach, the root canal system is first disinfected
with antibiotics or Ca [OH]y; then, it is filled with a blood clot from bleeding provoked
in periapical tissues. The blood clot acts as a scaffold, and the growth factors inside the
scaffold support the homing of MSCs and promote the continued development of the tooth
roots. Case reports have shown that pulp revascularization increases both the root length
and dentinal wall thickness of affected immature teeth. Although pulp revascularization
can achieve high success rates in the treatment of young permanent teeth, this treatment
still has shortcomings. Firstly, the therapeutic outcome of this technology is unstable, and
the degree of root re-development varies across different studies. Secondly, histological
analyses have shown that the tissues formed in root canals are translocated cementum, bone-
like, and periodontal ligament-like connective tissues [85,86], suggesting a regeneration
of the pulp—dentin complex has not yet been achieved. As early as 2011, Lovelace et al.
discovered, for the first time, that in the process of regenerative pulp treatment, bleeding
can lead to MSCs entering the root canal. These cells were found to be STRO-1 and
CD105 positive, suggesting that they are SCAPs [87]. Subsequent studies also support the
notion that SCAPs are the most important MSCs for achieving regenerative pulp treatment
and root redevelopment. To overcome the shortcomings of cell-free RET, such as pulp
revascularization, a comprehensive understanding of the biological characteristics and
regulatory network of endogenous SCAPs in vivo is necessary. For quite a long time, due
to a lack of reliable in vivo markers and transgenic mouse models, we know nothing about
the in vivo spatiotemporal distribution, biological characteristics, or changes in cellular
behavior and functions of SCAPs under inflammatory conditions, or about the related
regulatory mechanisms. Therefore, it is quite urgent to screen in vivo makers and then
establish repeatable transgenic mouse models in SCAPs studies.

11. Conclusions

SCAPs are regarded as the most promising endogenous MSCs to achieve the goal of
RET in young permanent teeth with endodontic diseases. Gathering data has provided us
with a chance to understand the properties of SCAPs. To maximize the clinical potential of
SCAPs in RET, in vivo studies are necessarily required.
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